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Introduction: 

The role of Wnt signaling in epithelial ovarian cancer (EOC) development 
remains largely elusive. We have evidence to suggest that canonical Wnt signaling is 
activated through downregulation of Wnt5a in EOC. Wnt5a is a non-canonical Wntligand 
that acts as an antagonist of canonical Wnt signaling. Furthermore, inhibition of 
canonical Wnt signaling or restoration of Wnt5a expression inhibits the growth of EOC 
cells. The overall hypothesis of this proposal is that canonical Wnt signaling activated by 
loss of Wnt5a contributes to EOC development by abrogation of OIS. The objectives of 
the proposed studies are to determine the role of canonical Wnt signaling in regulating 
OIS of ovarian epithelial cells during progression of benign ovarian tumors into invasive 
EOCs, and to investigate the effects of inhibition of the canonical Wnt signaling on 
malignant behavior of EOC cells. The specific aims are: 1): Elucidate the mechanisms by 
which inhibition of canonical Wnt signaling inhibits the growth of EOC cells; 2): 
Determine whether loss of Wnt5a contributes to EOC development by abrogation of OIS; 
3): Investigate the effects of inhibition of canonical Wnt signaling on malignant behavior 
of EOC cells in immunodeficient mice.  

Body: 

1. Research accomplishments associated with each task outlined in the approved
Statement of Work. 

Task 1.  Determine whether inhibition of canonical Wnt signaling inhibits the 
growth of EOC cells through inducing cell senescence. (Months 1-12) 

Specifically, we will determine whether inhibition of canonical Wnt signaling induces the 
expression of markers of senescence in human EOC cells. 



Progress report:FJ9 has previously been demonstrated as an inhibitor of canonical Wnt 
signaling [1]. We showed that FJ9 inhibits the growth of human EOC cells in a panel of 
human EOC cell lines (Figure 1A). Consistent with the idea that this is due to senescence 
induction, cells treated with FJ9 demonstrated features of senescence such as a large flat 
cell morphology (Figure 1B). However, examination of markers of canonical Wnt 
signaling in FJ9 treated or control cells showed that there is no evidence to suggest the 
observed effects are due to inhibition of canonical Wnt/β-catenin pathway. For example, 
the levels of soluble β-catenin, a marker of active canonical Wnt/β-catenin pathway were 
not decreased by FJ9 treatment (Figure 1C). This result suggests that FJ9 inhibits the 
growth of human EOC cells via canonical Wnt signaling independent mechanisms.  

Figure 1. FJ9 suppresses the growth of human EOC cells via Wnt/β-catenin 
independent mechanisms. (A) Equal number of indicated EOC cell lines were 
treated with 100uM FJ9 or vehicle control (dissolved in 0.01% DMSO). After 72 
hours of treatment, the number of cells were counted and calculated as relative 
number of cells. (B) same as (A) but examined for cell morphology changes using 
phase contrast microscopy. (C) Same as (A) but examined for expression of soluble b-
catenin and b-actin in indicated human EOC cell lines treated with FJ9 or vehicle 
control by immunoblotting using indicated antibodies.  



We sought to determine the effects of Wnt5a reconstitution in human EOC cells. Wnt5a 
expression was reconstituted in the OVCAR5 EOC cell line via retroviral transduction. 
Ectopically expressed Wnt5a was confirmed by both qRT-PCR and immunoblotting in 

Figure 2. Wnt5a restoration inhibits the growth of human EOC cells by 
antagonizing canonical Wnt/β-catenin signaling. (A) OVCAR5 cells were 
transduced with a control or Wnt5a encoding puromycin resistant retrovirus. The 
infected cells were drug-selected with 3 µg/ml puromycin. Expression of Wnt5a 
mRNA in drug-selected cells was determined by qRT-PCR. (B) Same as (A), but 
examined for expression of Wnt5a and β-actin in control or Wnt5a-infected OVCAR5 
and primary HOSE cells by immunoblotting. Relative levels of Wnt5a expression was 
indicated based on densitometric analysis using NIH Image J software. (C) Same as 
(A), but equal number (5000) of drug-selected control (open triangles and dotted line) 
or Wnt5a-infected cells (open circles and solide line) were cultured on plastic plates 
for 4 days, and the number of cells was counted (Control ± SD or Wnt5a ± SD (n=3); 
student t-test was used for calculating p value) *p = 0.0038 and **p = 0.001. Mean of 
three independent experiments with SD and linear regression.  (D) Same as (C), but 
grown under anchorage-independent condition in soft-agar. The number of colonies 
was counted 2 weeks after initial inoculation. Mean of three independent experiments 
with SD. (E) Same as (A), but examined for the levels of soluble β-catenin and β-actin 
expression by immunoblotting (NT = non-treated). (F) Same as (A), but examined for 
expression of indicated β−catenin target genes by qRT-PCR.  Expression of β-2-
microglobulin was used to normalize the expression of indicated genes. * p = 0.0095, 
** p = 0.0012 and *** p = 0.0286 compared with controls. 
 



OVCAR5 cells stably expressing Wnt5a or a vector control (Figure 2A-B). Of note, the 
levels of ectopically expressed Wnt5a in OVCAR5 cells are comparable to the levels 
observed in primary HOSE cells (Figure 2B). Interestingly, Wnt5a reconstitution in 

OVCAR5 human EOC cells 
significantly inhibited both 
anchorage-dependent and 
anchorage-independent growth 
in soft-agar compared with 
vector controls (Figure 2C-D). 
In addition, similar growth 
inhibition by Wnt5a 
reconstitution was also observed 
in the PEO1 human EOC cell 
line (Figure 3A-C), suggesting 
that this effect is not cell line 
specific. Based on these results, 
we conclude that Wnt5a 
reconstitution inhibits the 
growth of human EOC cells in 
vitro. 

Canonical Wnt signaling 
promotes cell proliferation and 
Wnt5a has been demonstrated to 
antagonize the canonical 
Wnt/ β-catenin signaling in 
certain cell contexts [2-5]. We 
hypothesized that Wnt5a would 
suppress the growth of human 
EOC cells by antagonizing 
canonical Wnt/β-catenin 
signaling. To test our 
hypothesis, we examined the 
effect of Wnt5a reconstitution 
on expression of markers of 
active Wnt/β-catenin signaling 
in human EOC cells, namely the 
levels of “active” soluble β-
catenin[6-8] and expression of 
β-catenin target genes such as 
CCND1, c-MYC and FOSL1 [9, 
10]. Indeed, we observed a 
decrease in soluble β-catenin in 
Wnt5a reconstituted OVCAR5 
cells compared with vector 
controls (Figure 2E). 
Consistently, we also observed a 

Figure 3. Wnt5a restoration inhibits the growth 
of PEO1 EOC cells by antagonizing canonical 
Wnt signaling. (A) PEO1 cells were transduced 
with a control- or Wnt5a-encoding puromycin 
resistant retrovirus. The infected cells were drug-
selected with 1 µg/ml puromycin for 3 days. 
Expression of Wnt5a and GAPDH in drug-selected 
cells was determined by immunoblotting. (B) Same 
as (A) but an equal number of drug-selected control 
and Wnt5a infected PEO1 cells were cultured on 
plastic plate for 5 days and the number of cells 
were counted using trypan blue exclusion assay. 
Mean of three independent experiments with SD. 
(C) Same as (B) but grown under anchorage-
independent conditions in soft-agar. The number of 
colonies were counted 2 weeks after initial 
inoculation. Mean of 3 independent experiments 
with SD. (D) Same as (A), but examined for 
soluble β-catenin expression by immunoblotting. 
 



significant decrease in the levels of β-catenin target genes in these cells, namely CCND1 
(p = 0.0095), FOSL1 (p = 0.0012) and c-MYC (p = 0.0286) (Figure 2F).  Similar effects 
of Wnt5a reconstitution on expression of markers of active Wnt/β-catenin signaling (such 
as decreased levels of soluble β-catenin) were also observed in PEO1 human EOC cells 
(Figure 3D), suggesting that this is not cell line specific. Based on these results, we 
conclude that Wnt5a suppresses the growth of human EOC cells by antagonizing 
canonical Wnt/β-catenin signaling in human EOC cells.   

Next, we sought to determine the cellular mechanism whereby Wnt5a inhibits the 
growth of human EOC cells. We sought to determine whether Wnt5a restoration might 
induce senescence in human EOC cells. To do so, we determined whether Wnt5a 
restoration induces SA-β-gal activity, a universal marker of cellular senescence [11]. 
Indeed, SA-β-gal activity was notably induced by Wnt5a reconstitution in both OVCAR5 
and PEO1 human EOC cells compared with controls (Figure 4). 
 

Task 2.  Determine the effects of inhibition of Wnt/β-catenin signaling on key 
senescence-regulating pathways in human EOC cells. (Month 13-24)  
Specifically, we will determine the effects of inhibition of Wnt/β-catenin signaling by 
FJ9 treatment or enforced Wnt5a expression on status of p53, pRB and HIRA/PML 
pathways. 

Figure 4. Wnt5a restoration tr iggers cellular  senescence in human EOC cells. (A) 
Control and Wnt5a expressing OVCAR5 EOC cells were stained for senescence-
associated β-galactosidase (SA-β-gal) activity.  (B) Quantitation of (A). Mean of three 
independent experiments with SD. (C-D) Same as (A-B) but for PEO1 human EOC 
cells. 



Progress report: Since FJ9 failed to inhibit canonical Wnt signaling (Figure 1C), we 
focused on our study on using Wnt5a restoration as a way to inhibit canonical Wnt 
signaling (Figure 2 and 3). We have previously shown that suppression of canonical Wnt 
signaling promotes cellular senescence in primary human fibroblasts by activating the 
senescence-promoting histone repressor A (HIRA)/ promyelocyticleukemia (PML) 
pathway [8]. PML bodies are 20-30 dot-like structures in the nucleus of virtually all 
human cells. PML bodies are sites of poorly defined tumor suppressor activity, and are 
disrupted in acute promyelocytic leukemia [12]. PML has been implicated in regulating 
cellular senescence. For example, the foci number and size of PML bodies increase 
during senescence [12, 13] and inactivation of PML suppresses senescence [14]. 
Activation of the HIRA/PML pathway is reflected by the recruitment of HIRA into PML 
bodies [15].  

Figure 5. Wnt5a restoration activates HIRA/PML pathway and decr eases the 
levels of phosphor ylated pRB in human EOC cells. (A) Control and Wnt5a
expressing OVCAR5 EOC cells were stained with antibodies to HIRA and PML. 
Arrows point to examples of co-localized HIRA and PML bodies.  Bar = 10 µm. (B)
Quantitation of (A). 200 cells from control and Wnt5a expressing cells were examined 
for HIRA and PML co-localization. Mean of three independent experiments with 
SD.(C) Same as (A) , but examined for pRB and GAPDH expression. (D) Same as 
(C), but examined for pRBpS780 and GAPDH expression.  



As Wnt5a antagonizes canonical Wnt signaling in human EOC cells (Figure 2E-
F), we sought to determine whether Wnt5a restoration might activate the senescence-
promoting HIRA/PML pathway in human EOC cells. Towards this goal, we examined 
the localization of HIRA in OVCAR5 EOC cells reconstituted with Wnt5a or vector 

control. Notably, there was a significant increase in the percentage of cells with HIRA 
localized to PML bodies in Wnt5a restored human EOC cells compared with controls 
(Figure 5A-B, p = 0.004). In addition, we also observed an increase in the number and 
size of PML bodies in the Wnt5a restored OVCAR5 EOC cells (Figure 5A), which are 
also established markers of cellular senescence [14, 16].  

 
The p53 and pRB tumor suppressor pathways play a key role in regulating 

senescence [11]. Thus, we sought to determine the effects of Wnt5a on the p53 and pRB 

Figure 6. Wnt5a restoration triggers senescence in human EOC cells. (A) PEO1 
EOC cells were infected with control or Wnt5a encoding puromycin-resistant 
retrovirus. The infected cells were drug-selected using 1 mg/ml of puromycin. Drug-
selected cells were stained with antibodies to HIRA and PML. Arrows point to 
examples of co-localized HIRA and PML bodies.  Bar = 10 mm.  (B) Quantitation of 
(A). Mean of three independent experiments with SD  
 



pathways. Interestingly, p16INK4a, the upstream repressor of pRB, is deleted in OVCAR5 
human EOC cell line [17]. In addition, the levels of total phosphorylated pRB were not 
decreased by Wnt5a, while the levels of cyclin D1/CKD4-mediated Serine 780 
phosphorylation on pRB (pRBpS780) were decreased by Wnt5a [18] (Figure 4C-D). 
Further, p53 is null in OVCAR5 cells [19]. We conclude that cellular senescence induced 
by Wnt5a restoration is independent of both p53 and p16INK4a. 

 
Similarly, we observed activation of the HIRA/PML pathway by Wnt5a 

restoration in PEO1 human EOC cells (Figure 6A-B), suggesting that the observed 
effects are not cell line specific. Together, we conclude that Wnt5a reconstitution 
activates the HIRA/PML senescence pathway. 

 
 Based on these results, we concluded that Wnt5a restoration induced senescence 
of human EOC cells by activating the HIRA/PML senescence pathway.  

 
Specific Aim 2. Determine whether loss of Wnt5a contributes to ovarian cancer 
development by abrogation of oncogene-induced senescence (OIS) (Months 25-48). 
 

Figure 7. Wnt5a promotes senescence of primary HOSE cells. (A) Young 
proliferating primary HOSE cells were passaged to senescence (after seven population 
doublings).  Expression of SA-β-gal activity was measured in young and naturally 
senescent primary HOSE cells. (B) Same as (A). Quantitation of SA-β-gal positive 
cells (**p < 0.001).  (C) Same as (A), but mRNA was isolated and examined for 
Wnt5a expression by qRT-PCR. Expression of β-2-microglobulin (B2M) was used as 
a control. (*p = 0.003). (D) Young primary HOSE cells were transduced with 
retrovirus encoding human Wnt5a gene or a control. Expression of Wnt5a in indicated 
cells was determined by qRT-PCR. Expression of β-2-microglobulin (B2M) was used 
as a control. (E) Same as (D), but stained for expression of SA-β-gal activity in drug-
selected cells. (F) Quantitation of (E). Mean of three independent experiments with 
SD. * p<0.05.  



Task 3. Determine whether loss of Wnt5a activates canonical Wnt signaling, delays 
OIS and facilitates activated oncogene initiated transformation of primary HOSE 
cells. (Months 25-36) 

 
Progress report: We next asked whether Wnt5a expression is regulated during natural 
senescence of primary HOSE cells.  Indeed, we observed an increase in the levels of 
Wnt5a mRNA in senescent primary HOSE cells compared with young cells (Figure 7A-
C). In addition, we found that ectopic Wnt5a induces senescence of primary HOSE cells 
(Figure 7D-F). Together, we conclude that Wnt5a plays a role in regulating senescence of 
primary HOSE cells. 
 

We next asked whether downregulation of Wnt5a activates canonical Wnt 
signaling in primary HOSE cells. To knockdown Wnt5a in primary HOSE, two 
lentivirus-encoded individual shRNAs to human Wnt5a gene were generated. The 
knockdown efficacy of shWnt5a was confirmed by qRT-PCR (Figure 8A). We found that 
Wnt5a knockdown led to increased expression of soluble b-catenin and its target genes c-
Myc and cyclin D1 in primary HOSE cells (Figure 8B-C) 
 

 
Figure 8. Wnt5a knockdown activates Wnt/b-catenin signaling in primary HOSE 
cells. (A) Expression of Wnt5a in control or indicated shWnt5a expressing primary 
HOSE cells determined by qRT-PCR. (B) Same as (A), but for active soluble b-
catenin and GAPDH expression determined by immunoblot. (C) Same as (A), but for 
cyclin D1 and c-myc expression determined by qRT-PCR. 
 



We next determined whether canonical Wnt signaling induced by shWnt5a 
suppresses OIS of primary HOSE cells. Compared with control, two individual shWnt5as 
that efficiently knockdown this gene also abolish senescence-associated cell growth arrest 
in primary HOSE cells induced by the RAS oncogene (Figures 8A and 9). Thus, our 
preliminary data suggest that canonical Wnt signaling can overcome OIS of primary 

HOSE cells. This is consistent with the notion that loss of Wnt5a activates canonical Wnt 
signaling, delays OIS and facilitates activated oncogene initiated transformation of 
primary HOSE cells by suppressing senescence. 
 
Task 4. Determine whether downregulation of Wnt5a correlates with loss of 
markers of senescence and activation of canonical Wnt signaling during progression 
of benign ovarian tumors into invasive ovarian carcinomas. (Months 37-48) 
 
Progress report: We examined Wnt5a expression in 130 cases of primary human EOC 
specimens and 31 cases of normal human ovary with surface epithelium by 
immunohistochemistry (IHC) using an antibody against Wnt5a (Table 1). Additionally, 
there is recent evidence to suggest that a proportion of high-grade serous EOC may arise 
from distant fallopian tube epithelium [20]. Thus, we also included 28 cases of normal 
human fallopian tube specimens in our IHC analysis (Table 1) 
 

As shown in Figure 10A, in normal human ovarian surface epithelial cells and 
fallopian tube epithelial cells, both cytoplasm and cell membrane were positive for 
Wnt5a IHC staining (black arrows, Figure 10A).  In contrast, Wnt5a staining in EOC 
cells was dramatically decreased (Figure 10A). We scored expression of Wnt5a as high 
(H-score ≥ 30) or low (H-score < 30) based on a histological score (H-score) [21], which 
considers both intensity of staining and percentage of positively stained cells, as 
previously described [22]. Wnt5a expression was scored as high in 58.1% (18/31) cases 

Figure 9. Wnt5a knockdown overcomes senescence-associated growth arrest in 
primary HOSE cells. Equal number of primary HOSE cells was infected with G418 
resistant retrovirus encoded oncogenic RAS together with lentivirus encoded control 
or two individual shWnt5a. Phase contrast images were taken 10 days post drug 
selection with 500 mg/ml of G418. Arrows point to examples of RAS/shWnt5a 
expressing cells that lost the typical large-flat senescent cell morphology.  
 



of normal human ovarian surface epithelium and 82.1% (23/28) cases of normal human 
fallopian tube epithelium (Table 1). In contrast, Wnt5a expression was scored as high in 
37.7% (49/130) cases of primary human EOCs (Table 1). Statistical analysis revealed that 
Wnt5a was expressed at significantly lower levels in primary human EOCs compared 
with either normal human ovarian surface epithelium (p = 0.039) or normal human 
fallopian tube epithelium (p < 0.001) (Table 1). On the basis of these studies, we 
conclude that Wnt5a is expressed at significantly lower levels in primary human EOCs 
compared with either normal human ovarian surface epithelium or fallopian tube 
epithelium.  

 
 We next examined the correlation between Wnt5a expression and clinical and 
pathological features of human EOCs. Significantly, there was a negative correlation 
between Wnt5a expression and tumor stage (p = 0.003) (Table 1). Notably, the majority 
of examined cases are high-grade serous subtypes that are usually of stage 3/4. In 
addition, we examined the correlation between expression of Wnt5a and a marker of cell 

 
Table 1. Wnt5a expression in primary human EOCs and correlation of its expression 
with clinicopathological variables. 



proliferation, Ki67 [23] (Figure 10B). There was a significant negative correlation 
between Wnt5a expression and Ki67 (p = 0.038) (Table 1). This is consistent with the 
idea that Wnt5a loss promotes senescence bypass. We next assessed whether Wnt5a 
expression based on H-score might predict prognosis of EOC patients (High, H-score ≥ 
30; Low, H-score < 30)  (n = 123), for which long-term follow-up data were available. 
Significantly, lower Wnt5a expression correlated with shorter overall survival in the 
examined EOC patients (p = 0.003) (Figure 10C). Together, we conclude that a lower 
level of Wnt5a expression correlates with tumor stage and predicts shorter overall 
survival in human EOC patients.   

 
Figure 10. A lower level of Wnt5a expression predicts shorter overall survival in 
human EOC patients. (A) Examples of Wnt5a IHC staining in normal human 
ovarian surface epithelium, fallopian tube epithelium, and EOC of indicated 
histological subtypes. Bar = 50 µm. Arrows point to examples of positively stained 
human ovarian surface epithelial cells and fallopian tube epithelial cells. (B) 
Representative images from tissue microarray depicting low Wnt5a expression 
correlated with high Ki67, a cell proliferation marker. Bar = 50 µm. (C) Loss of 
Wnt5a expression is an independent poor prognosis marker in human EOC patients. A 
lower level of Wnt5a expression correlates with shorter overall survival in human 
EOC patients. The univariate overall survival curve (Kaplan-Meier method) for EOC 
patients (n = 123) with high or low Wnt5a expression as determined by 
immunohistochemical analysis.  
 



Specific Aim 3: Investigate the effects of inhibition of canonical Wnt signaling on 
malignant behavior of human EOC cells in immunodeficient mice. (Months 48-60) 
 
Task 5. Determine whether inhibition of canonical Wnt signaling in engrafted 
human EOC cells through ectopic Wnt5a expression induces senescence of 
engrafted EOC cells, and consequently blocks the further growth of human EOC 
cells in immunodeficient mice. (Months 48-60) 
 
Progress report: We next sought to determine whether Wnt5a would mediate growth 
inhibition and induce senescence in vivo in an orthotopic EOC model in immuno-
compromised mice. A luciferase gene was retrovirally transduced into control or Wnt5a 
reconstituted OVCAR5 cells to monitor the cell growth in vivo via non-invasive imaging.  
These cells were injected unilaterally into the bursa sac covering the ovary in female 
immuno-compromised mice (n = 6 for each of the groups).  Tumor growth was 
monitored every 5 days starting at day 10 post-injection by measuring luciferase activity, 
and the growth of the tumor was followed for a total of 30 days (Figure 11A).  Wnt5a 
significantly suppressed the growth of xenografted OVCAR5 human EOC cells 
compared with controls (Figure 11B, p < 0.03).  Consistently, following general 
pathological examination during surgical dissection at day 30, we observed that tumor 
sizes were notably smaller from mice injected with Wnt5a reconstituted OVCAR5 cells 
compared with controls. The expression of ectopic Wnt5a was confirmed by IHC staining 
in sections from dissected tumors (Figure 11C). 
 

We next sought to determine whether cell proliferation was suppressed by Wnt5a 
reconstitution in dissected tumors. Towards this goal, we examined the expression of 
Ki67 by IHC. We observed there was a significant decrease in the number of Ki67 
positive cells in tumors formed by Wnt5a reconstituted OVCAR5 cells compared with 
controls (Figure 11D-E). In addition, intensity of Ki67 staining was also notably weaker 
in Ki67 positive Wnt5A reconstituted OVCAR5 cells compared with control Ki67 
positive cells (Figure 11D). On the basis of these results, we conclude that Wnt5a 
reconstitution inhibits the proliferation of human EOC cells in vivo in an orthotopic 
xenograft EOC model.  

 
We next investigated whether the growth inhibition observed by Wnt5a 

reconstitution in vivo was due to induction of cellular senescence. Towards this goal, we 
examined the expression of SA-β−gal activity in fresh sections of dissected tumors 
formed by OVCAR5 cells reconstituted with Wnt5a or control cells. Indeed, we observed 
a significant increase in the number of cells positive for SA-β-gal activity in OVCAR5 
cells reconstituted with Wnt5a compared with control tumors (Figure 11F-G; p = 0.003).  
Together, we conclude that Wnt5a reconstitution inhibits the growth of human EOC cells 
in vivo by inducing cellular senescence. 
 
 
 
 
 



 

 
Key Research Accomplishments: 
 

• FJ9 suppresses the growth of human EOC cells but likely through canonical 
Wntsignaling independent mechanisms. 
 

• Wnt5a suppresses the growth of human EOC cells. 

 
Figure 11. Wnt5a restoration inhibits tumor growth and promotes senescence of 
human EOC cells in vivo . (A) OVCAR5 cells were transduced with luciferase 
encoding hygromycin resistant retrovirus together with a control or Wnt5a encoding 
puromycin-resistant retrovirus. Drug-selected cells were unilaterally injected into the 
peri-ovarian bursa sac of the female immuno-compromised mice (n = 6 for each of the 
groups). The radiance of luciferase bioluminescence, an indicator of the rate for tumor 
growth, was measured every 5 day from day 10 until day 30 using the IVIS imaging 
system. Shown are images taken at day 10 and day 30, respectively. (B) Quantitation 
of tumor growth from injected OVCAR5 cells expressing Wnt5a or control at 
indicated time points. * p = 0.038 compared with controls.  (C) Following tumor 
dissection, expression of Wnt5a in tumors formed by control or Wnt5a expressing 
OVCAR5 EOC cells was determined by immunohistochemical staining against Wnt5a 
(40X). Bar = 50 µm.  (D) Same as (C), but examined for expression of Ki67, a marker 
of cell proliferation (40X).  Bar = 50 µm. (E) Quantitation of (D). * p = 0.008 
compared with controls. (F) Expression of SA-β-gal activity was examined on 
sections of fresh-frozen tumors formed by OVCAR5 cells expressing control or 
Wnt5a (40X). Bar = 100 µm. (G) Quantitation of (F). * p = 0.003 compared with 
controls. 
 



 
• Wnt5a inhibits canonical Wnt signaling. 

 
• Wnt5a induces cellular senescence. 

 
• Cellular senescence induced by Wnt5a restoration is independent of both p53 and 

p16. 
 

• Cellular senescence induced by Wnt5a restoration correlates with activation of the 
HIRA/PML senescence-promoting pathway. 

 
• Cellular senescence induced by Wnt5a restoration correlates with a decreased 

level of serine 780 phosphorylated pRB. 
 

• Wnt5a plays a role in regulating senescence of primary HOSE cells. 
 

• Wnt5a loss may contribute to transformation of HOSE cells by suppressing 
oncogene-induced senescence. 

 
• A lower level of Wnt5a expression correlates with tumor stage and predicts 

shorter overall survival in human EOC patients.   
 

• Wnt5a restoration inhibits tumor growth and promotes senescence of human EOC 
cells in vivo. 
 

 
Reportable Outcomes: 
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Conclusions: 
 

Wnt5a promotes senescence of human EOC cells by suppressing the proliferation 
promoting canonical Wnt/β-catenin pathway. We suggest that strategies to drive 
senescence in EOC cells by reconstituting Wnt5a signaling may offer an effective new 
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SUMMARY

Replication stress induced by nucleotide deficiency
plays an important role in cancer initiation. Replica-
tion stress in primary cells typically activates the
cellular senescence tumor-suppression mechanism.
Senescence bypass correlates with development
of cancer, a disease characterized by metabolic
reprogramming. However, the role of metabolic re-
programming in the cellular response to replication
stress has been little explored. Here, we report that
ataxia telangiectasia mutated (ATM) plays a central
role in regulating the cellular response to replication
stress by shifting cellular metabolism. ATM inactiva-
tion bypasses senescence induced by replication
stress triggered by nucleotide deficiency. This was
due to restoration of deoxyribonucleotide triphos-
phate (dNTP) levels through both upregulation of
the pentose phosphate pathway via increased
glucose-6-phosphate dehydrogenase (G6PD) activity
and enhanced glucose and glutamine consumption.
These phenotypes were mediated by a coordinated
suppression of p53 and upregulation of c-MYCdown-
stream of ATM inactivation. Our data indicate that
ATM status couples replication stress and metabolic
reprogramming during senescence.
INTRODUCTION

Replication stress induced by deficiency in cellular deoxyribonu-

cleotide triphosphate (dNTP) levels is an important early event

during cancer initiation (Bester et al., 2011), while its bypass cor-

relates with cancer progression (Bester et al., 2011; Zeman and

Cimprich, 2014). Replication stress causes DNA damage accu-

mulation and genomic instability (Bester et al., 2011; Burhans

and Weinberger, 2007; Zeman and Cimprich, 2014), which is a

hallmark of cancer (Negrini et al., 2010). Notably, activation of

oncogenes is known to decrease dNTP levels and consequently

triggers replication stress (Aird et al., 2013; Bartkova et al., 2006;
Di Micco et al., 2006; Mannava et al., 2013). In normal diploid

cells, activation of oncogenes, and the subsequent replication

stress, causes a tumor-suppressive, stable cell-growth arrest

termed cellular senescence (Yaswen and Campisi, 2007).

Indeed, oncogene-induced suppression of nucleotide meta-

bolism via suppression of ribonucleotide reductase M2 (RRM2)

underlies the observed replication stress and the associated

DNA damage response (DDR) during senescence (Aird et al.,

2013). Therefore, senescence suppresses tumors initiated by

replication stress (Bester et al., 2011; Zeman and Cimprich,

2014). dNTP biosynthesis relies on glucose and glutamine con-

sumption, which are at the heart of cancer metabolism (Ward

and Thompson, 2012). However, the role of metabolic reprog-

ramming in response to replication stress is unknown. Here,

we report that ataxia telangiectasia mutated (ATM) status

couples replication stress and metabolic reprogramming during

senescence.
RESULTS

Knockdown of ATM Bypasses Replication-Stress-
Induced Senescence
Suppression of RRM2, which depletes the levels of all four

dNTPs, underlies replication stress observed during oncogene-

induced senescence (Aird et al., 2013). This induces a robust

DDR and ultimately a stable senescence-associated cell growth

arrest. The replication stress sensors ataxia telangiectasia

and Rad3-related protein (ATR) and ATM are activated by onco-

genes during senescence (Di Micco et al., 2006). We sought to

determine whether ATM and/or ATR are regulated during senes-

cence induced by short-hairpin-mediated RRM2 knockdown

(shRRM2). shRRM2 significantly activated both ATM and ATR,

as demonstrated by immunofluorescence using phospho-spe-

cific antibodies (Figures 1A, 1B, and S1A). Next, we examined

whether these proteins are necessary for the observed senes-

cence. We knocked down ATM or ATR in combination with

RRM2 knockdown with two independent short hairpin RNAs

(shRNAs) for ATM (shATM) or ATR (shATR). shATM in combina-

tion with shRRM2 suppressed senescence markers such as p21

expression (Figure 1C) and senescence-associated b-galactosi-

dase (SA-b-gal) activity (Figures 1D and 1E). This correlated with
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Figure 1. Knockdown of ATM Bypasses Senescence and Suppresses DNA Damage Induced by RRM2 Knockdown

(A) Primary human IMR90 cells were infectedwith a lentivirus encoding shRRM2 or control. Cells were stained for p-ATM (Ser1981) by immunofluorescence. DAPI

staining was used to visualize nuclei.

(B) Quantification of (A). 200 cells from each of the indicated groups were quantified for p-ATM foci-positive cells (n = 3).

(C) Primary human IMR90 cells were infected with a lentivirus encoding shRRM2 alone or in combination with lentivirus encoding two independent shATMs. Cells

were examined for expression of RRM2, ATM, p21, and b-actin by immunoblotting.

(D) Same as (C) but stained for SA-b-gal activity.

(E) Quantification of (D). 100 cells from each of the indicated groups were quantified for SA-b-gal positivity (n = 3).

(F) Same as (C), but cells were labeled with BrdU for 1 hr and BrdU incorporation was visualized by immunofluorescence. DAPI staining was used to visualize

nuclei.

(legend continued on next page)
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an increase in cell proliferation markers such as cyclin A expres-

sion (Figure 1C), bromodeoxyuridine (BrdU) incorporation (Fig-

ures 1F and 1G), and apparent cell growth as determined by

focus-formation assays (Figures 1H and 1I). Similar results

were observed when ATM was inhibited by the specific inhibitor

KU55933 (Figures S1B and S1C). shATM suppressed DDR

induced by shRRM2 as determined by a decrease in gH2AX

and 53BP1 foci formation (Figures 1J and 1K). Notably, this is

in contrast to its positive role in DNA repair but consistent with

the idea that DDR contributes to senescence induced by replica-

tion stress. ATM phosphorylates H2AX during foci formation,

although other kinases can also phosphorylate H2AX (Yuan

et al., 2010). To confirm that the observed decrease in gH2AX

foci formation was due to decreased DDR instead of a depen-

dence of its phosphorylation by ATM, we directly measured

the extent of DNA damage in these cells by comet assay. shATM

significantly decreased the extent of DNA damage induced by

shRRM2 (Figures 1L and 1M). In contrast, neither two indepen-

dent shATRs nor the ATR inhibitor VE822 was able to suppress

senescence and its associated DDR induced by shRRM2 (Fig-

ures S1D–S1P). Interestingly, shRRM2/shATR cells had an

even more robust senescent phenotype than shRRM2 alone as

indicated by higher SA-b-gal activity and lower focus-formation

ability (e.g., Figures S1F and S1J). Likewise, shRRM2 failed to

induce senescence in primary patient fibroblasts with mutated

ATM (Figures S1Q–S1S), but not ATR (Figures S1T–S1V). Similar

to previous reports (Bartkova et al., 2006; Di Micco et al., 2006),

RAS-induced senescence was suppressed by shATM (Figures

S1W and S1X). These results demonstrate that loss of ATM,

but not ATR, bypasses senescence induced by replication

stress, which correlates with the suppression of DDR. In this

context, loss of ATM suppresses DDR induced by replication

stress, a function different from its canonical, positive role in

DNA repair.

Knockdown of ATM Rescues dNTP Levels and Aberrant
DNA Replication
We next sought to determine the effect of knockdown of ATM on

cellular dNTP levels. shATM significantly rescued the dNTPs

compared with shRRM2 alone (Figure 2A). This correlated with

a significant rescue of aberrant replication dynamics induced

by shRRM2 as determined by DNA combing analysis (Figure 2B).

Collapsed replication forks are characterized by co-localization

of pulse-labeled BrdU and gH2AX (Groth et al., 2010). shATM

significantly reduced the co-localized BrdU and gH2AX induced

by shRRM2 (Figures 2C and 2D). shATR did not affect aberrant

replication dynamics induced by shRRM2 (Figure S2), which

correlated with the inability of shATR to suppress senescence

(Figures S1D–S1N). These results demonstrate that knockdown
(G) Quantification of (F). 200 cells from each of the indicated groups were quant

(H) Same as (C), but an equal number of cells were seeded in six-well plates and

(I) Quantification of (H). The intensity of foci formed was quantified using NIH Ima

(J) Same as (C), but cells were examined for 53BP1 and gH2AX foci formation. S

(K) Quantification of (J). 200 cells from each of the indicated groups were quanti

(L) Same as (C), but comet assay was performed.

(M) Quantification of (L). The extent of DNA damage was quantified as Olive Mom

*p < 0.05 shRRM2 versus control; #p < 0.05 shRRM2/shATM versus shRRM2. Err

See also Figure S1.
of ATM rescues dNTPs, which correlates with the suppression of

aberrant replication dynamics and DDR.

Knockdown of ATM Increases Substrate Availability
for dNTP Biosynthesis through Enhanced Glutamine
and Glucose Uptake and Metabolism
We next sought to determine the mechanism whereby loss

of ATM increases dNTPs. Ribonucleotide reductase (RNR) is

involved in de novo dNTP synthesis (Figure S3A) (Nordlund

and Reichard, 2006; Reichard, 1988). We first sought to deter-

mine whether the increase in dNTPs was due to the salvage

pathway, which does not rely on RNR (Blakley and Vitols,

1968; Murray, 1971; Reichard, 1988). We used 3-AP, which

inhibits de novo dNTP synthesis by inhibiting both RRM2 and

RRM2B, two enzymes necessary for de novo dNTP synthesis

(Finch et al., 2000; Finch et al., 1999). Suppression of the de

novo pathway reversed the ability of shATM to bypass senes-

cence (Figures S3B and S3C). We next sought to determine

whether the rescue of dNTP levels is due to a compensation

of shRRM2 by an increase in RRM2B expression. shATM did

not increase RRM2B expression in shRRM2 cells (Figure S3D).

These results suggest that de novo dNTP synthesis and RRM2B

activity are necessary for the observed senescence bypass.

Substrates for dNTP synthesis are derived from consumption

of glucose and glutamine (Figure S3A). Since ATM is a tumor

suppressor, we hypothesized that knockdown of ATM may

increase glucose and glutamine consumption, a hallmark of

cancer metabolism, which increases substrate availability for

dNTP synthesis. We used 2NBDG, a fluorescent glucose analog,

to determine whether shATM increased glucose uptake in

shRRM2 cells. shATM in combination with shRRM2 significantly

increased glucose uptake (Figure 3A). Metabolite profiling also

showed a significant increase in glucose consumption (Fig-

ure 3B). Lactate levels were significantly increased in the media,

suggesting glucose utilization (Figure 3B). Both glutamine con-

sumption and utilization (glutamate secretion) were also signifi-

cantly increased (Figure 3C). Similar results were also observed

using KU55933, an ATM inhibitor (Figures S3E and S3F). Like-

wise, shATM also increased glucose and glutamine consump-

tion and utilization in RAS-expressing cells (Figures S3G–S3I).

These results were observed in multiple cell types (Figures

S3J–S3M). Thus, knockdown of ATM increases substrate

availability for dNTP biosynthesis by enhancing glucose and

glutamine uptake and metabolism.

Knockdown of ATM Increases PPP Activity through
p53-Mediated Regulation of G6PD Activity
Glucose is metabolized and shunted into different metabolic

pathways (Vander Heiden et al., 2009). We used liquid
ified for BrdU positivity (n = 3).

focus formation was determined by crystal violet staining 14 days later.

geJ software (n = 3).

cale bars, 5 mm.

fied for 53BP1 and gH2AX foci positivity (n = 3).

ent using CometScore software (n = 100).

or bars represent SEM. Scale bars represent 10 mm unless otherwise specified.
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Figure 2. Knockdown of ATM Rescues

Replication Stress by Restoring Cellular

dNTP Levels

(A) Primary IMR90 cells were infected with an

shRRM2-expressing lentivirus alone or in combi-

nation with a shATM (#1)-expressing lentivirus.

dNTP levels were quantified day 1 post-drug

selection (n = 3).

(B) Same as (A). DNA fiber analysis was conducted

to observe replication fork dynamics in the

indicated cells at day 1 post-drug selection. The

percentage of elongating, terminated, or newly

fired replication forks was quantified in the indi-

cated cells (n = 3).

(C) Same as (B), but cells were labeled with BrdU

for 15 min and the collapsed replication forks

were visualized by co-localized BrdU and gH2AX

as determined by immunofluorescence using a

confocal microscope. Scale bars, 5 mm.

(D) Quantification of (C). 200 cells from each of the

indicated groups were quantified for BrdU and

gH2AX co-localization-positive cells (n = 3). Note

that more than ten/nuclei of co-localized BrdU

and gH2AX foci was considered positive.

*p < 0.05 shRRM2 versus control; #p < 0.05

shRRM2/shATM versus shRRM2. Error bars

represent SEM. See also Figure S2.
chromatography (LC) tandem mass spectrometry (MS/MS) to

determine changes in metabolites of multiple metabolic path-

ways downstream of glucose. There was a significant decrease

in the pentose phosphate pathway (PPP) metabolite 6-phospho-

gluconate (6-PG) in shRRM2/shATM cells (Figure 3D), suggest-

ing that PPPmetabolites are being consumed to a greater extent

in these cells. To determine whether glucose is being utilized by

the PPP, we performed stable isotope tracer analysis using

[13C6]-glucose. There was an increase in the fractional propor-

tion of 13C-labeled 6-PG in shRRM2/shATM cells (Figure 3E).

These findings suggest that the observed increase in glucose

uptake was at least in part utilized by the PPP in these cells for

dNTP biosynthesis.

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-

limiting enzyme in the PPP, and its activity metabolizes

glucose-6-phosphate (G6P) into 6-PG for dNTP synthesis (Fig-

ure S3A) (Patra and Hay, 2014). We sought to determine whether

G6PD is regulated by ATM knockdown in shRRM2 cells. G6PD

activity was significantly increased in shATM/shRRM2 cells

compared to shRRM2 alone (Figure 3F). Similar results were

observed using KU55933, an ATM inhibitor (Figure S3N), or in

RAS/shATM cells (Figure S3O). There was no change in G6PD

protein expression (Figure 3G). Notably, wild-type p53 has

been shown to negatively regulate G6PD activity (Jiang et al.,

2011), and knockdown of ATM significantly decreased p53 levels

in shRRM2 cells (Figure 3G). Therefore, we sought to determine
896 Cell Reports 11, 893–901, May 12, 2015 ª2015 The Authors
whether p53 levels contributed to G6PD

activity in the context of shATM-mediated

senescence bypass. We used melanoma

cell lines with known p53 mutational

status. Knockdown of ATM (Figure 3H)
significantly increased G6PD activity in shRRM2-expressing

p53 wild-type, but not mutant, melanoma cells (Figure 3I).

Knockdown of p53 (shp53) in combination with shRRM2 in

wild-type melanoma cells increased G6PD activity compared

to shRRM2 alone (Figure S3P). p53 status, and therefore G6PD

activity, correlated with the ability of shATM to bypass senes-

cence in melanoma cells induced by shRRM2 (Figures 3J and

3K). These results were observed in multiple p53 wild-type

and mutant cell lines (Figures S3Q–S3T), demonstrating this is

not a cell-line-specific effect. Notably, shRRM2 alone did not

decrease G6PD activity (Figure 3F), even though we observed

an increase in p53 expression (Figure 3G). This suggests that

G6PD activity is also regulated by another p53-independent

mechanism in shRRM2-expressing cells. Indeed, G6PD activity

is known to be positively regulated by ATM-mediated phosphor-

ylation of HSP27 (pHSP27) (Cosentino et al., 2011). Consistently,

pHSP27 was increased in shRRM2 cells (Figure S3U), which

correlates with activation of ATM by shRRM2 (Figures 1A and

1B). These data support that G6PD activity is regulated in a

context-dependent manner through a balance between p53

and HSP27, and when ATM is inhibited, downregulation of p53

correlates with an increase in G6PD activity. We conclude that

loss of ATM leads to an increase in G6PD activity through abro-

gation of p53-mediated suppression.

Suppression of p53 is known to affect metabolism (Cairns

et al., 2011; Schwartzenberg-Bar-Yoseph et al., 2004). Indeed,



Figure 3. Senescence Bypass by ATM Knockdown Correlates with an Enhanced Glucose and Glutamine Consumption and a Metabolic

Shift toward the Pentose Phosphate Pathway through an Increase in G6PD Activity

(A) Primary IMR90 cells were infected with a shRRM2-expressing lentivirus alone or in combination with a shATM-expressing lentivirus, and glucose uptake was

determined by incubating cells with a fluorescent glucose analog (2NBDG) followed by flow cytometry (n = 3). Cells were gated for high glucose uptake based on

fluorescence.

(B and C) Same as (A). Media was harvested, and glucose consumption and lactate production (B) or glutamine consumption and glutamate production (C) were

quantified (n = 3).

(D–G) Same as (A). Cells were subjected to the following analysis: liquid chromatography followed by mass spectrometry (LC-MS), and shown are the relative

6-phosphogluconate (6-PG) levels normalized to cell number (n = 3) (D); [13C6]-glucose labeling for 30 min. Shown is the percent of 13C-labeled 6-PG (n = 3) (E);

glucose-6-phosphate dehydrogenase (G6PD) activity (n = 3) (F); and immunoblotting of G6PD, p53 and b-actin (G). Error bars represent SD.

(H) Melanoma cells with known p53 status were infected with a shRRM2-expressing lentivirus alone or in combination with a shATM (#1)-expressing lentivirus,

and RRM2, ATM, G6PD, and b-actin protein expression was determined by immunoblotting.

(I) Same as (H), but G6PD activity was determined (n = 3).

(J) Same as (H), but cells were examined for SA-b-gal activity. Scale bars, 10 mm.

(K) Quantification of (J). 100 cells from each of the indicated groups were quantified for SA-b-gal positivity (n = 3).

*p < 0.05 shRRM2 versus control; #p < 0.05 shRRM2/shATM versus shRRM2. Error bars represent SEM unless otherwise indicated. See also Figure S3.
shp53 in combination with shRRM2 increased glucose uptake

(Figure 4A) and glucose and glutamine consumption compared

to shRRM2 alone (Figures S4A and S4B). Therefore, we sought

to determine whether shp53 phenocopies shATM. shp53 (Fig-

ure 4B) only partially suppressed senescence phenotypes,

such as causing a decrease in SA-b-gal activity (Figures 4C

and 4D). However, shp53 did not fully bypass the senescence-

associated cell-growth arrest, as demonstrated by BrdU

incorporation (Figures 4E and 4F) and focus-formation assays

(Figures 4G and 4H). This correlated with the inability of shp53

to reduce markers of DNA damage (Figures 4I and 4J). These re-

sults suggest that p53 suppression is necessary, but not suffi-

cient, for bypassing senescence induced by replication stress.

Knockdown of ATM Cooperatively Regulates p53
and c-MYC to Increase Substrate Availability
shp53 in combination with shRRM2 increased glucose uptake

but to a lesser extent compared to that of shATM (Figure 4A).

This suggests that an additional pathway is implicated in the
observed shift in cellular metabolism induced by shATM.

c-MYC plays a major role in cellular metabolism (Dang et al.,

2009). c-MYC is a known regulator of RAS-induced senescence

(Land et al., 1983; Sinn et al., 1987). Thus, we examined c-MYC

protein levels. shATM in combination with shRRM2 significantly

increased c-MYC protein expression compared to shRRM2

alone (Figure 4K). This was observed in multiple cell lines (Fig-

ure S4C). Notably, shp53 did not increase c-MYC expression

(Figure S4D).

Next, we determined the mechanism underlying the observed

c-MYC upregulation by shATM. No change in c-MYC mRNA

expression was observed in senescence-bypassed cells (Fig-

ure S4E). p27 has been implicated in negatively regulating

c-MYC protein stability post-translationally (Maclean et al.,

2007). Bypass of senescence by shATM correlated with downre-

gulation of p27 (Figure S4F). This correlated with an increase

in c-MYC protein stability (Figures S4G and S4H). To further

demonstrate the role of c-MYC upregulation in the observed

senescence bypass, we simultaneously knocked down ATM,
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Figure 4. ATM Knockdown Cooperatively Inhibits p53 and Upregulates c-MYC in Senescence-Bypassed Cells

(A) Primary IMR90 cells were infected with lentivirus expressing the indicated shRNAs. Glucose uptake was determined by incubating cells with a fluorescent

glucose analog (2NBDG) followed by flow cytometry. Cells were gated for high glucose uptake based on fluorescence (n = 3).

(B) Primary IMR90 cells were infected with a shRRM2-expressing lentivirus alone or in combination with a shp53-expressing lentivirus, and RRM2, p53,

and b-actin protein expression was determined by immunoblotting.

(C) Same as (B), but SA-b-gal activity was determined.

(D) Quantification of (C). 100 cells from each of the indicated groups were quantified for SA-b-gal positivity (n = 3).

(E) Same as (B), but cells were labeled with BrdU for 1 hr and BrdU incorporation was determined by immunofluorescence. DAPI staining was used to visualize

nuclei.

(F) Quantification of (E). 200 cells from each of the indicated groups were quantified for BrdU positivity (n = 3).

(G) Same as (B), but an equal number of cells were seeded in six-well plates and focus formation was determined by crystal violet staining 14 days later.

(H) Quantification of (G). The intensity of foci was quantified using NIH ImageJ software (n = 3).

(I) Same as (B) but 53BP1 and gH2AX foci were observed by immunofluorescence.

(J) Quantification of (I). 200 cells from each of the indicated groups were quantified for 53BP1 and gH2AX foci-positive cells (n = 3).

(K) Primary IMR90 cells were infected with an shRRM2-expressing lentivirus alone or in combination with a shATM-expressing lentivirus, and c-MYC and b-actin

protein expression was determined by immunoblotting.

(L) Same as (K), but cells were also infected with a shc-MYC expressing lentivirus and glucose uptake was determined by incubating cells with a fluorescent

glucose analog (2NBDG), followed by flow cytometry (n = 3). Cells were gated for high glucose uptake based on fluorescence.

(M) Publically available lung adenocarcinoma databases from cBioPortal were analyzed for ATM, p53, and c-MYC status. Blue boxes indicate patients with ATM

mutation or deletion. Red boxes indicate patients with p53 mutation/deletion and c-MYC amplification.

(N) Schematic of senescence bypass induced by shATM. Replication stress induced by nucleotide deficiency activates ATM. If ATM is inhibited, p53 is

not activated, which abrogates its inhibition of G6PD. Additionally, c-MYC expression is increased, which along with lower p53 expression leads to increased

glucose and glutamine consumption. The convergence of increased substrates and increased G6PD activity leads to increased dNTP levels, which allows for

DNA replication and proliferation.

*p < 0.05 versus control; #p < 0.05 versus shRRM2/shATM. Error bars represent SEM. Scale bars, 10 mm. See also Figure S4 and Table S1.
RRM2, and c-MYC (Figure S4I). These cells showed decreased

glucose uptake and glutamine consumption compared to senes-

cence-bypassed shATM/shRRM2 cells (Figures 4L and S4J).
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These results support that increased c-MYC expression cooper-

ates with decreased p53 to induce metabolic reprogramming

to allow the senescence bypass by shATM.



Our results indicate that ATM converges on the p53 and

c-MYC pathways to regulate senescence. We found that ATM

mutation/deletion is mutually exclusive from p53 mutation/dele-

tion and c-MYC amplification in multiple tumor types (Figure 4M;

Table S1). These data support the notion that ATM functions in

the same pathway as p53 and c-MYC in cancers. Overall, our

data support a model whereby loss of ATM affects both p53

and c-MYC to bypass the senescence-associated cell-growth

arrest to drive cell proliferation (Figure 4N).

DISCUSSION

Senescence induced by oncogenes is characterized by

increased glucose consumption that is shunted toward the

tricarboxylic acid cycle and away from aerobic glycolysis and

presumably the PPP (Kaplon et al., 2013; Li et al., 2013;

Mazurek et al., 2001). Consistently, we observed increased

glucose and glutamine consumption in cells undergoing senes-

cence induced by shRRM2 (Figures 3A–3C and S3), suggesting

that replication stress itself may cause changes in cellular

metabolic pathways similar to those induced by oncogenes.

Knockdown of ATM in combination with shRRM2 further

increased both glucose and glutamine consumption. These

data are consistent with the idea that ATM inactivation further

drives senescence-associated metabolic reprogramming over

a threshold that is necessary to support the proliferation of

senescence-bypassed cells in cancer. Our data support the

notion that the increased glucose was shunted into the PPP,

because we observed an increase in 13C-labeling of the PPP

metabolite 6-PG after incubation with [13C6]-glucose (Figure 3E).

In this context, ATM functions as a tumor suppressor by inhibit-

ing cancer-associated metabolic reprogramming.

In addition to an increase in metabolic substrates for dNTP

synthesis, ATM knockdown also increased activity of the PPP

pathway rate-limiting enzyme G6PD. Increased G6PD activity

correlated with decreased p53 expression (Figures 3F and 3G).

p53 downregulation is known to shift cellular metabolism (Cairns

et al., 2011). Knockdown of ATM decreased p53 (Figure 3G),

which correlated with increased glucose and glutamine con-

sumption (Figures 3B and 3C). Knockdown of p53 did not in-

crease glucose uptake to the same extent as ATM knockdown

(Figure 4A). Indeed, knockdown of p53 was not sufficient to fully

overcome senescence (Figure 4). Consistently, there was also

an increase in c-MYC expression induced by ATM knockdown

(Figure 4K). c-MYC is among genes that are upregulated in

ATM-knockout mice (Yan et al., 2006). In the present study,

the observed increase in c-MYC expression was post-transcrip-

tional and correlated with a decrease in p27 expression, a known

negative regulator of c-MYC protein stability (Figure S4F).

Indeed, c-MYC stability was increased in cells with knockdown

of both RRM2 and ATM compared to knockdown of RRM2 alone

(Figures S4G and S4H). These data support a model whereby

downregulation of p53 and upregulation of c-MYC cooperate

to enhance glucose and glutamine consumption, which ac-

counts for the observed increase in substrate availability for

the dNTP biosynthesis induced by ATM knockdown (Figure 4N).

Our data show that ATM plays a central role in coupling repli-

cation stress and metabolic reprogramming. ATM suppresses
cancer-associated metabolic reprogramming to prevent bypass

of the senescence tumor-suppression mechanism, where its

inactivation suppresses DDR induced by replication stress.

This is different from its classical role in DNA repair, where its

activation suppresses cancer by preventing genomic instability.

Replication stress induced by nucleotide deficiency plays an

important role in the early stages of cancer development; there-

fore, this mechanistic insight will have broad implications for

understanding replication stress and metabolic reprogramming

in cancer.

EXPERIMENTAL PROCEDURES

Cells and Culture Conditions

IMR90 human fibroblasts were cultured according to the ATCC in low oxygen

(2%) as previously described (Tu et al., 2011). Experiments were performed on

IMR90 between population doubling #25-35. Human melanoma cell lines

(a kind gift from Dr. Meenhard Herlyn) were cultured as previously described

(Satyamoorthy et al., 1997).

Reagents, Plasmids, and Antibodies

All chemicals and reagents were purchased from Sigma-Aldrich. pLKO.1-

shRNA plasmids were obtained from Open Biosystems. The mature sense

sequences are shRRM2: 50-CGGAGGAGAGAGTAAGAGAAA-30; shATM #1:

50-CGTGTCTTAATGAGACTACAA-30; shATM #2: 50-TGATGGTCTTAAGGAA

CATCT-30; shp53: 50-GAGGGATGTTTGGGAGATGTA-30; and shc-MYC: 50-
CCTGAGACAGATCAGCAACAA-3. The following antibodies were obtained

from the indicated suppliers: mouse anti-phospho-ATM (Rockland), goat

anti-ATM (Bethyl), goat anti-RRM2 (Santa CruzBiotechnology),mouse anti-cy-

clin A (Novocastra), mouse anti-gH2AX (Millipore), rabbit anti-53BP1 (Bethyl),

mouse anti-BrdU fluorescein isothiocyanate (BD Biosciences), mouse anti-

p53 (Calbiochem), rabbit anti-G6PD (Sigma-Aldrich), rabbit anti-p21 (Abcam),

rabbit anti-c-MYC (Cell Signaling), and mouse anti-b-actin (Sigma-Aldrich).

Lentivirus Infections

Lentivirus was packaged using the Virapower Kit from Invitrogen following the

manufacturer’s instructions as described previously (Li et al., 2010; Tu et al.,

2011). Cells infected with viruses encoding the puromycin-resistance gene

were selected in 1 mg/ml puromycin.

Immunofluorescence, BrdU Labeling, Single-Cell Gel

Electrophoresis, also known as Comet Assay, and SA-b-Gal Staining

Immunofluorescence staining, BrdU labeling, and single-cell gel electropho-

resis (comet assay) for cultured cells was performed as described previously

using the antibodies described above (Tu et al., 2011). Confocal microscopy

was used for co-localization of BrdU and gH2AX using a Leica TCS SPII scan-

ning confocal microscope. The comet assay was analyzed using CometScore

software (TriTek). SA-b-gal staining was performed as previously described

(Dimri et al., 1995).

Focus-Formation Assay

For focus formation, an equal number of cells (3,000 cells/well) were inoculated

in six-well plates and cultured for an additional 2 weeks. Focus formation was

visualized by staining the plates with 0.05% crystal violet as previously

described (Tu et al., 2011). Integrated density was determined using NIH

ImageJ software.

DNA Combing Analysis

DNA combing was performed as previously described (Aird et al., 2013).

DNA replication forks were scored as elongating, terminated, or newly fired

as previously described (Aird et al., 2013; Bartkova et al., 2006).

Measurement of dNTP Concentrations in Cells

Samples were harvested and dNTP levels were measured as previously

described (Aird et al., 2013; Wilson et al., 2011).
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Flow Cytometry for Glucose Uptake

Cells were incubated with 5 mM 2NBDG (Invitrogen) for 2 hr. After rinsing with

PBS, 2NBDG-positive cells were run on a LSRII (14-color; Becton Dickinson),

and data were analyzed with FlowJo Software.

YSI Metabolite Measurements

Glucose and glutamine consumption and lactate and glutamate production

weremeasured using a YSI 7100Bioanalyzer. Briefly, the same number of cells

was seeded in 12-well plates, and 24 hr later, the media was changed. The

media was harvested 24 hr later, and cells were counted to normalize for

proliferation.

C13-Glucose Labeling and LC-MS Analysis

To extract metabolites, media was aspirated and cells were quenched by the

direct addition of 1 ml �80�C 4:1 methanol:water (v/v). Plates were placed at

�80�C for 20 min then scraped and transferred into tubes. Samples were

pulse sonicated on ice for 30 s at a rate of 1 pulse/s prior to centrifugation

at 16,000 3 g at 4�C for 10 min. The supernatants were transferred to clean

glass tubes and evaporated to dryness under nitrogen. Dried residues were

resuspended in 100 ml of mobile phase A for LC-MS analysis. For labeling

studies, cells were grown in media omitting glucose supplemented with

1 mg/mL [13C6]-glucose.

For liquid chromatography-mass spectrometry, separations were per-

formed using an Agilent 1200 series high-performance liquid chromatography

pump and autosampler (Agilent Technologies). Analytes were separated by

reverse-phase ion-paring chromatography using a Phenomenex Kinetex

Luna C18 column (250 3 2.1 mm I.D., 3 mm). N,N-diisopropylethylamine

(DIPEA) was used as the ion-pairing reagent. Solvent A was 400 mM

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and 10 mM DIPEA in water, and

solvent Bwas 300mMHFIP and 10mMDIPEA inmethanol. The linear gradient

conditions were as follows: 2% B at 0 min, 2% B at 3 min, 10%B at 32 min,

95% B at 38 min, and 2% B at 39 min, followed by a 6-min equilibration.

Analyses were conducted using an Agilent Technologies 6460 triple-quadru-

pole mass spectrometer with a JetStream electrospray ionization source, in

the negative mode. The samples were maintained at 4�C, and injections of

10 ml were made for all runs. The column effluent was diverted to waste for

the first 5 min and the last 10 min of the analyses. The Agilent 6460 operating

conditions were as follows: gas temperature was set at 275�C, and the gas

flow was set to 8 l/min. Sheath gas temperature was 400�C, and the sheath

gas flow was set to 10 l/min. The capillary voltage was set to 3,500 V. The

nozzle voltage was set to 1,000 V.

G6PD Activity Assay

Cells were harvested by trypsinization and resuspended in cold PBS. Cells

were sonicated and then centrifuged at 16,000 rpm for 10 min at 4�C. The
supernatant was transferred to new tubes, and the combined activity of

G6PD and 6-phosphogluconate dehydrogenase (6PGD) was measured by

the rate of conversion of NADP+ to NADPH in the presence of G6P. The activity

of 6PGD alone was then measured by the conversion of NADP+ to NADPH in

the presence of 6-PG. G6PD activity was calculated as the difference of

these two activities. Cell lysates were added to the reaction buffer containing

50 mM Tris and 1 mM MgCl2 (pH 8.1), NADP+ (100 mM), and G6P (200 mM) or

6-PG (200 mM). The absorbance at 341nm was read 10 min later. Enzyme

activities were normalized to protein concentration.

Statistical Analysis

GraphPad Prism version 5.0 was used to perform statistical analyses. The Stu-

dent’s t test was used to determine p values of raw data. A p value < 0.05 was

considered significant.
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A novel role for the condensin II complex
in cellular senescence

Yuhki Yokoyama, Hengrui Zhu, Rugang Zhang, and Ken-ichi Noma*

The Wistar Institute; Philadelphia, PA USA

Keywords: cellular senescence, condensin, genome organization, human, nuclear architecture, oncogene-induced senescence, SAHF

Abbreviations: SAHF, senescence-associated heterochromatic foci; SADS, senescence-associated distension of satellites; SMC,
structural maintenance of chromosomes; hCAP-H2, human chromosome-associated protein H2; NCAPH2, non-SMC chromosome-
associated protein H2 gene; RPE-1, hTERT-immortalized retinal pigment epithelial cell line; hTERT, human telomerase reverse

transcriptase; uORF, upstream open reading frame; BrdU, bromodeoxyuridine; SA-b-gal, senescence-associated b-galactosidase; Rb,
retinoblastoma protein; CDK, cyclin dependent kinase; DAPI, 4,6-diamidino-2-phenylindole; shRNA, short-hairpin RNA.

Although cellular senescence is accompanied by global alterations in genome architecture, how the genome is
restructured during the senescent processes is not well understood. Here, we show that the hCAP-H2 subunit of the
condensin II complex exists as either a full-length protein or an N-terminus truncated variant (DN). While the full-length
hCAP-H2 associates with mitotic chromosomes, the DN variant exists as an insoluble nuclear structure. When
overexpressed, both hCAP-H2 isoforms assemble this nuclear architecture and induce senescence-associated
heterochromatic foci (SAHF). The hCAP-H2DN protein accumulates as cells approach senescence, and hCAP-H2
knockdown inhibits oncogene-induced senescence. This study identifies a novel mechanism whereby condensin drives
senescence via nuclear/genomic reorganization.

Introduction

Protein complexes consisting of structural maintenance of
chromosomes (SMC) proteins are essential for the faithful segre-
gation of chromosomes. Two of the best-studied SMC complexes
are condensin and cohesin, which are required for mitotic chro-
mosome assembly and for holding sister chromatids together,
respectively.1-3 These SMC complexes function as connectors
between 2 chromatin fibers.4 Recent studies have revealed that
cohesin can mediate interactions between gene promoters and
enhancers.5 Condensin is also known to function in higher-order
genome organization in yeast and is involved in the gene regula-
tion in Caenorhabditis elegans.6-9 Condensin I and II complexes
exist in humans, where the condensin II complex binds to pro-
moters and enhancers, and participates in gene regulation.10,11

Therefore, condensin likely regulates gene expression in a variety
of organisms through its role in higher-order genome
organization.

Cellular senescence was originally defined by Hayflick, who
demonstrated that normal human fibroblasts could not prolifer-
ate indefinitely, but reach their “Hayflick limit” and senesce.12

Currently, cellular senescence is defined as the state of stable cell-
cycle arrest caused by exhausting the capacity of DNA replication
or by various cellular stresses including DNA damage, chemo-
therapeutic drug treatment, and excessive growth stimulus by

overexpression of oncogenic Ras.13,14 It is accompanied by
diverse changes in gene expression and is associated with signifi-
cant alterations in the global genome architecture.15,16 Senes-
cence-associated heterochromatin foci (SAHF) and senescence-
associated distension of satellites (SADS) are characteristic of
senescent cells.17-19

Several chromatin factors including a histone H2A variant
(macroH2A), histone chaperons (ASF1 and HIRA), and the
High-Mobility Group A (HMGA) proteins are involved in
SAHF formation during cellular senescence.20,21 Lamin B1, a
structural component of the nuclear lamina, has also been impli-
cated in the senescent processes.22 Since heterochromatic histone
modifications such as H3 lysine 9 and 27 tri-methylation are dis-
pensable for SAHF formation, heterochromatic histone marks
are not entirely responsible for SAHF formation.23 Senescence
appears to be a cellular event orchestrated by numerous cellular
factors, but how SAHF are assembled during senescence and con-
tribute to the senescent processes remains unclear.

In this study, we have shown that 2 hCAP-H2 isoforms of
the condensin II subunit exist in human cells. The relative
expression of these hCAP-H2 isoforms is regulated during
the cell cycle and upon starvation. We find that the small
upstream open reading frame (uORF) plays a role in regulat-
ing the translation of the hCAP-H2 isoforms and that the
N-terminus truncated variant, hCAP-H2DN, accumulates in
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quiescent and senescent cells. We show that hCAP-H2DN
exists as a part of the insoluble nuclear architecture, while the
full-length protein associates with mitotic chromosomes.
Overexpression of this single condensin subunit, hCAP-H2,
is sufficient to induce the formation of the condensin-medi-
ated nuclear architecture and SAHF. This study demonstrates
that the condensin II complex facilitates a nuclear/genomic
reorganization leading to cellular senescence.

Results

Identification of 2 isoforms of
hCAP-H2 condensin II subunit

To understand how condensin
expression is regulated in human
cells, we investigated several com-
ponents of the condensin I and II
complexes in 3 cancer cell lines
(HeLa, HCT116, and U2OS)
and RPE-1 (hTERT-immortal-
ized retinal pigment epithelial)
cells, which exhibit a stable dip-
loid karyotype and are therefore
often used for chromosome
research. We observed that SMC4
(SMC subunit) and hCAP-H
(kleisin subunit of condensin I)
proteins were less abundant in
HCT116 cells (Fig. S1A). Unex-
pectedly, 2 different sizes of pro-
teins (84 and 91 kDa) were
detected by the hCAP-H2 anti-
body in RPE-1 cells, but not in
the cancer cell lines (top panels in
Fig. 1A). These two proteins
were both depleted by the short-
hairpin RNA (shRNA) directed
against NCAPH2 transcripts,
indicating that both proteins are
derived from the NCAPH2 gene
(Fig. S1B). Based on the protein
sizes, the top and bottom bands
represent the full-length hCAP-
H2 and a smaller variant, respec-
tively. Since the 3 cancer cell lines
expressed only the full-length
hCAP-H2, we investigated
whether this is a common feature
of cancer cells. While the 2
hCAP-H2 isoforms were detected
in primary human ovarian surface
epithelial cells (HOSE4), both
were also detected in the ovarian
cancer cell lines (PEO-1,
OVCAR5, and SKOV3), suggest-
ing that the absence of the bottom

band is not necessarily indicative of cancer cells or their prolifer-
ative potential (bottom panels in Fig. 1A). For instance, the
OVCAR5 and OVCAR10 cell lines had the different expression
patterns of the hCAP-H2 isoforms, but showed similar rates of
BrdU incorporation (Fig. 1A; Fig. S1C). Moreover, retinoblas-
toma (Rb) tumor suppressor proteins were predominantly phos-
phorylated in both the RPE-1 and cancer cell lines (except for
HeLa cells, where Rb was absent), indicating that the expression

Figure 1. Full-length hCAP-H2 and its variant detected in human cell lines. (A) hCAP-H2 proteins in RPE-1,
HeLa (cervical cancer), HCT116 (colon cancer), U2OS (osteosarcoma), HOSE4, and ovarian cancer cell lines
(PEO-1, OVCAR5, OVCAR10, and SKOV3) were assessed by immunoblot analysis. Arrows indicate the full-
length hCAP-H2 and its smaller variant. Tubulin serves as a loading control. (B) Asynchronous (Asy) and
mitotic (M) RPE-1 and HeLa cells were subjected to Western blot analysis to detect hCAP-H2 proteins. Mitotic
cells were prepared by mitotic shake-off. Cell lysates were treated with lambda protein phosphatase (lPPase).
(C) Schematic protocol for the inhibitor treatments employed in panel D. (D) RPE-1 cells grown in normal
medium were subsequently cultured for 48 hours in starvation medium, which consists of 20 times less fetal
bovine serum (FBS) than normal. CDK4/6 inhibitors (Palbociclib and LEE011), DNA replication inhibitors (HU
and Thymidine), or DMSO (control) were added to starvation medium 2 hours before serum re-stimulation.
Cells were further cultured for 24 hours in normal medium (serum C) containing the inhibitors, and lysates
were subjected to immunoblot analysis. P indicates phosphorylated Rb proteins. (E) The indicated cell lines
were cultured for 2 days in normal (starvation ¡) or starvation medium (starvation C), followed by Western
blot analysis. (F) RPE-1 cells grown in normal medium (C, control) were subsequently cultured for 2 days in
starvation medium (S, Starvation). After the starvation treatment, cells were further cultured in normal
medium for the indicated periods of time (Re-stimulation). Cell lysates derived from the respective culturing
steps were subjected to immunoblot analysis. Band intensities (top) and expression ratio (bottom) of the
hCAP-H2 isoforms are shown.
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pattern of the 2 hCAP-H2 isoforms does not directly reflect cell
proliferation (Fig. S1D and E).

Cell cycle-dependent regulation of hCAP-H2 isoforms
Next, we examined how expression of the hCAP-H2 isoforms

is regulated during the cell cycle. We found that the full-length
hCAP-H2 became more abundant in RPE-1 cells during mitosis
compared to asynchronous cells, while the smaller hCAP-H2 var-
iant was relatively decreased in mitotic cells (Fig. 1B). In con-
trast, expression levels were similar between mitotic and
asynchronous HeLa cells, where only the full-length hCAP-H2
was present. We also found that lPPase treatment converted the
full-length hCAP-H2 from both asynchronous and mitotic cells
to faster migrating bands (Fig. 1B). Moreover, the full-length
hCAP-H2 bands from mitotic RPE-1 and HeLa cells were
located slightly above those from asynchronous cells (Fig. 1B).
These results indicate that hCAP-H2 is phosphorylated during
interphase and additionally phosphorylated during mitosis
(Fig. 1B). Phosphorylation of hCAP-H2 during mitosis was pre-
viously reported.24,25 A similar band shift was not detected for
the smaller variant, indicating that the phosphorylation is specific
to the full-length hCAP-H2 (Fig. 1B).

We next performed serum re-stimulation assays with the
CDK4/6 and DNA replication inhibitors (Fig. 1C). Starvation
treatment arrests the cell cycle during G1/G0 phase, and serum
re-stimulation with the CDK4/6 and DNA replication inhibitors
allows the cell cycle to synchronously progress until midG1 and
S phases, respectively. In RPE-1 cells treated by the CDK4/6
inhibitors, the full-length hCAP-H2 was not detected, while it
was detected in cells treated by the DNA replication inhibitors
(Fig. 1D). Furthermore, when the full-length hCAP-H2 was
detected, Rb proteins were predominantly phosphorylated. These
results suggest that the full-length hCAP-H2 accumulates
between the midG1 and S phase, and that phosphorylation of Rb
and accumulation of the full-length hCAP-H2 might be coordi-
nated. Since the full-length hCAP-H2 is enriched during mitosis
(Fig. 1B), our current hypothesis is that full-length proteins
translated around the midG1-S phase are likely sustained until
mitosis. Alternatively, it is also possible that the stability of
hCAP-H2 proteins is regulated during the cell cycle. Together,
these results indicate that protein levels of the hCAP-H2 isoforms
are regulated during the cell cycle.

Regulation of hCAP-H2 isoforms upon starvation
We observed that the hCAP-H2 variant was increased in

RPE-1 and OVCAR5 cells after serum starvation, while the full-
length protein was decreased (Fig. 1E). In contrast, the full-
length hCAP-H2 was not affected by the starvation treatment in
the HeLa and OVCAR10 cell lines, which contained only the
full-length protein (Fig. 1E). In addition, re-stimulation of cell
growth after the starvation treatment gradually increased and
decreased the full-length hCAP-H2 and its variant, respectively,
and an increase in Rb phosphorylation was evident (Fig. 1F).
These results suggest that when both of the hCAP-H2 isoforms
are present, cell proliferation is associated with an increase of the
full-length hCAP-H2 and a reduction of the variant, although

the basal expression pattern of the isoforms does not directly rep-
resent cell proliferation and is dependent upon cell lines
(Fig. 1A). We also observed that NCAPH2 gene transcription
was not affected by the starvation treatment in RPE-1 cells (Fig.
S1F). These results indicate that expression of the hCAP-H2 iso-
forms is regulated upon starvation in a post-transcriptional man-
ner, and that the variant accumulates in quiescent cells induced
by starvation.

Regulatory role of the uORF in translation of hCAP-H2
isoforms

The mouse Ncaph2 gene is known to produce splicing var-
iants.26 Therefore, we hypothesized that alternative splicing
might be responsible for the synthesis of the hCAP-H2 protein
isoforms. However, we did not observe splicing variants of
NCAPH2 in RPE-1 and HeLa cells, indicating that the hCAP-
H2 variant protein is not derived from alternative splicing
(Fig. S2A).

Small upstream open reading frames (uORFs) have been iden-
tified in about half of human transcripts and are known to con-
trol the translation of downstream ORFs.27,28 A uORF is present
in the NCAPH2 mRNA and is conserved among mammalian
species (Fig. 2A).26 NetStart software predicts that hCAP-H2
translation initiates from the first (AUG1) and second (AUG2)
start codons (Fig. 2B).29 We hypothesized that the uORF might
regulate translational initiation from the 2 start codons. To test
this hypothesis, we made several constructs and observed that
the wild-type construct expressed the 2 hCAP-H2 isoforms
(Fig. 2C and D). The size difference between these 2 proteins
was 7 kDa, which is exactly the same as for the endogenous
hCAP-H2 isoforms (Fig. 1A). In contrast, the DuAUG mutation
that prevents translation of the uORF inhibited the production
of the smaller protein. The DAUG1 mutation, which removes
the first start codon, resulted in the expression of only the smaller
protein. The DAUG2 mutation prevented the production of the
smaller protein, and it resulted in the expression of an additional,
even smaller protein, suggesting that there is an additional poten-
tial translational start site downstream of the second start codon.
These results indicate that the translation of the larger and
smaller proteins are initiated from the AUG1 and AUG2 codons,
respectively, and that the uORF is required for efficient transla-
tional initiation from the AUG2 start codon. Small uORFs are
known to modulate translation of the downstream ORFs
through a reinitiation mechanism.30 It has recently been shown
that the NIPBL gene encoding a cohesin loading factor has an
uORF, which regulates NIPBL translation in a cell cycle-depen-
dent manner.31 Therefore, it is possible that the uORF in the
NCAPH2 gene might contribute to the observed regulation of
the hCAP-H2 isoforms during the cell cycle (Fig. 1B and D).

We next expressed non-tagged full-length hCAP-H2 and DN
proteins from plasmids in RPE-1 cells and compared the sizes of
these proteins to the endogenous hCAP-H2 isoforms (Fig. 2E).
In this system, the translation of the exogenous full-length
hCAP-H2 and DN variant is initiated from the AUG1 and
AUG2 start codons, respectively. We observed that the size of the
exogenous full-length hCAP-H2 was similar to the endogenous
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counterpart in HeLa cells (Fig. 2E). In addition, the size of the
DN protein was similar to the endogenous hCAP-H2 variant in
RPE-1 cells. These results collectively suggest that the translation
of the full-length hCAP-H2 and DN variant is initiated from the
AUG1 and AUG2 start codons and regulated by the uORF.

hCAP-H2 isoforms exist in the condensin complex
The kleisin subunits of the SMC complexes are conserved

from bacteria to humans and consist of the winged-helix motifs
at their N- and C-terminal domains.32,33 The N-terminal
winged-helix motif of hCAP-H2 was highly conserved among
vertebrates and homologous to the kleisin subunits of the con-
densin I complex (Fig. S2B and C). The methionine encoded by
the second start codon (AUG2) was positioned just before the
third helix within the winged-helix motif (Fig. S2C and D).
Since the hCAP-H2DN lacks a part of the conserved winged-
helix domain (Fig. S2D), we tested whether the DN protein can
form the condensin complex. We found that both the full-length
hCAP-H2 and DN variant interacted with the other condensin II
subunits such as SMC4 and hCAP-D3 (Fig. 2F). As a negative
control, we expressed the hCAP-H2DC protein, which is known
to be defective in the interaction between hCAP-H2 and SMC4,
and found that DC proteins were completely deficient for the

interaction (Fig. 2F and S2D).34 These results suggest that the
N-terminal region (50 a.a.) missing in hCAP-H2DN is likely dis-
pensable for the formation of the condensin II complex. In sup-
port of this notion, it has been shown that the third helix within
the winged-helix motif of the Scc1 kleisin subunit of cohesin is
important for its binding to the Smc1 subunit.35

hCAP-H2 isoforms induce DAPI-dense chromatin foci
Remarkably, DAPI-dense chromatin foci were formed in

RPE-1 cells expressing EYFP-tagged full-length hCAP-H2,
although EYFP alone did not induce the formation of DAPI-
dense foci (Fig. S3A). We also observed that DAPI-dense
chromatin foci were formed in 45% and 41% of RPE-1 cells
expressing the full-length hCAP-H2 and DN variant, respec-
tively, but DAPI-dense chromatin foci were formed in only 1%
of cells expressing the hCAP-H condensin I subunit (Fig. 3A).
Because the expression levels of hCAP-H and H2 proteins were
comparable, it is likely that DAPI-dense foci are specifically
induced by hCAP-H2 rather than by an artifact from protein
overexpression.

Since DAPI-dense foci are reminiscent of senescence-associ-
ated heterochromatic foci (SAHF), we asked whether DAPI-
dense foci we observed have the same characteristics as SAHF.

Figure 2. Role of the uORF in expression of the hCAP-H2DN variant. (A) The nucleotide sequence of the 50 region of NCAPH2mRNA. The small upstream
ORF (uORF) contains start codon (uAUG, red) and stop codon (UGA, blue). The first AUG (AUG1) and second AUG (AUG2), responsible for translational ini-
tiation of hCAP-H2, are also highlighted in red. (B) Prediction of translational start sites for hCAP-H2. The NetStart 1.0 server was used for a prediction of
translation start. Probability of translational initiation is scored between 0 and 1, and more than 0.5 represents typical start sites. (C) Schematic represen-
tation of the NCAPH2 constructs (wild type, DuAUG, DAUG1, and DAUG2). Expression of hCAP-H2 proteins fused to EYFP is under control of the CMV pro-
moter. The mutated start codons are shown in red. (D) The NCAPH2 constructs shown in panel C were transfected into RPE-1 cells. Negative control (N.C.)
indicates no transfection. hCAP-H2 proteins fused to EYFP were detected by Western blotting using hCAP-H2 antibody. An asterisk indicates an addi-
tional band observed in cells carrying the DAUG2 construct. (E) The full-length NCAPH2 (FL) and DN genes starting from the AUG1 and AUG2 codons,
respectively, were cloned into pCMV6-Entry plasmids and expressed in RPE-1 cells. N.C. indicates RPE-1 cells without exogenous expression of the
NCAPH2 genes. Cell lysates from RPE-1 and HeLa cells were subjected to immunoblot analysis. (F) Co-IP analysis testing the interaction between hCAP-
H2 (FL, DN, and DC) and the other components of the condensin complex. hCAP-H2DC lacks the 130 a.a. of the hCAP-H2 C-terminus. Expression of
Flag-tagged hCAP-H2 proteins was induced by doxycycline (Materials and Methods).
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We observed that DAPI-dense foci associated with histone H3
di- and tri-methylated Lys9, which are heterochromatic epige-
netic marks (Fig. 3B). As previously reported, H3 tri-methylated
Lys9 was located at the center of SAHF, while di-methylated

Lys9 was more enriched near the surface of SAHF (Fig. 3B). His-
tone H3 tri-methylated Lys9 was more scattered in the nuclei
without DAPI-dense foci (Fig. S3B).23 In contrast, histone H3
di/tri-methylated Lys4 (euchromatic mark) was present outside

Figure 3. Overexpression of hCAP-H2 induces formation of DAPI-dense chromatin foci. (A) hCAP-H and hCAP-H2 (FL and DN) proteins fused to the Flag
epitope were expressed in RPE-1 cells for 2 days and visualized by IF analysis. Scale bar indicates 10 mm. (B) Histone H3 di- and tri-methylated Lys9 were
visualized by IF in RPE-1 cells expressing the full-length hCAP-H2. Inset shows enlarged views. Scale bar indicates 5 mm. (C) hCAP-H2 (FL and DN) proteins
fused to the Flag epitope were expressed in RPE-1 cells and visualized by IF. These microscopic images, at a relatively high resolution, were captured by a
Leica SP5 II laser scanning confocal microscope. Scale bar indicates 1 mm. (D) Chromatin-unbound (Fr. 1), DNase-extractable (Fr. 2), high salt-extractable
(Fr. 3), and high salt-resistant (Fr. 4) fractions were prepared from asynchronous (Asy) and mitotic (M) RPE-1 cells (See Materials and Methods) and sub-
jected to Western blotting. WCL indicates whole cell lysate. (E and F) The same fractionation was performed using RPE-1 cells expressing Flag-tagged
hCAP-H2 proteins (FL and DN). The fractions were subjected to immuno blotting (E). The high salt-resistant fraction was further applied for IF analysis to
co-visualize hCAP-H2 and lamin A/C proteins (F). Scale bar indicates 5 mm. (G) RPE-1 cells were transfected with plasmids encoding EYFP-tagged hCAP-
H2 proteins (FL and DN) and culture for 2 days. Cells were subjected to IF analysis to stain CENP-B proteins, which bind to centromeric satellites. RPE-1
cells were infected with a retrovirus encoding H-RasV12 (Ras) or a control virus without H-RasV12 (Con) and subjected to IF analysis 8 days after the
infection. Scale bar indicates 5 mm.
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of the DAPI-dense foci, consistent with the previous observation
(Fig. S3C).17 These results indicate that DAPI-dense chromatin
foci induced by expression of the hCAP-H2 isoforms have chara-
teristics of SAHF.

hCAP-H2DN exists as a part of the insoluble nuclear
architecture

To begin to understand the roles of the hCAP-H2 isoforms in
the formation of DAPI-dense foci, we visualized these proteins
and found that they were localized to the intervening region sur-
rounding DAPI-dense foci (Fig. 3C). To further characterize
hCAP-H2 localization, we performed cellular fractionation anal-
ysis (See Materials and Methods) and found that endogenous
hCAP-H2DN proteins were enriched in the insoluble fraction
(fraction 4) in both asynchronous and mitotic cells (Fig. 3D).
This insoluble fraction is also referred to as a nuclear matrix. The
full-length hCAP-H2, but not the DN variant, was found in the
high salt-extractable fraction (fraction 3) during mitosis. Proteins
tightly bound to DNA are mainly enriched in fraction 3. This
result indicates that the condensin II complex containing the
full-length hCAP-H2 preferentially interacts with mitotic chro-
mosomes to mediate chromosome compaction,36,37 while the
complex with the DN variant exists as a part of the insoluble
nuclear architecture. As a control, we observed that tubulin was
enriched in the chromatin-unbound soluble fraction 1, while
lamin B was detected in fraction 4. Since this fractionation analy-
sis monitors hCAP-H2 proteins without overexpression, it is
likely that the endogenous hCAP-H2 isoforms have distinct
functions in chromosome compaction and the nuclear
architecture.

Exogenous full-length hCAP-H2 and DN proteins highly
expressed from plasmids as well as endogenous lamin B proteins
were enriched in fraction 4, while histone H3 proteins were
mainly detected in fraction 3 (Fig. 3E). When fraction 4 was
subjected to IF analysis to visualize the hCAP-H2 isoforms, we
observed that these proteins and lamin A/C were associated with
the nucleus (Fig. 3F). These results demonstrate that, when over-
expressed, both the hCAP-H2 isoforms exist as a part of the
nuclear architecture. This is consistent with previous observations
that several components of the condensin II complex are present
in the nuclear matrix.38

Since senescence-associated distension of satellites (SADS),
which occurs during the senescence process, is a more consistent
phenomenon in human and mouse cells than SAHF,18 we inves-
tigated whether the expression of the hCAP-H2 isoforms triggers
SADS. To visualize SADS, we performed CENP-B staining,
which specifically visualizes centromeric satellites and has previ-
ously been used for detection of SADS.18 Consistent with the
previous finding, 45% of RPE-1 cells showed SADS at the late
senescent phase (day 8) when oncogenic Ras was expressed
(Fig. 3G). On the other hand, expression of the hCAP-H2 iso-
forms induced DAPI-dense chromatin foci 2 days after transfec-
tion, but 0% of the cells showed SADS at the same time point
(Fig. 3G). This result suggests that overexpression of the hCAP-
H2 isoforms can cause the formation of DAPI-dense chromatin
foci, likely SAHF, without SADS. Together, these results suggest

that overexpressed hCAP-H2 proteins facilitate the formation of
the condensin-associated insoluble nuclear architecture and
SAHF.

hCAP-H2 functions in cellular senescence
To investigate whether hCAP-H2 plays a role in cellular

senescence, we expressed the hCAP-H2 isoforms in IMR90
human fibroblasts, which are commonly used for senescence
research. Overexpression of the full-length hCAP-H2 and DN
variant induced senescence, as indicated by decrease in BrdU
incorporation (cell cycle/growth marker), senescence-associated
b-galactosidase (SA-b-gal) staining, and SAHF formation, all of
which were statistically significant (P < 0.001; Fig. 4–D). We
also observed that hCAP-H2DN expression was increased during
senescence induced by oncogenic Ras (Fig. 4E). Moreover, Ras-
induced senescence was significantly impaired by hCAP-H2
knockdown using shH2#1, as indicated by the reduced percen-
tages of cells positive for SA-b-gal activity and SAHF formation
(P < 0.001; Fig. 4F). hCAP-H2 knockdown using 2 different
shRNAs (shH2#2 and #3) also inhibited Ras-induced senescence
(Fig. S3D and E). These results collectively indicate that the con-
densin II complex functions during oncogene-induced senes-
cence, and that the complex with the DN variant likely
participates in the senescent process.

Discussion

While there are the 2 hCAP-H2 isoforms present in the non-
cancerous cell lines (RPE-1 and HOSE4), some cancer cell lines
contain only the full-length protein, suggesting that the presence
of the 2 isoforms is likely the normal situation for growing cells.
We show that expression of the 2 hCAP-H2 isoforms is modu-
lated during the cell cycle and upon starvation, and that the
uORF plays a regulatory role in the translation of the hCAP-H2
isoforms. We also find that the condensin II complex containing
the full-length hCAP-H2 preferentially associates with mitotic
chromosomes to mediate chromosome compaction, while the
complex with the DN variant exists as a component of the insolu-
ble nuclear architecture (Fig. 3D). Only the hCAP-H2DN vari-
ant is accumulated in quiescent and senescent cells induced by
starvation and oncogenic Ras, respectively (Figs. 1E and 4E).
This makes sense because these cells do not progress through
mitosis and thus do not need the full-length isoform to induce
chromosome compaction. Therefore, non-growing cells express
the DN variant, which contributes to the formation of a nuclear
environment favorable for growth arrest.

When overexpressed, both of the hCAP-H2 isoforms associ-
ate with the specific nuclear architecture and induce DAPI-
dense chromatin foci (Fig. 3). We also show that the protein
level of the endogenous hCAP-H2DN variant is increased as
cells approach senescence, and that hCAP-H2 knockdown
inhibits SAHF formation and oncogene-induced senescence
(Fig. 4E and F). Taken all together, our current hypothesis is
that the specific nuclear architecture built by the condensin II
complex containing the DN variant promotes SAHF formation,
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Figure 4. hCAP-H2 facilitates cellular senescence. (A and B) IMR90 cells were infected with retroviruses encoding the full-length hCAP-H2 or DN variant,
or a control virus without encoding these proteins. BrdU incorporation and visualization were performed 8 days after the infection (A). Scale bar indicates
10 mm. Percentages of IMR90 cells showing BrdU staining were scored 8 days after retrovirus infection (B). (C and D) IMR90 cells were infected by retrovi-
ruses encoding the H-RasV12, full-length hCAP-H2, or DN variant, or a control virus, and subjected to SA-b-gal staining 8 days after the infection (C).
Infected cells were stained by DAPI to assess SAHF formation (D). Scale bars in panels C and D indicate 50 mm and 5 mm, respectively. (E) hCAP-H2 levels
were monitored from day 1 (d1) to day 8 (d8), after IMR90 cells were infected with a retrovirus encoding H-RasV12. Tubulin serves as a loading control. (F)
IMR90 cells were infected with a retrovirus encoding H-RasV12 as well as a lentivirus encoding shRNA against NCAPH2mRNA (shH2#1), and assessed for
SA-b-gal activity and SAHF formation 8 days after the infection. Scale bars indicate 50 (left) and 5 mm (right).
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which in turn facilitates senescence. It has recently been shown
that lamin B1 knockdown induces dissociation of heterochro-
matin from the nuclear periphery and SAHF formation.39

Therefore, the lamina and the condensin-mediated nuclear
architectures likely play opposing roles in SAHF formation.
Consequently, overexpression of hCAP-H2 might be necessary
to induce SAHF in the presence of the nuclear lamina. In case
of senescence induced by oncogenic Ras, lamin B1 is down-reg-
ulated, and hCAP-H2DN expression is enhanced (Fig. 4E).22

We also found that the Rb tumor suppressor associates with
the nuclear architecture assembled by the condensin II complex
(Fig. S3F). Interestingly, Rb foci were almost always detected at
the surface of the condensin architecture and outside of DAPI-
dense signals. It has previously been shown that Rb interacts with
the hCAP-D3 subunit of the condensin II complex in human
cells.40 Therefore, Rb associates with the condensin II nuclear
architecture likely through the interaction between Rb and
hCAP-D3. Consistent with this interpretation, Rb is known to
be present in the insoluble nuclear fraction.41 It has also been
shown that Rb binds to and represses E2F-target genes, thereby
contributing to cellular senescence.17 Based on these results, we
speculate that Rb associates the E2F-targtet genes with the con-
densin II nuclear architecture, which might play a role in the
gene repression for the E2F-target genes. As a similar example,
SATB1 forms a nuclear architecture in mouse cells and regulates
many genes by tethering those genes to the SATB1 nuclear archi-
tecture.42 Since senescence is accompanied by altered expression
of many genes,15,16 the condensin-mediated nuclear architecture
might contribute to the gene expression program during senes-
cent processes.

Materials and Methods

Cell culture
RPE-1 cells (ATCC) were cultured in DMEM/F12 medium

(Life Technologies, 11330032) supplemented with 10% tet-sys-
tem approved fetal bovine serum (FBS; Clontech Laboratories,
631106), 100 U/ml penicillin, 100 mg/ml streptomycin, and
0.01 mg/ml hygromycin B. HeLa, HCT116, and U2OS cells
were cultured in DMEM medium (Mediatech, MT10-013-CV)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/
ml streptomycin. PEO-1, OVCAR5, OVCAR10, and SKOV3
cells were cultured in RPMI1640 medium (Life Technologies,
22400089) supplemented with 10% FBS, 100 U/ml penicillin,
and 100 mg/ml streptomycin. HOSE4 cells were cultured as pre-
viously described.43 IMR90 cells were cultured in DMEM
medium supplemented with 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin, 0.15% sodium bicarbonate, 2 mM
L-glutamine, 1 mM sodium pyruvate, and 1 £MEM non-essen-
tial amino acids (Life Technologies, 11120052).

Expression of hCAP-H2 and its variants
NCAPH2 cDNA in pCMV6-Entry vector (OriGene) was

used to generate the NCAPH2DN and DC genes by a PCR-
based method. hCAP-H2 (full length, DN, and DC) proteins

fused to the Flag epitope were expressed from either pCMV6-
Entry or pTRE3G plasmids (Clontech Laboratories). For co-
immunoprecipitation (co-IP) assay, pTRE3G plasmids carrying
NCAPH2 (full length, DN, or DC) and pCMV-Tet3G were co-
transected into cells, and NCAPH2 expression was induced by
1 mg/ml doxycycline for 48 hours. hCAP-H2 (full length and
DN) proteins fused to EYFP were expressed from pEYFP-N1
plasmids (Clontech Laboratories). Cells were transfected with
plasmids using the Fugene HD reagent (Promega, E2311).

Retrovirus and lentivirus infections
DNA fragments encoding hCAP-H2 (full length and DN)

fused to the Flag epitope were inserted into pBABE-neo vector.20

pBABE-neo plasmids carrying either H-rasV12, NCAPH2, or
NCAPH2DN were used for retrovirus packaging, and virus infec-
tion was performed as described previously.20 Cells were cultured
with selection medium containing 500 mg/ml G418. pTRIPZ
plasmid containing NCAPH2 shRNA (Thermo Scientific Open
Biosystems) was used for lentivirus production. Doxycycline
(1 mg/ml) was added to culture medium every 48 hours for
shRNA expression. Cells were cultured in medium containing
3 mg/ml puromycin.

Senescence-associated b-galactosidase (SA-b-gal) and BrdU
assays

SA-b-gal staining was performed as described previously.44

For BrdU incorporation experiments, cells were plated on cover-
slips and labeled with 100 mg/ml 5-Bromo-20-deoxyuridine
(BrdU, Sigma-Aldrich, B5002) for 30 minutes. The cells were
fixed by 4% paraformaldehyde (pFA) for 15 minutes and per-
meabilized by PBS buffer containing 0.2% Triton X-100. The
cells were further fixed for 30 minutes by 1% pFA in PBS buffer
containing 0.01% Tween-20 and treated with 5 units of RQ1
RNase-free DNase I (Promega, M6101) or 2 N HCl. The cells
were then incubated with 1:10-diluted FITC-labeled mouse
monoclonal anti-BrdU (BD Biosciences, 556028) for
30 minutes. Nuclei were stained with 1 mg/ml 4,6-diamidino-2-
phenylindole (DAPI) solution for 5 minutes.

Fractionation analysis
Fractionation analysis was performed as previously described

with slight modifications.45 Cells were lysed at 4�C for
30 minutes with 400 ml CSK buffer [10 mM PIPES (pH 6.8),
100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA,
1 mM DTT, 0.25 mM PMSF, 10 mM NaF, 0.1 mM ATP,
and Complete protease inhibitor cocktail (Roche,
11836170001)] containing 0.3% Triton X-100. Soluble fraction
(fraction 1, chromatin-unbound fraction) and insoluble fraction
were separated by centrifugation at 2,300 £ g for 10 minutes.
The insoluble fraction was incubated with 100 units of RQ1
RNase-free DNase I at room temperature for 30 minutes. After
centrifugation at 16,000 £ g for 10 minutes, the supernatant was
recovered as fraction 2 (DNase-extractable fraction). The pellet
was then suspended in 200 ml CSK buffer containing 0.3% Tri-
ton X-100 and 2 M NaCl, and the suspension was rotated at
4�C for 30 minutes. After centrifugation at 16,000 £ g for
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10 minutes, the supernatant was recovered as fraction 3 (high
salt-extractable fraction), and the pellet was boiled with 50 ml
Laemmli sample buffer (fraction 4, high salt-resistant fraction).

Western blotting
Cells were suspended with Laemmli sample buffer (Bio-Rad

Laboratories, 1610737) and boiled at 100�C for 5 minutes. Pri-
mary antibodies used in this study were the following: 1:1000-
diluted rabbit polyclonal anti-SMC4 (Abcam, ab17958),
1:2000-diluted rabbit polyclonal anti-hCAP-H (Sigma-Aldrich,
HPA003008), 1:500-diluted rabbit polyclonal anti-hCAP-H2
(Abgent, AP1973A), 1:200-diluted mouse monoclonal anti-
hCAP-D2 (Santa Cruz Biotechnology, sc-166878), 1:1000-
diluted rabbit polyclonal anti-hCAP-D3 (Abcam, ab70349),
1:2000-diluted mouse monoclonal anti-hCAP-G (Novus Biolog-
icals, H00064151-M01), 1:1000-diluted mouse monoclonal
anti-Rb (Cell Signaling Technology, #9309), 1:500-diluted goat
polyclonal anti-Lamin B (Santa Cruz Biotechnology, sc-6217),
1:20000-diluted mouse monoclonal anti-a-tubulin (Sigma-
Aldrich, T6199), 1:1000-diluted mouse monoclonal anti-Flag
(Sigma-Aldrich, F1804), and 1:2000-diluted rabbit monoclonal
anti-histone H3 (Cell Signaling Technology, #4499). Secondary
antibodies, such as horseradish peroxidase (HRP)-conjugated
sheep anti-mouse IgG, HRP-conjugated donkey anti-rabbit IgG
(GE Healthcare, NA931, NA934), and HRP-conjugated rabbit
anti-goat IgG (Kirkegaard & Perry Laboratories, 14-13-06),
were used for detection of target proteins by ECL or ECL plus
kits (GE Healthcare, RPN2109, RPN2133).

Immunoprecipitation
Cells were suspended in 1 ml IP buffer [50 mM HEPES (pH

7.6), 75 mM KCl, 0.1% NP-40, 20% Glycerol, 1 mM EDTA,
10 mM NaF, 10 mM b-glycerophosphate, and Complete prote-
ase inhibitor cocktail]. Cell lysate was mixed with MgCl2 (final
5 mM) and 50 units of RQ1 RNase-free DNase I were added.
DNase I reaction was performed at 37�C for 30 minutes and ter-
minated by adding EDTA (final 10 mM). Soluble fraction of the
cell lysate was incubated with anti-Flag M2 magnetic beads
(Sigma-Aldrich, M8823). The beads were washed with 400 ml of
IP buffer 5 times and boiled with 20 ml Laemmli sample buffer
to elute proteins.

Immunofluorescence microscopy
Cells plated on coverslips were fixed with 2% pFA for

15 minutes. Fixed cells were permeabilized with PBS containing
0.5% Triton X-100 for 5 minutes and incubated with TBST
(Tris-buffered saline plus 0.1% Tween-20) containing 1% BSA
for 1 hour. Cells were then incubated for 1 hour with primary
antibodies: 1:200-diluted mouse or rat monoclonal anti-Flag
(Agilent Technologies, 200471, 200473), 1:500-diluted mouse
monoclonal anti-histone H3 di-methyl Lys9 (Abcam, ab1220),
1:1000-diluted rabbit polyclonal anti-histone H3 tri-methyl
Lys9 (Abcam, ab8898), 1:200-diluted mouse monoclonal anti-
histone H3 di/tri-methyl Lys4 (Abcam, ab6000), 1:1000-diluted
rabbit polyclonal anti-CENPB (Abcam, ab25734), 1:200-diluted
rabbit polyclonal anti-lamin A/C (Cell Signaling Technology,

#2032), and 1:200-diluted mouse monoclonal anti-Rb (Cell
Signaling Technology). Cells were subsequently incubated
for 1 hour with secondary antibodies, such as 1:500-diluted
Alexa Flour 488-conjugated anti-mouse IgG, 1:400-diluted Alexa
Flour 594-conjugated anti-mouse IgG, 1:400-diluted Alexa
Flour 594-conjugated anti-rat IgG, 1:400-diluted Alexa Flour
488-conjugated anti-rabbit IgG, 1:400-diluted Alexa Flour 594-
conjugated anti-rabbit IgG, and 1:4000-diluted Cy3-conjugated
anti-rabbit IgG. Nuclei were stained with 1 mg/ml DAPI solu-
tion for 5 minutes. Immunofluorescent (IF) images were cap-
tured by a Zeiss Axioimager Z1 fluorescence microscope with an
oil immersion objective lens (Plan Apochromat, 63£, NA 1.4,
Zeiss), unless otherwise indicated. The images were acquired at
0.2 mm intervals in the z-axis controlled by Axiovision 4.6.3 soft-
ware (Zeiss). To visualize hCAP-H2 and lamin A/C proteins in
fraction 4, cells attached to coverslips were treated by CSK buffer,
DNase I, and 2 M NaCl, as described in the fractionation proce-
dure. The cells were then fixed by 2% pFA, followed by the same
IF procedure.

RT-PCR and qRT-PCR
RNA was extracted from human cells using RNeasy Plus

Mini Kit (Qiagen, 74134). RNA samples were subjected to
RT-PCR using onestep RT-PCR kit (Qiagen, 210212) or
SYBR green one-step kit (Bio-Rad, 172-5151). Alternatively,
RNA samples were subjected to cDNA synthesis using high-
capacity cDNA reverse transcription kit (Life Technologies,
4368814), followed by qPCR analysis using SYBR green
qPCR kit (Sigma-Aldrich, KCQS00). Primer sequences are
indicated in Table S1.
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SUMMARY

Pluripotent stem cells (PSCs) hold great promise in
cell-based therapy, but the genomic instability seen
in culture hampers their full application. A greater
understanding of the factors that regulate genomic
stability in PSCs could help address this issue.
Here we describe the identification of Filia as a spe-
cific regulator of genomic stability in mouse embry-
onic stem cells (ESCs). Filia expression is induced
by genotoxic stress. Filia promotes centrosome
integrity and regulates the DNA damage response
(DDR) through multiple pathways, including DDR
signaling, cell-cycle checkpoints and damage repair,
ESC differentiation, and apoptosis. Filia depletion
causes ESC genomic instability, induces resistance
to apoptosis, and promotes malignant transfor-
mation. As part of its role in DDR, Filia interacts
with PARP1 and stimulates its enzymatic activity.
Filia also constitutively resides on centrosomes and
translocates to DNA damage sites andmitochondria,
consistent with its multifaceted roles in regulating
centrosome integrity, damage repair, and apoptosis.

INTRODUCTION

Pluripotent stem cells (PSCs) hold great potential for cell-based

regenerative medicine. However, genomic instability and tumor-

igenicity limit their full applications. Understanding the mecha-

nisms that regulate their genome stability is critical to address

this issue. These mechanistic insights are also important to

understand how pluripotent cells (e.g., germ cells and early em-

bryos) sustain their genome integrity to ensure the successful

development of an organism. Pluripotent cells are capable of

developing into all cell types, whereas somatic cells are cell

fate-restricted. Accordingly, pluripotent cells possess a higher

competence than somatic cells to protect their genetic integrity.
684 Cell Stem Cell 16, 684–698, June 4, 2015 ª2015 Elsevier Inc.
DNA damage response (DDR) is a fundamental and evolution-

arily conserved mechanism to preserve the genomic integrity of

cells (Behrens et al., 2014; Jackson and Bartek, 2009). Upon

DNA damage triggered by endogenous or exogenous insults,

cells elicit complicated and highly coordinated response net-

works, including damage sensing and signal transduction, which

trigger cell-cycle arrest and DNA repair. When the extent of

DNA damage is beyond repairable, cells undergo apoptosis

or senescence to prevent the passage of the mutations to

descendent cell populations. These responses are coordinated

at multiple levels of gene regulation, including at the transcrip-

tional, post-transcriptional, translational, and post-translational

levels. Recent advances have further extended our understand-

ing of the DDR by documenting cytoplasmic Golgi dispersal as a

novel component of the DDR network (Farber-Katz et al., 2014).

Because of the importance of DDR in genomic stability, its

dysfunction is closely associated with genetic diseases, tumori-

genicity, and tissue aging (Bartkova et al., 2005; Liang et al.,

2009; Rass et al., 2007). DDR has been studied intensively

in somatic cells, and many key players have been identified.

Compared with somatic cells, very few studies have been

conducted in pluripotent cells regarding their DDR network com-

ponents. Limited reports have suggested that PSCs employed

distinct strategies to cope with DNA damage (Wyles et al.,

2014). For instance, mouse embryonic stem cells (ESCs) bypass

the G1/S cell-cycle checkpoint because of an extremely short

G1 phase (van der Laan et al., 2013). Instead, intra-S and G2

cell-cycle checkpoints are critical for ESCs (Mom�cilovi�c et al.,

2011). PSCs predominantly employ error-free homolog recombi-

nation (HR) rather than the error-prone non-homologous end

joining (NHEJ) pathway to repair DNA double-strand break

(DSB) (Tichy et al., 2010). Moreover, PSCs utilize high mitochon-

drial priming and retention of constitutively active Bax at the

Golgi to sensitize them to DNA damage (Dumitru et al., 2012;

Liu et al., 2013). Although it is appreciated that DDR regulation

in PSCs is distinct from that in somatic cells, the key players

and their functional mechanisms remain unknown. In particular,

PSC-specific DDR factors have never been identified.

Filia (official name, KH domain containing 3; also known

as Ecat1) was first identified in mouse embryonic stem cells
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http://dx.doi.org/10.1016/j.stem.2015.03.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2015.03.017&domain=pdf


(mESCs) (Mitsui et al., 2003). Its expression is restricted to

undifferentiated ESCs. Later studies reported its expression in

growing oocytes and identified two transcriptional isoforms.

The long isoform (�1.6 kb) encodes a �70 kDa protein and is

predominantly expressed in ESCs, while the short isoform

(�1.2 kb), encoding a �50 kDa protein, is primarily detected in

growing oocytes (Ohsugi et al., 2008). Functional analysis re-

vealed that Filia is not essential for ESC self-renewal (Mitsui

et al., 2003), whereas depletion of maternal Filia protein in

oocytes led to severe aneuploidy in cleavage stage embryos

(Zheng and Dean, 2009). Here we report Filia acts as a mESC-

specific regulator of DDR and safeguards genomic stability.

RESULTS

Loss of Filia Causes Genomic Instability and Promotes
Malignant Transformation of mESCs
To investigate the role of Filia in regulating genomic stability of

mESCs, we derived three Filia�/� ESC lines—FK(I), FK(II), and

FK(III)—and two wild-type (WT) counterparts from Filia-targeted

mutant mice (Zheng and Dean, 2009). The success rates of ESC

derivation did not differ between mutant and WT blastocysts

(33.3%, [2 of 6] in WT versus 25% [3 of 12] in the Filia mutant),

indicating that Filia is not required for the derivation of ESCs.

Consistent with previous studies (Mitsui et al., 2003), loss of Filia

did not impair the self-renewal of ESCs. FK ESCs displayed a

comparable morphology, expression of pluripotency markers,

alkaline phosphatase staining, formation of embryonic bodies,

cell-cycle profiles, and growth competition ability compared

withWT cells (Figures S1A–S1C). No overt morphological abnor-

mality was observed in FK ESCs after 100 passages.

However, cytogenetic analysis of chromosome metaphase

spreads revealed that FK ESCs exhibited severe chromosome

abnormalities, including chromosome breaks (Figures 1A and

1B), fusion of chromosome ends (Figures 1A, 1C, and 1D), and

sister chromatid exchange (SCE) (Figure 1E). Consistently, FK

ESCs displayed a higher rate of chromosomal anaphase bridges

(Figures 1B and 1F) and an increase in DNA damage markers

such as gH2AX accumulation and focus formation (Figures 1G

and 1H). The increase in DNA damage in FK ESCs was further

validated by comet assay, a method that measures the extent

of DNA damage on a single-cell basis (Figure 1I). Moreover, FK

ESCs had high incidences of abnormal centrosomes, spindle

assembly (Figure 1J), and aneuploidy (Figures S1D and S1E).

These phenotypes were reproducibly observed in another

ESC line with a distinct genetic background in which Filia

expression was knocked down by an inducible short hairpin

RNA (shRNA) (Figures S2A–S2E), indicating they are not genetic

background-specific.

Genomic instability is known to promote cell transformation

and tumorigenesis. Accordingly, we assessed the tumorigenicity

of FK ESCs by injecting the unlabeled FK and GFP-labeled WT

ESCs into the right or left testis of the same non-obese diabetic

(NOD)/severe combined immunodeficiency (SCID) mouse.

Teratomas formed by FK ESCs (GFP�) weighed more than those

formed by WT ESCs (GFP+) (Figures 1K–1M). Furthermore,

aggressive tumors lacking GFP expression were detected in

the pancreas (Figure 1N), suggesting that they were formed

by FK ESCs. Consistently, FK ESCs showed a delay in differen-
tiation (Figure S1F). Therefore, we conclude that loss of Filia

causes genomic instability and promotes tumorigenesis.

Filia Is Induced by Genotoxic Insults and Is Required
for Activation of ATM and Chk2
Because FK ESCs displayed a severe DNA damage phenotype

under normal culture conditions, we sought to determine

whether Filia regulates DDR. Toward this goal, we investigated

whether Filia expression is regulated by genotoxic insults.

Indeed, the 70-kDa Filia was upregulated by DNA-damaging

agents such as UV light, etoposide, doxorubicin, camptothecin,

and hydroxyl urea (Nagy and Soutoglou, 2009; Figure 2A). The

50-kDa isoform was not detected in ESCs (Figure S3A). The

expression and upregulation of Filia was specific to ESCs;

mouse embryonic fibroblasts (MEFs) and mesenchymal stem

cells (MSCs) did not express Filia in either the untreated or

treated condition (Figure S3B).

We then systematically investigated the effects of Filia loss on

major DDR signaling components, including gH2AX, ATM, ATR,

Chk1, Chk2, and p53. Upon etoposide treatment, gH2AX,

p-ATM, p-ATR, p-Chk1, and p-Chk2 were induced and sus-

tained for at least 12 hr in WT ESCs (Figure 2B). In contrast,

gH2AX and p-ATM were initially induced at comparable levels

in FK and WT ESCs but failed to sustain in FK cells (Figure 2B;

Figure S3C). Strikingly, Chk2, one of the key substrates of

ATM, was not phosphorylated at all in FK ESCs (Figure 2B).

This suggests that Filia participates in the Chk2 activation via

mechanisms independent of ATM. Unlike the ATM-Chk2

signaling axis, ATR and Chk1 kinases were not significantly

affected by Filia loss (Figure 2B; Figure S3D). ATM/Chk2 regu-

lates p53 activity. Consistently, phosphorylation of p53 at

its S15 and S20 was impaired in FK ESCs compared with

WT ESCs (Figure 2B). To further define the domain necessary

for regulating the signal transduction, we stably expressed

full-length Filia, a Filia fragment containing amino acids (aas)

1–340, or hnRNP K homology (KH) domain (atypical RNA-

binding domain) containing aas 1–125, in FK ESCs (FK-Filia,

FK-340, and FK-KH rescue cells, respectively) (Figures S3A,

S3E, and S3F). The induction of gH2AX, p-ATM, p-Chk2, and

p-p53 were restored in FK-Filia and FK-340 (Figure 2B) but not

in FK-KH cells (Figure S3G). These data revealed that the

C terminus of Filia (aas 341–440) was dispensable for DDR

signaling. Moreover, these functions were independent of

the genetic background based on shRNA knockdown ESCs,

as described above (Figure S2A).

In somatic cells, ATM and Chk2 activation exhibited pulsatile

dynamics in response to DNA damage. Recurrent initiation of

ATM/Chk2 activation is an important mechanism to sustain

DDR (Batchelor et al., 2008). To better understand the dynamics

of ATM/Chk2 activation in ESCs and the influence of Filia loss on

ATM and Chk2 activation, we conducted a detailed time course

analysis. WT ESCs displayed two waves of ATM activation. Filia

loss did not affect the initial ATM activation between 1–4 hr post-

damage but completely abolished ATM activity thereafter (Fig-

ure 2C). This suggests that distinct mechanisms regulate two

phases of ATM activation, with the second phase relying on Filia.

Unlike ATM, Chk2 activation did not exhibit discrete phases in

ESCs. Moreover, Filia loss completely blocked Chk2 activation

(Figure 2C), implying that Filia is necessary for Chk2 activation.
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Figure 1. Filia Maintains Genomic Stability and Prevents Malignant Transformation of ESCs

(A) Metaphase chromosome spread of FK ESCs. Arrowheads indicate chromosome breaks (red) and chromosome end fusion (black).

(B) Frequencies of chromosome breaks and anaphase bridges in WT and FK ESCs. More than 200 cells were examined in each sample.

(C) Chromosome end fusion detected by T-FISH.

(D) Frequencies of metaphase with chromosome end fusion in WT and FK ESCs. More than 100metaphase spreads were examined in each sample. P, passage.

(E) SCE (arrowheads) in WT and FK ESCs. 50 cells were examined in each group.

(F) Anaphase bridges in FK ESCs.

(G) gH2AX foci in WT and FK ESCs.

(H) gH2AX accumulation in WT and FK cells detected by immunoblotting.

(I) Comet assay showing that FK ESCs had severe DNA damage.

(J) Centrosomes in FK and WT ESCs at P3 and P5. More than 200 cells were examined in each of the indicated groups.

(K) Teratomas formed from FK ESCs were bigger and weighed more than those from WT ESCs injected at different concentrations.

(L) Teratoma tissue formed by FK ESCs that were GFP-negative.

(M) Teratoma tissue formed by GFP-labeled WT ESCs.

(N) FK ESC formed tumors in the pancreas.

Data are represented as mean ± SEM. Scale bars, 10 mm. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1 and S2.
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Figure 2. Filia Regulates DNA Damage Signaling

(A) Filia protein expression was upregulated by genotoxic insults.

(B) The induction of gH2AX, p-ATM, p-Chk2, and p-p53 was compromised in FK ESCs, whereas p-ATR or p-Chk1 was not affected. Re-expression of Filia or

Filia340 successfully rescued the defects.

(C) Detailed time course analysis of p-ATM, p-Chk2, and Filia expression in WT and FK ESCs treated with etoposide. Arrows indicate p-Chk2.

See also Figures S2 and S3.
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Figure 3. Filia Is Necessary for Cell Cycle

Checkpoints and DNA Damage Repair

(A) The S phase checkpoint was functional in WT

and FK-Filia rescue ESCs but failed in FK and FK-

340 cells. HU, hydroxyl urea.

(B) Similarly, FK ESCs lost the G2 checkpoint,

which was restored in FK-Filia but not FK-340

ESCs. Ctr, control. Etop, etoposide.

(C) WT, FK-Filia, and FK-340 ESCs could repair

DNA damage induced by etoposide treatment

whereas FK ESCs could not.

(D) DNA integrity assessment of WT, FK, FK-340,

and FK-Filia ESCs by comet assay showed

persistent DNA breaks in FK ESCs.

(E) Rad51 was recruited to DSB sites in WT, FK-

340, and FK-Filia ESCs upon DNA damage.

However, its recruitment was compromised in

FK ESCs. Squares indicate examples of gH2AX+

Rad51� foci. 50 cells were examined in each

sample.

Data are represented as mean ± SEM. Scale bars,

10 mm. ***p < 0.001. See also Figure S3.
Of interest, Filia expression exhibited a similar oscillation pattern

as ATM activation in WT ESCs (Figure 2C). To further explore

the relationships among Filia, ATM, and Chk2, we inhibited

ATM kinase activity using a specific ATM inhibitor, KU55933,

and examined Filia expression and Chk2 activation. Inhibition

of ATM activity did not affect Filia expression but impaired

Chk2 activation (Figure S3H). These data suggest that Filia

functions upstream of ATM in DDR.

Filia Regulates Cell Cycle Checkpoints and DNA
Damage Repair
Cell-cycle checkpoint and DNA repair rely on DDR signaling

(Branzei and Foiani, 2008). For instance, Chk1 is required for initi-

ation of the G2/M checkpoint in mESCs (Liu et al., 2000), and

Chk2 is required for the maintenance of G2/M arrest (Hirao
688 Cell Stem Cell 16, 684–698, June 4, 2015 ª2015 Elsevier Inc.
et al., 2000). ATM is critical for both

G2/M checkpoint and DNA repair in

ESCs (Momcilovi�c et al., 2009; Yama-

moto et al., 2012). Cell-cycle analysis re-

vealed that the S and G2/M checkpoints

were impaired in FK ESCs, which could

be rescued by Filia (Figures 3A and 3B).

Intriguingly, expression of Filia340 failed

to restore cell-cycle checkpoints despite

its ability to rescue DDR signaling (Fig-

ures 3A and 3B). Therefore, cell-cycle

checkpoint defects in FK ESCs were not

simply a consequence of DDR signaling

failure. Rather, Filia itself participated in

the regulation of cell-cycle checkpoints,

and this function required its C terminus

(aas 341–440).

ATM activation is essential for DNA

damage repair (Yamamoto et al., 2012).

To investigate whether Filia loss impairs

DNA damage repair, we performed a

comet assay to evaluate the repair
competence in WT, FK, FK-Filia, and FK-340 rescue ESCs.

ESCs were treated with etoposide, and the extent of DNA dam-

age was evaluated after 0 hr, 6 hr and 12 hr of recovery. Notably,

WT, FK-Filia, and FK-340 cells displayed a similar competence in

DNAdamage repair, whereas FK cells exhibited an impairment in

damage repair (Figure 3C). Although Filia340 was less efficient

than Filia at 6 hr, this difference disappeared at 12 hr post-recov-

ery (Figure 3C). Consistently, FK-Filia and FK-340 ESCs showed

similarly mild DNA damage compared with WT cells (Figure 3D),

supporting the notion that re-introduction of Filia or Filia340 into

FK ESCs is sufficient to restore DNA damage repair. Rad51 is a

key protein involved in HR-mediated DSB repair. InWT aswell as

in FK-Filia and FK-340 rescue ESCs treated with etoposide,

most gH2AX foci were co-localized with the Rad51 foci when

examined 12 hr post-damage (Figure 3E). However, in FK



Figure 4. Filia Is Required for ESCs to Undergo Differentiation and Apoptosis in Response to DNA Damage

(A) FACS analysis showed that a higher proportion of WT and FK-Filia ESCs were at sub-G1 phase, indicative of cell death after etoposide treatment.

(B) WT and FK-Filia ESCs expressed more active caspase-3 than FK and FK-340 ESCs in response to etoposide treatment.

(legend continued on next page)
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ESCs, the number and size of Rad51 foci decreased, and there

were a significant number of gH2AX foci lacking co-localized

Rad51 (Figure 3E). Notably, the recruitment of active DNA-

PKcs to DNA damage sites, a marker of NHEJ-mediated DSB

repair (Davis et al., 2014), was not affected by Filia loss (Fig-

ure S3I). This suggests that Filia depletion preferentially impairs

HR-mediated DSB repair. Rad51 protein was expressed at

comparable levels in WT, FK, FK-340 or FK-Filia ESCs (Fig-

ure S3J), implying that Filia facilitates the efficient recruitment

of Rad51 to the damage sites. It is intriguing that Filia340-

rescued cells are capable of repairing DNA damage despite

the lack of cell-cycle checkpoints. This suggests that cell-cycle

arrest is not a prerequisite for DNA damage repair and that the

two processes are regulated independently.

Filia Regulates Differentiation and Apoptosis of ESCs
in Response to DNA Damage
Elimination of cells with irreparable DNA damage is the last and

most critical safeguarding event in DDR. Stem cells display

hypersensitivity to DNA damage (Dumitru et al., 2012; Liu

et al., 2013) and are primed to undergo rapid differentiation

and apoptosis to ensure genome stability (Inomata et al.,

2009; Lin et al., 2005). FK ESCs did not encounter culture crisis

despite accumulated spontaneous DNA damage, suggesting

that hypersensitivity to DNA damage is impaired in these cells.

To test this hypothesis, we treated the ESCs with etoposide

and investigated the dynamics of differentiation and apoptosis.

Sub-G1 apoptotic cell analysis revealed that FK ESCs were

more resistant to cell death than WT ESCs (Figure 4A). Consis-

tently, there was a decrease of cleaved caspase-3, a critical

executioner and marker of apoptosis, in FK compared with

WT ESCs (Figure 4B). This phenotype was rescued by Filia

but not Filia340 (Figures 4A and 4B). This result indicates that

the C terminus of Filia (aas 341–440) was necessary for this

function. ESC differentiation is triggered by transactivation of

p53 that binds to the enhancer region of Nanog to suppress

its expression (Li et al., 2012; Lin et al., 2005). Consistently,

Nanog, but not Oct4, displayed significant downregulation

12 hr after damage in WT and FK-Filia ESCs but not in FK or

FK-340 cells (Figure 4C).

To more comprehensively evaluate the functional outcome

of Filia loss on cell survival in response to DNA damage, we

performed a clonal competition assay in which same numbers

of two types of ESCs were mixed, exposed to DNA damage,

and co-cultured for 6 days. To distinguish the two mixed cell

types, one was labeled with GFP expression. Compared with

WT ESCs, FK cells showed a higher survival rate (Figure 4D).

Furthermore, WT, but not FK ESCs, displayed a flattened

morphology indicative of ESC differentiation (Figure 4D). Consis-

tently, expression of Filia, but not Filia340, in FK ESCs restored

their hypersensitivity to DNA damage (Figure 4D). Therefore,

Filia plays a critical role in ensuring ESCs’ hypersensitivity to

DNA damage, and this depends on its C terminus.
(C) Nanog was downregulated in WT and FK-Filia but not in FK or FK-340 ESCs

(D) Clonal competition assay revealed that FK ESCs were less sensitive to DNA

sensitivity to DNA damage. Shown are representative images of mixtures of WT

differentiation. Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001.
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Phosphorylation of Serine 349 Is Required for Filia
Function in DNA Damage Repair
Our data suggest that Filia, akin to p53 in somatic cells, functions

in two opposite aspects of DDR in ESCs. It is required for

DNA repair, which enables cells to survive the damage. It is

also essential for damaged cells to undergo differentiation

and apoptosis. Phosphorylation often correlates with a change

in protein functions. There is evidence to suggest that the S349

residue on Filia is subjected to phosphorylation in response to

DNA damage (Pines et al., 2011). Therefore, we investigated

whether S349 was indeed phosphorylated and whether this

modificationplayeda role inmodulatingFilia’s functions.Accord-

ingly, wemutated S349 into alanine (S349A) that can no longer be

phosphorylated and stably expressed this mutant in FK ESCs

(FK-S349A) (Figure S4A). FiliaS349A protein rescued the

observed defects in DDR signaling (Figure S4B) and intra-S and

G2/M cell-cycle checkpoints in FK ESCs (Figures S4C and

S4D). However, it failed to restore DNA repair, as demonstrated

by the comet assay under normal and etoposide-treated condi-

tions (Figures 5A and 5B). Consistently, FiliaS349A failed to

rescue Rad51 recruitment to damage sites (Figure S4E). As a

result, FK-S349A ESCs were more sensitive to DNA damage

and prone to undergo apoptosis compared with WT ESCs (Fig-

ures 5C–5E). Consequently, these cells could not be maintained

in culture for more than 12 passages. To further validate the

phosphorylation of S349, we generated a polyclonal antibody

that specifically recognizes the phosphorylated Filia at S349

(p-Filia(S349)). Immunoblotting revealed a specific, �70-kDa
band that displayed increasing intensity in response toDNAdam-

age in WT but not FK-S349A ESCs (Figure 5F). Together, these

data indicate that the S349 residue of Filia is phosphorylated in

response to DNA damage and that this modification is essential

for Filia’s function in DNA damage repair. Moreover, S349 is

not a substrate of ATM; suppressing ATM kinase activity with

KU55933 does not affect S349 phosphorylation (Figure S3H).

To further explore the biological significance of S349 phos-

phorylation, we substituted serine with aspartic acid to mimic

its phosphorylation and stably expressed FiliaS349D in FK

ESCs (FK-S349D rescue cells; Figure S4A). FiliaS349D restored

DDR signaling (Figure S4B) and cell-cycle checkpoints (Figures

S4C and S4D) but failed to rescue the damage repair (Figures

5A and 5B; Figure S4E). Surprisingly, S349D severely impaired

Filia’s ability in regulating apoptosis, which correlates with a

hyper-toleration of FK-S349D cells to DNA damage compared

with either WT or FK ESCs (Figures 5D, 5G, and 5H). Together,

these data support the notion that S349 phosphorylation is

required for DNA repair, whereas the non-phosphorylation

status might be critical for Filia’s pro-apoptotic function.

Filia Dynamically Translocates to Different Sub-Cellular
Sites in Response to DNA Damage
We next examined Filia’s sub-cellular localization under normal

and DNA damage conditions. 3xFLAG-tagged Filia, Filia340,
after DNA damage.

damage than WT ESCs. Re-expression of Filia, but not Filia340, restored their

(GFP+) and FK ESC clones. Note that WT ESC clones (white arrow) initiated



Figure 5. S349 Is Phosphorylated to Modulate Filia’s Role in DNA Damage Repair

(A) After etoposide treatment, WT ESCs were more efficient to repair DNA damage than FK, FK-S349A, and FK-S349D ESCs.

(B) Consistently, untreated FK, FK-S349A, and FK-S349D ESCs had severe DNA damage compared with WT ESCs.

(C) Higher proportion of FK-S349A ESCs were dead compared with WT and FK ESCs after etoposide treatment.

(D) Consistently, FK-S349A ESCs expressed more active caspase-3 than WT, FK, and FK-S349D ESCs.

(E) A clonal competition assay confirmed that FK-S349A ESCs had superior sensitivity to DNA damage than WT cells.

(F) Immunoblotting with antibody specifically recognizing phosphorylated S349 in Filia validated this phosphorylation modification. Note that the phosphorylation

level was upregulated by DNA damage.

(G) Sub-G1 analysis indicated that FK-S349D ESCs were more resistant to apoptosis.

(H) A clonal competition analysis further confirmed the higher tolerance of FK-S349D ESCs to DNA damage than FK ESCs.

Data are represented as mean ± SEM. ***p < 0.001. See also Figures S3 and S4.
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Figure 6. Filia Constitutively Localizes on Centrosomes and DNA Damage Stimulates Its Translocation to Damage Sites or Mitochondria

(A) Constitutive localization of Filia, but not p-Filia(S349), on centrosomes labeled by pericentrin.

(B) Immunoprecipitation (IP) combined with immunoblotting (IB) confirmed the interaction of Filia or Filia340 with Numa.

(legend continued on next page)
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FiliaS349A, or FiliaS349Dwere stably expressed in FK ESCs. Im-

munostaining revealed that Filia is primarily located in cytoplasm

regardless of cell-cycle or genotoxic damage (Figure S5A). Cen-

trosomes are considered as command centers for cellular control

and are known to integrate cell-cycle regulation and DNA repair

(Doxsey et al., 2005; Löffler et al., 2006; Shimada and Komatsu,

2009). To examine whether Filia is localized on centrosomes,

we extracted free cytosolic Filia and co-stained FLAG-tagged

Filia with pericentrin and g-tubulin, two integral components of

pericentriolar material. Filia accumulated on centrosomes at

interphase and mitotic phase (Figure 6A; Figure S5B) under

normal conditions. DNA damage did not enhance the centroso-

mal accumulation of Filia (Figure S5B), suggesting that this local-

ization was constitutive. Centrosomal localization was also

observed for Filia340, FiliaS349A, and FiliaS349D (Figure S5C).

However, p-Filia(S349) did not localize to the centrosome (Fig-

ure 6A). Interestingly, Chk2 resides on centrosomes of mESCs

(Hong and Stambrook, 2004). p-ATM was also detected on cen-

trosomes of WT and rescue ESCs but not FK cells (Figure S5D).

These findings suggest that centrosome-localized Filia may play

a role in regulating ATM, Chk2, and cell-cycle checkpoints.

The constitutive centrosomal localization of Filia implied a role

in regulating centrosome integrity. Centrosomes in FK ESCs

were abnormal (Figure 1J). This could be a consequence of

DNA damage (Bourke et al., 2007; Löffler et al., 2013). To

exclude this possibility, we examined the centrosome integrity

of FK-Filia, FK-Filia340, FK-S349A, and FK-S349D rescue

ESCs. Notably, all examined ESCs displayed grossly normal

centrosomes and spindle assemblies (Figure S5E), despite the

fact that sustained DNA damage was observed in FK-S349A

and FK-S349D ESCs (Figure 5B). This observation excluded

the causal relationship of DNA damage and centrosome defects

observed in FK ESCs. Rather, it suggests that Filia itself plays

a direct role in maintaining centrosome integrity. Indeed, co-

immunoprecipitation combined with mass spectrometry identi-

fied Numa, a critical regulator of spindle pore integrity (Silk

et al., 2009; Zeng, 2000), as an interacting protein of Filia on

the centrosome (Figure 6B). The C terminus of Filia (aas 341–

440) contributes to this interaction because there was an impair-

ment of interaction between Numa and Filia340 compared with

full-length Filia (Figure 6B).

In addition to the cytoplasmic distribution, there was a small

amount of Filia in nuclei, as determined by immunostaining and

nucleus fractionation (Figure S5A; Figure 6C). To confirm the

presence of nuclear Filia, we treated the WT and FLAG-Filia

rescue ESCs with leptomycin B (LPB) to inhibit nuclear protein

export (Alpatov et al., 2014; Tamanini et al., 1999). Nuclear local-
(C) Nucleus fractionation documented the presence of Filia in the cytoplasm (C) a

p-Filia(S349) were exclusively detected in the cytoplasm and nucleus, respective

Filia and p-Filia. Whole lysates of FK-S349A ESCs were used as a control. Ctr, c

(D) Immunostaining revealed the nuclear localization of Filia but not FiliaS349A pr

sites labeled with gH2AX.

(E) In WT ESCs, p-Filia(S349) was detected in the nucleus under normal and D

p-Filia(S349) on DNA damage sites. FK-S349A cells served as a negative contro

(F) Mitochondria fractionation revealed the localization of Filia and FiliaS349A

treatment evoked their accumulation onmitochondria. However, little Filia340 or F

conditions. C represents the fraction of whole-cell lysates depleted of mitochond

(G) Immunostaining confirmed the localization of Filia but not p-Filia(S349) on mi

Scale bars, 10 mm. See also Figures S5 and S6.
ization of Filia was clearly visible after LPB treatment (Figure 6D).

Under normal conditions, Filia was diffused in the nucleus. DNA

damage evoked an increase in both the abundance of nuclear

Filia and its translocation to the damage sites, as labeled by

gH2AX (Figures 6C and 6D). Intriguingly, S-to-A mutation

(FLAG-S349A cells) prevented the entry of Filia into nuclei

regardless of DNA damage (Figures 6C and 6D), indicating that

Filia S349 phosphorylation is required for its nuclear localization.

Consistently, p-Filia(S349) was exclusively stained for nuclei of

WT ESCs under normal conditions and co-localized with

gH2AX upon DNA damage (Figures 6C and 6E). Filia340 showed

a similar nuclear distribution as full Filia (Figures S6A and S6B),

which correlates with its ability to restore DNA repair. Intrigu-

ingly, FiliaS349D protein exhibited proper nuclear localization

(Figures S6A and S6B) despite its inability to repair DNA damage.

We next determined whether Filia translocated to mitochon-

dria upon apoptosis induction. Under normal conditions, a

basal level of Filia was detected in mitochondria, as assayed

by immunostaining and mitochondrial fractionation. Apoptosis

induction with etoposide triggered a robust translocation of Filia

into mitochondria (Figures 6F and 6G). Filia localization to

mitochondria was compromised in Filia340 and FiliaS349D,

whereas it was enhanced in FiliaS349A (Figure 6F; Figure S6C).

These results support the notion that localization of Filia in

mitochondria is necessary for its apoptosis-promoting role.

They also implied that mitochondrial translocation of Filia

requires its C terminus and S349 at the non-phosphorylated

status. Consistently, p-Filia(S349) was not detected inmitochon-

dria (Figure 6G).

Filia Interacts with PARP1 and Stimulates Its Enzymatic
Activity in DDR
To further explore the mechanistic basis by which Filia regu-

lates DDR, we performed co-immunoprecipitation combined

with mass spectrometry analysis. We identified PARP1 as

one of Filia’s interaction proteins (Figure 7A). PARP1 catalyzes

the poly(ADP-ribosyl)ation (PARylation) of its target proteins

and plays a key role in early DDR (De Vos et al., 2012; Krishna-

kumar and Kraus, 2010). The interaction between PARP1 and

Filia was validated in NIH/3T3 cells ectopically expressing Filia

(Figure 7B). The interaction between PARP1 and Filia is regu-

lated, and it was enhanced by DNA damage (Figure 7A). More-

over, the interaction did not require the C terminus of Filia

because Filia340 pulled down PARP1 efficiently (Figure 7A).

Although these two proteins interact, there was no obvious

co-localization between them. PARP1 was predominantly

distributed in nuclei (Figure S7A), whereas the majority of Filia
nd nucleus (N) of WT and FLAG-Filia rescued ESCs. However, FiliaS349A and

ly. LPB as well as etoposide treatment increased the nuclear accumulation of

ontrol. Etop, etoposide.

oteins. Etoposide treatment stimulated the recruitment of Filia to DNA damage

NA damage conditions. Etoposide treatment increased the accumulation of

l.

on mitochondria (M) marked by MTCO2. Apoptosis induction by etoposide

iliaS349D protein was detected onmitochondria under normal or DNA damage

ria.

tochondria marked with VDAC1.
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Figure 7. Filia Interacts with PARP1 and Stimulates Its Enzymatic Activity Which Amplify Filia’s Roles in DDR

(A) Immunoprecipitation combined with immunoblotting confirmed the interaction of Filia or Filia340 with PARP1 in ESCs under normal or DNA damage

conditions.

(B) Filia interacts with PARP1 in NIH/3T3 cells ectopically expressing Filia under normal or DNA damage conditions.

(C) FK ESCs had a much lower PAR level than WT ESCs. However, re-expression of Filia or its variants restored the PAR level.

(D) Similarly, ectopic expression of Filia or its variants in NIH/3T3 cells significantly increased the PAR level in response to DNA damage.

(E) Inhibition of PARP1 activity by AG14361 significantly attenuated ATM and Chk2 activation. Consequently, cells with deficient PARP1 activity were prone to

undergo apoptosis.

(legend continued on next page)
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was detected in the cytoplasm (Figure S5A). Unlike Filia (Fig-

ure 6D), PARP1 nuclear foci were typically not co-localized

with gH2AX foci induced by DNA damage (Figure S7A). These

observations support the notion that the interaction between

Filia and PARP1 is transient.

To determine whether PARP1 is responsible for PARylation

in ESCs, we inhibited PARP1 enzymatic activity using a specific

inhibitor, AG14361 (Calabrese et al., 2004; Figure S7B). Time

course analysis revealed that inhibition of PARP1 completely

abolished PARylation (Figure S7C), indicating that PARP1 plays

a major role in regulating PARylation in ESCs. We next examined

whether Filia regulates PARP1 activity by comparing PAR levels

between WT and FK ESCs. In WT ESCs, PAR levels increased

after etoposide treatment, whereas significantly less PAR was

detected in untreated or etoposide-treated FK cells examined

at 4 and 8 hr (Figure 7C). Therefore, Filia is necessary for robust

PARP1 activation in response to DNA damage. Intriguingly,

PARP1-dependent but Filia-independent PAR was elevated at

12 hr in FK cells (Figure 7C; Figure S7C). The Filia-independent

PAR displayed abnormal accumulation at the nucleolus (Fig-

ure S7D), which is known as a storage site for PAR in DDR

(Mortusewicz et al., 2007). Re-expression of Filia, Filia340,

FiliaS349A, or FiliaS349D in FK ESCs efficiently restored

PARP1 activity and PAR levels (Figure 7C). Importantly, differen-

tiating ESCs and somatic cells have much less PAR compared

with undifferentiated ESCs (Figures S7E and S7F). Ectopic

expression of Filia and its variants in NIH/3T3 cells significantly

increased PAR levels (Figure 7D). The majority of PAR was

detected in nuclei of ESCs expressing Filia, Filia340, and

FiliaS349D, whereas PAR was predominantly accumulated in

the cytoplasm of FK-S349A rescue cells (Figure S7G). This is

consistent with the cytoplasmic distribution of FiliaS349A.

Notably, localization of Filia to DNA damage site did not rely on

PAR modification (Figure S7H).

To determine whether PARP1 plays a role in mediating Filia

function in DDR, we inhibited PARP1 activity using AG14361

and examined its effects on ATM and Chk2 activation, cell-cy-

cle checkpoints, DNA damage repair, and apoptosis. Inhibition

of PARP1 significantly attenuated, but did not completely

block, ATM and Chk2 activation (Figure 7E). Notably, PARP1

inhibition caused the same extent of defects in cell-cycle

checkpoints and DNA damage repair as Filia knockout (Fig-

ures 7F–7H). Consistently, ectopic expression of Filia in NIH/

3T3 cells not only increased PAR levels (Figure 7D) but also

enhanced DNA damage repair in these cells (Figure 7I). How-

ever, DNA damage-induced apoptosis was not impaired by

PARP1 inhibition (Figure 7E). This suggests that PARP1 activ-

ity is not necessary for apoptosis induction. Together, these

data support the notion that Filia interacts with PARP1 and ac-

tivates its enzymatic activity in response to DNA damage,

which contributes to the observed roles of Filia in regulating

DDR signaling, cell-cycle checkpoints, and DNA damage

repair.
(F–H) Inhibition of PARP1 activity in ESCs abolished S phase (F) and G2/M (G) c

(I) Ectopic expression of Filia in NIH/3T3 cells significantly enhanced their DNA

WT ESCs, and FK ESCs were used as controls.

In (H) and (I), cells were recovered for 12 hr.

Data are represented as mean ± SEM. ***p < 0.001. See also Figure S7.
DISCUSSION

Compared with somatic cells, PSCs have superior competence

and unique strategies to cope with DNA damage to maintain

genomic integrity. In addition to using common proteins found

in somatic cells with alternative strategies (Dumitru et al.,

2012), PSCs possess unique proteins to safeguard their

genome integrity (Zalzman et al., 2010). However, little is known

regarding the PSC-specific factors in regulating genomic stabil-

ity. Here we identify an ESC-specific protein, Filia, as a powerful

regulator of genomic stability. Through its coordinated cyto-

plasmic and nuclear functions, Filia regulates centrosome integ-

rity and DDR at multiple levels. These include DDR signal trans-

duction, cell-cycle checkpoints, DNA damage repair, and

apoptosis. Therefore, Filia depletion not only causes robust

genomic instability but also impedes the elimination of

damaged cells by ESC differentiation or apoptosis. This, in

turn, increases the risk of transformation and tumorigenesis in

ESCs. In somatic cells, p53 plays similar dual regulatory roles

in DDR (Green and Kroemer, 2009). However, these well estab-

lished roles of p53 are not evident in mESCs (Zhao and Xu,

2010). We hypothesize that PSCs utilize specific factors such

as Filia to safeguard their genome integrity. Of note, reprogram-

ming somatic cells into induced PSCs (iPSCs) is characterized

by large variation in Filia (Ecat1) expression (Aoi et al., 2008;

Kaji et al., 2009; Takahashi and Yamanaka, 2006). This suggests

that Filia expression is a potential molecular marker that corre-

lates with iPSC quality.

Filia carries out its multiple functions through different mecha-

nisms. On one hand, Filia is dynamically translocated to centro-

somes, DNA damage sites, and mitochondria to execute its

regulation on DDR independent of PARP1. On the other hand,

Filia physically interacts with PARP1 and stimulates PARP1’s

enzymatic activity to regulate DDR. PARP1 plays a key role in

regulating DDR and genomic integrity (Krishnakumar and Kraus,

2010; Luo and Kraus, 2012). For instance, PARP1- or PAR-defi-

cient cells are compromised in ATM activation, DNA damage

signaling, cell-cycle checkpoints, and DNA repair (Aguilar-Ques-

ada et al., 2007; Haince et al., 2007; Min et al., 2013). Knockout

mice for Parp1 or Parp2 are hypersensitive to DNA-damaging

agents and display increased genomic instability after genotoxic

stress (Hassa et al., 2006). More than 100 PARylation targets

were identified in DDR, including PARP1 itself, histones, CDK2,

kinases, and damage repair proteins (Jungmichel et al., 2013).

Filia is uniquely expressed in ESCs, which correlates with high

PAR levels and a superior ability to maintain genomic stability

in these cells. Therefore, these findings support a model in which

activation of PARP1 by Filia contributes to the observed pheno-

types in ATM and Chk2 activation, cell-cycle checkpoints, and

DNA damage repair in FK ESCs.

Filia and PARP1 do not apparently co-localize. In addition,

FiliaS349A is able to stimulate PARP1 activity despite its

restrictive cytoplasmic distribution. These findings suggest
ell-cycle checkpoints and compromised DNA damage repair (H).

damage repair ability. NIH/3T3 cells, NIH/3T3 cells transfected with vectors,
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that the dynamic interaction between PARP1 and Filia and

activation of PARP1 by Filia occur in both the cytoplasm

and nuclei. PAR regulates the protein’s sub-cellular redistri-

bution, and this provides a possible explanation for the pres-

ence of PAR and p-ATM in the nuclei of FiliaS349A-rescued

ESCs.

Compared with Filia knockout, PARP1 inhibition caused a less

obvious defect in ATM and Chk2 activation in response to DNA

damage. Filia340 failed to rescue the defects in cell-cycle check-

points despite its ability to activate PARP1. These findings sug-

gest that Filia also regulates ATM-Chk2 activation and cell-cycle

checkpoints in a PARP1-independent manner. ATM activation

exhibits two phases, and the first phase is not overtly affected

by Filia knockout. This might be due to the presence of basal

levels of PAR in Filia knockout cells, which accounts for the first

phase of ATM activation. Centrosomes are known to integrate

many regulatory factors that control cell-cycle progression and

DDR. Cell-cycle regulators such as the Cdk-cyclin complex

(Bailly et al., 1992; Hinchcliffe et al., 1999), Chk1 (Krämer et al.,

2004; Zhang et al., 2007), and Chk2 (Golan et al., 2010; Hong

and Stambrook, 2004; Zhang et al., 2007) are present on

centrosomes. Furthermore, DDR regulators such as ATM, ATR,

and DNA-PK have also been shown to reside on centrosomes

(Zhang et al., 2007). Consistently, we observed the localization

of p-ATM on centrosomes of ESCs. However, p-ATM was ab-

sent from centrosomes when Filia was depleted. Re-expression

of Filia340, FiliaS349A, or FiliaS349D, all of which localize on

centrosomes, restored a second wave of ATM activation.

Therefore, the centrosomally localized Filia may coordinate

the control of DDR signaling, cell-cycle checkpoints, and centro-

some integrity.

FiliaS349A- or FiliaS349D-rescued ESCs fail to repair DNA

damage despite the PARP1 activity and PAR levels being

normal. This is consistent with the idea that Filia also regulates

DNA damage repair in a PARP1-independent manner. The phos-

phorylation of S349 at the C terminus is necessary for Filia’s

nuclear localization. However, without the C terminus, Filia340

is localized to nuclei (Figure S6B). Notably, bioinformatics

analysis indicates that Filia340 (aas 1–340) contains a potential

nuclear localization signal (NLS). Therefore, it is possible that

the phosphorylation of S349 regulates NLS function. Specif-

ically, non-phosphorylated S349 suppresses NLS function,

whereas phosphorylation of S349 or simply removing the

C terminus activates NLS function. Upon LPB treatment, nuclear

Filia is diffusive in the absence of DNA damage. DNA damage

triggers the translocation of Filia to DNA damage sites, indicating

that Filia’s entry into nuclei and its translocation to DNA damage

sites are regulated separately. PARylation plays a critical role in

recruiting DNA repair proteins to damage sites (Krishnakumar

and Kraus, 2010; Tallis et al., 2014). However, localization of

Filia into DNA damage sites is regulated neither by PARylation

nor by interaction with PARP1.

In summary, our data demonstrate that Filia functions as the

first of its kind ESC-specific regulator of genome integrity. These

data support the notion that ESCs employ distinct mechanisms

and utilize specific factors, such as Filia, to safeguard their

genomic integrity. They also suggest that the Filia expression

level is a potential biomarker for the quality of iPSCs with regard

to genomic stability and transformation potential.
696 Cell Stem Cell 16, 684–698, June 4, 2015 ª2015 Elsevier Inc.
EXPERIMENTAL PROCEDURES

Derivation and Culture of Mouse ESCs

All experimental procedures and animal care were performed according to the

protocols approved by the Ethics Committee of the Kunming Institute of

Zoology, Chinese Academy of Sciences. MEF preparation, ESC derivation,

and culture were performed in standard ways (Evans and Kaufman, 1981).

ESC genotyping was performed as described previously (Zheng and Dean,

2009).

Cytogenetic Analysis and T-FISH

Metaphase chromosome spreads were prepared and stained with Giemsa

solution or DAPI. For telomere fluorescent in situ hybridization (T-FISH),

metaphase spreads were prepared. DNA was denatured and hybridized with

peptide-nucleic acid (PNA) telomere probes (Tel G-Alexa 488, PANAGENE,

F1010-5) (Lansdorp et al., 1996). DNA was counterstained with 40,6-diami-

dino-2-phenylindole, dihydrochloride (DAPI).

Immunoblotting and Immunofluorescent Staining

Immunoblotting and immunofluorescent staining were performed according to

standard procedures (Närvä et al., 2012). The primary antibodies are listed in

Table S1. Rabbit polyclonal antibodies against Filia and p-Filia(S349) were

generated by Abmart.

Cell-Cycle Checkpoint Analysis

ESCs were treated with hydroxyl urea to induce replication stress, and

S-phase arrest was evaluated by 5-ethynyl-2’-deoxyuridine (EdU) pulse-chase

incorporation assay (Buck et al., 2008). The G2/M checkpoint was examined

by standard methods after treating ESCs with etoposide (Greer Card et al.,

2010).

Alkaline Comet Assay and Clonal Competition Assay

An alkaline comet assay was performed according to the standard procedure

(Tice et al., 2000). Comets were analyzed using CASP comet assay analysis

software (Andor Technology), and 100 cells were calculated in each sample.

The same numbers of two types of ESCs, of which one was labeled with

GFP expression, were mixed. The mixed ESCs were subjected to the same

genotoxic stress and co-culture. Colony growth was monitored daily, and

200 clones were examined at each time point.
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SUMMARY

TheSPOPgene,which encodes anE3ubiquitin ligase
adaptor, is frequently mutated in a number of cancer
types. However, the mechanisms by which SPOP
functions as a tumor suppressor remain poorly un-
derstood. Here,we show that SPOPpromotes senes-
cence, an important tumor suppression mechanism,
by targeting the SENP7 deSUMOylase for degrada-
tion. SPOP is upregulated during senescence. This
correlates with ubiquitin-mediated degradation of
SENP7, which promotes senescence by increasing
HP1a sumoylation and the associated epigenetic
gene silencing. Ectopic wild-type SPOP, but not
its cancer-associated mutants, drives senescence.
Conversely, SPOP knockdown overcomes senes-
cence. These phenotypes correlate with ubiquitina-
tion and degradation of SENP7 and HP1a sumoyla-
tion, subcellular re-localization, and its associated
gene silencing. Furthermore, SENP7 is expressed
at higher levels in prostate tumor specimens with
SPOP mutation (n = 13) compared to those with
wild-type SPOP (n = 80). In summary, SPOP acts
as a tumor suppressor by promoting senescence
through degrading SENP7.
INTRODUCTION

Speckle-type POZ protein (SPOP) is a bric-a-brac-tramtrack-

broad/poxvirus and zinc finger (BTB/POZ) domain protein that

functions as an adaptor for the E3 ubiquitin ligase cullin 3. Recent

genome-wide next-generation sequencing studies have re-

vealed that SPOP is frequently mutated in a number of cancer

types such as prostate and endometrial (Barbieri et al., 2012;

Berger et al., 2011; Le Gallo et al., 2012). These findings suggest

that SPOP is a putative tumor suppressor. SPOP binds to its
Cell Rep
substrates via its N-terminal meprin and traf homology (MATH)

domain (Zhuang et al., 2009), whereas it interacts with cullin 3

through the BTB domain at its C terminus (Pintard et al., 2003;

Xu et al., 2003). SPOP mutations observed in human cancers

are clustered in its substrate binding MATH domain (Barbieri

et al., 2012; Berger et al., 2011), suggesting thatSPOPmutations

may promote cancer via altering the function of its substrates.

Indeed, SPOP mutations correlate with changes in the ubiquitin

landscape in prostate cancer (Theurillat et al., 2014). Despite the

fact that a number of SPOP substrates have been described

(such as Ci/Gli, macroH2A, Daxx, SRC3, AR, and DEK; An

et al., 2014; Hernández-Muñoz et al., 2005; Kwon et al., 2006;

Li et al., 2014; Theurillat et al., 2014; Zhang et al., 2006), the

mechanistic basis by which SPOP functions as a tumor suppres-

sor remains poorly understood.

Cellular senescence is a state of stable cell growth arrest

(Pérez-Mancera et al., 2014). It is an important tumor suppres-

sion mechanism by halting the progression of cancer pro-

genitor cells harboring the initial oncogenic hits. Oncogenic

signaling triggers senescence via mechanisms such as forma-

tion of senescence-associated heterochromatin foci (SAHF),

which are specialized domains of facultative heterochromatin

that contribute to senescence by helping silence proliferation-

promoting genes (such as the E2F target genes; Narita et al.,

2003). Heterochromatin markers such as heterochromatin pro-

tein 1 (HP1) proteins are components of SAHF and are associ-

ated with the promoters of the proliferation-promoting genes in

senescent cells (Narita et al., 2003). Activation of these signaling

pathways cultivates the expression of markers of senescence

such as an increased senescence-associated b-galactosidase

(SA-b-gal) activity (Dimri et al., 1995).

Small ubiquitin-likemodifiers (SUMO) is a dynamic post-trans-

lational protein modification that regulates the function and

subcellular localization of its target proteins (Cubeñas-Potts

and Matunis, 2013). SUMO has been implicated in regulating

senescence (Bischof et al., 2006; Li et al., 2006; Yates et al.,

2008). SUMO is conjugated to its targets by SUMO-conjugating

machinery, whereas removal of SUMO is performed by a class

of enzymes called sentrin/SUMO-specific proteases (SENP)
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Figure 1. SPOP Is Upregulated during

Senescence

(A) IMR90 primary human fibroblasts were infected

with retrovirus encoding control or RAS to induce

senescence. Drug-selected cells were stained for

SA-b-gal activity, labeled with BrdU for 30 min, or

stained for cyclin A expression at day 8. Arrows

point to examples of positive cells for the indicated

markers. The scale bar represents 10 mm.

(B) Same as (A) but quantified for SA-b-gal stain-

ing, SAHF, BrdU, and cyclin A-positive cells in

control and RAS-infected cells. A total of 200 cells

were examined for each of the indicated groups.

Error bars represent mean of three independent

experiments with SD. *p < 0.01.

(C) Same as (A) but examined for expression of

SPOP, RAS, and b-actin by immunoblotting.

(D) Time course for senescence markers such as

SA-b-gal activity and SAHF formation and the cell

proliferation marker BrdU incorporation in control

and RAS-infected IMR90 cells. Mean of three in-

dependent experiments with SD is shown.

(E and F) Same as (D) but examined for expres-

sion of SPOP, RAS, p21, cyclin A, and b-actin by

immunoblotting at the indicated time points.

(G) Same as (A), but the RAS-infected cells were

treatedwithorwithout5mMp38 inhibitorSB203580

for 24 hr before harvesting cells for immunoblotting.

The expression of SPOP, RAS, and phospho-MAP-

kinase-activated protein kinase 2 (p-MAPKAPK2),

a direct target of p38 kinase, in the indicated cells

was examined by immunoblotting. b-actin expres-

sion was used as a loading control.
through their isopeptidase activity (Mukhopadhyay and Dasso,

2007).Here,we report that SPOPepigenetically promotes senes-

cence by ubiquitin-mediated degradation of SENP7, which

facilitates HP1a-associated gene silencing via its sumoylation.

Our studies indicate that SPOP acts a tumor suppressor by pro-

moting cellular senescence.

RESULTS

SPOP Is Upregulated during Senescence
To determine whether SPOP is regulated during senescence,

IMR90 primary human fibroblasts were induced to undergo

senescence by oncogenic RAS, a well-established model for

studying senescence in normal human cells in vitro (Figure S1A).

The senescence status was confirmed by markers such as

SA-b-gal activity and formation of SAHF (Figures 1A and 1B).

Consistently, cell proliferation markers such as BrdU incorpora-

tion and cyclin A expression were decreased by RAS infection

(Figures 1A and 1B). Interestingly, SPOP was upregulated in se-

nescent cells (Figure 1C). Next, we performed a detailed time

course study for SPOP upregulation and expression of markers

of senescence (such as SA-b-gal activity, SAHF formation, and

upregulation of p21) and cell proliferation markers (including

BrdU incorporation and cyclin A expression). Indeed, SPOP

upregulation was accompanied by induction of markers of

senescence and senescence-associated cell-cycle exit (Figures

1D–1F). SPOP upregulation was also observed during senes-

cence induced by knockdown of the tumor suppressor PTEN
1184 Cell Reports 13, 1183–1193, November 10, 2015 ª2015 The Au
or extended cell passaging, but not by DNAdamage agent doxo-

rubicin (Figures S1B–S1J). Similar observation was also made in

BJ primary human fibroblasts (Figures S1K–S1M). Together, we

conclude that SPOP is upregulated during senescence.

We next determined the mechanism by which SPOP is upre-

gulated during senescence. Notably, there was no increase in

SPOP mRNA levels in senescent cells (Figure S1N). This sug-

gests that SPOP upregulation occurs at the post-transcriptional

level. Notably, there is evidence to suggest that p38 regulates

SPOP protein stability (Bunce et al., 2008). Thus, we sought to

determine whether SPOP upregulation is dependent upon p38

activity. Toward this goal, we suppressed the p38 activity using

a small molecular inhibitor SB203580. Indeed, SB203580 treat-

ment significantly decreased the levels of SPOP in treated cells

(Figure 1G). Together, we conclude that SPOP is upregulated

at the post-transcriptional level in a p38-dependent manner dur-

ing senescence.

Ectopic Expression of Wild-Type SPOP, but Not Its
Cancer-Associated Mutants, Drives Senescence
Because we observed an upregulation of SPOP during senes-

cence (Figure 1), we determined whether ectopic expression of

wild-type SPOP is sufficient to drive senescence. We ectopically

expressed wild-type SPOP in IMR90 cells (Figure 2A). Indeed,

ectopic SPOP expression induced expression of markers of

senescence such as SA-b-gal activity and upregulation of p53

and p21, whereas it suppressed cell proliferation markers such

as BrdU incorporation, serine 10 phosphorylated histone H3
thors



Figure 2. Ectopic Expression of Wild-Type SPOP, but Not Cancer-Associated SPOP Mutants, Induces Senescence and the Associated Cell

Growth Arrest

(A) IMR90 cells were infected with retrovirus encoding wild-type or the indicated cancer-associated mutant SPOP. Six days post-drug selection, the indicated

cells were examined for expression of the indicated proteins by immunoblotting.

(B) Same as (A) but stained for SA-b-gal activity or examined for BrdU incorporation. Arrows point to examples of SA-b-gal- and BrdU-positive cells. The scale bar

represents 10 mm.

(C and D) Quantification of (B). Two hundred cells from each of the indicated groups were examined for expression of SA-b-gal activity (C) or BrdU positivity (D).

Mean of three independents with SD is shown.

(E and F) Same as (A), but 3,000 of each of the indicated cells were seeded into 6-well plates for focus formation assays. Cells were fixed and stained with 0.05%

crystal violet after growing for an additional 10 days (E). The integrated density was quantified using NIH ImageJ software (F).

(G) IMR90 cells were infected with a control retrovirus or one encoding wild-type SPOP together with an shRNA that targets the open reading frame of SPOP or

controls. The cells were examined for expression of the indicated proteins by immunoblotting 6 days post-drug selection.
(pS10H3), and cyclin A expression (Figures 2A–2D). Notably,

DNA damage markers such as gH2AX expression and foci

formation were not activated during senescence induced by

SPOP (Figures S2A–S2C). Expression of the known SPOP

substrate macroH2A that is implicated in senescence (Zhang

et al., 2005) was not affected by SPOP expression (Figure 2A).

This suggests that senescence induced by SPOP is medi-

ated by previously unidentified substrates. Consistently, SPOP

induced an apparent cell growth inhibition as determined by

focus formation (Figures 2E and 2F). The observed effects

were specifically due to SPOP overexpression because knock-

down of the ectopic SPOP suppressed the senescence pheno-

type in these cells (Figure 2G; data not shown). The p53 and

pRB pathways play critical roles in senescence (Pérez-Mancera

et al., 2014). Consistently, knockdown of either p53 or pRB

impaired senescence induced by SPOP (Figures S2D–S2G).

We conclude that ectopic expression of wild-type SPOP induces

senescence.

We next determined whether SPOPmutants observed in pros-

tate cancers are impaired in senescence induction. We ectopi-

cally expressed two MATH-domain-mutated SPOPs (F102C

and Y87C) that are frequently observed in prostate cancers (Bar-

bieri et al., 2012; Berger et al., 2011; Jones et al., 2014; Le Gallo
Cell Rep
et al., 2012). Compared with wild-type SPOP, the SPOPmutants

were impaired in senescence induction as determined by a

significant decrease in SA-b-gal activity and p53 and p21

expression (Figures 2A–2C and S2H). Consistently, there was

an increase in cell proliferation markers such as BrdU incorpo-

ration and expression of pS10H3 and cyclin A in cells expressing

SPOP mutants compared with wild-type SPOP (Figures 2A–2D).

Indeed, SPOP-induced growth inhibition was also significantly

impaired by the cancer-associated mutants as determined by

focus formation (Figures 2E and 2F). We conclude that wild-

type SPOP drives senescence, whereas its cancer-associated

mutants are impaired in senescence induction.

SPOP Knockdown Suppresses Senescence
Next, we determined whether SPOP knockdown suppresses

senescence. IMR90 cells were induced to undergo senescence

with oncogenic RAS together with an shRNA to the human

SPOP gene (shSPOP) or control. Indeed, SPOP knockdown

suppressed the expression of senescence markers such as

SA-b-gal activity, SAHF formation, and upregulation of p53 and

p21 (Figures 3A–3C). In contrast, cell proliferation markers

such as cyclin A expression and BrdU incorporation were

significantly increased in shSPOP/RAS cells compared with
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Figure 3. SPOP Knockdown Suppresses Senescence

(A) IMR90 cells were infected with a retrovirus encoding oncogenic RAS

together with a lentivirus encoding shSPOP or control. Eight days post-drug

selection, the indicated cells were examined for expression of SPOP, cyclin A,

p53, p21, RAS, and b-actin by immunoblotting.

(B) Same as (A) but examined for SA-b-gal activity, BrdU incorporation, or

SAHF formation by DAPI staining for the punctate pattern in cell nuclei. Arrows

point to examples of cells positive for the indicated markers. Arrowheads

indicate SAHF-positive cells. The scale bar represents 10 mm.

(C) Quantitation of (B). Two-hundred cells from each of the indicated groups

were examined for the expression of the indicated markers. Mean of three

independent experiments with SD is shown. *p < 0.01 compared with controls

and **p < 0.01 compared with RAS infected only.

(D) Same as (A). Six days post-drug selection, 3,000 cells from the each of the

indicated groups were seeded in 6-well plates for focus formation assays.

Cells were fixed and stained with 0.05% crystal violet after growing for an

additional 12 days.

(E) Quantification of (D). The integrated intensity of foci form by the indicated

cells was quantified by using the NIH ImageJ software. Mean of three inde-

pendent experiments with SD is shown. *p < 0.01 compared with controls and

**p < 0.01 compared with RAS infected only.
RAS-expressing cells (Figures 3A–3C). Consistently, shSPOP

significantly rescued growth inhibition induced by oncogenic

RAS as determined by focus formation (Figures 3D and 3E).

We conclude that SPOP knockdown suppresses RAS-induced

senescence.

SENP7 Is a SPOP Substrate that Is Degraded during
Senescence
Next, we determined the mechanism by which SPOP regulates

senescence. We performed an in silico analysis of proteins that

are putative SPOP substrates based on the SPOP-binding

recognition motif F-p-S-S/T-S/T (F, non-polar residue; p, polar

residue; Zhuang et al., 2009). This analysis revealed that the

deSUMOylase SENP7 contains two SPOP-binding motifs (Fig-

ure 4A). These motifs are unique to SENP7 as the other six mem-

bers of the SENPs (SENP1–3, SENP5–6, and SENP8) do not

contain SPOP-binding motifs (Figures S3A and S3B). In addition,

SENP7 has two isoforms, namely SENP7L and SENP7S (Bawa-
1186 Cell Reports 13, 1183–1193, November 10, 2015 ª2015 The Au
Khalfe et al., 2012). Notably, only SENP7L, but not SENP7S, con-

tains the SPOP-binding motif (Figure S3C). To validate this anal-

ysis,weperformedco-immunoprecipitation analysis in 293Tcells

ectopically expressing GFP-SPOP and FLAG-SENP7. Indeed,

ectopic SPOP and SENP7 co-immunoprecipitated with each

other (Figure 4B). In addition, we treated senescent IMR90 cells,

inwhich SPOPexpression is induced,with the proteasome inhib-

itor MG132 to prevent potential degradation of SENP7 by the up-

regulated SPOP. Co-immunoprecipitation analysis revealed that

endogenous SPOP co-immunoprecipitated with endogenous

SENP7 (Figure 4C). As a negative control, therewas no co-immu-

noprecipitation between SPOP and SENP1 (Figure 4C).

Next, we determined whether SENP7 is subject to SPOP-

mediated degradation. We co-expressed SENP7 with a titrated

amount of SPOP. Indeed, there was a SPOP dose-dependent

decrease in SENP7 expression (Figure 4D), suggesting that

SPOP promotes SENP7 degradation. The observed decease in

SENP7 protein levels by SPOP was inhibited by the proteasome

inhibitor MG132 (Figure 4D). This supports our hypothesis that

SPOP promotes ubiquitin-mediated SENP7 degradation. To

directly determine the effects of SPOP on SENP7 ubiquitination,

we examined the ubiquitinated levels of SENP7 in cells express-

ing a HA-tagged ubiquitin treated with MG132 to prevent the

proteasome-dependent degradation of ubiquitinated SENP7.

Indeed, there was a dose-dependent increase in ubiquitinated

SENP7 in SPOP-expressing cells (Figure 4E).

Consistent with the hypothesis that SENP7 is a substrate for

SPOP-mediated degradation during senescence, we observed

a decrease in SENP7 expression in senescent IMR90 cells (Fig-

ure 4F). And SPOP knockdown was sufficient to restore SENP7

expression in these cells (Figure 4G), further supporting the idea

that SPOP mediates SENP7 degradation during senescence.

Next, we determined whether SPOP mutants observed in

prostate cancer are impaired in their ability to degrade SENP7.

Indeed, compared with wild-type SPOP that degrades SENP7

efficiently, cancer-associated SPOP mutants were impaired in

SENP7 degradation (Figure 4H). Similar observations were also

made in prostate cancer cell lines (Figure S4). Consistently,

compared with wild-type SPOP, cancer-associated SPOP mu-

tants were impaired in their ability to ubiquitinate SENP7 (Fig-

ure 4I). This correlated with an impaired interaction between

the cancer-associated mutant SPOP and SENP7 (Figure 4J).

Finally, we determined the correlation of SENP7 protein with

SPOP mutational status in prostate tumor specimens. We per-

formed immunohistochemical staining of SENP7 in a series of 80

SPOPwild-typeand13SPOP-mutatedprostate tumorspecimens

(Figure 4K). SENP7 staining was scored as negative (0), weak (1),

intermediate (2), or strong (3). Statistical analysis revealed that

SENP7 is expressed at significantly (p < 0.0001) higher levels in

prostate tumors with SPOP mutations compared to those with

wild-type SPOP (Figure 4L; Table S1). This further supports the

notion that SENP7 is a substrate of SPOP-mediated degradation.

SENP7 Binds to SPOP via Its First SPOP-Binding Motif,
and the Ubiquitination of SENP7 by SPOPDepends upon
Its Interaction with SPOP
Because there are two SPOP-binding motifs on SENP7 (Fig-

ure 4A), we determined whether the binding between SENP7
thors



Figure 4. SENP7 Is a SPOP-Binding Sub-

strate that Is Subjected to SPOP-Adaptor-

Mediated Degradation

(A) SENP7 has two putative SPOP-binding

consensus motifs.

(B) Ectopic SPOP and SENP7 interact with each

other. 293T cells were transfected with the indi-

cated GFP-SPOP and/or FLAG-SENP7 plasmids,

and 16 hr post-transfection, cells were treated

with 20 mM MG132 for 8 hr and subjected to co-

immunoprecipitation analysis using the indicated

antibodies or IgG controls. The co-immunopre-

cipitation was analyzed by immunoblotting using

anti-FLAG or anti-GFP antibodies.

(C) Endogenous SPOP interacts with SENP7 in

RAS-infected IMR90 cells. IMR90 cells were in-

fected with a retrovirus encoding oncogenic RAS to

induce SPOP expression. Drug-selected cells were

treated with 20 mM MG132 for 8 hr, and the cells

were subjected to co-immunoprecipitation analysis

usingananti-SPOPantibodyor an isotype-matched

IgG control. The IP’d product was analyzed by

immunoblotting using the indicated antibodies.

(D) SPOP degrades SENP7 expression in a protea-

some-dependent manner. 293T cells were trans-

fected with 100 ng FLAG-SENP7 together with 0,

500,or1,000ngGFP-SPOPplasmids.Sixteenhours

post-transfection, cells were treated with control or

20 mM MG132 for 8 hr and subjected to immuno-

blotting analysis using the indicated antibodies.

(E) SPOP promotes polyubiquitination of SENP7.

293T cells were transfected with the indicated

plasmids, and 16 hr post-transfection, cells were

treated with 20 mM MG132 for 8 hr and subjected

to immunoprecipitation with an anti-FLAG anti-

body for SENP7. The ubiquitination level of SENP7

was analyzed by immunoblotting using an anti-HA

antibody for ubiquitin.

(F) Time course analysis for SENP7 expression

during senescence of IMR90 cells induced by

oncogenic RAS. Expression of SENP7 and b-actin

was examined at the indicated time points by

immunoblotting.

(G) IMR90 cells were co-infected with a retrovirus

encoding for oncogenic RAS together with a lenti-

virus encoding shSPOP or control. Eight days post-

drug selection, cells were examined for expression

of SPOP, SENP7, and b-actin by immunoblotting.

(H) Cancer-associated SPOP mutants lack the

ability to degrade SENP7. 293T cells were trans-

fected with FLAG-SENP7 together with GFP-

tagged wild-type SPOP or the indicated SPOP

mutants. Sixteen hours post-transfection, cells

were subjected to immunoblotting analysis using

the indicated antibodies.

(I) SPOP-induced polyubiquitination of SENP7 is

impaired by cancer-associated SPOP mutants.

293T cells were transfected with the indicated

plasmids, and 16 hr post-transfection, the indi-

cated cells were treated with 20 mM MG132 for

8 hr and subjected to immunoprecipitation with an

anti-FLAG antibody for SENP7. The ubiquitination level of SENP7 was analyzed by immunoblotting using an anti-HA antibody for ubiquitin.

(J) The cancer-associated SPOPmutants are impaired in SENP7 interaction. IMR90 cells were infected with a retrovirus encoding the indicated FLAG-tagged wild-

type or cancer-associated mutant SPOP or control. Drug-selected cells were treated with 20 mM MG132 for 8 hr, and the cells were subjected to co-immunopre-

cipitation analysis usingan anti-FLAGantibody or an isotype-matched IgGcontrol. The IP’d productwas analyzedby immunoblotting using the indicated antibodies.

(K) Examples of SENP7 immunohistochemical staining in SPOP-mutated or wild-type prostate tumor specimens. The scale bar represents 50 mm.

(L) Quantification of SENP7 expression levels in 80 cases of SPOP wild-type and 13 cases of SPOP-mutated prostate tumor specimens.
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Figure 5. Degradation of SENP7 Depends

upon Its Interaction with SPOP via the First

SPOP-Binding Motif in SENP7

(A) The first SPOP-binding motif in SENP7 is

required for its binding to SPOP. 293T cells were

transfected with the indicated plasmids express-

ing GFP-SPOP, FLAG-SENP7 wild-type (WT), first

SPOP-binding motif mutated SENP7 (SENP7 M1)

that SENP7 aas 201–205 LSSSS was mutated

into LAAAS, or second SPOP-binding motif

deleted SENP7 (SENP7 M2) that deleted SENP7

aas 393–397 AGSTT (393–397). Sixteen hours

post-transfection, cells were treated with 20 mM

MG132 for 8 hr and subjected to co-immunopre-

cipitation analysis using the indicated antibodies.

(B) The first SPOP-binding motif in SENP7 is

required for its ubiquitination by SPOP. 293T cells

were transfected with indicated plasmids, and

16 hr post-transfection, cells were treated with

20 mM MG132 and subjected to immunoprecipi-

tation with an anti-FLAG antibody for SENP7. The

ubiquitination level of SENP7 was analyzed by

immunoblotting using an anti-HA antibody for

ubiquitin.

(C) The first SPOP-binding motif in SENP7 is

required for its degradation by SPOP. 293T cells

were transfected with the indicated plasmids.

Sixteen hours post-transfection, cells were sub-

jected to immunoblotting analysis using the indi-

cated antibodies.

(D) Protein abundance of SENP7 wild-type and the

indicated mutants determined by cycloheximide

chase assay. Equal amounts of the indicated

SENP7 wild-type or mutants were transfected into

293T cells, and cells were treated with 50 mg/ml

cycloheximide (CHX) 16 hr post-transfection. Expression of transfected wild-type or the indicated SENP7 mutants was examined by immunoblotting at the

indicated time points after CHX treatment.

(E) The first SPOP-binding motif of SENP7 peptide (aas 201–205 LSSSS; shown in green sticks) bound to SPOP substrate-binding MATH domain (shown in gray

surface representation) is modeled based on two published X-ray crystal structures of substrate bound to the SPOP MATH domain (RCSB ID 3HQM and 3HQL).
and SPOP requires one or both binding motifs. Accordingly,

we mutated the two SPOP-binding motifs in SENP7 individually

and ectopically expressed the FLAG-tagged wild-type, binding-

site-1-mutated (M1), or binding-site-2-mutated (M2) SENP7

together with a GFP-tagged SPOP. Co-immunoprecipitation

analysis revealed that both wild-type and SENP7 M2 co-immu-

noprecipitated with SPOP, whereas the SENP7 M1 mutant was

impaired in its interaction with SPOP (Figure 5A). Indeed, ubiq-

uitin analysis showed that both wild-type and M2 mutant

SENP7 were ubiquitinated by ectopic SPOP at comparable

levels, whereas the SENP7 M1 mutant was impaired in its

ubiquitination by SPOP (Figure 5B). Consistently, the expres-

sion levels of both wild-type and SENP7 M2 were reduced

by SPOP, whereas the degradation of SENP7 M1 was impaired

(Figure 5C). Finally, to directly determine the stability of SENP7

wild-type and mutants, we treated cells with the gene transla-

tion inhibitor cycloheximide (CHX) and chased the levels of

wild-type or mutant SENP7 levels over 6 hr. Compared with

wild-type SENP7 and SENP7 M2, which have comparable

degradation rates, there was an increase in protein stability of

the SENP7 M1 mutant (Figure 5D). Further, structure modeling

indicated that the SPOP-binding motif SENP7 peptide fits

nicely into the binding pocket of the SPOP MATH domain (Fig-
1188 Cell Reports 13, 1183–1193, November 10, 2015 ª2015 The Au
ure 5E). We conclude that the first SPOP-binding motif on

SENP7 is required for its binding, ubiquitination, and degrada-

tion by SPOP.

Downregulation of SENP7Promotes Senescence, which
Correlates with an Increase in HP1a Sumoylation and Its
Subcellular Re-localization and the Associated Gene
Silencing
Next, we determined whether SENP7 downregulation drives

senescence of primary IMR90 cells. We knocked down SENP7

expression using an shSENP7 in IMR90 cells. Indeed, SENP7

knockdown induced the expression of markers of senescence

such as SA-b-gal activity, SAHF formation, and upregulation of

p21 and p53 (Figures 6A–6C). Consistently, cell proliferation

markers such as cyclin A expression and BrdU incorporation

were suppressed by SENP7 knockdown (Figures 6A–6C).

Likewise, cell growth was inhibited by SENP7 knockdown as

determined by focus formation (Figures 6D and 6E). Similar

observations were also made in prostate cancer cells (Fig-

ure S5). Knockdown of either p53 or pRB impaired senescence

induced by SENP7 knockdown as evidenced by a decrease in

the SA-b-gal-positive cells (Figures S5F–S5H). Furthermore,

ectopic SENP7 suppressed senescence induced by SPOP
thors



Figure 6. SENP7 Knockdown Induces Senescence, which Correlates with an Increase in HP1a Sumoylation and Its Associated Gene

Silencing

(A) IMR90 cells were infected with a lentivirus encoding shSENP7 or control. Day 8 after drug selection, the expression of SENP7, p21, p53, and cyclin A was

examined by immunoblotting. b-actin expression was used as loading control.

(B) Same as (A) but stained for SA-b-gal activity, examined for BrdU incorporation, or stained with DAPI to visualize SAHF. Arrows point to examples of BrdU-

positive cells. The scale bar represents 10 mm.

(C) Quantification of (B). Two hundred cells from each of the indicated groups were examined for SA-b-gal activity or BrdU- or SAHF-positive cells. Mean of three

independent experiments with SD is shown. *p < 0.01.

(D) Same as (A) but examined for focus formation. Three thousand of the indicated cells were seeded in 6-well plates, and cells were fixed and stained with 0.05%

crystal violet after growing for an additional 12 days.

(E) Quantitation of (D). The integrated intensity of foci formed by the indicated cells was measured using the NIH ImageJ software. Mean of three independent

experiments with SD is shown. *p < 0.001.

(F) Same as (A) but examined for HP1a sumoylation. The indicated cells were subjected to immunoprecipitation with an anti-HP1a antibody or an isotype-

matched IgG control using buffers with NEM, an inhibitor of SUMO protease (please see Experimental Procedures for details). The immunoprecipitated samples

were subjected to immunoblotting using an anti-HP1a or anti-SUMO2/3 antibody to detect the sumoylation of HP1a. Asterisks indicated sumoylated HP1a.

(G) SENP7 knockdown promotes SAHF formation and HP1a’s localization into SAHF. Shown is same as (A) but stained for HP1a, PML bodies, and DAPI to

visualize SAHF. Arrows point to the co-localized HP1a and SAHF. Arrowheads indicate the co-localized HP1a and PML bodies. The scale bar represents 10 mm.

(H) Quantification of (F). One hundred cells from each of the indicated groups were examined for SAHF formation, co-localization of HP1a with PML, and co-

localization of HP1a with SAHF. Mean of three independent experiments with SD is shown. *p < 0.05 compared with controls.

(I) SENP7 knockdown enhances HP1a’s association with theCCNA2 gene promoter. Same as (A), but the cells were subjected to chromatin immunoprecipitation

(ChIP) analysis using an anti-HP1a antibody or an isotype-matched IgG control for the CCNA2 promoter. *p < 0.01 compared with controls.

(J) The enhanced association of Sumo2/3 with the CCNA2 gene promoter in cells undergoing senescence, but not quiescence. IMR90 cells were infected with

RAS for 48 hr to induce senescence or made quiescent by contacting inhibition and serum starvation (0.1% serum). The indicated cells were subjected to ChIP

analysis using an anti-SUMO2/3 antibody or an isotype matched IgG control for the CCNA2 gene promoter. Mean of three independent experiments with SD is

shown. *p < 0.01 and #p > 0.05 compared with controls.

(K) Same as (J), but control or RAS-infected cells (48 hr post-infection) were subjected to sequential ChIP analysis using an anti-HP1a antibody followed by an

anti-SUM2/3 antibody for the CCNA2 gene promoter. Mean of three independent experiments with SD is shown. *p < 0.01 compared with controls.
overexpression as indicated by a decrease in the SA-b-gal-pos-

itive cells (Figures S5I–S5K). We conclude that SENP7 downre-

gulation promotes senescence.
Cell Rep
Next, we determined the mechanism by which SENP7 down-

regulation promotes senescence. It has previously been demon-

strated that SENP7 binds to HP1a and regulates HP1a’s
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localization to pericentromeric heterochromatin via its sumoyla-

tion (Maison et al., 2012). SENP7 is a SUMO2/3 chain removal

deSUMOylase (Shen et al., 2009). Because SENP7 knockdown

induces SAHF formation (Figures 6B and 6C), we examined the

effects of SENP7 knockdown on SUMO2/3-modified HP1a

levels. Indeed, compared with controls, there was an increase

in SUMO2/3-modified HP1a in SENP7 knockdown cells (Fig-

ure 6F). Sumoylation is known to regulate target protein subcel-

lular localization including their PML body localization (Cubeñas-

Potts and Matunis, 2013). In addition, localization of HP1a into

PML bodies is known to facilitate its deposition into SAHF

(Zhang et al., 2005). Thus, we examined the changes in distribu-

tion of HP1a in SENP7 knockdown cells compared with controls.

We observed a significant increase in the localization of HP1a

into SAHF and a significant but mild increase of 1.5-fold in its

localization into PML bodies (Figures 6G and 6H), thus arguing

that HP1a-sumoylation is only weakly participating to PML local-

ization. This suggests that SENP7 downregulation promotes

SAHF formation by increasing HP1a-sumoylation to facilitate

its deposition into SAHF. Consistently, both SPOP ectopic

expression and SENP7 knockdown significantly suppressed

the E2F reporter activity (Figure S5L). Finally, we sought to deter-

mine whether this correlates with the recruitment of HP1a onto

the promoters of proliferation-promoting genes such as the

E2F target gene CCNA2 (encoding for cyclin A), whose expres-

sion is suppressed by SENP7 knockdown (Figure 6A) and is a

known target of HP1a and SAHF-mediated gene silencing

(Narita et al., 2003). We performed chromatin immunoprecipita-

tion (ChIP) analysis for the CCNA2 gene promoter using anti-

bodies to HP1a or an IgG control. Indeed, there was a significant

increase in the association of HP1a with the CCNA2 gene

promoter in SENP7 knockdown cells compared with controls

(Figure 6I). Notably, ChIP analysis revealed that there was a sig-

nificant increase in the association of SUMO2/3 with the CCNA2

promoter during senescence (Figure 6J). However, there is no

enrichment of SUMO2/3 in the CCNA2 promoter in quiescent

cells (Figure 6J). Consistently, sequential ChIP using an anti-

HP1a followed by an anti-SUMO2/3 antibody showed a signifi-

cant enrichment of SUMO2/3-HP1a in the CCNA2 promoter,

but not in the negative control ACTB promoter, compared with

controls (Figures 6K and S5M). In contrast, there is no enrich-

ment of SUMO2/3-HP1a in the CCNA2 promoter in quiescent

cells (Figure S5N). We conclude that SENP7 knockdown pro-

motes senescence, which correlates with an increase in HP1a

sumoylation, subcellular re-localization to SAHF, and its associ-

ated silencing of certain proliferation-promoting genes.

The Effects of SPOP on Senescence Correlate with
Changes in HP1a Sumoylation, HP1a’s SAHF
Localization, and Its Associated Gene Silencing
SPOP knockdown suppressed senescence (Figure 3), which

correlated with an increase in its substrate SENP7 expression

(Figure 7A). Thus, we determined the effects of SPOP knock-

down on HP1a sumoylation, subcellular localization, and its

association with the CCNA2 gene promoter. Compared with

controls, there was an increase in sumoylated HP1a in RAS-in-

fected cells, which correlated with its SAHF localization and its

recruitment on the promoter of the CCNA2 gene (Figures 7B–
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7E). SPOP knockdown caused a decrease in the levels of su-

moylated HP1a in senescent cells (Figure 7B). This correlated

with a decrease in the localization of HP1a to SAHF and its asso-

ciation with the CCNA2 gene promoter (Figures 7C–7E). SPOP

knockdown increased HP1a’s localization into PML bodies (Fig-

ures 7C and 7D). Because SPOP knockdown decreased HP1a

sumoylation due to an increase in SENP7 (Figures 7A and 7B),

this suggests that HP1a sumoylation is important for transloca-

tion of HP1a from PML bodies to SAHF (Zhang et al., 2005).

Notably, HP1a’s association with the promoters of the E2F target

genes such as CCNA2, MCM3, and thymidylate synthase (TS),

but not with a negative control ACTB gene promoter, was

enhanced by wild-type SPOP (Figure 7F). Compared with wild-

type SPOP, cancer-associated SPOP mutants were impaired

in recruitment of HP1a to theCCNA2 gene promoter (Figure 7G).

This correlated with the ability of wild-type, but not mutant,

SPOP in degrading SENP7 and inducing senescence (Figures

2 and 5). Together, these data support a model whereby upregu-

lation of SPOP promotes senescence by degrading SENP7 de-

SUMOylase, which in turn leads to an increase in the physical

presence of sumoylated HP1a at certain proliferation-promoting

genes concomitant with their silencing.

DISCUSSION

Our data support the hypothesis that SPOP functions as a tumor

suppressor by promoting cellular senescence. This is consistent

with the findings from recent genome-wide deep-sequencing

studies that SPOP is mutated in a number of cancer types (Bar-

bieri et al., 2012; Berger et al., 2011; Le Gallo et al., 2012). Coun-

terintuitively, SPOP is also overexpressed in other cancer types

such as clear cell renal cell carcinoma (Liu et al., 2009), where it

acts as a tumorigenic hub (Li et al., 2014). Themolecular basis for

the observed functional differences in different cancer types re-

mains unclear. It is possible that overcoming SPOP-induced

senescence promotes tumorigenesis in cancers where SPOP

is overexpressed. In this context, SPOP’s role in cancer is akin

to that of oncogenes, where oncogene activation induces senes-

cence, whereas bypass of senescence induced by oncogenes

contributes to cancer progression. In cancers with SPOP muta-

tions, cells harboring SPOPmutations are impaired in the senes-

cence tumor suppression mechanism. This contributes to the

development of SPOP-mutated cancers. Thus, SPOP’s role in

cancer is likely context and tumor type dependent.

Our findings demonstrate that SPOP promotes senescence,

which correlates with HP1a-associated gene silencing. This

is due to its ability to degrade SENP7 deSUMOylase, a SPOP

substrate identified in the current study. Consequently,

SENP7 downregulation leads to an increase in sumoylation

levels of HP1a. This has previously been linked to pericentro-

meric localization of HP1a (Maison et al., 2012). In addition,

SENP7 has been shown to promote chromatin relaxation for

homologous recombination DNA repair (Garvin et al., 2013),

which is consistent with the notion that its degradation pro-

motes heterochromatin formation. The ability of SPOP wild-

type and its cancer-associated mutants to induce senescence

correlates with HP1a-associated silencing of certain prolifera-

tion-promoting genes. Together, these data support the notion
thors



Figure 7. The Effects of SPOP on Senescence Correlate with HP1a Sumoylation and Its Associated Gene Silencing

(A) IMR90 cells were infectedwith a retrovirus encoding oncogenic RAS together with a lentivirus encoding shSPOP or control. Eight days post-drug selection, the

expression of SPOP, RAS, SENP7, HP1a, and b-actin was examined by immunoblotting in the indicated cells.

(B) Same as (A) but examined for HP1a sumoylation. The indicated cells were subjected to immunoprecipitation with an anti-HP1a antibody or an isotype-

matched IgG control. The IP’d samples were subjected to immunoblotting using an anti-HP1a or anti-SUMO2/3 antibody to examined sumoylated HP1a levels.

Asterisks indicate sumoylated HP1a.

(C) SPOP knockdown suppresses HP1a’s SAHF localization. Shown is same as (A) but stained for HP1a, PMLbodies, andDAPI to visualize SAHF. Arrows point to

examples of colocalized HP1a and SAHF. Arrowheads indicate colocalized HP1a and PML bodies. The asterisk illustrates an example of a PML body with no

HP1a. The scale bar represents 10 mm.

(D) The quantification of (C). Two hundred cells from each of the indicated groups were examined for SAHF formation, co-localization of HP1a with PML, and

co-localization of HP1a with SAHF. Mean of three independent experiments with SD is shown. *p < 0.01 controls versus RAS-infected cells and **p < 0.01 RAS-

infected versus RAS/shSPOP-expressing cells.

(E) Same as (A) but examined for HP1a’s association with the CCNA2 gene promoter by ChIP analysis. The indicated cells were subjected to ChIP analysis using

an anti-HP1a antibody or an isotype-matched IgG control. Mean of three independent experiments with SD is shown. *p < 0.01 controls versus RAS-infected cells

and **p < 0.01 RAS-infected versus RAS/shSPOP-expressing cells.

(F) IMR90 cells expressing wild-type SPOP or control were subjected to ChIP analysis using an anti-HP1a antibody or an isotype-matched IgG control. The

immunoprecipitated DNA was subjected to qPCR analysis using primers that amplify the indicated promoters of E2F target genes such as CCNA2,MCM3, and

TS, whereas the ACTB gene promoter was used as a negative control for analysis. Mean of three independent experiments with SD is shown. *p < 0.05.

(G) SPOPwild-type, but not its cancer-associated mutants, enhances the interaction between HP1a and theCCNA2 gene promoter. Shown is same as (F) but for

the indicated cells subjected to ChIP analysis using an anti-HP1a antibody or an isotype-matched IgG control for the CCNA2 gene promoter. Mean of three

independent experiments with SD is shown. *p < 0.01 compared with controls and **p < 0.01 compared with wild-type SPOP-expressing cells.
that epigenetic gene silencing contributes to senescence

induced by SPOP.

SENP7 knockdown induces formation of microscopically

evident SAHF in addition to an increase in HP1a sumoylation

and its localization to proliferation-promoting genes such as

CCNA2 (Figure 6). Despite the fact that we observed an

enhanced interaction between HP1a and the CCNA2 gene pro-

moter, we did not observe formation of microscopically evident

SAHF in SPOP overexpressing cells (data not shown). This is

likely due to the fact that SENP7 acts downstream of SPOP,

thus driving a more-pronounced phenotype as reflected by

visible SAHF formation. Regardless, both SPOP overexpression

and SENP7 knockdown decreases cyclin A expression, which

correlates with HP1a’s recruitment to the CCNA2 gene pro-

moter. Consistently, it has recently been demonstrated that

SENP7 loss induces senescence of breast cancer cells, where
Cell Rep
SENP7 was first linked to HP1a sumoylation-mediated silencing

of E2F target genes (Bawa-Khalfe et al., 2012). These findings

support the hypothesis that SPOP and SENP7 function in the

same pathway at the molecular level.

SPOP is mutated in a number of cancer types and, most

notably, in prostate cancer (up to 13%; Barbieri et al., 2012;

Berger et al., 2011). Primary prostate tumors with SPOP muta-

tions typically lack other genetic changes such as PTEN and

PIK3CA alterations, ETS fusions, or TP53 mutations (Barbieri

et al., 2012). Thus, SPOPmutations represent a distinct subtype

of prostate cancer. Our findings show that SENP7 knockdown

drives senescence of prostate cancer cell lines (Figure S5).

Silencing of proliferation-promoting E2F target genes induces

senescence regardless of p53 and pRB status (Maehara et al.,

2005; Narita et al., 2003). Our data indicate that SENP7 knock-

down is sufficient to directly silence E2F target genes (such as
orts 13, 1183–1193, November 10, 2015 ª2015 The Authors 1191



CCNA2), which correlates with gene promoter recruitment of

HP1a (Figure 6). There are no established cancer cell lines that

carry mutations in SPOP (based on cBioportal analysis), which

prevented us from testing the effects of SENP7 knockdown

in SPOP-mutated cells. Regardless, our results suggest that

SENP7 inhibition may be an intervention strategy for SPOP-

mutated cancers. In addition, because SENP7 knockdown in-

duces senescence of SPOP wild-type prostate cancer cell lines

(Figure S5), this suggests that SENP7 inhibition may synergize

with other targeted therapies in prostate cancer. Finally, these

findings also suggest that patients harboring SPOP mutation

might be less sensitive to treatments that are known to induce

senescence.

In summary, we showed that SPOP promotes cellular senes-

cence, an important tumor suppression mechanism, by de-

grading SENP7 deSUMOylase, a SPOP-binding substrate. This

correlates with HP1a-associated epigenetic gene silencing dur-

ing senescence through a relay of ubiquitination and sumoylation

post-transcriptional modifications. These findings establish that

SPOP functions as a tumor suppressor in the context of cellular

senescence and the associated cell growth arrest.

EXPERIMENTAL PROCEDURES

ChIP and Ubiquitinated Protein Analysis

ChIP was performed as previously described (Tu et al., 2013) using rabbit

anti-HP1a antibody (Novus), anti-SUMO2/3 antibody (Abcam), or an isotype-

matched IgG control. Immunoprecipitated DNA was analyzed using SYBR

Green qpcr (SABiosciences) against the indicated gene promoters using

primers as detailed in the Supplemental Information.

For ubiquitinated protein analysis, cells were treated with 20 mM MG132, a

protease inhibitor, for 8 hr to prevent degradation of the ubiquitinated proteins

prior to harvest. For co-immunoprecipitation, cells were harvested with cold

buffer A (10 mM HEPES-KOH [pH 8.0], 10 mM KCl, 1.5 mM MgCl2, 0.34 M

sucrose, 10% glycerol, and 0.5% Triton X-100 [pH 7.5]) supplemented with

Complete Protease inhibitor cocktail (Roche) and 1 mM PMSF for 5 min on

ice and centrifuged at 3,000 rpm at 4�C for 5 min to collect the nucleus pellets.

The pellets were then resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0],

1 mM EDTA, 0.5% NP-40, 300 mM NaCl, 10 mM NaF, protease inhibitor

cocktail, and 1 mM PMSF) and rotated at 4�C for 20 min. The lysate was

then centrifuged at 12,000 g at 4�C for 10 min, and the supernatant was

used for co-immunoprecipitation. The supernatant was incubated with anti-

SPOP, anti-GFP, anti-FLAG antibody, or an IgG control for 3 hr at 4�C and sub-

sequently with Protein G Dynabeads (Life Technologies) for 1 hr. The beads

were washed with NETN buffer three times, boiled in Laemmli sample buffer,

and subjected to immunoblotting.

Structure Modeling

A model of the SPOP MATH domain bound to the first SPOP-binding motif

of SENP7 peptide (aas 201–205; LSSSS) was generated using the X-ray

crystal structure of SPOP-substrate complexes RCSB ID 3HQM and

3HQL. The two crystal structures were overlaid in Coot (Emsley et al.,

2010), and the peptide residues were mutated to the corresponding

LSSSS peptide using sequence alignment as a guide. The figure was pre-

pared in PyMOL (The PyMOL Molecular Graphics System; Version 1.5.0.5

Schrödinger).

Prostate Tumor Specimens and IHC

Prostate tumor specimens were obtained from Shanghai Changhai Hospital.

Use of these specimens was approved by the Institute Review Board of

Shanghai Changhai Hospital. SPOP mutation status in prostate tumors was

determined as previously described (Blattner et al., 2014) based on an initial

pre-PCR amplification step to enrich the SPOP exons 6 and 7 followed by a
1192 Cell Reports 13, 1183–1193, November 10, 2015 ª2015 The Au
high-resolution melting screen and Sanger sequencing. Paraformaldehyde-

fixed paraffin-embedded tumor samples were deparaffinized, rehydrated,

and subjected to heat-mediated antigen retrieval. For immunohistochemistry

(IHC) analysis, we used UltraSensitive S-P(Rabbit) IHC Kit (KIT-9706; Fuzhou

Maixin Biotech), following themanufacturer’s instructions withminormodifica-

tion. Briefly, the sectionswere incubatedwith 3%H2O2 for 15min at room tem-

perature to quench endogenous peroxidase activity. After incubating in normal

goat serum for 1 hr, sections were treated with primary antibody at 4�C over-

night. IHC analysis of tumor samples was performed using primary antibodies

against SENP7 (dilution 1:200; Novus Biologicals; catalog number: NB100-

92106). The sections were then washed three times in PBS and treated for

30 min with biotinylated goat-anti-rabbit IgG secondary antibodies (Fuzhou

Maixin Biotech). After washing three times in PBS, sections were incubated

with streptavidin-conjugated HRP (Fuzhou Maixin Biotech). After washing

three times in PBS for 5 min each, specific detection was developed with

303-diaminobenzidine (DAB-2031; FuzhouMaixin Biotech). Images were taken

by using an Olympus camera and matched software.

Statistical Analysis

GraphPad Prism Version 5.0 was used to perform for statistical analyses. The

Student’s t test was used to determine p values of raw data. p value < 0.05 was

considered as significant.
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Telomeric repeat-containing RNA (TERRA) has been identified as
a telomere-associated regulator of chromosome end protection. Here,
we report that TERRA can also be found in extracellular fractions that
stimulate innate immune signaling. We identified extracellular forms of
TERRA inmouse tumor and embryonic brain tissue, as well as in human
tissue culture cell lines using RNA in situ hybridization. RNA-seq
analyses revealed TERRA to be among the most highly represented
transcripts in extracellular fractions derived from both normal and
cancer patient blood plasma. Cell-free TERRA (cfTERRA) could be
isolated from the exosome fractions derived from human lympho-
blastoid cell line (LCL) culturemedia. cfTERRA is a shorter form (∼200 nt)
of cellular TERRA and copurifieswith CD63- and CD83-positive exosome
vesicles that could be visualized by cyro-electron microscopy. These
fractions were also enriched for histone proteins that physically asso-
ciate with TERRA in extracellular ChIP assays. Incubation of cfTERRA-
containing exosomes with peripheral blood mononuclear cells stimu-
lated transcription of several inflammatory cytokine genes, including
TNFα, IL6, and C-X-C chemokine 10 (CXCL10) Exosomes engineered
with elevated TERRA or liposomes with synthetic TERRA further stim-
ulated inflammatory cytokines, suggesting that exosome-associated
TERRA augments innate immune signaling. These findings imply a pre-
viously unidentified extrinsic function for TERRA and a mechanism of
communication between telomeres and innate immune signals in tissue
and tumor microenvironments.

TERRA | telomere | exosome | innate immunity | cytokine

Telomeres are the repetitive and dynamic DNA structures that
play a critical role in controlling cellular replicative capacity

and cancer suppression (1, 2). Human telomeric DNA contains
4- to 15-kb double-stranded DNA with a sequence of TTAGGG
repeats that are bound by a telomere-specific protein complex,
referred to as shelterin (3). Telomere repeats are lost by attrition
during DNA replication due to the end-replication problem, and
critically short telomeres elicit a DNA damage-associated cell
cycle arrest and replicative senescence (3, 4). Telomere repeat
loss is thought to be part of a somatic cell senescence program
that restricts cellular proliferation and regulates tissue homeo-
stasis. Specialized telomere elongation mechanisms, including
activation of the reverse transcriptase telomerase or alternative
lengthening of telomeres (ALTs) through recombination, can
overcome telomere repeat loss-induced cellular senescence.
Telomere dysfunction occurs when abnormally short telomeres
fail to induce senescence and is an early hallmark of human
cancer. Cells with telomere dysfunction are also known to se-
crete distinct types of inflammatory cytokines (5, 6), but how
telomeres are linked to this phenotype is not well characterized.
Telomere repeat DNA can be transcribed in response to

developmental changes and cellular stress conditions (7, 8).
Telomeric repeat-containing RNA (TERRA) has been impli-
cated in telomere length regulation and DNA damage signaling
(9, 10). TERRA can be found in complexes containing nuclear

proteins, including hnRNP1, Pot1, RPA, and HP1 (11, 12) and
forms stable RNA-DNA hybrids at telomere DNA repeats (13,
14). TERRA may also form foci in cells that can colocalize with
the inactive X chromosome (15, 16) or form aggregates in some
cancer cells and tissues (17). TERRA can also form highly stable
G-quadruplex structures (18), and these structures have been
implicated in telomere length regulation (19). Whether TERRA
has additional functions distinct from telomere end regulation is
not yet known.
Structured nucleic acids, like TERRA, can have potent effects

on innate immune sensing pathways (20). Extracellular forms
of repetitive DNA fragments, including telomeric DNA, have
been shown to modulate inflammatory cytokine production (21).
Furthermore, cell-free nucleic acids can be used as a biomarkers
for various diseases, including autoimmunity and cancer (22).
Cell-free nucleic acid has been identified in stable protein com-
plexes, as well as encapsulated in microvesicles and exosomes
(23–25). Exosomes are small (50–100 nm) vesicles that carry a
unique composition of proteins (26), lipids (27), mRNA (28),
and miRNA (29). Exosomes form in the endosomal multi-
vesicular bodies of the cytoplasm of various cell types and are se-
creted into body fluids, including blood plasma (30). Depending on
their cellular origin and conditions, exosomes exhibit differential
enrichment of components, allowing for specialized functions (23).

Significance

Loss of telomere repeats leads to cellular senescence and the
secretion of inflammatory cytokines. How telomere dysfunc-
tion is linked to this inflammatory phenotype and its role in
aging and cancer is not yet understood. We show here that
noncoding telomere RNA transcripts [telomeric repeat-con-
taining RNA (TERRA)] are secreted into the extracellular envi-
ronment in exosome vesicle fractions. This cell-free TERRA
(cfTERRA) is shorter and more stable than intracellular TERRA,
is associated with histone proteins, and can induce in-
flammatory cytokines in responsive cells. These findings sug-
gest that TERRA can have a cell extrinsic function and provide a
mechanism through which telomere dysfunction can lead to
the activation of inflammatory cytokine signals in the tissue
microenvironment through the signaling capacity of cfTERRA.
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Exosomes have been implicated in regulation of the immune re-
sponse (31), gene expression by transmission of miRNA (32), and
pathogen spreading (33). Tumor-derived exosomes promote tumor
progression at many levels, either by suppressing antitumor immune
responses (34) or by incorporating oncogenic materials (35).
Whether telomeres and their derived RNA are involved in
intercellular communication through exosome transport has
not been studied.
Here, we report the identification of a previously unidentified,

small form of TERRA found in the cell-free environment of
mouse normal and tumor tissue, human blood plasma, and cell
culture medium. This cell-free TERRA (cfTERRA) was highly
enriched in exosome fractions that also induced transcription of
inflammatory cytokines. These findings reveal a previously un-
recognized extracellular localization of TERRA and provide a
molecular mechanism through which telomere dysfunction may
impact the tissue microenvironment.

Results
Identification of cfTERRA in the Fraction of Exosomes. In a previous
study (17) we observed that TERRA formed discrete foci in the
nuclear compartment of highly proliferating cells in mouse em-
bryonic cerebellum and brain tumors. We now report that a
significant number of TERRA foci localize outside of the nu-
clear and cellular compartments in tissue sections of a mouse
model of medulloblastoma (Fig. 1A, Left), as well as in de-
veloping embryonic brain (Fig. 1A, Right). Many of these foci
were sensitive to RNase treatment, indicating they are mostly
telomeric RNA and not DNA fragments (Fig. 1A, Lower). We
also observed TERRA foci forming outside of nuclear com-
partments in human tissue culture cells, especially in serum-
starved human lymphoblastoid cell lines (LCLs) (Fig. 1B).
Consistent with this, we found that serum-starved LCLs pro-
duced higher levels of a shorter form of TERRA (Fig. S1 A and
B). We next asked whether TERRA RNA could be detected in
RNA-seq analyses from cell-free RNA derived from plasma
samples of normal or cancer patients (Fig. 1C). TERRA RNA, as
defined by a least six telomere repeats, was detected at relatively
high abundance in all samples. RNA with 2 or 3 UUAGGG-
repeats were found at much lower read counts, suggesting that
most TERRA RNA was derived from longer repeat transcripts
(Table S1). While no significant differences between cancer and
normal patients were found, read counts for TERRA ranked in
the top 20 most frequent transcripts for all RNA-seq reads of
extracellular RNA (Fig. 1C). These findings indicate that extra-
cellular TERRA is a relatively abundant component of the cell
free RNA from human blood plasma.
To investigate the possibility that TERRA was exported to the

extracellular compartment, we isolated the microvesicle and
exosomal fractions from LCL culture media using differential
centrifugation (Fig. 1D). We then assayed the total cellular
RNA, cellular debris, microvesicle fraction, and exosome frac-
tions for TERRA RNA by Northern blot (Fig. 1E). We found
that a smaller form of TERRA migrating at ∼200 nt was highly
enriched in the exosome fraction. Identical forms of TERRA
were identified when exosomes were isolate by ultrafiltration or
exosome precipitation reagent (Fig. S1 C and D). Quantitative RT-
PCR (qRT-PCR) with primers situated close (<300 nt) to the
subtelomere–telomere junction showed enrichment in exosome
fractions relative to total cellular TERRA (Fig. S1E). Similar forms
of TERRA could be isolated from different cell types, although
LCLs produced the highest amounts among the cells tested (Fig.
S2A). TERRA production correlated with higher levels of fast
migrating CD63-positive exosomes (Fig. S2B) and did not correlate
with cell death or apoptosis (Fig. S2C). This form of TERRA
(referred to as cfTERRA) was partly resistant to RNase A treat-
ment, forming a diffuse and slower migrating signal on Northern
blot (Fig. 1D). We did not detect any antisense TERRA, sug-

gesting that this is mostly G-rich single-stranded RNA. The control
18S probe identified 18S RNA in cellular debris and microvesicles,
but not in the exosome fraction. These results indicate that
cfTERRA is enriched in exosome-like fractions from human LCLs.

cfTERRA Was Protected by a Structure with Similar Density as Exosomes.
To better characterize cfTERRA, we fractionated extracellular
vesicles on sucrose gradients using tetraspanin CD63 as a marker
for exosomes (36) (Fig. 2). We observed that cfTERRA cofrac-
tionated with the faster migrating form of CD63+ through the
sucrose gradient centrifugation (Fig. 2 A and B). We examined
these fractions by electron cryo-microscopy and observed that most
of the spherical exosomes (red arrows) comigrated with cfTERRA
and fast migrating CD63 in fraction 9 (density, 1.15 g/mL), along
with some other membrane vesicles (green arrows). Although
fraction 3 contained the slower mobility (and presumably glycosy-
lated) form of CD63 typically associated with exosomes, there were
few exosome structures and many large macromolecular complexes
presumably of protein composition (blue arrows) in this fraction.
To investigate whether cfTERRA was within exosomes, we com-
pared the RNase sensitivity of cellular TERRA with exosome
fraction of cfTERRA (Fig. 2D). Although cellular TERRA was
efficiently degraded by RNase mixture treatment, cfTERRA
was protected from RNase activity when the exosome structure
was intact. In contrast, purified cfTERRA from denatured exo-
somes were mostly degraded by RNase mixture treatment (Fig.
2D). Exosome fractions did not contain detectable amounts of
control 18S RNA. These findings indicate that cfTERRA cofrac-
tionates with the nongylcosylated CD63+ exosome fraction where it
remains resistant to RNase treatment either by encapsulation
within the exosome or its association with other factors that
copurify with exosomes.

cfTERRA Is Bound by Histones in Exosome Fraction. Sucrose gradient
fractions enriched in TERRA (fraction 9) and CD63 were ana-
lyzed by silver staining of SDS/PAGE and then by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) to identify
the protein composition (Fig. 3 A and B, Fig. S3, and Dataset
S1). MS revealed histones and ribosomal proteins, as well as
many known exosome components (Fig. S3), including CD81,
CD20, and annexin A1 (Fig. 3B) (37). Western blot confirmed the
enriched levels of histone H3 and H4, as well as CD81, CD63, and
LMP1 in the sucrose fractions containing TERRA (Fig. 3B). To
determine whether cfTERRA is associated with any of the protein
components of the exosome fraction, we performed immuno-
precipitation assays on these exosomes (Fig. 3 D–F). We found
exosome-associated TERRA could be immunopurified with
antibodies to exosome membrane constituents CD81 and to a
lesser extent with CD63. TERRA could also be detected in im-
munoprecipitation (IP) with H3 antibody, suggesting some
cfTERRA may associate with chromatin components outside
of exosomes (Fig. 3 E and F). Exosome-associated TERRA was
detected at higher levels than 18S RNA relative to total cellular
amounts, suggesting that TERRA is selectively enriched in exo-
somes in LCLs.
To determine whether TERRA was physically associated with

any protein constituents found in exosome fractions, we per-
formed extracellular ChIP (Exo RNA-ChIP) assays using form-
aldehyde cross-linking before exosome lysis (Fig. 4A). We found
that TERRA was significantly enriched in histone H3 Exo RNA-
ChIP and to a much lesser extent with TRF2 (Fig. 4 B and C). In
contrast, 18S RNA was enriched with S6 and H3 cellular RNA-
ChIP, but not detectable in Exo RNA-ChIP. We also performed
Exo DNA-ChIP on total extracellular fractions (Fig. S4). We
found that telomere repeat DNA (both sense and antisense)
could be detected in both H3 and TRF2 Exo DNA-ChIPs,
whereas α-satellite DNA was enriched only in the H3 ChIP (Fig.
S4 B and C). These findings indicate that chromatin-associated
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Fig. 1. Identification of cfTERRA in exosome fractions. (A) RNA-FISH analysis of TERRA expression on mouse medulloblastoma tumor (Left) and embryonic
E14.5 brain tissue sections by confocal microscopy. TERRA was stained with (CCCTAA)3 PNA probe in red, and nuclei were counterstained with DAPI in blue on
mouse medulloblastoma tissue (Left) or cerebral cortex section of E14.5 WT mouse embryo (Right). Cortical plate (CP) and ventricular Zone (VZ) are indicated.
RNase A treatment eliminates all signals of TERRA (Lower). Arrows indicate TERRA signals found outside of nuclei. Images were taken with 40× lens at zoom
2. (B) TERRA foci were found outside of nuclei in human lymphoblastoid cell lines grown under normal serum (15%) or serum starved (0.5%) conditions for
24 h before fixation. (Right) Zoom image of the same LCL samples. (C) RNA-seq analysis of cell-free DNA from various normal and cancer blood plasma
samples. TERRA (as defined by six tandem UUAGGG repeats) and its ranks in read counts relative to all other genes. Whisker plots demonstrate distribution of
gene expression levels that had at least 10 aligned RNA-seq reads. Dots represent RPKM values for the top 20 expressed genes. Among those, highlighted are
cfTERRA and 6 other known genes that appear in the top 20 genes across all samples the most. (D) Flowchart for fractionation of culture medium by dif-
ferential centrifugation. The conditions of each centrifugation or filtering are indicated above the black arrows. Pellets highlighted in red are used for
analysis of RNA or proteins. (E) Northern blot analysis of TERRA levels in extracellular fractions from LCL culture medium. RNA was isolated from pellets of the
differential centrifugation as shown in C. Equal mass amounts of RNA (1 μg) were either mock treated (−) or treated with RNase A (100 μg/mL) for 30 min at
37 °C before Northern blot analysis. The blot is hybridized with 32P-labeled probes for TERRA, antisense TERRA, or 18S RNA, or indicated under the blot.
Numbers on the left show the position of RNA markers in base pairs.
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DNA fragments enriched with telomeric and α-satellite DNA
fragments can be found in extracellular fractions.

cfTERRA Modulates the Transcription of Inflammatory Cytokines in
Recipient Cells. Exosomes have been implicated in various types
of intercellular communications, including the modulation of
inflammatory cytokines and the innate immune signaling (38).
We therefore tested whether exosomes from LCLs enriched with
cfTERRA could induce transcription for various cytokines and
chemokines. We found that cfTERRA-enriched exosome frac-
tions efficiently induced transcription of several cytokines,
including IL6, TNFα, GMCSF, and C-X-C chemokine 10
(CXCL10) (Fig. 5 A and B and Fig. S5A). To determine whether
cfTERRA levels in exosomes correlated with cytokine activation,
we isolated exosomes from cells engineered to produce elevated
TERRA levels (Fig. 5C). Exosomes were isolated from HCT116
cells transduced with ectopic TRF1(ΔN) or TRF1(ΔN) fused to
the transcription activation domain of VP16 [VP16-TRF1(ΔN)].
We validated by Northern blot that VP16-TRF1(ΔN) induced
high levels of cellular and exosome-associated TERRA relative
to vector and TRF1ΔN only (Fig. 5D), suggesting TERRA was
induced by the VP16 domain instead of ectopic expression of
TRF1(ΔN). Although some 18S RNA was detected in exosomes
from vector control samples, no 18S was detected in TRF1(ΔN)

or VP16-TRF1(ΔN), and U1 RNA was not detected in any
exosome fraction (Fig. 5D). Protein levels of cellular TRF1 and
exosomal CD63 were monitored by Western blot (Fig. 5E).
Exosomes normalized by CD63 expression levels were then in-
cubated with peripheral blood mononuclear cells (PBMCs) and
assayed for cytokine induction (Fig. 5F). We found that exo-
somes from VP16-TRF1ΔN containing the highest levels of
cfTERRA induced the highest levels of cytokine mRNA, in-
cluding IL6, TNFα, and CXCL10 while having no significant effect
on control GUSB mRNA levels (Fig. 5F and Fig. S5B). To de-
termine whether TERRA alone is capable of stimulating in-
flammatory cytokine transcription on recipient cells, we
expressed and purified sense or antisense TERRA-containing
RNA transcripts, as well as equimolar U6 transcripts, and de-
livered these in liposomes to either PBMCs (Fig. S6A) or IMR90
fibroblasts (Fig. 5 G and H). We found that synthetic TERRA-
containing liposomes selectively stimulated IL6, CXCL10, and
TNFa in IMR90 cells (Fig. 5H) and to a lesser extent in PBMCs
(Fig. S6A). We also found that short synthetic oligonucleotides
(36 bp) containing TERRA could partially induce some cytokine
production, although not fully recapitulating endogenous exosomes
(Fig. S6B). Taken together, these findings suggest that exosome-
associated cfTERRA may function to modulate cytokine pro-
duction in recipient cells.

Fig. 2. cfTERRA copurifies with exosomes. (A) Northern blot analysis of total cellular RNA (10 and 5 μg) or RNA isolated from total exosome fractions from either
fresh media or LCL extracellular media or exosomes that were fractionated on a continuous sucrose gradient (fractions 1–11) were probed for TERRA (Upper) or
18S RNA (Lower). (B) Western blot analysis of sucrose fractions (as shown in A) with CD63 antibody using nonreducing (Upper) or reducing (Lower) SDS/PAGE. The
unmodified and glycosylated CD63 mobilities are shown as indicated. (C) Electron cryo-microscopy analysis of sucrose fractions 3 and 9. Exosomes are indicated
with red arrows, whereas other vesicle structures are indicated with green arrows. The blue arrows indicate a presumed protein macromolecular complexes found
in fraction 3. (Scale bars, 100 nm.) (D) Schematic of RNase protection assay used in E. Exosomes were treated with or without RNase mixture (Protected Exo-RNA)
or exosome RNA was first isolated and then treated with or without RNase mixture (Exo-RNA). (E) Northern blot of RNA isolated from LCLs or LCL-derived
exosomes. Exosomes were pretreated without (−) or with (+) RNase mixture before RNA isolation (Protected Exo-RNA) or treated after RNA isolation (Exo-RNA)
and cellular RNA. The isolated RNA was analyzed by Northern blotting and hybridized with 32P-labeled probes for TERRA or 18S RNA as indicated.
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Discussion
Telomeres have been implicated in the cell intrinsic regulation of
senescence (39), as well as in more complex functions, including
tissue homeostasis (40) and organismal aging (41). Telomere-
associated changes are known to occur in cancerous and pre-
cancerous lesions (42), and many of these lesions are known to
have a senescence-associated secretory phenotype (SASP) that can
drive carcinogenesis (43). Cells with short telomeres produce a
distinct pattern of cytokines that has been referred to as a telo-
mere-associated secretory phenotype (TASP), which is distinct
from SASP (5, 44). The mechanism through which telomere dys-
function produces extracellular signals relevant to tissue microen-
vironment, inflammation, and cancer is not completely understood.
Here, we demonstrate that TERRA-derived RNA fragments

can be found in the extracellular fraction of mouse tumor and
normal embryonic tissue, human blood plasma, and human cell
lines in culture. cfTERRA from human LCLs copurified with
CD63+ and CD81+ exosome fractions and coprecipitated with
histone H3, suggesting that cfTERRA forms a chromosomal-like
ribonucleoprotein particle within or associated with exosomes.
We showed that exosome fractions enriched in cfTERRA in-
duced inflammatory cytokines from human PBMCs. We also

found that synthetic TERRA could induce a similar inflamma-
tory response in human fibroblasts. We conclude that cfTERRA
is a component of exosome fractions that can modulate the
inflammatory response.

TERRA Is Deregulated in Cancer and Stress Response. TERRA ex-
pression can be regulated by developmental and stress-related
signals, including DNA damage and viral infection (7, 45–47).
Telomere shortening may also increase TERRA expression (48),
but it is not clear that senescent cells show a global increase in
TERRA levels. We found that TERRA can be enriched in some
cancer tissues (17) and is highly induced in cells after infection by
herpes simplex virus 1 (HSV1) (47). TERRA has been shown to
have several functions at telomeres, including recruitment of
telomerase (48), inhibition of telomerase (49), assembly of DNA
damage repair proteins (50), and maintenance of telomeric
heterochromatin (12). However, TERRA has not yet been im-
plicated in TASP or other related telomere-extrinsic functions.

Telomeres and Immunological Response. Several lines of evidence
suggest that telomeric events can impact the innate immune re-
sponse and tissue microenvironment. Although telomere shortening

Fig. 3. cfTERRA is associated with exosomes. (A) Sucrose fractions collected in Fig. 2 were assayed by SDS/PAGE and visualized by silver staining. Molecular
weight of the marker was indicated on the left in kilodaltons. (B) Summary of LC/MS/MS data from sucrose fractions F8 and F9. Proteins identified by MS from
the major categories of histone, ribosomal protein, or exosome component are shown. Percent coverage and unique peptide counts are indicated. Full list of
MS identified peptides is provided in Table S2. (C) Western blotting of sucrose factions using antibodies specific for CD31, CD81, CD63, LMP1, S6, histone H4,
and H3 antibodies. (D) Schema of exosome immunoprecipitation and RNA isolation method used in D and E. (E) Exo RNA IP using antibodies to CD63 (TS63),
CD63 (H5C6), CD81, CD31, S6, H3, or control IgG. Isolated RNA was then assayed by dot blotting with TERRA or 18S-specific probes. (F) Quantification of three
independent replicates of Exo RNA IP as represented in E. Error bars, SD.
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and dysfunction can limit immunological function by restricting
proliferation of immune cells, telomere shortening appears to also
increase systemic inflammation, including that associated with lupus
erythematosus, rheumatoid arthritis, and granulomatous diseases
(51). Individuals with short telomeres in leukocytes were found to
have elevated biomarkers for systemic inflammation (52). TERC−/−

mice with shortened telomeres undergo immune inflammatory re-
sponse in bone marrow macrophages due to a TLR4-depenent
activation of IL6 and TNFα (53). Perhaps related is the finding that
telomere shortening in aged human macrophages resulted in im-
paired STAT5 signaling (54). Telomere uncapping was found to be
associated with cellular senescence and inflammation in human
arteries (55). Furthermore, malignant cells with elevated TRF2
levels had a decrease in natural killer (NK) cell infiltration in the
tumor microenvironment (56). These findings suggest that telo-
meres contribute directly or indirectly to inflammatory signaling.

Immunological Effects of Telomere Repeat DNA. Synthetic oligonu-
cleotides containing CpG-DNA are known to be potent agonists
of innate immunity through activation of Toll-like receptors
(TLRs) (57). This activity is thought to reflect the innate immune
response to foreign viral and bacterial DNA. Interestingly, syn-
thetic telomere repeat DNA was found to suppress the production
of cytokines induced by CpG DNA, as well as by other TLR ag-
onists, including lipopolysaccharides (LPSs) (58) and various
polyclonal activators (21, 59). Molecular targets for TTAGGG-
repeat oligonucleotides have included STAT1 and STAT4 (60)
and the lupus autoantigen Ku (61). Additionally, native DNA
from telomerase-deficient mice had reduced capacity to inhibit
inflammation compared to that of the control DNA (62), supporting
the hypothesis that telomere-rich DNA is immunomodulatory. There
have been fewer studies on the immunological effects of telomeric
RNAs. However, a recent report showed that telomere RNA
forming G-quadruplex structures can induce global changes in
gene expression, including suppression of innate immune sensing
genes (63).

Components of the Exosome Code. The complex combination of
factors that comprise exosomes and the type of recipient cells
that sense the exosomes may determine the nature of the signal

and response. Specific signaling through exosomes depends on
the cell source of the exosomes, as well as the recipient cell
receptors. Exosome coding information is provided by the lipid,
protein, and nucleic acid composition. Although we did not
detect full-length TERRA molecules in exosomes, the smaller
processed forms of TERRA are highly enriched in exosomes
from various cell types, especially LCLs (Fig. S2). This smaller,
processed form of TERRA was also found to be associated with
histones, which were also a major protein component of the
inflammatory exosome fraction from human LCLs. Although
exosomes containing higher levels of TERRA elicited greater
cytokine response and purified TERRA molecules can stimu-
late cytokines, it is not yet clear whether the endogenous
cfTERRA in exosomes is the primary immunomodulator in
these microvesicles. Nevertheless, we propose that processed
cfTERRA associated with histones constitutes an important telo-
mere-derived component of inflammatory exosomes with po-
tential to modulate signaling capacity. Thus, cfTERRA may
constitute an important component of a complex, yet incompletely
understood exosome code.

Materials and Methods
Plasmids for TERRA Induction. TRF1ΔN (44-439) was cloned from pBSK-hTRF1
(a gift from T. de Lange, Rockefeller University, New York) and inserted
either in control Lentivirus vector pLU-CMV-Flag (Protein Expression Facility,
Wistar Institute) or Vp16 domain-containing vector pLU-CMV-Flag-Vp16.

Culture Medium Fractionation and Exosome Isolation. The supernatant of the
LCL culture was fractionated and prepared for exosomes isolation by dif-
ferential centrifugation as previously described (64), with somemodifications
(SI Materials and Methods).

ChIP Assays. Cellular ChIP assays were performed as previously described (65).

PBMC Isolation and Cytokine Stimulation. PBMCs were isolated from fresh
donated human blood by density gradient centrifugation with Lymphoprep
in SepMate-50 tubes (Stemcell Technologies). Liposomes were prepared by
incorporating RNA from in vitro transcription or synthesized oligos (IDT) into
Lipofectamine 2000 as previously described (66).

Additional methods are included in SI Materials and Methods.

Fig. 4. cfTERRA is associated with histones. (A) Schema of Exo RNA ChIP assay. (B) RNA ChIP assays were performed with exosomes (Exo) or cellular (Cell) LCLs
using antibodies specific for CD63, S6, H3, TRF2, or control IgG. Isolated RNA was treated with either mock (−) or RNase A and then assayed by hybridization
with probes for TERRA, TERRA-antisense, EBER1, or 18S, as indicated. (C) Quantification of at least three independent TERRA RNA ChIP assays, a repre-
sentative shown in B. Bar graphs represent mean values with SDs. P values were calculated by two-tailed Student t test: *P < 0.05, **P < 0.01.

E6298 | www.pnas.org/cgi/doi/10.1073/pnas.1505962112 Wang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1505962112


Fig. 5. Exosome-associated TERRA stimulates inflammatory cytokines. (A) RNA dot blot analysis of sucrose gradient fractionation of LCL-derived exosomes
probed for TERRA (Upper), TERRA antisense, 18S rRNA, or alpha-satellite RNA (Lower). (B) Total exosomes (input) or sucrose gradient fractions were incubated
with PBMCs for 3 h and then assayed by qRT-PCR for expression of IL6, TNFα, GM-CSF, CXCL10, or control GUSB mRNA. Bar graphs represent qRT-PCR values
relative to gapdh mRNA (mean ± SD) from three independent experiments. (C) Schema of VP16-TRF1(ΔN) activation of TERRA. (D) RNA dot blot for TERRA,
18S, or U1 RNA from HCT116 cells (Left) or exosomes (Right) transduced with vector, TRF1(ΔN), or VP16-TRF1(ΔN). (E) HCT116 cells transduced as in D were
assayed by Western blot for CD63, TRF1, FLAG, and Actin. (F) qRT-PCR for expression of IL6, TNFα, CXCL10, or control GUSB mRNA for PBMCs treated with
exosomes derived from HCT116 cells transduced with vector control (green), TRF1(ΔN) (red), VP16-TRF1(ΔN) (purple), or PBS control (black). (G) Northern blot
of in vitro transcribed TelG, TelC, or U6 RNA treated with control or RNaseA and probed for TERRA (Left), TERRA antisense (Center), or U6 (Right). (H) IMR90
cells were treated with liposomes containing TelG or TelC RNA for 24 h and then assayed by qRT-PCR for IL6, TNFα, CXCL10, or control GUSBmRNA. Bar graphs
represent qRT-PCR values relative to gapdh mRNA (mean ± SD) from three independent experiments.
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ATM in senescence

Katherine M. Aird and Rugang Zhang

Senescence is a state of stable cell growth arrest 
that can be triggered by multiple stressors, including 
oncogene activation [1]. In normal diploid mammalian 
cells, activation of oncogenes such as oncogenic RAS or 
BRAF decreases dNTP levels, which leads to replication 
stress and ultimately senescence [2]. In this context, 
oncogene-induced senescence (OIS) is considered to be an 
important tumor suppressor mechanism [1]. Overcoming 
OIS is necessary for cell transformation, which may 
ultimately lead to cancer development [3]. Therefore, 
understanding the basic mechanisms whereby cells bypass 
OIS is important for understanding the earliest events in 
tumorigenesis. Additionally, knowledge of the pathways 
that can overcome replication stress-induced senescence 
may allow for targeting of these specific pathways for 
cancer therapy or prevention.

We previously found that during OIS, 
downregulation of ribonucleotide reductase M2 (RRM2), 
the rate-limiting enzyme in dNTP biosynthesis, underlies 
the observed replication stress [2]. This correlates with 
a significant decrease in dNTP levels and the associated 
DNA damage response (DDR). This leads to the 
establishment and maintenance of the stable senescence-
associated cell growth arrest observed during OIS. Ectopic 
RRM2 or supplementation of cells with exogenous 
nucleosides is sufficient to overcome OIS, demonstrating 
the importance of nucleotide metabolism to OIS and the 
associated stable cell growth arrest. 

A question that arises from our previous study 
is how can cells overcome replication stress-induced 
senescence? To address this important question, we 
examined the effects of inhibition of ATM and ATR, 
two major players in the DDR that are activated during 
replication stress induced by RRM2 suppression [4]. 
Notably, inactivation of ATM, but not ATR, was able 
to overcome senescence induced by replication stress. 
Consistently, loss or mutations in ATM, but not ATR, 
increases cancer risk [5]. Senescence bypass induced by 
ATM inactivation correlates with an increase in cellular 
dNTP levels, further highlighting the importance of 
dNTP levels in the replication stress observed during 
senescence. This was neither due to compensation by other 
nucleotide metabolic pathway enzymes nor increased 
dNTP salvage. Instead, restoration of cellular dNTP levels 
by ATM inactivation in the context of replication stress is 
accompanied by metabolic reprogramming.

It has recently become clear that changes in 
metabolism occur during OIS, which often oppose the 

cancer-associated Warburg Effect [6]. We found that in 
the context of replication stress, loss of ATM increased 
glucose and glutamine consumption and utilization, 
similar to what is observed in cancer cells [3]. This 
suggests that reprogramming of cellular metabolism is 
sufficient to switch cells from a tumor suppressive to a 
tumor promoting phenotype. The observed metabolic 
reprogramming induced by ATM inactivation occurs 
through a coordinated downregulation of p53 activity and 
upregulation of c-MYC stability. Wild-type p53, but not 
its cancer-associated mutants, is known to suppress the 
activity of glucose-6-phosphate dehydrogenase (G6PD), 
the rate-limiting enzyme in the pentose phosphate pathway 
(PPP). The PPP is necessary for production of ribose-5-
phosphate, which is the sugar base of all nucleosides. 
Consistently, ATM inactivation increased G6PD activity 
in a p53 mutational status-dependent manner. Therefore, 

Editorial

Figure 1: ATM inactivation overcomes replication 
stress-induced senescence. In cells with functional ATM, 
replication stress induces senescence.  In cells without ATM, there 
is a coordinated upregulation of c-MYC and downregulation of 
p53 to increase glucose and glutamine utilization.  Additionally, 
decreased p53 increases activity of the pentose phosphate 
pathway (PPP).  This reprogramming in cellular metabolism 
increases dNTPs, which allows for cells to overcome the 
senescence-associated cell growth arrest to proliferate.
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ATM inactivation suppresses replication stress and the 
associated senescence by restoring cellular dNTP levels 
through a coordinated increase in nutrient substrates and 
activity of the PPP for dNTP biosynthesis (Figure 1). 

Our results demonstrate that in addition to its 
classical tumor suppressive role in the DDR, ATM 
functions as a tumor suppressor by suppressing cancer-
associated metabolism to promote senescence and the 
associated stable cell growth arrest. In our report, we found 
that inactivation of ATM coordinately suppressed p53 and 
activated c-MYC. Analysis of The Cancer Genome Atlas 
(TCGA) datasets indicates a mutual exclusivity between 
ATM inactivation and p53 mutation/inactivation/c-MYC 
amplification. This further supports our central hypothesis 
that these alterations function in the same pathway 
(where ATM is upstream of p53 and c-MYC) and either 
ATM inactivation or p53 inactivation together with 
c-MYC upregulation can induce the observed metabolic 
reprogramming. 

Our results have potential implications for 
developing cancer therapeutic strategies. There has 
been continuous interest in developing ATM inhibitors 
for utilization as a cancer therapy. However, based on 
our study, inhibition of ATM may lead to metabolic 
reprogramming that could enhance the cancer-associated 
Warburg Effect. This will need to be evaluated with 
caution to determine the impact on long-term changes 
in the malignant behavior of cancer cells given that 
metabolic pathways affect many aspects of cancer biology. 
Additionally, it is possible that patients with inactivated 

ATM will be more sensitive to therapeutic intervention 
using metabolic inhibitors. Further studies are warranted 
to determine the metabolic weaknesses exposed by 
ATM inactivation in order to target them with metabolic 
inhibitors. 

In conclusion, we found that ATM inactivation 
reprograms cellular metabolism to overcome replication 
stress-induced senescence. Understanding how cells 
overcome the tumor suppressive metabolism observed 
during senescence may lead to ways to prevent 
transformation of these cells or new ways to target these 
pathways in order to develop new cancer therapeutic 
strategies.
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Oncogene-induced senescence (OIS) is an important tumor suppression mechanism preventing uncontrolled
proliferation in response to aberrant oncogenic signaling. The profound functional and morphological remodelling of
the senescent cell involves extensive changes. In particular, alterations in protein ubiquitination during senescence
have not been systematically analyzed previously. Here, we report the first global ubiquitination profile of primary
human cells undergoing senescence. We employed a well-characterized in vitro model of OIS, primary human
fibroblasts expressing oncogenic RAS. To compare the ubiquitinome of RAS-induced OIS and controls, ubiquitinated
peptides were enriched by immune affinity purification and subjected to liquid chromatography tandem mass
spectrometry (LC-MS/MS). We identified 4,472 ubiquitination sites, with 397 sites significantly changed (>3 standard
deviations) in senescent cells. In addition, we performed mass spectrometry analysis of total proteins in OIS and control
cells to account for parallel changes in both protein abundance and ubiquitin levels that did not affect the percentage
of ubiquitination of a given protein. Pathway analysis revealed that the OIS-induced ubiquitinome alterations mainly
affected 3 signaling networks: eIF2 signaling, eIF4/p70S6K signaling, and mTOR signaling. Interestingly, the majority of
the changed ubiquitinated proteins in these pathways belong to the translation machinery. This includes several
translation initiation factors (eIF2C2, eIF2B4, eIF3I, eIF3L, eIF4A1) and elongation factors (eEF1G, eEF1A) as well as 40S
(RPS4X, RPS7, RPS11 and RPS20) and 60S ribosomal subunits (RPL10, RPL11, RPL18 and RPL35a). In addition, we
observed enriched ubiquitination of aminoacyl-tRNA ligases (isoleucyl-, glutamine-, and tyrosine-tRNA ligase), which
provide the amino acid-loaded tRNAs for protein synthesis. These results suggest that ubiquitination affects key
components of the translation machinery to regulate protein synthesis during OIS. Our results thus point toward
ubiquitination as a hitherto unappreciated regulatory mechanism during OIS.

Introduction

Cellular senescence is a state of stable cell growth arrest.1 In
primary mammalian cells, activation of oncogenes such as RAS
typically induces senescence.2,3 Oncogene-induced senescence
(OIS) prevents primary cells from uncontrolled proliferation and
malignant transformation.4 During OIS, cells undergo a diverse
array of phenotypic changes. For example, chromatin in senes-
cent cells reorganizes to form senescence-associated heterochro-
matin foci (SAHF) that contributes to senescence-associated cell
growth arrest by silencing the proliferation-promoting genes.5,6

In addition, senescent cells display an increase in senescence-asso-
ciated b-galactosidase (SA-b-Gal) activity.7 It has been well
established that p16/pRB and p53/p21 tumor suppressor path-
ways play a key role in senescence-associated cell growth arrest.8

The extensive functional and structural remodelling of the cell

during OIS is reflected by profound changes in the proteome.9

This suggests that regulation of protein synthesis and/or degrada-
tion might play a role in OIS.

Ubiquitination is an effective regulatory mechanism to induce
proteome alterations. It is a common post-translational modifica-
tion (PTM) where one (monoubqiquitination) or a chain of sev-
eral ubiquitin molecules (polyubiquitination) are covalently
attached to a substrate protein. Different states of ubiquitination
determine the fate of a protein: polyubiquitination usually marks
a protein for degradation in 26S proteasome-dependent man-
ner,10 while monoubiquitination can alter protein function.11

Ubiquitination is carried out by 3 types of enzymes, E1, E2, and
E3 ligases, which consecutively activate, transfer and covalently
link ubiquitin to lysine residues in a substrate protein.12 In con-
trast, ubiquitin can be removed from proteins by deubiquitinat-
ing enzymes (DUBs).13 Thus, ubiquitination is a dynamic
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cellular process that can quickly affect cellular protein levels and
function. Despite studies of alterations in gene expression profiles
and proteomes in OIS,9,14 changes in ubiquitinated proteins
(ubiquitinome) during senescence have never been profiled.
Here, we systematically analyzed OIS-related changes of the
ubiquitinome in primary human fibroblasts.

Results

We set out to identify OIS-associated changes in the ubiquiti-
nome in primary human cells by LC-MS/MS. First we sought to
determine the time needed for RAS-infected primary human cells
to undergo senescence. Toward this goal, we infected primary
human fibroblasts IMR90 cells with a retrovirus encoding onco-
genic H-RASG12V to induce senescence. Consistent with previous
studies,15 RAS-infected cells exhibited a significant increase in
SA-b-gal activity (Fig. 1A and B) 6 d after infection. Next, we
sought to examine senescence-associated cell cycle exit by BrdU
incorporation. Indeed, there was a significant decrease in BrdU
positive cells in RAS-infected cells compared with controls
(Fig. 1C and D). Consistently, the expression of cell prolifera-
tion marker cyclin A was reduced in RAS-infected cells, while the
expression of senescence marker p16 was upregulated in these
cells compared with controls (Fig. 1E). Likewise, there was an
apparent cell growth inhibition in RAS-expressing cells compared
with controls as determined by colony formation assay (Fig. S1).
Together, we conclude that 6 d post infection, there is a signifi-
cant increase in the expression of markers of senescence and a
decrease in cell proliferation markers in RAS-infected cells com-
pared with control. Thus, we chose to perform our ubiquitinome
and global proteome analyses at 6 d post RAS-infection.

For ubiquitinome analysis, stable isotope labeling with amino
acids in cell culture (SILAC) 16 was performed in primary
IMR90 fibroblasts starting at population doubling 20 (PD20).
Cells were passaged in culture medium labeled with heavy 13C6-
lysine and 13C6-arginine for 5 passages to ensure that all proteins
in these cells were isotope labeled. Next, these cells were infected
with a retrovirus encoding oncogenic H-RASG12V (Fig. 2A). In
parallel, control retrovirus-infected cells at the same passage were
cultured in regular culture medium with light labeled 12C6-lysine
and 12C6-arginine. The control and RAS-infected cells were har-
vested at day 6 post-infection. Before cell harvest, cells were
treated with the proteasome inhibitor MG132 (5 mM) for
5 hours to prevent ubiquitin-dependent protein degradation. For
comparison, protein lysates of heavy isotope labeled RAS-
infected and control cells cultured in light isotopes were mixed in
a 1:1 ratio. As a quality control, a 1:1 mixture of protein lysates
from heavy and light labeled controls was included for compari-
son. Tryptic digest of the protein lysates generated peptides with
e-G-G residues at ubiquitination sites, since the C-terminal
sequence of ubiquitin is KESTLHLVLRLRGG, which is cleaved
after Arg (R).17 Prior to LC-MS/MS, ubiquitinated peptides
were enriched by immune affinity purification using an anti-e-G-
G peptide antibody (Fig. 2B). A global proteome analysis was
also performed on non-enriched combined lysates of RAS-

infected heavy labeled and control light labeled cells to determine
the general protein level changes.

The ubiquitinome analysis of RAS-infected and control cells
identified 4,472 ubiquitinated peptides (at a false discovery rate
of 1%), of which 397 (8.8%) showed a significantly changed
abundance (>3 Standard Deviations relative to biological repli-
cate control). The biological replicate control using equal
amounts of light and heavy labeled protein lysates from control
fibroblast showed only 85 peptides with significant change out of
5,135 identified ubiquitinated peptides (1.6%) (Fig. 3A). This
demonstrates a good signal (8.8%) to noise (1.6%) ratio. One
example of a ubiquitinated peptide with significant change in
OIS compared to control fibroblasts was VHIDK(gl)AQQNN-
VEHK representing the ribosomal protein RPS7 with a Heavy/
Light fold change of 2.7 (Fig. 3B). The 397 significantly changed
ubiquitinated peptides belonged to 253 proteins. Some proteins
(such as RPS11 and EIF4A1) were ubiquitinated at multiple
sites. In most cases where multiple ubiquitinated peptides were
identified in a single protein (multiubiquitination), the ubiquiti-
nation sites showed very similar OIS-induced abundance
changes. The global proteome analysis of RAS-infected and con-
trol fibroblasts identified 5,195 proteins. Fold changes detected
in the global proteome analysis were used to adjust the fold
changes in the ubiquitinome dataset. Not all proteins with
changed ubiquitination were identified in the global proteomics
analysis and the associated ubiquitinated sites were not included
in the final data set of modified sites. In addition, correction for
changes in protein level reduced some ubiquitination site changes
to less than 1.5-fold and these sites were removed from the final
dataset. Therefore, the final data set of significantly changed
ubiquitinated proteins used for further analyses was reduced to
201 proteins (Fig. 3C).

Ingenuity pathway analysis (IPA) was performed on the global
proteome data of RAS-infected and control fibroblasts. The anal-
ysis revealed major OIS-induced changes in regulatory networks
including: dermatological diseases, cancer, cellular assembly, and
DNA replication (Table S1). Alterations in these protein net-
works reflect cellular and functional alterations that occur during
OIS, such as changes in fibroblast marker proteins, enhanced
oncogenic signaling, structural changes, and induction of replica-
tion shutdown. Further analysis identified the most affected
canonical pathways: adherens junction signaling (¡logp D 7.00),
cell cycle control of chromosomal replication (¡logp D 6.79),
hepatic fibrosis (¡logp D 6.76), including several cytokines typi-
cally secreted during senescence (IL8, IL1a, and IL1b)
(Table S2). The pathways identified from analyzing our dataset
are consistent with previously published OIS-dependent prote-
ome changes. 9

Next, we sought to analyze the OIS-associated changes in the
ubiquitinome. For our analysis of the ubiquitinome data set we
used the 201 proteins that exhibited significant fold changes of at
least 1.5-fold after correcting for any changes in the total levels of
individual proteins. IPA on the processed dataset revealed that
the molecular networks most affected in the OIS ubiquitinome
included: 1(hereditary disorder, carbohydrate metabolism, 2)
developmental disorder, muscular and skeletal disorder, protein
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synthesis, 3) cancer, cardiovascular disease (Fig. 4A). Notably,
ubiquitin (UBC) represents the central node of the network with
the highest score “hereditary disorder, carbohydrate metabolism,”
supporting a mechanistic link (Fig. 4B).

The main canonical pathways affected in the ubiquitinome of
senescent cells were eIF2 signaling (¡logp D 9.90), eIF4 and
p70S6K signaling (¡logp D 8.00), and mTOR signaling (¡logp
D 5.02) (Fig. 5A). These identified pathways transmit mitogenic
signals to induce cell growth and proliferation. The mTOR path-
way controls cell metabolism and proliferation in response to
hormones, growth factors and mitogens.18 It is also activated by
oncogenic RAS signaling.19 Downstream of mTOR, S6Kinase
activates ribosome biogenesis and protein synthesis.20 eIF2 is a
regulator of translation initiation, the rate-limiting step of pro-
tein synthesis.21,22 The 3 affected canonical pathways converge
on their effector molecules, which are ribosomal proteins and

translation factors (Fig. 5). The translation initiation factors eIF-
2B4, eIF3L, and eIF4A1 were enriched (3.4-fold, 2.4-fold, 2.7-
fold) in the OIS-associated ubiquitinome (Fig. 5B; Table S3).
They are involved in formation of the ternary complex and initia-
tion complex to start mRNA translation. Apart from that, several
translation elongation factors were changed as well (Table S3).
The most striking difference (9.2-fold) was observed for eEF1G,
a subunit of the elongation factor-1 complex, which is responsi-
ble for the delivery of aminoacyl-tRNAs to the ribosome
(Table S3). The 40S ribosomal subunits RPS4X, and RPS7 were
enriched (2.3-fold and 2.7-fold respectively), whereas RPS20 was
decreased (¡3.7-fold). The 60S ribosomal subunits RPL10,
RPL11, and RPL35a were also increased (2.1-fold, 2.8-fold and
2.7-fold, respectively), while RPL18 was decreased (¡8.6-fold)
in the OIS ubiquitinome (Fig. 5B; Tables S3 and S4). In addi-
tion, we observed enriched ubiquitination of isoleucyl-,

Figure 1. Senescence-induction by overexpression of oncogenic RAS. (A) Primary human fibroblasts (IMR90) were infected with a retrovirus encoding for
oncogenic H-RASG12V or control. At day 6 post infection, drug-selected cells were assayed for Senescence-associated b-galactosidase (SA-b-gal) activity.
(B) Quantitation of A. Mean of 3 independent experiments (error bars D SEM). ***P < 0.001. (C) Same as A, but labeled with BrdU for 1 hour to visualize
replicating cells. (D) Quantitation of C. Mean of 3 independent experiments (error bars D SEM). *P < 0.05. (E) At day 6 post infection, drug-selected cells
were examined for the expression of cyclin A and p16 by immunoblotting.
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glutamine-, and tyrosine-tRNA-ligase, (65-fold, 5.3-fold, and
3.0-fold respectively), which synthesize amino acid-loaded
tRNAs for protein synthesis (Table S3). These identified changes
cumulatively indicate an effect on ribosome biogenesis and trans-
lation in OIS. Taken together, the OIS-associated changes in
ubiquitination of many functionally different components of the
translation machinery might indicate a general effect on protein
synthesis (Fig. 6).

Discussion

OIS is a cellular process that involves dramatic functional and
morphologic changes inducing a stable cell growth arrest. This is
reflected by alterations in the proteome.9 Our study reveals that
ubiquitination is implicated in OIS-associated remodelling of the
proteome. Global proteome comparison of RAS-induced senes-
cent and control fibroblasts showed significant changes in fibro-
blast proteins, oncogenic signaling, structure molecules, and
replication. In addition, typical OIS-related changes were
observed in cell cycle control, DNA replication and in cytokines
typically secreted in senescence. Our analysis of the OIS-associ-
ated ubiquitinome showed significant changes in 397 ubiquitina-
tion sites. Correcting the fold changes of the ubiquitinated
peptides by protein level changes (indicated by the global prote-
ome analysis), as we have done here, may result in the loss a few
biologically meaningful changes from the data set. However, it

filters out cases where the protein abun-
dance level has changed but the stoichi-
ometry of ubiquitin modification has not
changed. This should make the ubiquiti-
nome data more reliable as changes in
ubiquitin stoichiometry are more likely
to affect the biological phenotype. IPA
analysis revealed that the molecular net-
works most affected in the OIS ubiquiti-
nome were hereditary disorder and
carbohydrate metabolism, developmental
disorder, muscular and skeletal disorders,
protein synthesis, and cancer. A role of
carbohydrate metabolism for the mainte-
nance of senescence has been established
before.23,24 The main signaling pathways
affected were eIF2, S6Kinase and mTOR
signaling. All of these pathways regulate
cell growth and proliferation.25 They also
share common downstream effector pro-
teins: translation initiation and elonga-
tion factors and ribosomal subunits.
These effectors control protein synthesis
by regulating cap-dependent translation
of mRNAs, ribosome biogenesis and
tRNA loading.20,26,27 Since K-e-G-G
MS/MS does not discriminate between
poly- and monoubiquitinated sites, 17

detection of an enhanced ubiquitination
implies either increased degradation of the target protein or
changes in protein function. Our findings suggest that mRNA
translation may be altered in OIS as a consequence of ubiquitina-
tion changes in several components of the translation machinery.

There is evidence for ubiquitination of ribosomal proteins in
response to mitogenic signals.28 Continuous mitogenic/onco-
genic signaling, as in OIS, causes ribosomal stress that affects
translation initiation.29 Importantly, translation is not
completely shut down in senescent cells, since they remain meta-
bolically active and protein synthesis is a prerequisite for the
induction of the senescence associated secretory phenotype
(SASP). Inhibiting protein synthesis by cycloheximide treatment
prevents fibroblasts from RAS-induced senescence.9 It is there-
fore likely that protein synthesis is differentially regulated by
ubiquitination in a way that decreases general mRNA translation
while enhancing translation of mRNAs encoding for OIS-rele-
vant proteins such as SASP factors. Regulation of mRNA transla-
tion could be an important means to alter the proteome and
enforce the OIS phenotype. Compared with changes in transcrip-
tion, changes in translation induced by ubiquitination may repre-
sent a fast and efficient way to drive OIS-associated phenotypes.
Together, our data suggest that ubiquitination represents an
important regulatory mechanism during OIS.

Cellular senescence is an important tumor suppression mecha-
nism and has been suggested as an alternative to apoptosis induc-
tion for developing cancer therapeutics.30 Our findings indicate
that ubiquitination affects key components of the translation

Figure 2. Experimental setup for analysis of the OIS-associated ubiquitinome. (A) time course of RAS-
induced OIS experiment. SILAC labeling of primary fibroblast (IMR90) was initiated at population
doubling 20 and maintained for the duration of the experiment. Cells were infected twice with H-
RASG12V or control retrovirus and selected by puromycin (1 mg/ml). Samples for mass spectrometry
were collected at day 6 after a 5 h treatment with the proteasome inhibitor MG132 (5 mM). (B) Sche-
matic of ubiquitination site identification by mass spectrometry. RAS and control fibroblasts labeled
with heavy or light SILAC, respectively, cell lysates were harvested and mixed in a 1:1 ratio. Trypsin
digest generated e-G-G residues at ubiquitination site and these peptides were enriched by immune
affinity purification prior to MS/MS.
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machinery to regulate protein synthesis during oncogene-induced
senescence. These findings suggest that targeting aspects of the
ubiquitination system with small molecules or biological
reagents31 to regulate translation machinery may represent new
strategies for inducing cancer cells to undergo senescence.

Materials and Methods

Cells and culture conditions
Human primary IMR90 fibroblasts were obtained from

ATCC and cultured according to ATCC and in DMEM, 10%
FCS, 1% L-glutamine, 1% non-essential amino acids, 1%
NaHCO3, 1% Penicillin/Streptomycin. Experiments were per-
formed on IMR90 cells between population doubling #25–30.
The plasmid pBabe-neo-H-RASG12V 5 was used to generate ret-
rovirus for RAS overexpression in IMR90 fibroblasts. Retrovirus
production and transduction were performed as described previ-
ously using Phoenix cells to package the infection viruses.32 An
empty pBabe vector plasmid was used as a control. IMR90 fibro-
blasts were infected twice and selected with 1 mg/ml puromycin
(Sigma #P8833).

Western blot, b-Galactosidase staining, and BrdU labeling
Cell lysates for Western blot were collected in RIPA buffer

supplemented with complete protease inhibitor cocktail (Roche
#1183617001). SA-b-galactosidase staining and BrdU labeling
was performed as described earlier.5,7

SILAC labeling
SILAC (Invitrogen #MS10030) labeling of IMR90 fibroblasts

with heavy 13C6-lysine and
13C6-arginine or control light

12C6-
lysine and 12C6-arginine SILAC medium was performed for 5
passages prior to induction of senescence and maintained in the
respective medium during the experimental period. To prevent
degradation of ubiquitinated proteins, cells were treated with
MG132 (5 mM) (Sigma #C2211) for 5 h before cell harvest.

Sample preparation
Cells were lysed with 8 M urea, 50 mM Tris-Cl (pH8),

1 mM EDTA, 1 mM Na3VO4, 2.5 mM sodium pyrophosphate.
Protein concentration was measured by BCA protein assay
(Thermo Scientific #PI-23227). For immune affinity enrich-
ment, 5.4 mg of experimental sample was created by mixing
equal amounts of lysates (2.7 mg each) from IMR90 cells

Figure 3. Representation of ubiquitin site proteomics and global proteomics data. (A) Ratio Heavy/Light versus intensity plots of ubiquitinated sites iden-
tified in control and experimental samples. Identifications with significantly changed ubiquitinated peptides (>3 Standard Deviations) are indicated in
red. (B) Extracted ion chromatograms of a SILAC pair (591.97 m/z, 595.99 m/z) corresponding to the triple charged ubiquitinated peptide VHIDK(gl)
AQQNNVEHK of the protein RPS7. The maximum intensity for both plots are fixed at 1E6. (gl) indicates diglycine remnant. (C) Venn diagram of proteins
identified as significantly changed in ubiquitin site proteomics vs. proteins identified by global proteomics.
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expressing oncogenic RAS (heavy SILAC labeled) or controls
transfected with empty vector (light SILAC labeled). To evaluate
technical and biological reproducibility of the proteome analysis

pipeline, equal amount of lysates from
control cells grown in light and heavy
SILAC medium were mixed at 1:1
ratio. All combined heavy/light samples
were reduced with 5 mM DTT, pH 8,
37�C, 45 min, alkylated with 10 mM
Iodoacetamide, pH 8, 37�C, 30 min
and quenched with 10 mM cysteine,
pH 8, 37�C, 30 min. The samples
were then digested with modified tryp-
sin (Promega; enzyme:protein D
1:100) for 4 h at a final urea concentra-
tion of 4 M, followed by overnight
digestion at a final urea concentration
of 2 M after adding another aliquot of
trypsin. Tryptic peptides were desalted
using Sep-Pak C18 (Waters Corpora-
tion, Milford, MA, USA), and ubiqui-
tinated peptides were enriched using an
antibody against the ubiquitin remnant
motif (K-e-GG) (Cell Signaling,
Cambridge, UK) according to the
manufacturer’s protocol and subjected
to LC-MS/MS analysis. For global pro-

teome analysis without immune affinity enrichment, 18 mg of
the experimental sample was separated on a SDS-PAGE gel. The
gel lane was sliced into 11 equal fractions, digested with trypsin

and analyzed by LC-MS/MS.

LC-MS/MS
Liquid chromatography tandem mass

spectrometry (LC-MS/MS) analysis was
performed on a Q Exactive mass spec-
trometer (Thermo Scientific) coupled
with a Nano-ACQUITY UPLC system
(Waters). Samples were injected onto a
UPLC Symmetry trap column (180 mm
i.d. £ 2 cm packed with 5 mm C18
resin; Waters), and tryptic peptides were
separated by RP-HPLC on a BEH C18
nanocapillary analytical column (75 mm
i.d. £ 25 cm, 1.7 mm particle size;
Waters) using a gradient formed by sol-
vent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetoni-
trile). For ubiquitin remnant enriched
samples, the gradient used was: 5–28%
B over 42 min, 28–50% B over
25.5 min, 50–80% B over 5 min, and
constant 80% B over 7.5 min. For
global proteome analysis, the gradient
used was: 5–28% B over 170 min,
28–50% B over 50 min, 50–80% B
over 10 min, and constant 80% B over
10 min. A 30-min blank gradient was
run between sample injections to

Figure 4. Disease and function networks affected by ubiquitinome alterations in RAS-induced OIS. (A)
Ingenuity network analysis of proteins with OIS-associated significant fold changes (>3 SD) at ubiquiti-
nation sites. Fold changes in ubiquitination sites were adjusted by changes on the protein level. The
cut-off for observations included in the analysis was set to a 1.5-fold change. (B) Ubiquitin (UBC) is the
central knot of the network 0 0heriditary disorder, carbohydrate metabolism0 0 .

Figure 5. Canonical pathways affected by ubiquitinome alterations in RAS-induced OIS. (A) Ingenuity
pathway analysis of proteins with OIS-associated significant fold changes (>3 SD) at ubiquitination
sites. Fold changes in ubiquitination sites were adjusted by changes on the protein level. The cut-off
for observations included in the analysis was set to a 1.5-fold change. (B) Focus molecules of the
affected pathways with respective fold changes at ubiquitination sites.
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minimize carryover. Eluted peptides
were analyzed by the mass spectrometer
set to repetitively scan m/z from 400 to
2000. The full MS scan was collected at
70,000 resolution followed by data-
dependent MS/MS scans at 17,500 res-
olution on the 20 most abundant ions
exceeding a minimum threshold of
8,300. Peptide match was set as pre-
ferred, exclude isotopes option and
charge-state screening were enabled to
reject singly and unassigned charged
ions.

MS data analysis
Mass spectrometry data were ana-

lyzed with MaxQuant 1.3.0.5 soft-
ware.33 MS/MS data were searched
against the human UniRef 100 protein
database (March 2013, Protein Infor-
mation Resource, Georgetown Univer-
sity) using full trypsin specificity with
up to 2 missed cleavages, static carboxa-
midomethylation of Cys, and variable
oxidation of Met, protein N-terminal
acetylation and diglycine addition to
Lys. Consensus identification lists were
generated with false discovery rates of
1% at protein, peptide and site levels. Reverse hits, contaminants,
and identifications without any H/L ratio were removed from all
datasets. Ubiquitinated sites were determined from the GlyGly
(K)Sites.txt table. Fold changes were calculated from the normal-
ized Heavy/Light ratio. A 3 standard deviation (SD) cut-off was
determined from the control heavy/light labeled sample, and was
used to identify sites displaying significant change in the experi-
mental sample. For global proteome analysis, protein identifica-
tions were obtained from the proteinGroups.txt table, and were
required to have at least 2 razorCunique peptides and a mini-
mum ratio count of 2. Fold changes of ubiquitinated sites were
adjusted by the observed fold change of the respective protein in
the global proteome comparison.

Ingenuity pathway analysis
QIAGEN’s Ingenuity� Pathway Analysis (IPA�, QIAGEN

Redwood City, www.qiagen.com/ingenuity) was employed to
analyze the data. The cut-off for observations included in the
analysis was set to a minimum of 1.5-fold change. Specialized tis-
sue functions were included in disease and function analysis.
Affected disease networks and canonical pathways were identified
by significant abundance changes in their focus molecules.
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A major discovery of recent cancer genome-wide sequencing studies 
has been the identification of significant alterations in genes respon-
sible for modifying chromatin structure1. ARID1A, which encodes a 
component of the SWI/SNF chromatin-remodeling complex, is among 
the genes that show the highest mutation rates across multiple cancer 
types2. The SWI/SNF complex remodels nucleosomes to modulate 
transcription, and its inactivation is thought to drive tumorigenesis 
by altering gene expression3. Notably, ARID1A is mutated in ~57% of 
ovarian clear cell carcinomas (OCCCs)4,5. ARID1A-mutated OCCCs 
are typically characterized by a lack of genomic instability4,6. It has 
been suggested that perturbations in the regulation of epigenetic chro-
matin remodeling may be able to substitute for genomic instability3. 
These findings suggest that epigenetic mechanisms play a critical role 
in OCCC. Despite the prevalence of genetic mutations of ARID1A, 
a rational therapeutic approach to target cancers with ARID1A  
mutations has not yet been explored.

EZH2, the catalytic subunit of polycomb repressive complex 2, 
silences gene expression through generation of the lysine 27 trimeth-
ylation mark on histone H3 (H3K27Me3) by its catalytic SET domain7. 
EZH2 is often overexpressed in OCCC8, and EZH2 gain-of-function 
mutations occur in hematopoietic malignancies such as diffuse large B 
cell lymphoma (DLBCL). Highly specific small molecule EZH2 inhibi-
tors have been developed, and the response to EZH2 inhibitors often 
correlates with gain-of-function mutations in EZH2 (refs. 9–11). EZH2 
inhibitors have entered clinical trials for the diseases mentioned above. 
Here we show that inhibition of EZH2 methyltransferase activity acts 
in a synthetic lethal manner in ARID1A-mutated cells. Our findings 

establish a new approach for targeting ARID1A mutation in cancer by 
using pharmacological inhibition of EZH2 methyltransferase activity.

RESULTS
EZH2 inhibitor is selective against ARID1A inactivation
As epigenetic mechanisms may play a critical role in ARID1A-mutated 
OCCC, we evaluated a panel of 15 commercially available small 
molecule inhibitors known to target epigenetic regulators to iden-
tify ‘hits’ that selectively inhibit the growth of ARID1A-inactivated  
cells (Supplementary Table 1). More than 90% of the ARID1A muta-
tions observed in OCCC are frame-shift or nonsense mutations that 
result in a loss of ARID1A protein expression4,5,12. To mimic the 
loss of ARID1A protein expression caused by the vast majority of 
ARID1A mutations4 and ensure the same genetic background, we 
performed the screen using ARID1A wild-type OCCC RMG1 cells 
with or without shRNA-mediated ARID1A knockdown (Fig. 1a,b and 
Supplementary Fig. 1a). Following drug selection, cells were plated 
onto Matrigel and treated with one of 15 individual small molecules or 
vehicle control using the half-maximal inhibitory concentration (IC50) 
(Supplementary Table 2). We performed the screen in 3D cultures 
using Matrigel to more closely mimic the tumor microenvironment13. 
Notably, ARID1A knockdown itself did not significantly affect the 
growth of RMG1 cells in 3D culture (Supplementary Fig. 1b). We 
based the dose of each small molecule on the previously established 
IC50 value (Supplementary Table 2). Diameters of acini formed in 
3D culture were measured as a surrogate for cell growth (Fig. 1c). 
We identified three small molecule inhibitors that significantly  
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Synthetic lethality by targeting EZH2 methyltransferase 
activity in ARID1A-mutated cancers
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David C Schultz3, Qin Liu4, Ie-Ming Shih5, Jose R Conejo-Garcia6, David W Speicher2,4 & Rugang Zhang1

The gene encoding ARID1A, a chromatin remodeler, shows one of the highest mutation rates across many cancer types. Notably, 
ARID1A is mutated in over 50% of ovarian clear cell carcinomas, which currently have no effective therapy. To date, clinically 
applicable targeted cancer therapy based on ARID1A mutational status has not been described. Here we show that inhibition 
of the EZH2 methyltransferase acts in a synthetic lethal manner in ARID1A-mutated ovarian cancer cells and that ARID1A 
mutational status correlated with response to the EZH2 inhibitor. We identified PIK3IP1 as a direct target of ARID1A and EZH2 
that is upregulated by EZH2 inhibition and contributed to the observed synthetic lethality by inhibiting PI3K–AKT signaling. 
Importantly, EZH2 inhibition caused regression of ARID1A-mutated ovarian tumors in vivo. To our knowledge, this is the first data 
set to demonstrate a synthetic lethality between ARID1A mutation and EZH2 inhibition. Our data indicate that pharmacological 
inhibition of EZH2 represents a novel treatment strategy for cancers involving ARID1A mutations.
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(P ≤ 0.0001) and selectively inhibited the growth of ARID1A- 
knockdown cells compared to controls (Supplementary Table 1). 
GSK126 was the hit with the highest selectivity against ARID1A- 
knockdown cells (Fig. 1c,d and Supplementary Table 1).  

We observed a decrease in the size of acini with GSK126 using two 
individual shRNAs against ARID1A (shARID1As) (Supplementary 
Fig. 1c–e). GSK126 is a highly selective and potent small molecule 
inhibitor of EZH2 methyltransferase activity9. Notably, ARID1A 

knockdown did not alter the expression levels 
of EZH2 or H3K27Me3 (Fig. 1b).
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cells with or without 5 µM GSK126 treatment in 
3D culture for 12 d. #P = 0.914, *P < 0.0001. 
ARID1A mutation status is indicated above  
each graph. (f) Quantification of cell numbers  
for the ARID1A-mutated OVISE cells. Data  
represent six replicates. *P < 0.0001.  
(g) Immunoblots of the indicated proteins in  
ARID1A-mutated OVISE and TOV21G cells  
with or without wild-type ARID1A restoration  
treated with or without 5 µM GSK126.  
(h) Acinus formation was examined after  
12 d in 3D culture, and the diameters of acini  
were measured. #P > 0.05, *P < 0.0001.  
Scale bars, 75 a.u. in NIH ImageJ software.  
(i) Dose–response curves for ARID1A-mutated  
TOV21G cells with or without wild-type ARID1A 
restoration treated with the indicated doses  
of GSK126 for 12 d in 3D culture. The arrow  
indicates the shift in IC50 induced by wild-type  
ARID1A restoration. The number of acini  
(n) is indicated on the graphs as representative  
of three experimental repeats. Error bars  
represent sem. P calculated via two-tailed t-test.
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ARID1A mutation correlates with response to EZH2 inhibitor
To validate the initial findings, we used four different ovarian  
cancer cell lines (TOV21G, OVISE, OVTOKO and SKOV3) with 
known ARID1A mutations4,6. We observed a loss of ARID1A protein 
expression in these ARID1A-mutated cell lines (Fig. 2a). There was a 
dose-dependent decrease in H3K27Me3 levels in ARID1A-mutated 
cells treated with GSK126 (Fig. 2b); a >95% reduction in H3K27Me3 
levels was achieved with 5 µM GSK126 (Fig. 2b,c). H3K9Me3, which 
is generated by different histone methyltransferases such as SUV39H1 
and SETDB1 (ref. 14), was not affected by GSK126 (Fig. 2b,c and 
Supplementary Fig. 1f–h). GSK126 had no appreciable effect on 
EZH2 expression (Fig. 2b,c)9. ARID1A knockdown did not alter 
the dose-dependent reduction of H3K27Me3 levels by GSK126 
(Supplementary Fig. 1h).

Similar to what was observed in RMG1 cells, GSK126 treatment 
resulted in a significant decrease in 3D growth in ARID1A-knockdown  
KK and OVCA429 cells, two additional ARID1A wild-type OCCC 
cell lines (Fig. 2d and Supplementary Fig. 1i–l)15. Furthermore, 
GSK126 significantly reduced the size of acini in all tested cell 
lines with ARID1A mutation, whereas the effects of GSK126 on the 
growth of ARID1A wild-type cell lines were not significant (Fig. 2e).  
This was not due to the inability of GSK126 to inhibit EZH2 activ-
ity in ARID1A wild-type cells, as GSK126 was equally effective 
at decreasing H3K27Me3 levels in these cells (Supplementary  
Fig. 1j). GSK126 treatment led to a significant reduction in cell 
number in ARID1A-mutated cells, but not in wild-type cells (Fig. 2f 
and Supplementary Fig. 1m). Similar growth inhibition by GSK126 

was observed in conventional 2D cultures as determined by cell 
counting (Supplementary Fig. 1n). Growth inhibition of ARID1A-
mutated cells also was observed with UNC1999 (ref. 16), another 
EZH2 inhibitor with less selectivity than GSK126 (Supplementary 
Fig. 1o–q).

To determine whether reintroducing wild-type ARID1A in 
ARID1A-mutated cells affects sensitivity to GSK126, we ectopi-
cally expressed wild-type ARID1A in ARID1A-mutated OVISE and 
TOV21G OCCC cells. As reported15, ARID1A restoration suppressed 
the growth of OCCC cells with ARID1A mutation (Fig. 2g,h). GSK126 
did not further reduce the size of acini in ARID1A-restored cells  
(Fig. 2h). The IC50 of GSK126 in ARID1A-mutated cells was  
~267 nM (Fig. 2i), which is comparable to what was previously observed 
in DLBCL with gain-of-function EZH2 mutation9. Restoration of  
wild-type ARID1A caused an ~16-fold increase in the IC50 of GSK126 
compared to controls (Fig. 2i).

To establish that the observed effects were specifically due to inhibition  
of EZH2 activity, we knocked down EZH2 expression in ARID1A-
mutated cells in combination with GSK126 treatment. Knockdown of 
EZH2 mimicked the growth inhibition induced by GSK126 treatment 
(Supplementary Fig. 2a–f). GSK126 did not have any substantial 
further effects on the growth of EZH2-knockdown ARID1A-mutated 
cells (Supplementary Fig. 2d–f). The observed growth inhibition 
caused by EZH2 knockdown was rescued by wild-type EZH2 but 
not by an enzymatically inactive SET domain–deleted EZH2 mutant  
(Fig. 3a–d)7. This supports the notion that the observed growth  
inhibition depends upon EZH2 methyltransferase activity.
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Figure 3 EZH2 inhibitor triggers apoptosis of 
ARID1A-mutated cells. (a) Quantitative RT-PCR 
analysis of EZH2 untranslated region (UTR) 
and open reading frame (ORF) in TOV21G cells 
expressing a UTR targeting shRNA against 
EZH2 (shEZH2) together with a wild-type (WT) 
EZH2 or a SET domain–deleted EZH2 mutant 
(EZH2 ∆SET). Data represent three replicates; 
*P < 0.01. (b) Immunoblot of EZH2 and  
GAPDH in the indicated cells. (c) Images  
of acini formed after 12 d in 3D culture.  
Scale bars, 75 a.u. in NIH ImageJ software.  
(d) Quantification of acini in c. The number  
of acini (n) is indicated on the graphs as  
representative of three experimental repeats.  
*P < 0.01, #P > 0.05. (e) Immunofluorescence 
staining of Ki67 (red), H3K27Me3 (green)  
and DAPI (blue) for acini formed by  
ARID1A-mutated OVISE and TOV21G  
cells cultured in 3D and treated with 5 µM  
GSK126 or vehicle control for 12 d. Scale  
bars, 25 µm; note that images are at different 
magnifications in different panels because of  
growth suppression by GSK126 treatment (also 
in h). (f,g) Quantification of e. 200 cells from  
each of the indicated groups were examined  
for expression of Ki67 and H3K27Me3. Data  
represent three replicates for H3K27Me3 and 
four replicates for Ki67 for control and GSK126 
treatment in OVISE cells; data represent five 
replicates for H3K27Me3 and four replicates  
for Ki67 for control and GSK126 treatment  
in TOV21G cells; *P < 0.01. (h) Same as in e, 
but stained for cleaved caspase 3 (green)  
and DAPI (blue) after 8 d of GSK126 treatment. c-caspase3, cleaved caspase 3. Scale bars, 25 µm. (i,j) Quantification of h. 200 cells from each of the 
indicated groups were examined for cleaved caspase 3 positivity. Data represent six replicates for OVISE and five replicates for TOV21G for control and 
GSK126 treatment. *P < 0.01. Error bars represent sem. P calculated via two-tailed t-test.
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EZH2 inhibition triggers apoptosis in ARID1A-mutated cells
We stained acini for H3K27Me3 and the cell proliferation marker Ki67. 
GSK126 treatment significantly decreased amounts of H3K27Me3 
and the percentage of Ki67-positive cells compared to controls  
(Fig. 3e–g). GSK126 is known to induce apoptosis in DLBCL with 
gain-of-function EZH2 mutations9. To determine whether GSK126 
triggers apoptosis in OCCC cells, we stained the acini for cleaved 
caspase 3, an apoptotic marker. Compared with controls, there was a 
significant increase in the percentage of cells positive for cleaved cas-
pase 3 in GSK126-treated ARID1A-mutated cells (Fig. 3h–j). Other 
apoptotic markers such as annexin V were also induced by GSK126 
(Supplementary Fig. 3).

PIK3IP1 contributes to the observed synthetic lethality
ARID1A and EZH2 belong to the SWI/SNF and polycomb complexes,  
respectively. The antagonistic roles of SWI/SNF and polycomb pro-
teins in gene transcription were initially suggested on the basis of 
genetic studies in Drosophila17. We sought to determine whether 
the observed phenotypes are due to changes in gene expression. 
Microarray analysis of ARID1A-mutated OVISE cells treated with 
GSK126 or restored with wild-type ARID1A revealed a signifi-
cant overlap in differentially regulated genes (2.4-fold enrichment,  
P = 5.9042 × 10−11 for overlap in genes regulated by wild-type ARID1A 
restoration and GSK126 treatment) (Fig. 4a). Known ARID1A target  

genes such as CDKN1A15 were upregulated only by ARID1A res-
toration. Conversely, known EZH2 target genes such as TNSF10  
(ref. 18) were upregulated only by GSK126 treatment. This sug-
gests that the observed effects in EZH2 methyltransferase–inhibited 
ARID1A-mutated cells are mediated by a previously undefined set of 
genes that are commonly regulated by both ARID1A and EZH2.

To identify direct EZH2 and H3K27Me3 target genes in  
ARID1A-mutated cells, we cross-examined genes that were com-
monly upregulated by ARID1A restoration or GSK126 treatment 
with published data from chromatin immunoprecipitation followed 
by next-generation sequencing (ChIP-seq) of EZH2 and H3K27Me3 
using ARID1A-mutated ovarian cancer cells18 (Fig. 4a). To iden-
tify biologically relevant genes, we cross-referenced the genes that 
were commonly upregulated by ARID1A restoration and GSK126 
treatment with a publicly available OCCC gene expression database 
(Fig. 4a) that compares laser-capture microdissected (LCM) OCCC 
specimens with normal human ovarian surface epithelial (HOSE) 
cells19. H3K27Me3 silences gene expression7; therefore, we focused on  
genes that were commonly upregulated by both GSK126 treatment 
and wild-type ARID1A restoration but downregulated in the LCM 
OCCC specimens compared to normal HOSE cells (Fig. 4a and 
Supplementary Table 3).

We chose the PI3K-interacting protein 1 gene (PIK3IP1) for vali-
dation for the following reasons: (1) PIK3IP1 negatively regulates 
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Figure 4 PIK3IP1 is a newly  
recognized ARID1A–EZH2 direct  
target gene. (a) Flow diagram of the  
strategies used for identifying  
PIK3IP1 as a direct ARID1A–EZH2  
target gene. (b) Spearman statistical  
analysis of PIK3IP1 and EZH2  
expression. Scatter plot of relative  
expression of EZH2 (x-axis) and  
PIK3IP1 (y-axis) from laser-capture  
and microdissected normal ovarian  
epithelial cells (n = 10; triangles) and OCCC cells (n = 10; circles). Spearman correlation r = −0.8211; P < 0.0001. (c) Relative PIK3IP1 mRNA  
expression in ARID1A-mutated (n = 4 cases) and wild-type (n = 5 cases) OCCC cells. *P = 0.0207. RPKM, reads per kilobase of transcript  
per million mapped reads. (d) Quantitative RT-PCR analysis of PIK3IP1 (n = 4 replicates; *P < 0.01) and immunoblot of PIK3IP1 and β-actin in  
the indicated ARID1A-mutated OVISE cells. (e) ChIP analysis of OVISE cells treated with vehicle control or 5 µM GSK126 using antibodies against  
H3K27Me3 or EZH2 for the PIK3IP1 gene promoter (n = 3 replicates, *P < 0.001, #P = 0.9405). (f) ChIP analysis of ARID1A-mutated OVISE cells  
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*P < 0.05). (g) Immunoblot of the indicated proteins in ARID1A-mutated TOV21G cells with or without ARID1A restoration treated with or without  
GSK126 (5 µM) or expressing shEZH2. (h) ChIP analysis of ARID1A wild-type RMG1 cells expressing control or shARID1A using the indicated  
antibodies or IgG control for the PIK3IP1 gene promoter (n = 3 replicates, #P > 0.05, *P < 0.01). (i) Immunoblot of the indicated proteins in ARID1A  
wild-type RMG1 cells expressing control or shARID1A treated with or without 5 µM GSK126. Error bars represent sem. P calculated via two-tailed  
t-test, except in a, where we used Spearman’s test.
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PI3K–AKT signaling20,21; (2) PI3KCA is often mutated in OCCC, 
and mutations in PI3KCA and ARID1A often coexist in OCCC22,23; 
and (3) PIK3IP1 negatively regulates cell proliferation and pro-
motes apoptosis20, the phenotypes observed in GSK126-treated  
ARID1A-mutated cells. There was a significant negative correlation 
between expression of EZH2 and PIK3IP1 in the microarray analysis of 
LCM specimens (Fig. 4b)19. Notably, PIK3IP1 was expressed at signifi-
cantly lower levels in ARID1A-mutated than in wild-type OCCC cells4  
(Fig. 4c). Thus, we ectopically overexpressed PIK3IP1 and confirmed 
that PIK3IP1 inhibited PI3K–AKT signaling, suppressed cell growth 
and induced apoptosis in ARID1A-mutated cells (Supplementary 
Fig. 4a–d). PIK3IP1 expression was significantly upregulated by both 
wild-type ARID1A restoration and GSK126 treatment in ARID1A-
mutated cells (Fig. 4d and Supplementary Fig. 4e). Supporting the 
notion that the observed upregulation of PIK3IP1 is due to inhibition 
of EZH2 methyltransferase activity by GSK126, PIK3IP1 upregulation 
induced by EZH2 knockdown in ARID1A-mutated cells was rescued 
by wild-type EZH2 but not by an enzymatically inactive SET domain–
deleted EZH2 mutant (Supplementary Fig. 4f). PIK3IP1 expression 
was not upregulated by GSK126 in ARID1A wild-type RMG1 cells 
(Supplementary Fig. 4g), which correlated with the observation that 
GSK126 did not affect RMG1 cell growth (Fig. 2d).

ChIP analysis revealed a significant decrease in the association 
of H3K27Me3 with the PIK3IP1 gene promoter in GSK126-treated 
ARID1A-mutated cells compared with vehicle-treated controls  
(Fig. 4e). In addition, ARID1A restoration caused a significant 
increase in the association of ARID1A with the PIK3IP1 gene promoter  
(Fig. 4f). The association of core histone H3 with the PIK3IP1 gene 

promoter, assessed as a control, was not affected by either GSK126 
treatment or ARID1A restoration (Supplementary Fig. 4h). 
Association of BRG1, the catalytic subunit of the ARID1A-containing 
chromatin-remodeling complex, with the PIK3IP1 gene promoter was 
significantly enhanced by ARID1A restoration (Fig. 4f). Consistent 
with this, there is evidence to suggest that ARID1A recruits the 
remodeling complex to its target genes15,24. Interestingly, the associa-
tion of EZH2 with the PIK3IP1 gene promoter was not decreased by 
either ARID1A restoration or GSK126 treatment (Fig. 4e,f). Likewise, 
the association of H3K27Me3 with the PIK3IP1 gene promoter was 
not significantly decreased by ARID1A restoration (Fig. 4f). The 
induction of PIK3IP1 by ARID1A restoration correlated with RNA 
polymerase II recruitment to its promoter (Fig. 4f). Although EZH2 
and H3K27Me3 are predominantly associated with silenced genes, 
they also localize to active genes25. However, these active genes are 
typically not regulated by EZH2 or H3K27Me3 (ref. 25). Together, 
these data support a model whereby when both ARID1A and EZH2 
are present at the PIK3IP1 gene promoter, ARID1A dominates over 
EZH2 and drives PIK3IP1 expression (Supplementary Fig. 4i). 
Indeed, ARID1A restoration induced PIK3IP1 expression in ARID1A-
mutated cells (Fig. 4d), and the EZH2 inhibitor did not affect PIK3IP1 
expression in ARID1A wild-type cells (Supplementary Fig. 4g). 
When ARID1A was absent, EZH2 silenced PIK3IP1 expression, and 
when EZH2 methyltransferase activity was subsequently suppressed, 
PIK3IP1 was expressed (Supplementary Fig. 4i). Consistent with this, 
there was no additional increase in PIK3IP1 expression in ARID1A-
mutated cells treated with a combination of GSK126 and wild-type 
ARID1A restoration (Fig. 4g).
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Figure 5 PIK3IP1  
contributed to the  
observed synthetic  
lethality. (a) Quantitative  
RT-PCR analysis of  
PIK3IP1 mRNA in  
ARID1A-mutated OVISE  
cells infected with  
lentivirus encoding the  
indicated shRNAs against  
PIK3IP1 (shPIK3IP1) or  
controls (data represent three replicates; #P = 0.8149, *P < 0.001). (b) Immunoblot of PIK3IP1 and β-actin in the indicated OVISE cells.  
(c) Phase-contrast images of control or shPIK3IP1 3–expressing OVISE cells treated with or without 5 µM GSK126 for 12 d in 3D culture.  
(d) Quantification of c. Data represent three replicates; #P = 0.628, *P < 0.01. (e) Immunofluorescence staining for the apoptotic marker cleaved 
caspase 3 (green) in the acini formed by the indicated cells at day 8. Shown is shPIK3IP1 3. Scale bars, 25 µm. (f) Quantification of e.  
Data represent three replicates; #P = 0.642, *P < 0.05. (g) Immunoblot of phospho-AKT (p-AKT) and the indicated proteins in ARID1A-mutated,  
PI3KCA wild-type OVTOKO cells expressing a constitutively active myristoylated PI3KCA (I143V) mutant (Myr-PI3KCA) or controls. (h) Phase-contrast 
images of the indicated cells treated with or without 5 µM GSK126 for 12 d in 3D culture. (i) Quantification of h. Data represent three replicates;  
#P > 0.05, *P < 0.001. The number of acini (n) is indicated on the graphs in d and i as representative of three experimental repeats.  
Error bars represent sem. P calculated with two-tailed t test.
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ChIP analysis in ARID1A wild-type cells 
revealed that both ARID1A and EZH2 are 
associated with the PIK3IP1 gene promoter 
(Fig. 4h). ARID1A knockdown in ARID1A 
wild-type cells decreased the association of 
ARID1A with the PIK3IP1 gene promoter 
(Fig. 4h), which correlated with a decrease 
in RNA polymerase II’s association with the 
PIK3IP1 gene promoter (Fig. 4h) and sup-
pression of PIK3IP1 expression (Fig. 4i and 
Supplementary Fig. 4j). There was no decrease 
in the association of either EZH2 or H3K27Me3 
with the PIK3IP1 gene promoter after ARID1A 
knockdown (Fig. 4h). Indeed, treatment of 
ARID1A-knockdown cells with GSK126 led 
to the restoration of PIK3IP1 expression in 
ARID1A wild-type cells (Fig. 4i).

To determine whether genetic knockdown of PIK3IP1 rescues the 
growth inhibition observed in GSK126-treated ARID1A-mutated 
cells, we used two individual shRNAs against PIK3IP1 that knocked 
down its expression. Knockdown of PIK3IP1 significantly rescued 
the growth suppression induced by GSK126 in ARID1A-mutated 
cells (Fig. 5a–d and Supplementary Fig. 5a,b). Upregulation of 
cleaved caspase 3 induced by GSK126 in ARID1A-mutated cells was 
also significantly suppressed by PIK3IP1 knockdown (Fig. 5e,f and 
Supplementary Fig. 5c,d).

As PIK3IP1 suppresses PI3K–AKT signaling (Supplementary  
Fig. 4a) and contributed to the observed effects of GSK126 in ARID1A-
mutated cells (Fig. 5), we sought to determine whether PI3K–AKT 
signaling affects the sensitivity of ARID1A-mutated cells to GSK126. 
We ectopically expressed a constitutively active myristoylated PI3KCA 
mutant (myrPI3KCA) in an ARID1A-mutated OVTOKO cell line that 
does not have mutated PI3KCA6 to increase PI3K–AKT signaling 
(Fig. 5g). Indeed, the PI3KCA mutant further enhanced the observed 
growth inhibition by GSK126 (Fig. 5h,i). This supports the notion 

that the effects of EZH2 inhibition in ARID1A-mutated cells are due 
to increased expression of PIK3IP1, an inhibitor of PI3K activity. 
Consequently, increased PI3K activity results in increased sensitivity 
to EZH2 inhibition, which results in more growth inhibition.

EZH2 inhibitor causes regression of ARID1A-mutated tumors
GSK126 is a specific EZH2 inhibitor that is well tolerated in immuno-
compromised mice9. We orthotopically injected luciferase-expressing  
ARID1A-mutated OVISE cells into the bursa sac covering the ovary 
in immunocompromised female mice. The injected cells were allowed 
to grow for 1 week to establish tumors. We randomly assigned mice 
into two groups (n = 5 mice per group) and treated mice daily with 
vehicle control or GSK126 (50 mg/kg) by intraperitoneal injection 
for an additional 3 weeks9. GSK126 treatment caused regression 
of the orthotopically transplanted ARID1A-mutated OVISE cells 
(Fig. 6a,b). At necropsy, we measured the tumor size and found that 
GSK126 treatment significantly decreased the size of the orthotopi-
cally xenografted tumors compared with controls (Fig. 6c). Similarly, 
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Figure 6 EZH2 inhibitor caused the regression 
and reduced the number of tumor nodules of 
ARID1A-mutated OCCC tumors. (a) Mice with 
established tumors were imaged every 7 d  
after treatment with vehicle control or GSK126; 
shown are images taken at day 14.  
(b) Quantification of tumor growth. n = 5  
mice per group, *P = 0.0026. (c) Size of the 
dissected tumors relative to control. n = 5  
mice per group, *P = 0.003. (d) Number of 
tumor nodules in intraperitoneal cavity on  
day 30 of treatment with GSK126 or vehicle 
control. n = 6 mice per group, *P = 0.008.  
(e) Immunohistochemical staining using the  
indicated antibodies for tumors dissected from 
GSK126-treated or control mice (magnification 
for each set: ×10 (top) and ×40 (bottom)).  
Scale bars, 50 µm. Representative images of 
consecutive sections of a tumor with six mice in 
each group. (f) H-score quantification of e.  
n = 13 different fields from five different  
tumors. *P = 0.0001, **P = 0.012,  
#P = 0.547. (g) A proposed model for the  
observed synthetic lethality between  
ARID1A mutation and inhibition of EZH2  
methyltransferase activity. Error bars represent 
sem. P calculated via two-tailed t-test.
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GSK126 treatment (50 mg/kg daily for 2 weeks) caused regression 
of orthotopically xenografted ARID1A-mutated TOV21G tumors 
that had been established over 4 weeks (Supplementary Fig. 6a). 
In contrast, GSK126 treatment did not significantly affect the size 
of orthotopically xenografted ARID1A wild-type RMG1 tumors 
(Supplementary Fig. 6b).

We sought to determine the effects of GSK126 on another clinical 
feature of ovarian cancer26, the dissemination of ARID1A-mutated 
OCCC cells, in an intraperitoneal xenograft model. We injected 
ARID1A-mutated OVISE cells into the mouse intraperitoneal cavity. 
The injected tumor cells were allowed to grow for 4 d, and the mice 
were then randomized into two groups (n = 6 mice per group). Mice 
were treated daily with GSK126 (50 mg/kg) or vehicle control via intra-
peritoneal injection. Compared with controls, GSK126 significantly 
reduced the number of tumor nodules within the peritoneal cavity 
after 3 weeks of treatment (Fig. 6d and Supplementary Fig. 6c).

Immunohistochemical analysis of ARID1A-mutated tumors treated 
with GSK126 or vehicle controls revealed that H3K27Me3 staining was 
decreased by GSK126, whereas GSK126 did not weaken EZH2 staining  
(Fig. 6e,f). Furthermore, GSK126 treatment decreased the expres-
sion of Ki67 (Fig. 6e,f). There was an increase in PIK3IP1 staining 
and a decrease in phospho-AKT staining in GSK126-treated tumors  
(Fig. 6e,f). Consistent with this, the apoptotic marker cleaved caspase 
3 was induced by GSK126 (Fig. 6e,f). In ARID1A wild-type tumors, 
although GSK126 decreased H3K27Me3 staining (Supplementary  
Fig. 6d), it did not affect the expression of Ki67, PIK3IP1, phospho-AKT  
or cleaved caspase 3 (Supplementary Fig. 6d).

DISCUSSION
The EZH2 inhibitor selectively suppressed the growth of ARID1A-
mutated cells. This was not due to either changes in EZH2 expression 
or an inability of the EZH2 inhibitor to suppress the enzymatic activity 
of EZH2 in ARID1A wild-type cells, as GSK126 was consistently effec-
tive in decreasing H3K27Me3 levels regardless of ARID1A mutation 
status (Fig. 2). Similarly, in DLBCL, the response to EZH2 inhibitors 
often correlates with gain-of-function mutations in EZH2 (refs. 9–11), 
despite the fact that EZH2 inhibitors are equally effective at reducing 
H3K27Me3 levels in cells with wild-type EZH2. A recent study shows 
that ARID1B is a specific vulnerability in ARID1A-mutated cancers27, 
further highlighting the potential of synthetic lethal strategies for 
ARID1A mutation in cancer.

ARID1A and EZH2 are antagonistic in regulating PIK3IP1 expres-
sion (Fig. 4). We were unable to perform ARID1A ChIP-seq analysis 
because of the lack of a suitable anti-ARID1A antibody; regardless, 
we successfully identified PIK3IP1 as the ARID1A–EZH2 target gene 
contributing to the observed synthetic lethality (Fig. 5). In rhabdoid 
tumors, a loss of SNF5, a core subunit of SWI/SNF, directly upreg-
ulates EZH2 (ref. 28). The survival of SNF5-deficient cancer cells 
depends on the upregulated EZH2, and these cancer cells are sensitive  
to EZH2 inhibition28,29. Here, ARID1A knockdown did not affect 
EZH2 expression, but it did sensitize cells to EZH2 inhibition  
(Figs. 1b,c and 2d and Supplementary Fig. 1i–l). Conversely, the 
restoration of wild-type ARID1A in ARID1A-mutated cells conferred 
resistance to the EZH2 inhibitor, also without changing EZH2 expres-
sion (Fig. 2g). Thus, the antagonism between EZH2 and ARID1A 
occurs at a functional level (Fig. 6g and Supplementary Fig. 4i).

Our studies demonstrate that targeting EZH2 methyltransferase 
activity through the use of EZH2 inhibitors in ARID1A-mutated cells 
represents a novel synthetic lethal therapeutic strategy. Given that 
mutation and loss of expression of ARID1A and genetic alterations in 

other subunits of ATP-dependent chromatin remodeling complexes 
are observed at a high frequency in many cancer types1,30, we expect 
our finding to have far-reaching implications for future epigenetic 
therapeutic strategies.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. GEO: GSE54979.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Cell lines and 3D culture conditions. OVISE, TOV21G, RMG1 and 
OVTOKO cell lines were all obtained from the Japanese Collection of 
Research Bioresources. The SKOV3 cell line was obtained from the American 
Type Culture Collection. OVCA429 and KK cell lines were obtained from  
I.-M. Shih. All cell lines were cultured according to instructions and in 3D 
conditions using Matrigel, unless otherwise specified. All cell lines were used 
within 6 months of culture after they were received, but they were not tested. 
The 3D culture procedure was adapted from previously published methods31 
and used growth-factor-reduced Matrigel (BD Biosciences). In the 3D culture 
models, GSK126 treatment was started at the time of assay setup. Briefly, a 
single cell suspension was plated in eight-well chambers covered with Matrigel. 
Matrigel media with either vehicle control (DMSO) or drug was changed every 
4 d, and cells were grown for 12 d. Each of the experiments was performed in 
duplicate in three independent experimental repeats.

Reagents and antibodies. Small molecules used in the screen were all obtained 
from the Molecular Screening Facility at the Wistar Institute. GSK126 was 
obtained from Xcess Biosciences and Active Biochem. UNC1999 was obtained 
from Selleckchem. The following antibodies from the indicated suppliers were 
used: anti-EZH2 (BD Bioscience, cat. no. 612666, 1:1,000), anti-EZH2 (Cell 
Signaling, cat. no. 5246, 1:100), anti-ARID1A (Sigma, cat. no. HPA005456, 
1:1,000), anti-H3K27Me3 (Cell Signaling, cat. no. 9733, 1:1,000), anti-β-actin 
(Sigma, cat. no. A5441, 1:10,000), anti-ARID1A (Santa Cruz, cat. no. sc-32761, 
1:500), anti-Ki67 (Cell Signaling, cat. no. 9449, 1:1,000), anti-PIK3IP1 (Santa 
Cruz, cat. no. sc-86785, 1:500), anti-histone H3 (Millipore, cat. no. 06-755, 
1:1,000), anti-GAPDH (Millipore, cat. no. MAB374, 1:10,000), anti-cleaved 
caspase 3 (Cell Signaling, cat. no. 9661, 1:10,000), anti-PI3K (p110alpha) 
(Cell Signaling, cat. no. 4255, 1:1,000), anti-pAKT (T308, Cell Signaling,  
cat. no. 13038, 1:1,000), anti-AKT (Cell Signaling, cat. no. 9272, 1:1,000) and 
anti-H3K9Me3 (Abcam, cat. no. ab8898, 1:1,000). pBabe-Myr-PIK3CA143V 
plasmid was obtained from Addgene. pBabe-EZH2, pBabe-EZH2 ∆SET and 
pQCXIP-PIK3IP1 plasmids were generated via standard molecular cloning 
protocols, and details are available upon request.

Lentivirus infection. pLenti-CMV-Puro-Luciferase was obtained from Addgene. 
pLKO.1-shARID1As (TRCN0000059090 and TRCN0000059089), pLKO.1-
shEZH2 (TRCN0000040073), and pLKO.1-shPIK3IP1 (1, TRCN0000133982; 2, 
TRCN0000135363; and 3, TRCN0000138560) were obtained from the Molecular 
Screening Facility at the Wistar Institute. Lentivirus was packaged using the 
Virapower Kit from Invitrogen according to the manufacturer’s instructions as 
described previously8,32,33.

Microarray, database and bioinformatics. ARID1A-mutated OVISE cells 
expressing inducible wild-type ARID1A15 were plated on Matrigel and treated 
with DSMO, 1 µg/mL doxycycline to induce wild-type ARID1A expression, 
or with 5 µM GSK126. Cells were recovered from 3D culture, and RNA was 
extracted with Trizol (Invitrogen) and subsequently cleaned and DNase-treated 
using RNeasy columns (Qiagen). Eukaryote total RNA nano Bioanalyzer 
(Agilent) assay was used to confirm the quality of the RNA, and all RNA used 
for subsequent steps had an RNA integrity number >8.6. cDNA made from the 
RNA was hybridized to Illumina Bead Array HumanHT-12 v4 by the Wistar 
Genomics Facility (whole human genome). Images were analyzed and expres-
sion changes were evaluated in Illumina GenomeStudio. Illumina GenomeStudio 
was also used to export expression levels and detect P values for each probe of 
each sample. Signal-intensity data were quantile normalized, and probes that 
showed an insignificant detection P value (P > 0.05) in all samples were removed 
from further analysis. Pair-wise group comparisons were done using paired 
SAM test34, and correction for multiple testing to estimate the false discovery 
rate (FDR) was done with the procedure described by Storey and Tibshirani35. 
Differentially expressed genes in the ARID1A-restored sample were overlapped 
with differentially expressed genes in the GSK126 sample, and the significance 
of the overlap was calculated using the hypergeometric test. We used statisti-
cal methods for defining significantly changed genes with an FDR of 10% as a 
cutoff plus P < 0.05 for overlap. All microarray data can be found at the Gene 
Expression Omnibus (GEO) database (GEO accession number: GSE54979).

Gene-expression microarray data sets for 10 cases of laser-capture and 
microdissected ovarian clear cell carcinomas and 10 individual isolations of 
normal human ovarian surface epithelial cells were obtained from GEO (http://
www.ncbi.nlm.nih.gov/geo/) (GEO accession number: GSE29450)19. EZH2–
H3K27Me3 ChIP-seq in ARID1A-mutated ovarian cancer SKOV3 cells was 
obtained through published data18. RNA-seq data for ARID1A wild-type or 
mutated OCCC specimens were obtained from the European Genome-Phenome 
Archive4. Only samples with comparable 50-bp length-read data were analyzed. 
Sample CCC66 was not considered for analysis because of the low number of 
reads (<50% of the median number of reads across all samples). Bowtie2 (ref. 36)  
was used for alignment against the hg19 version of the human genome, and 
TopHat2 (ref. 37) was used to estimate RPKM expression values for each gene 
transcript in each sample using transcript information from the UCSC data-
base. ARID1A-positive samples without mutation were assigned to the ARID1A  
wild-type group (n = 5: CCC67, CCC69, CCC71, CCC72 and CCC73), and 
ARID1A-negative samples with mutation were assigned to the ARID1A-mutated 
group (n = 4: CCC02, CCC04, CCC14 and CCC14). A two-tailed unpaired t-test 
was used to compare the two groups.

Annexin V staining for detecting apoptotic cells (Guava assay). 
Phosphatidylserine externalization was detected using an annexin V staining 
kit (Millipore) according to the manufacturer’s instructions. Annexin V–positive 
cells were detected using the Guava System and analyzed with the Guava Nexin 
software module (Millipore).

Reverse-transcriptase quantitative PCR. RNA was extracted from cells 
with Trizol (Life Technologies) and DNase-treated using RNeasy col-
umns (Qiagen). The expression of mRNA levels for PIK3IP1 (forward, 5′-
GCTAGGAGGAACTACCACTTTG-3′; reverse, 5′-GATGGACAAGGAGC 
ACTGTTA-3′), EZH2 ORF (forward, 5′-GACGGCTTCCCAATAACAGTA-
3′; reverse, 5′-AGTGCCAATGAGGACTCTAAA-3′) and EZH2 3′UTR  
(forward, 5′-AATCCCTTGACCTCTGAAAC-3′; reverse, 5′-ACTGGTA 
CAAAACACTTTGC-3′) was determined using SYBR green iScript (Bio-Rad) 
master mix on a Bio-Rad Chromo4 machine. β-2-microglobulin was used as 
an internal control.

Immunofluorescence and immunohistochemical staining. Immuno-
fluorescence was performed on day 8 or 12 as indicated in Figs. 3e, 3h and 5e  
by fixing samples in 2% paraformaldehyde and permeabilizing in 2% paraformal-
dehyde with 0.5% Triton-X. Samples were incubated with primary antibodies  
for 2 h at room temperature and with highly cross-absorbed secondary anti-
bodies (Invitrogen) for 1 h at room temperature and mounted with ProLong 
antifade reagent (Invitrogen). Immunostained acini were then imaged using 
a Leica confocal microscope. Immunohistochemical staining was performed 
as described previously38 on consecutive sections from xenografted tumors 
dissected from control or GSK126-treated immunocompromised nude  
female mice.

Intraperitoneal and intrabursal orthotopic xenograft models in vivo. The 
protocols were approved by the Institutional Animal Care and Use Committee 
of the Wistar Institute. For the intraperitoneal model, 3 × 106 OVISE cells were 
injected intraperitoneally into 6–8-week-old female immunocompromised nude 
mice. On day 4 after injection, mice were randomized into vehicle control (cap-
tisol) and GSK126 treatment groups at 50 mg/kg daily for an additional 26 d  
(n = 6 mice per group). At the end of experiments (day 30), mice were killed, 
and the formation of tumor nodules in the peritoneal cavity was examined. 
Intrabursal orthotopic xenograft was performed as described previously38,39. 
Briefly, 1 × 106 luciferase-expressing ARID1A-mutated OVISE cells were uni-
laterally injected into the ovarian bursa sac of 6–8-week-old female immu-
nocompromised nude mice (n = 5 per group). For in vivo experiments, the 
sample size of five mice per group was determined on the basis of data from  
in vitro experiments. The observed effect size (defined as the difference of 
means divided by the sd) was as large as 2.9 in our in vitro data. To be conserva-
tive, for in vivo experiments, we expected to see an effect size of at least 2.0. In 
order to have more than 80% power to detect an effect size of 2.0 or larger at a 
two-sided statistical significance level, five mice per group would be required.  
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The in vivo experimental data reflect an effect size of 2.7, which is consistent with 
our hypothesis. One week after injection of OVISE cells, we visualized tumors by 
injecting luciferin (IP; 4 mg per mouse) resuspended in PBS and imaged them 
with an IVIS Spectrum imaging system. The mice were then randomized into 
two groups based on luciferase activity and treated with vehicle control (captisol) 
or GSK126 at 50 mg/kg daily for an additional 3 weeks, during which time they 
were imaged weekly for luciferase activity. Images were analyzed using Live 
Imaging 4.0 software. Imaging analysis was performed blindly but not randomly. 
At the end of the experiments (day 30), tumors were surgically dissected, and the 
sizes of ovaries from both the injected side and the contralateral side were meas-
ured. We calculated the tumor size by subtracting the size of the control-side 
ovary from that of ovary on the side injected with tumor cell to limit variations 
among different mice. For intrabursal orthotopic xenografts using ARID1A-
mutated TOV21G or ARID1A wild-type RMG1 cells, the same procedure was 
used, except tumors were established for 4 weeks before the randomized mice 
were treated with vehicle control (captisol) or GSK126 at 50 mg/kg daily for an 
additional 2 weeks.

Chromatin immunoprecipitation. ChIP was performed as previously 
described33. The following antibodies were used to perform ChIP: anti-H3K27Me3 
(Cell Signaling, cat. no. 9733), anti-ARID1A (Santa Cruz, cat. no. sc-32761),  
anti-BRG1 (Santa Cruz, cat. no. sc-10768), anti-RNA polymerase II (Santa Cruz, 
cat. no. sc-899) and anti-EZH2 (Cell Signaling, cat. no. 5246). Isotype-matched 
immunoglobulin G was used as a negative control. ChIP DNA was analyzed by 
quantitative PCR against the promoter of the human PIK3IP1 gene using the  

following primers: forward, 5′-CACATTGA-GCTGGTGTTTGTT-3′; and 
reverse, 5′-CCATTGCCACTTCAAAGAGTTT-3′.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 
5 (GraphPad) for Mac. Quantitative data are expressed as mean ± sem unless 
otherwise stated. Spearman’s test was used to measure statistical correlation. For 
all statistical analyses, the level of significance was set at 0.05.

31. Debnath, J., Muthuswamy, S.K. & Brugge, J.S. Morphogenesis and oncogenesis of 
MCF-10A mammary epithelial acini grown in three-dimensional basement membrane 
cultures. Methods 30, 256–268 (2003).

32. Ye, X. et al. Downregulation of Wnt signaling is a trigger for formation of facultative 
heterochromatin and onset of cell senescence in primary human cells. Mol. Cell 
27, 183–196 (2007).

33. Tu, Z. et al. Oncogenic RAS regulates BRIP1 expression to induce dissociation of 
BRCA1 from chromatin, inhibit DNA repair, and promote senescence. Dev. Cell 21, 
1077–1091 (2011).

34. Zhang, S. A comprehensive evaluation of SAM, the SAM R-package and a simple 
modification to improve its performance. BMC Bioinformatics 8, 230 (2007).

35. Storey, J.D. & Tibshirani, R. Statistical significance for genomewide studies.  
Proc. Natl. Acad. Sci. USA 100, 9440–9445 (2003).

36. Langmead, B. & Salzberg, S.L. Fast gapped-read alignment with Bowtie 2.  
Nat. Methods 9, 357–359 (2012).

37. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of 
insertions, deletions and gene fusions. Genome Biol. 14, R36 (2013).

38. Bitler, B.G. et al. Wnt5a suppresses epithelial ovarian cancer by promoting cellular 
senescence. Cancer Res. 71, 6184–6194 (2011).

39. Li, H. et al. SUZ12 promotes human epithelial ovarian cancer by suppressing 
apoptosis via silencing HRK. Mol. Cancer Res. 10, 1462–1472 (2012).
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Potential therapeutic targets in
ARID1A-mutated cancers
Benjamin G Bitler, Nail Fatkhutdinov & Rugang Zhang†

†The Wistar Institute, Gene Expression and Regulation Program, Philadelphia PA, USA

ARID1A is a subunit of the Switch/Sucrose Non-Fermentable (SWI/SNF)

chromatin-remodeling complex that regulates gene expression by controlling

gene accessibility. ARID1A shows one of the highest mutation rates across

different human cancer types. For example, ARID1A is mutated in ~ 50% of

ovarian clear cell carcinoma (OCCC). There is considerable interest in develop-

ing cancer therapeutics that correlate with ARID1A mutational status.

A recent study demonstrated a synthetic lethality by targeting EZH2 histone

methyltransferase activity in ARID1A-mutated OCCC using a clinically

applicable small-molecule inhibitor. The observed synthetic lethality corre-

lated with inhibition of PI3K/AKT signaling. In addition, there is evidence indi-

cating that ARID1A-mutated cancer may also be subjected to therapeutic

intervention by targeting residual SWI/SNF activity, the PI3K/AKT pathway,

the DNA damage response, the tumor immunological microenvironment

and stabilizing wild-type p53. In summary, we propose EZH2 inhibitor-based

combinatorial strategies for targeting ARID1A-mutated cancers.

Keywords: ARID1A, EZH2, ovarian cancer, synthetic lethality

1. Introduction

The Switch/Sucrose Non-Fermentable (SWI/SNF) complex regulates gene
transcription through its ATP-dependent chromatin-remodeling activity.
Consistent with its role in gene transcription, the SWI/SNF complex is involved
in essential cellular processes such as transformation, development, DNA damage
repair and cell cycle regulation. The SWI/SNF complex has garnered substantial
attention because subunits of the complex are collectively mutated in > 20% of
human cancers [1]. Among the SWI/SNF subunits, ARID1A has the highest
mutation rate in human cancers. ARID1A is mutated in ~ 50% of ovarian clear
cell carcinoma (OCCC) [2,3]. ARID1A mutations are typically nonsense or frame-
shift, which cause loss of ARID1A protein expression. Further highlighting the
importance of the SWI/SNF complex in human cancer, several studies have found
correlations between the mutational and/or expressional status of SWI/SNF com-
plex subunits and tumor progression, prognosis and response to chemotherapy.
These findings have raised considerable interest in developing targeted therapies
that take advantage of ARID1A mutations.

Here we will highlight advances in identifying therapeutic targets for ARID1A-
mutated cancers and discuss additional therapeutic targets based on newly gained
mechanistic insights into ARID1A’s role in cancer.

2. Epigenetic synthetic lethality by targeting EZH2 in
ARID1A-mutated cancers

A recent study examined epigenetic inhibitors that selectively suppress the growth of
ARID1A-deficient compared with proficient OCCC cells. The authors identified
an inhibitor of EZH2, a histone methyltransferase, which selectively promotes
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apoptosis in ARID1A-mutated OCCC cells [4]. EZH2, a sub-
unit of the polycomb complex, represses gene transcription.
Mechanistically, the observed synthetic lethality is due to the
antagonistic roles played by ARID1A and EZH2 in regulating
the expression of ARID1A/EZH2 target genes. Similar
epigenetic antagonism exists between EZH2 and SNF5, a
core subunit of the SWI/SNF complex that is often deleted
in childhood rhabdoid tumors [5]. Consistently, inhibition
of EZH2 causes regression of SNF5-deleted rhabdoid
tumors [5]. In addition, mutations of SMARCA4, the gene
encoding the ATPase SWI/SNF subunit BRG1, in non-small
cell lung cancer increase sensitivity to a combinatorial
EZH2 and topoisomerase inhibition [6].
EZH2 inhibitors are in clinical development for hematopoi-

etic malignancies such as diffuse large B cell lymphoma. These
recent findings indicate that targeting EZH2 using a clinically
applicable EZH2 inhibitor represents a strategy for cancers
with mutations in subunits of the SWI/SNF complex. Further
studies are warranted to determine whether EZH2 inhibition
displays a similar selectivity in cancers with genetic inactivation
of other SWI/SNF subunits and whether the selectivity of
EZH2 inhibition in ARID1A-mutated cancer cells is tissue-
and/or genetic context-dependent.

3. Targeting residual SWI/SNF complex as a
specific vulnerability in ARID1A-mutated
cancers

The observation that knockdown of SWI/SNF’s catalytic sub-
unit, BRG1, inhibits the growth of SNF5-deficient rhabdoid
tumors suggests that the survival of SNF5-deficient tumors
depends upon the residual SWI/SNF complex activity [7].
Residual SWI/SNF complex dependence was further vali-
dated by examining mutually exclusive SWI/SNF subunits.
Specifically, ARID1A and ARID1B are mutually exclusive
in their association with the SWI/SNF complex. The survival
of ARID1A-mutated cancer cells depends upon the presence
of ARID1B in the residual SWI/SNF complex [8]. Likewise,
BRG1 and BRM1 (encoded by the SMARCA2 gene) are
mutually exclusive subunits of the SWI/SNF complex and
survival of SMARCA2-mutated cells depends upon the resid-
ual BRG1-containing complex [9]. Conversely, knockdown
of BRM1 selectively suppresses the growth of BRG1-deficient
cells. Collectively, these findings raise the possibility of
targeting the residual SWI/SNF complex based on mutual
exclusivity of different subunits. The challenge of this poten-
tial approach lies in the development of a subunit-specific
inhibitor given the structure and functional similarities.

4. Targeting mutual exclusivity between TP53
and ARID1A mutation

Genetic profiling of ARID1A-mutated ovarian cancer reveals
enrichment of wild-type TP53 in these tumors [10].

Functional characterization reveals that ARID1A and

p53 function in the same pathway to regulate the expression
of p53 target genes [10]. It is therefore possible that stabiliza-

tion of wild-type p53 might be sufficient to overcome the
effects of ARID1A loss and reactivate p53 target tumor sup-
pressor genes. Notably, Nutlin 3, a p53 stabilizer, suppresses

the growth of ARID1A-mutated A2780 ovarian cancer
cells [11]. Clinically applicable p53-stabilizers have been
developed [12]. Although it is unlikely that a p53-stabilizer

itself will have substantial clinical activity, it provides a target
for combinational therapies.

5. Targeting PI3K/AKT signaling in
ARID1A-mutated cancers

ARID1A mutation often co-exists with genetic alterations

that lead to activation of the PI3K/AKT pathway. These
include gain-of-function mutations in the PIK3CA oncogene
in OCCC or inactivation of the tumor suppressor PTEN in

ovarian endometrioid carcinoma (OEC). In an immunohis-
tochemical analysis of OCCC tumors, loss of nuclear

ARID1A expression correlated to an increase in AKT
phosphorylation [13]. Combination of conditional inactiva-
tion of ARID1A with activation of PIK3CA or inactivation

of PTEN drives the development of OCCC and OEC,
respectively [14]. PIK3IP1, an inhibitor of PI3K/AKT, plays
a major role in the observed synthetic lethality between

ARID1A mutation and EZH2 inhibition [4]. ARID1A-
mutated cells are more sensitive to PI3K/AKT inhibitors
compared with ARID1A wild-type cells [4,15]. Notably, inhib-

itors of mTOR, the downstream effector activated by PI3K/
AKT signaling, such as temsirolimus and everolimus, are
now in clinical trials for OCCC. The single-agent inhibition

of PI3K/AKT is likely not sufficient to eradicate the disease.
Consistently, in an ARID1A/PIK3CA mouse model of
OCCC, an inhibitor of PI3K only increased survival by

3.5 weeks [14].

6. Targeting the SWI/SNF-dependent DNA
damage response in ARID1A-mutated cancers

In addition to modulating signaling through gene regulation,

the SWI/SNF complex is implicated in DNA damage repair.
SWI/SNF complexes often localize to sites of DNA double-
strand breaks and facilitate phosphorylation of histone

H2AX via ATM/ATR [16]. Thus, SWI/SNF mutated cancers
could be sensitive to DNA damage-inducing chemotherapeu-
tics. Counter intuitively, ARID1A-mutated OCCC typically

lacks genomic instability, and OCCC tumors are less respon-
sive to DNA damage inducing platinum-based chemotherapy.
This suggests that the role of the SWI/SNF complex in DNA

damage might be subunit- and/or tissue dependent.

B. G. Bitler et al.
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7. Targeting tumor microenvironment in
ARID1A-mutated cancers

The link between chronic inflammation and carcinogenesis is
well-characterized and is a hallmark of cancer. Chronic
inflammation and expression of pro-inflammatory cytokines
(e.g. IL6) are important for escape from anti-tumor immune
responses. Recent evidence suggests that ARID1A protects
against inflammation-driven tumorigenesis [14]. In a mouse
model, ARID1A loss and PIK3CA mutation cooperate to
promote OCCC through sustained IL6 production. Subse-
quently, IL6 knockdown resulted in significantly smaller
tumors, indicating the potential for anti-IL6 therapies in
ARID1A-mutated cancers. Given the recent success in target-
ing immune checkpoints, it will be interesting to evaluate the
impact of ARID1A mutation on anti-tumor immunity and
whether ARID1A-mutated cancers are sensitive to reactivation
of anti-tumor immunity.

8. Conclusion

Recent genome-wide sequencing studies have revealed
frequent ARID1A mutations in a variety of cancer types.
Clinical and pathological studies suggest a great need to
develop precision therapy that correlates with ARID1A
mutational status. In this review, we discussed literature on
therapeutic targets with the potential of specifically and selec-
tively targeting ARID1A-mutated cancers (Figure 1A). They
include EZH2, residual SWI/SNF activity, the PI3K/AKT
pathway, the DNA damage response, the tumor immunolog-
ical microenvironment and stabilizing wild-type p53. The

synthetic lethality between EZH2 inhibition and ARID1A
mutation presents a unique opportunity for developing novel
combination therapeutic strategies that correlate with
ARID1A mutation, the very definition of precision medicine.

9. Expert opinion

EZH2 inhibition is synthetic lethal with ARID1A mutation
and causes the regression of established ARID1A-mutated
OCCC in vivo. These findings indicate that the newly discov-
ered synthetic lethality between ARID1A mutation and
EZH2 inhibition could be developed as an urgently needed
therapeutic for ARID1A-mutated OCCC. It will be impor-
tant to investigate whether this approach can be extended
into other cancers with ARID1A mutation. As EZH2
inhibition has also been shown to inhibit the growth of
SNF5-deficient rhabdoid tumors, it will be interesting to
determine whether EZH2 inhibition-based synthetic lethality
extends to mutations in other SWI/SNF complex subunits.

Despite the well-described advantages of selectivity and lim-
ited toxicity of targeted cancer therapy, clinical trials have exten-
sively demonstrated that targeted therapy, including synthetic
lethality-based therapy, often leads to the development of resis-
tance and is not sufficient to eradicate cancer. Combinational
therapeutic strategies offer a solution for this major clinical
challenge. Clinically applicable drugs that target EZH2, stabi-
lize wild-type p53 or inhibit PI3K/AKT signaling have already
been developed. Based on the genetic makeup of ARID1A-
mutated cancers such as OCCC, an EZH2 inhibitor in combi-
nation with a PI3K/AKT signaling inhibitor or wild-type
p53 stabilizer may represent a therapeutic strategy that conveys
a sustained clinical response (Figure 1B). Further studies are
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Figure 1. Potential therapeutic targets in ARID1A-mutated cancer. ARID1A-containing SWI/SNF chromatin remodeling-

complex regulates multiple biological processes related to tumor suppression. A) ARID1A mutation and/or loss of expression

leads to atypical signaling and cellular functions. In ARID1A-mutated cancers, the indicated pathways are potential targets

that are selective against ARID1A mutation. B) To achieve a sustained clinical response, combinatorial therapies will be

necessary. An EZH2 inhibitor-based approach presents a unique opportunity for combinatorial strategies.
SWI/SNF: Switch/Sucrose non-fermentable
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warranted to investigate potential side effects and pharmacody-
namics of these proposed combinatorial approaches. In the long
term, given the recent evidence that ARID1A suppresses
tumor-promoting inflammation, it will be interesting to
explore EZH2 inhibition in combination with reagents that tar-
get the tumor immunological microenvironment.
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Epigenetic synthetic lethality in ovarian clear cell
carcinoma: EZH2 and ARID1Amutations
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The components of the Switch/Sucrose non-fermentable (SWI/SNF) complex are mutated in approximately 20% of
human cancers. The A/T-rich interacting domain 1A (ARID1A) subunit has one of the highest mutation rates. Most
notably, ARID1A is mutated in over 50% of ovarian clear cell carcinomas (OCCCs). We reported that inhibition of
enhancer of zeste homology 2 (EZH2) is synthetically lethal in ARID1A-mutated OCCC.

Genes encoding subunits of the ATP-
dependent chromatin-remodeling com-
plex are mutated in many cancer types.1

Most notably, the A/T-rich interacting
domain 1A (ARID1A) gene, which
encodes a subunit of the Switch/Sucrose
non-fermentable (SWI/SNF) chromatin-
remodeling complex, is mutated in up to
57% of ovarian clear cell carcinomas
(OCCCs).2,3 Indeed, ARID1A is among
the genes that show the highest mutation
rates across multiple cancer types,1 includ-
ing up to 27% of gastric carcinomas, 13%
of hepatocellular carcinomas, 13% of
bladder carcinomas, 15% of esophageal
adenocarcinomas, and 17% of Burkitt
lymphomas. In addition to mutation, loss
of ARID1A expression has been reported
in several cancer types, most frequently in
breast and kidney cancers.4 However,
despite the prevalence of ARID1A muta-
tions in many cancer types, a rational ther-
apeutic approach to target cancers with
ARID1A mutations has not yet been
explored.

Epithelial ovarian cancer remains the
most lethal gynecologic malignancy in the
developed world. OCCC ranks second as
a cause of death from epithelial ovarian
cancer and is associated with a poor prog-
nosis compared to other histologic sub-
types. OCCC typically has a low initial
response rate to platinum-based standard
care, and there is currently no effective
therapy for the disease. More than 90% of
the ARID1A mutations observed in

OCCC are frame-shift or nonsense muta-
tions that result in loss of ARID1A pro-
tein expression.3 Notably, loss of
ARID1A expression in OCCC signifi-
cantly correlates with a shorter progres-
sion-free survival and is associated with a
worse response to chemotherapy com-
pared with ARID1A-positive OCCC.
Thus, there is an even greater need for tar-
geted therapy that is selective for
ARID1A-mutated OCCC. Similarly,
ARID1A mutation and/or loss of expres-
sion have been reported to be a marker of
poor prognosis in a number of other can-
cer types. Thus, new therapeutics based
on ARID1A mutational status is of high
clinical impact.

Cancer mutations that cause a loss of
function are not directly druggable with
conventional targeted approaches such as
antibodies. Synthetic lethality is a phe-
nomenon in which only the simultaneous
perturbation of 2 factors results in cell
death.5 Our recent study demonstrates
that inhibition of enhancer of zeste
homology 2 (EZH2) activity selectively
suppresses the growth of ARID1A-
mutated OCCC cells in a synthetic lethal
manner.6 EZH2 is an epigenetic regulator
that silences the expression of its target
genes. Notably, EZH2 is often overex-
pressed in OCCC. Highly specific EZH2
inhibitors (such as GSK126) have been
developed, and are now in clinical trials
for hematopoietic malignancies.7 Signifi-
cantly, the EZH2 inhibitor GSK126

caused the regression of established
ARID1A-mutated OCCC and decreased
the number of disseminated tumor nod-
ules in xenograft models.6

Given the recent success in targeting
chromatin regulators in cancer, our
study has substantial translational poten-
tial for the management of ARID1A-
mutated OCCC. In this context,
ARID1A mutation status, determined by
genome sequence in the upcoming era
of precision medicine, or loss of
ARID1A protein expression could serve
as biomarkers to predict therapeutic effi-
cacy to EZH2 inhibitors. Future studies
are warranted to determine whether the
observed synthetic lethality between
EZH2 inhibition and ARID1A mutation
extends beyond ARID1A-mutated
OCCC. Moreover, genetic alterations in
components of the SWI/SNF complex
are a well-recognized feature of many
cancer types. For example, in rhabdoid
tumors, a rare childhood cancer, loss of
expression of sucrose nonfermenting 5
(SNF5), a non-catalytic core subunit of
SWI/SNF, directly upregulates EZH2
expression.8 Survival of SNF5-deficient
cancer cells depends upon the upregu-
lated EZH2.9 Therefore, it will be criti-
cal to determine whether the observed
synthetic lethality also applies to muta-
tions in other components of the SWI/
SNF complex and to develop compan-
ion predictive markers for response to
EZH2 inhibitors in these contexts.
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To elucidate the mechanism underly-
ing the observed synthetic lethality, we
profiled changes in gene expression
induced by restoration of wild type
ARID1A or GSK126 treatment in
ARID1A-mutated cells. This analysis
revealed antagonistic roles of ARID1A
and EZH2 in regulating a significant
number of overlapping genes (Fig. 1).
Notably, the antagonistic roles of SWI/
SNF and polycomb proteins, which
include ARID1A and EZH2 respectively,
were initially suggested in genetic studies
using Drosophila. The most interesting
novel ARID1A/EZH2 target gene that we
identified was phosphoinositide 3-kinase
interacting protein 1 (PIK3IP1). Function-
ally, we demonstrated that PIK3IP1 con-
tributes to the observed synthetic lethality
in ARID1A-mutated cells treated with
EZH2 inhibitor. At the chromatin level,
our data indicate that ARID1A dominates
in the expression of the ARID1A/EZH2
target genes when both ARID1A and
EZH2 are present. In contrast, in the

absence of ARID1A, the balance is tipped
toward EZH2-dependent silencing of
these genes. Consequently, inhibition of
EZH2 activity in the absence of functional
ARID1A leads to reactivation of target
genes such as PIK3IP1 to trigger apopto-
sis. As such, EZH2 inhibitors selectively
suppress the growth of ARID1A-mutated,
but not wild type, cells.

In addition to ARID1A mutation, the
phosphoinositide 3-kinase (PI3K)/protein
kinase B (best known as AKT), pathway is
often activated in OCCC as a result of
gain-of-function mutations in PIK3CA,
the gene encoding the catalytic subunit of
PI3K. Indeed, conditional Arid1a knock-
out together with activation of phosphati-
dylinositol 4,5-bisphosphate 3-kinase
catalytic subunit a isoform (Pik3ca) leads
to the development of OCCC in genetic
mouse models.10 Interestingly, the vali-
dated ARID1A/EZH2 target gene
PIK3IP1 is a negative regulator of PI3K.
These findings suggest that ARID1A
mutation cooperates with PI3K/AKT

signaling to drive OCCC. Thus, a combi-
nation of the EZH2 inhibitor together
with inhibition of the PI3K/AKT pathway
may carry an even greater clinical benefit.

In summary, our recent studies demon-
strate that targeting EZH2 activity using
clinically applicable small molecule EZH2
inhibitors represents a novel synthetically
lethal therapeutic strategy in ARID1A-
mutated OCCC. Given that mutation
and loss of expression of ARID1A and
genetic alterations in other subunits of the
ATP-dependent chromatin remodeling
complex are observed at a high frequency
in many cancer types, these findings will
have far-reaching implications for the
future development of epigenetic thera-
peutic strategies.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Funding

This work was supported by grants
from the US National Institutes of
Health/National Cancer Institute
(R01CA160331 and R01CA163377 to R.
Z. and Cancer Center Support grant
CA010815 to the Wistar Institute), a US
Department of Defense Ovarian Cancer
Academy award (OC093420 to R.Z.),
and an Ovarian Cancer Research Fund
Program project (to R.Z.). R.Z. is an
Ovarian Cancer Research Fund Liz Tilbe-
ris Scholar. B.G.B. is supported by an
American Cancer Society postdoctoral fel-
lowship (PF-13–058–01-TBE). K.M.A. is
supported by a training grant from the US
National Institutes of Health/National
Cancer Institute (T32CA9171–35).

References

1. Lawrence MS, Stojanov P, Mermel CH, Robinson JT,
Garraway LA, Golub TR, Meyerson M, Gabriel SB,
Lander ES, Getz G., Discovery and saturation analysis
of cancer genes across 21 tumour types. Nature 2014;
505(7484):495-501; PMID:24390350; http://dx.doi.
org/10.1038/nature12912

2. Jones S, Wang TL, Shih Ie M, Mao TL, Nakayama K,
Roden R, Glas R, Slamon D, Diaz LA, Vogelstein B Jr.
et al., Frequent mutations of chromatin remodeling
gene ARID1A in ovarian clear cell carcinoma. Science
2010; 330(6001):228-31; PMID:20826764; http://dx.
doi.org/10.1126/science.1196333

3. Wiegand KC, Shah SP, Al-Agha OM, Zhao Y, Tse K,
Zeng T, Senz J, McConechy MK, Anglesio MS, Kallo-
ger SE, et al., ARID1A mutations in endometriosis-

associated ovarian carcinomas. N Engl J Med 2010;
363(16):1532-43; PMID:20942669; http://dx.doi.org/
10.1056/NEJMoa1008433

4. Wang X, Nagl NG, Flowers S Jr., Zweitzig D, Dallas
PB, Moran E. Expression of p270 (ARID1A), a com-
ponent of human SWI/SNF complexes, in human
tumors. Int J Cancer 2004; 112(4):636;
PMID:15382044; http://dx.doi.org/10.1002/ijc.20450

5. Kaelin WG. Jr. The concept of synthetic lethality in the
context of anticancer therapy. Nat Rev Cancer 2005; 5
(9):689-98; PMID:16110319; http://dx.doi.org/
10.1038/nrc1691

6. Bitler BG, Aird KM, Garipov A, Li H, Amatangelo M,
Kossenkov AV, Schultz DC, Liu Q, Shih IM, Conejo-
Garcia JR, et al., Synthetic lethality by targeting EZH2
methyltransferase activity in ARID1A-mutated cancers.

Nat Med 2015; 21(3):231-8; PMID:25686104; http://
dx.doi.org/10.1038/nm.3799

7. McCabe MT, Ott HM, Ganji G, Korenchuk S,
Thompson C, Van Aller GS, Liu Y, Graves AP, Della
Pietra A 3rd, Diaz E, et al., EZH2 inhibition as a thera-
peutic strategy for lymphoma with EZH2-activating
mutations. Nature 2012; 492(7427):108-12;
PMID:23051747; http://dx.doi.org/10.1038/nature
11606

8. Wilson, BG, Wang X, Shen X, McKenna ES, Lemieux
ME, Cho YJ, Koellhoffer EC, Pomeroy SL, Orkin SH,
Roberts CW. Epigenetic antagonism between poly-
comb and SWI/SNF complexes during oncogenic
transformation. Cancer Cell 2010; 18(4):
316-28; PMID:20951942; http://dx.doi.org/10.1016/
j.ccr.2010.09.006

Figure 1. Antagonism between A/T-rich interacting domain 1A (ARID1A) and enhancer of zeste
homology 2 (EZH2) underlies the observed synthetic lethality between EZH2 inhibition and ARID1A
mutations. ARID1A and EZH2 are antagonistic in regulating the expression of the same set of target
genes (such as phosphoinositide 3-kinase interacting protein 1 [PIK3IP1]) and ARID1A dominates over
EZH2 in determining the expression pattern of these genes.

e1032476-2 Volume 3 Issue 1Molecular & Cellular Oncology

D
ow

nl
oa

de
d 

by
 [

10
0.

14
.2

0.
38

] 
at

 1
5:

43
 0

6 
D

ec
em

be
r 

20
15

 



9. Knutson SK, Warholic NM, Wigle TJ, Klaus CR,
Allain CJ, Raimondi A, Porter Scott M, Chesworth R,
Moyer MP, Copeland RA, et al., Durable tumor
regression in genetically altered malignant rhabdoid
tumors by inhibition of methyltransferase EZH2. Proc

Natl Acad Sci U S A 2013; 110(19):
7922-7; PMID:23620515; http://dx.doi.org/10.1073/
pnas.1303800110

10. Chandler RL, Damrauer JS, Raab JR, Schisler JC, Wil-
kerson MD, Didion JP, Starmer J, Serber D, Yee D,

Xiong J, et al., Coexistent ARID1A-PIK3CA muta-
tions promote ovarian clear-cell tumorigenesis through
pro-tumorigenic inflammatory cytokine signalling. Nat
Commun 2015; 6:6118; PMID:25625625; http://dx.
doi.org/10.1038/ncomms7118

www.tandfonline.com e1032476-3Molecular & Cellular Oncology

D
ow

nl
oa

de
d 

by
 [

10
0.

14
.2

0.
38

] 
at

 1
5:

43
 0

6 
D

ec
em

be
r 

20
15

 



PI3K therapy reprograms mitochondrial trafficking to
fuel tumor cell invasion
M. Cecilia Cainoa,b, Jagadish C. Ghosha,b, Young Chan Chaea,b, Valentina Vairac,d, Dayana B. Rivadeneiraa,b,
Alice Faversanid, Paolo Rampinie, Andrew V. Kossenkovf, Katherine M. Airdg, Rugang Zhangg, Marie R. Websterb,
Ashani T. Weeraratnab, Silvano Bosarid,h, Lucia R. Languinoa,i, and Dario C. Altieria,b,1

aProstate Cancer Discovery and Development Program, The Wistar Institute, Philadelphia, PA 19104; bTumor Microenvironment and Metastasis Program,
The Wistar Institute, Philadelphia, PA 19104; cIstituto Nazionale Genetica Molecolare “Romeo ed Enrica Invernizzi,” Milan 20122, Italy; dDivision of
Pathology, Fondazione Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Ca’ Granda Ospedale Maggiore Policlinico, Milan 20122, Italy; eDivision of
Neurosurgery, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan 20122, Italy; fCenter for Systems and Computational Biology, The Wistar
Institute, Philadelphia, PA 19104; gGene Expression and Regulation Program, The Wistar Institute, Philadelphia, PA 19104; hDepartment of Pathophysiology
and Organ Transplant, University of Milan, Milan 20122, Italy; and iDepartment of Cancer Biology, Kimmel Cancer Center, Thomas Jefferson University,
Philadelphia, PA 19107

Edited by Vincent T. Marchesi, Yale University School of Medicine, New Haven, CT, and approved May 26, 2015 (received for review January 13, 2015)

Molecular therapies are hallmarks of “personalized” medicine, but
how tumors adapt to these agents is not well-understood. Here
we show that small-molecule inhibitors of phosphatidylinositol
3-kinase (PI3K) currently in the clinic induce global transcriptional
reprogramming in tumors, with activation of growth factor recep-
tors, (re)phosphorylation of Akt and mammalian target of rapa-
mycin (mTOR), and increased tumor cell motility and invasion. This
response involves redistribution of energetically active mitochon-
dria to the cortical cytoskeleton, where they support membrane
dynamics, turnover of focal adhesion complexes, and random cell
motility. Blocking oxidative phosphorylation prevents adaptive mito-
chondrial trafficking, impairs membrane dynamics, and suppresses
tumor cell invasion. Therefore, “spatiotemporal” mitochondrial respi-
ration adaptively induced by PI3K therapy fuels tumor cell invasion,
and may provide an important antimetastatic target.

mitochondria | molecular therapy | cytoskeleton | PI3K | cell invasion

The phosphatidylinositol 3-kinase (PI3K) is a universal tumor
driver (1) that integrates growth factor signaling with down-

stream circuitries of cell proliferation, metabolism, and survival
(2). Exploited in nearly every human tumor, including through
acquisition of activating mutations (3), PI3K signaling is an im-
portant therapeutic target, and several small-molecule antago-
nists of this pathway have entered clinical testing (4). However,
the patient response to these agents has been inferior to ex-
pectations (5), dampened by drug resistance (6) and potentially
other mechanisms of adaptation by the tumor (7).
In this context, there is evidence that therapeutic targeting of

PI3K promotes tumor adaptation, paradoxically reactivating
protein kinase B (PKB/Akt) in treated cells (8) and reprogram-
ming mitochondrial functions in bioenergetics and apoptosis re-
sistance (9). How these changes affect tumor traits, however, is
unclear. Against the backdrop of a ubiquitous “Warburg effect”
(10), where tumors switch from cellular respiration to aerobic
glycolysis, a role of mitochondria in cancer has not been clearly
defined (11) and at times has been proposed as that of a tumor
suppressor (12).
In this study, we examined the impact of mitochondrial re-

programming induced by PI3K therapy on mechanisms of
tumor progression.

Results
PI3K Therapy Reactivates Akt and Mammalian Target of Rapamycin
Signaling. Treatment of patient-derived glioblastoma (GBM)
organotypic cultures (13) with PX-866, an irreversible pan-PI3K
antagonist currently in the clinic (4), caused transcriptional up-
regulation of multiple growth factor receptor pathways (Fig. 1A).
This was associated with widespread phosphorylation, namely
activation of the GBM kinome in primary organotypic cultures

(Fig. 1B and Table S1) as well as GBM LN229 cells (Fig. S1A).
Consistent with previous observations (8), structurally diverse
small-molecule PI3K antagonists induced robust (re)phosphor-
ylation of Akt1 (S473) and Akt2 (S474) in tumor cells (Fig. 1C
and Fig. S1B), as well as phosphorylation of downstream mam-
malian target of rapamycin (mTOR) and its effectors, 70S6K and
4EBP1 (Fig. 1D and Fig. S1C). Similar results were obtained in
primary 3D GBM neurospheres, where PI3K therapy strongly
induced Akt (Fig. 1E) and mTOR (Fig. 1F) phosphorylation. By
transcriptome analysis, PI3K antagonists up-regulated two main
gene networks of protection from apoptosis (9) and increased
cell motility (Fig. 1G) in treated tumors.

Increased Tumor Cell Motility Mediated by PI3K Therapy. Consistent
with these data, PI3K inhibitors vigorously stimulated tumor cell
invasion across Matrigel-coated Transwell inserts (Fig. 2 A and B
and Fig. S1 D and E) and in 3D tumor spheroids (Fig. 2 A and
B). Tumor cell proliferation was not significantly affected (Fig.
S1F) (9). In addition, PI3K therapy dose-dependently increased
the number and size of 3D GBM neurospheres (Fig. 2C and Fig.
S1 G and H).

Significance

Despite the promise of personalized cancer medicine, most
molecular therapies produce only modest and short-lived pa-
tient gains. In addition to drug resistance, it is also possible that
tumors adaptively reprogram their signaling pathways to
evade therapy-induced “stress” and, in the process, acquire
more aggressive disease traits. We show here that small-molecule
inhibitors of PI3K, a cancer node and important therapeutic target,
induce transcriptional and signaling reprogramming in tumors.
This involves the trafficking of energetically active mitochondria
to subcellular sites of cell motility, where they provide a po-
tent, “regional” energy source to support tumor cell invasion.
Although this response may paradoxically increase the risk
of metastasis during PI3K therapy, targeting mitochondrial
reprogramming is feasible, and could provide a novel thera-
peutic strategy.
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To understand the basis of this cell invasion response, we next
quantified the dynamics of membrane lamellipodia, which are
required for cell motility, by single-cell stroboscopic microscopy
(SACED, Fig. S2A) (14, 15). PI3K antagonists strongly stimu-
lated lamellipodia dynamics (Fig. S2B), increasing the size (Fig.
2D, Top and Fig. S2C) and time of persistence (Fig. 2D, Bottom
and Fig. S2D) of membrane ruffles compared with control cul-
tures. Ruffle frequency was not affected (Fig. S2E). In addition,
PI3K therapy changed the topography of membrane ruffles in
tumor cells, with appearance of dynamic ruffles at lagging areas
of the plasma membrane (Fig. 2E and Movie S1), potentially
associated with random cell motility (16). These lateral ruffles
were larger and persisted for a longer time in response to PI3K
therapy compared with untreated cells (Fig. 2F), where mem-
brane ruffles were instead polarized at the leading edge of
migration (Fig. 2E). Consistent with these findings, PI3K an-
tagonists strongly stimulated 2D tumor chemotaxis (Fig. S3A),
extending the radius of cell migration (Fig. S3B) and promoting
random, as opposed to directional, cell movements (Fig. 2G).
Tumor cell movement in response to PI3K therapy proceeded
at faster speed (Fig. S3C) and for longer distances (Fig. S3D)
compared with untreated cultures.

Mitochondrial Repositioning to the Cortical Cytoskeleton Supports
Adaptive Tumor Cell Invasion. When analyzed by fluorescence
microscopy, PI3K therapy induced profound changes in the mor-
phology and distribution of mitochondria. Whereas untreated cells
exhibited mitochondria that were polarized and mostly clustered
around the nucleus (Fig. S4 A and B), PI3K inhibitors caused the
appearance of elongated mitochondria (Fig. S4A) that “infiltrated”

the cortical cytoskeleton of tumor cells, localizing in proximity of
membrane protrusions implicated in cell motility (Fig. 3 A–C and
Fig. S4B). This was a general response of heterogeneous tumor
cell types, as lung adenocarcinoma A549 or glioblastoma LN229
cells comparably repositioned mitochondria to the cortical cyto-
skeleton in response to PI3K therapy (Fig. 3D and Fig. S4C).
Mitochondria are highly dynamic organelles, regulated by cycles
of fusion and fission (17). Small interfering RNA (siRNA) knock-
down of effectors of mitochondrial fusion, mitofusin (MFN)1 or
MFN2 (Fig. S4D), did not affect cell viability (Fig. S4E) or ATP
production (Fig. S4F) in tumor cells. Under these conditions,
MFN1 silencing suppressed mitochondrial trafficking to the cor-
tical cytoskeleton (Fig. 3E and Fig. S4 G and H) as well as tumor
cell invasion (Fig. 3F) induced by PI3K therapy. The combination
of MFN2 knockdown plus PI3K inhibition induced extensive
loss of cell viability (MFN1 siRNA+PX-866, 2.7 ± 0.05 × 105

cells; MFN2 siRNA+PX-866, 0.16 ± 0.13 × 105 cells; P =
0.0047), thus preventing additional studies of mitochondrial reloc-
alization or tumor cell invasion.

Requirements of Mitochondrial Regulation of Tumor Cell Invasion. A
prerequisite of cell movements is the timely assembly/disassembly
of focal adhesion (FA) complexes (14), and a role of mitochon-
drial trafficking in this process was next investigated. Mitochon-
dria repositioned to the cortical cytoskeleton in response to PI3K
antagonists colocalized with phosphorylated (Y925) focal adhe-
sion kinase (FAK) (Fig. 3G and Fig. S5A). This was associated
with increased FAK phosphorylation (Y925) compared with
control cultures (Fig. S5B), suggesting deregulation of FA dy-
namics (18). By time-lapse video microscopy (Fig. S5C), PI3K
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Fig. 1. PI3K therapy-induced tumor transcriptional reprogramming. (A) Heat map of changes in kinome functions in patient-derived GBM organotypic
cultures treated with vehicle or PX-866 (10 μM for 48 h). N, number of genes; %, percentage of genes changed for any given function. (B) Extracts from GBM
organotypic cultures treated with vehicle (Veh) or PX-866 (10 μM for 48 h) were incubated with a human phospho-RTK array followed by enhanced
chemiluminescence detection. The position and identity of phosphorylated proteins are indicated. M, markers. (C and D) PC3 cells were treated with vehicle or
the indicated PI3K inhibitors for 48 h and analyzed for changes in Akt (C) or mTOR (D) activation by Western blotting. p, phosphorylated. (E and F) Primary
GBM spheroids treated with vehicle or 10 μM PX-866 for 48 h were imaged by phase-contrast and fluorescence microscopy for phosphorylated Akt (Ser473)
(E) or mTOR (Ser2448) (F). DNA was counterstained with DAPI. Nestin is a GBM marker. (G) Heat map of changes in kinome pathways in GBM organotypic
cultures treated with vehicle or PX-866 (10 μM) for 48 h. N, number of changed genes; Z, z score of the estimated function state: positive (red) indicates overall
function is likely increased; negative (blue) indicates it is decreased.
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therapy profoundly affected FA dynamics (Fig. 3H and Movie S2),
increasing both the assembly and decay of FA complexes (Fig.
S5D) and their turnover rate (Fig. S5E). In contrast, PI3K in-
hibition reduced the number of stable FA complexes (Fig. S5F).
Mitochondria are a primary source of reactive oxygen species

(ROS), and these moieties have been implicated in tumor cell
motility. PI3K antagonists increased the production of mito-
chondrial superoxide in tumor cells compared with untreated
cultures (Fig. S6 A and B), and this response was abolished by a
mitochondrial-targeted ROS scavenger, mitoTEMPO (Fig. S6C).
In contrast, ROS scavenging with mitoTEMPO did not affect
mitochondrial repositioning to the cortical cytoskeleton (Fig. 4A
and Fig. S6 D and E) or tumor cell invasion (Fig. 4B) mediated by
PI3K inhibitors. Increasing concentrations of the pan-antioxidant
N-acetyl cysteine (NAC) had no effect on PI3K therapy-mediated
tumor cell invasion (Fig. S6F). The increase in basal cell motility in
the presence of antioxidants may reflect release of ROS-regulated
inhibitory mechanisms of mitochondrial trafficking.

Role of Bioenergetics in Mitochondrial Trafficking and Tumor Cell
Invasion. Next, we asked whether mitochondrial bioenergetics
was important for this pathway, and generated LN229 cells devoid
of oxidative phosphorylation (ρ0 cells). Chemoattractant stimula-
tion of respiration-competent LN229 cells induced repositioning
of mitochondria to the cortical cytoskeleton (Fig. S7A) that
colocalized with paxillin+ FA complexes (Fig. S7B). In contrast,
respiration-deficient LN229 ρ0 cells failed to reposition mito-
chondria to the cortical cytoskeleton (Fig. 4C). This absence of
mitochondria proximal to FA complexes (Fig. 4D) was associated
with loss of FA dynamics (Fig. S7 C and D and Movie S3) and
suppression of tumor cell invasion across Matrigel-containing in-
serts (Fig. 4E and Fig. S7E).
As an independent approach, we treated tumor cells with

Gamitrinib, a mitochondrial-targeted small-molecule Hsp90
inhibitor that induces misfolding and degradation of the oxida-
tive phosphorylation complex II subunit SDHB (19). Nontoxic

concentrations of Gamitrinib abolished the trafficking of mito-
chondria to pFAK-containing FA complexes in response to PI3K
antagonists (Fig. 4 F and G) and preserved a polarized and
perinuclear mitochondrial distribution (Fig. S8A). Consistent
with these findings, Gamitrinib abolished the increase in tumor
cell invasion (Fig. 4H) and the expansion of primary GBM
neurospheres (Fig. S8 B and C) mediated by PI3K antagonists.
To validate these findings, we next silenced the expression of
TRAP-1 (Fig. S8D), a mitochondrial Hsp90-like chaperone tar-
geted by Gamitrinib and implicated in complex II stability (19).
TRAP-1 silencing in vehicle-treated cells did not affect mito-
chondrial localization (Fig. S8E, Left). In contrast, knockdown of
TRAP-1 abolished mitochondrial trafficking to the cortical cy-
toskeleton in the presence of PI3K antagonists, increasing the
fraction of polarized and perinuclear organelles in these cells
(Fig. S8E, Right). Finally, treatment with small-molecule in-
hibitors of mitochondrial complex I (Rotenone), complex III
(Antimycin A), or complex V (Oligomycin) or a mitochondrial
uncoupler (carbonyl cyanide m-chlorophenyl hydrazine; CCCP)
inhibited mitochondrial repositioning to the cortical cytoskeleton
(Fig. S8F) and tumor cell invasion (Fig. 4I) in the presence of
PI3K therapy.
To begin elucidating the signaling requirements of adaptive

mitochondrial trafficking and tumor cell invasion, we next tar-
geted the PI3K–Akt–mTOR axis, which becomes reactivated in
response to PI3K therapy (8, 9). Knockdown of Akt1 or Akt2
(Fig. S9A), mTOR (Fig. S9B), or FAK (Fig. S9C) independently
prevented the repositioning of mitochondria to the cortical cy-
toskeleton (Fig. 4 J and K and Fig. S9D) and suppressed tumor
cell invasion (Fig. 4L and Fig. S9G) induced by PI3K antago-
nists. In contrast, knockdown of these molecules in the absence
of PI3K inhibition had no effect on mitochondrial trafficking
(Fig. S9E) or organelle morphology (Fig. S9F).

E

A B C D

F G

Fig. 2. PI3K therapy induces adaptive tumor cell motility and invasion. (A) Tumor cells treated with vehicle or 10 μM PX-866 for 48 h were analyzed for
invasion across Matrigel-coated Transwell inserts (Top) or in 3D spheroids (Bottom). Red, invasive edge; green, core. Representative images. Magnification,
10×. (B) PC3 (Top) or LN229 (Bottom) cells were treated with the indicated increasing concentrations of PX-866 and quantified for invasion across Matrigel
(Top) or in 3D spheroids (Bottom). The distance between the core and edge of 3D spheroids was determined. Mean ± SEM of replicates from a representative
experiment. *P = 0.02; ***P < 0.0001. (C) Patient-derived GBM spheroids were treated with vehicle or PX-866 (0–10 μM) for 48 h and analyzed by phase-
contrast (Top) or fluorescence microscopy (Bottom). The vital dye PKH26 was used to counterstain live GBM neurospheres. (Scale bar, 20 μm.) (D) Membrane
ruffling was quantified in PC3 cells treated with vehicle or PI3K inhibitors for 48 h by SACED microscopy. Average values from at least 330 ruffles per
treatment are shown for ruffle size (Top) and time of ruffle persistence (Bottom). Mean ± SEM (n = 15). ***P < 0.0001. (E) Representative stroboscopic images
from time-lapse video microscopy of PC3 cells treated with vehicle or PI3K inhibitors. Four SACED regions corresponding to the top (1), right (2), bottom (3),
and left (4) of each cell are shown. The ruffling activity (broken yellow lines) is restricted to one main region (1) on the vehicle cell but is distributed equally
between three regions (1–3) on cells treated with PI3K inhibitors. See also Movie S1. (F) PC3 cells were treated with vehicle or PI3K inhibitors, and membrane
dynamics at lagging areas were quantified. Ruffle size (Left) or time of ruffle persistence (Right) from at least 205 individual lagging ruffles are shown. Mean
± SEM (n = 15). **P = 0.0047; ***P < 0.0001. (G) PC3 cells were treated with vehicle or PX-866 for 48 h and quantified for directional versus random cell
migration by time-lapse video microscopy (8 h). Rose plots show the distribution of cells migrating along each position interval (range interval 10°, internal
angle 60°). Arrows indicate the direction of chemotactic gradient.

8640 | www.pnas.org/cgi/doi/10.1073/pnas.1500722112 Caino et al.

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1500722112/video-2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF7
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1500722112/video-3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=SF9
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1500722112/video-1
www.pnas.org/cgi/doi/10.1073/pnas.1500722112


Discussion
In this study, we have shown that small-molecule PI3K inhibitors
currently in the clinic induce global reprogramming of tran-
scriptional and signaling pathways in tumor cells, paradoxically
resulting in increased tumor cell motility and invasion. Mecha-
nistically, this involves the trafficking of energetically active mi-
tochondria to the cortical cytoskeleton of tumor cells, where they
support membrane lamellipodia dynamics, turnover of FA com-
plexes, and random cell migration and invasion. Conversely, in-
terference with this spatiotemporal control of mitochondrial bio-
energetics abolishes tumor cell invasion.
Although associated with important tumor traits, including

“stemness” (20), malignant regrowth (21), and drug resistance
(22), a general role of mitochondria in cancer has been difficult
to determine (11). Whether these organelles play a role in tumor
cell invasion and, therefore, metastatic competency has been
equally controversial, with evidence that mitochondrial respira-
tion is important (23), not important (24), or must be dysfunc-
tional (25) to affect cell movements. Here disabling cellular
respiration with depletion of mitochondrial DNA (26) or tar-
geting an oxidative phosphorylation complex(es) (19) prevented

mitochondrial trafficking to the cortical cytoskeleton, abolished
membrane dynamics of cell motility, and suppressed cell in-
vasion. Conversely, scavenging of mitochondrial ROS, which are
increased in response to PI3K therapy, did not affect organelle
dynamics and tumor cell invasion. Together, these data suggest
that oxidative phosphorylation contributes to cancer metabo-
lism and provides a “regional” and potent ATP source to fuel
highly energy-demanding processes of cell movements and in-
vasion (27).
This “spatiotemporal” model of mitochondrial bioenergetics is

reminiscent of the accumulation of mitochondria at subcellular
sites of energy-intensive processes in neurons (28), including
synapses, active growth cones, and branches (29). Whether the
cytoskeletal machinery that transports mitochondria along the
microtubule network in neurons (30) is also exploited in cancer
(this study) is currently unknown. However, there is evidence
that comparable mechanisms of organelle dynamics (31) support
mitochondrial redistribution in lymphocytes (32) and may con-
tribute to directional migration of tumor cells (33). Consistent
with this model (31), interference with the mitochondrial fu-
sion machinery, namely mitofusins, suppressed mitochondrial
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Fig. 3. Mitochondria fuel focal adhesion dynamics. (A) PC3 cells treated with vehicle or PI3K inhibitors for 48 h were stained with MitoTracker Red, phalloidin
Alexa488, and DAPI, and full cell stacks were used to generate 3D max projection images that were scored for mitochondrial morphology (polarized, per-
inuclear, infiltrating). (B) Representative confocal 3D max projection images of PC3 cells treated with vehicle or the indicated PI3K inhibitors and stained as in
A. (Bottom) Models for quantification of mitochondrial trafficking. Mito, mitochondria. White lines indicate the distance from nuclei to the cell border.
Yellow lines indicate the length of mitochondrial infiltration into membrane lamellipodia. Magnification, 63×. (C) PC3 cells treated with vehicle or the in-
dicated PI3K inhibitors were labeled as in A and quantified for mitochondrial infiltration into lamellipodia. At least 18 cells were analyzed at two independent
lamellipodia, and data were normalized to total lamellipodia length. Mean ± SEM (n = 36). ***P < 0.0001. (D) Lung adenocarcinoma A549 or glioblastoma
LN229 cells were labeled as in A and scored for mitochondrial infiltration into membrane lamellipodia by fluorescence microscopy. Mean ± SEM. **P = 0.0056;
***P < 0.0001. (E) PC3 cells were transfected with control (Ctrl) or MFN1-directed siRNA, labeled as in A, and quantified for mitochondrial infiltration in the
cortical cytoskeleton in the presence of vehicle or PX-866. Mean ± SEM. ***P < 0.0001. (F) PC3 cells transfected with control or MFN1-directed siRNA were
treated with vehicle or PX-866 and analyzed for Matrigel invasion after 48 h. Mean ± SEM. ***P = 0.0002. (G) PC3 cells treated with vehicle or PI3K inhibitors
for 48 h were replated onto fibronectin-coated slides for 5 h and labeled with an antibody to phosphorylated FAK (pY925) Alexa488, MitoTracker Red, and
DAPI. Representative 1-μm extended-focus confocal images with localization of mitochondria near FA complexes are shown. Magnification, 63×. (Scale bar,
10 μm.) (H) PC3 cells expressing Talin-GFP to label FA were treated as indicated and quantified for decay, formation, and stability of FA complexes per cell over
78 min; n = 631. See also Movie S2.
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repositioning to the cortical cytoskeleton and tumor cell invasion
mediated by PI3K therapy.
In addition to oxidative phosphorylation, Akt/mTOR signaling

was identified here as a key regulator of mitochondrial traffick-
ing and tumor cell invasion. This is consistent with a pivotal role
of PI3K in directional cell movements (34), supporting chemo-
taxis at the leading edge of migration (35) and Rac1 activation
(36). A third signaling requirement of this pathway involved
FAK activity (18), which has also been implicated in cytoskeletal
dynamics (37).
Despite hopes for “personalized” medicine (4), small-mole-

cule PI3K inhibitors have produced modest and short-lived
patient responses in the clinic (5). Our data suggest that these
agents potently activate global adaptive mechanisms in tumors
(7), unexpectedly centered on mitochondrial reprogramming in
cell survival/bioenergetics (9) and subcellular trafficking (this
study). In this context, the increased tumor cell motility and
invasion stimulated by PI3K inhibitors may create an “escape”
mechanism for tumor cells to elude therapy-induced environ-
mental stress, reminiscent of the heightened metastatic pro-
pensity associated with other unfavorable conditions of hypoxia
(38), acidosis (39), and antiangiogenic therapy (40, 41). Although
this adaptive response to PI3K therapy may paradoxically promote
more aggressive tumor traits and further compromise clinical

outcomes, disabling mitochondrial adaptation is feasible (19) and
may provide a viable strategy to increase the anticancer efficacy of
PI3K antagonists in the clinic.

Methods
Two-Dimensional Chemotaxis. Cells were treated with PI3K inhibitors for 48 h
and seeded in 2D chemotaxis chambers (Ibidi) in 10% (vol/vol) FBS medium.
After a 6-h attachment, cells were washed and the reservoirs were filled with
0.1% BSA/RPMI, followed by gradient setup by addition of NIH 3T3 condi-
tioned medium. Video microscopy was performed over 8 h, with a time-lapse
interval of 10 min. At least 30 cells were tracked using the WimTaxis module
(Wimasis), and the tracking data were exported into Chemotaxis and Mi-
gration Tool v2.0 (Ibidi) for graphing and statistical testing. Experiments
were repeated twice (n = 3).

FA Dynamics. Cells growing in high–optical-quality 96-well μ-plates (Ibidi)
were transduced with Talin-GFP BacMam virus (50 particles per cell) for
18 h and imaged with a 40× objective on a Nikon TE300 inverted time-lapse
microscope equipped with a video system containing an Evolution QEi
camera and a time-lapse video cassette recorder. The atmosphere was
equilibrated to 37 °C and 5% CO2 in an incubation chamber. Time-lapse
fluorescence microscopy was carried out for the indicated times at 1 min per
frame. Sequences were aligned in Image-Pro Plus 7 (Media Cybernetics) and
imported into ImageJ (NIH) for further analysis. The initial and final frames
were duplicated and assembled as composite images. FA complexes were
manually counted and classified according to presence in some or all of the
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Fig. 4. Control of tumor cell invasion by spatiotemporal mitochondrial bioenergetics. (A) PC3 cells were labeled with MitoTracker Red, phalloidin Alexa488,
and DAPI, treated with PX-866, and analyzed for mitochondrial infiltration into the peripheral cytoskeleton in the presence of vehicle or the mitochondrial-
targeted ROS scavenger mitoTEMPO (mT; 50 μM). (B) PC3 cells were incubated with the indicated agents alone or in combination (PX-866+mT) and analyzed
for tumor cell invasion across Matrigel. Mean ± SEM. P (ANOVA) < 0.0001. (C and D) Mitochondrial (mt)DNA-depleted LN229 (ρ0) cells were stimulated with
NIH 3T3 conditioned media for 2 h, labeled with MitoTracker Red, DAPI, and either phalloidin Alexa488 (C) or an antibody to FA-associated paxillin (D), and
analyzed by fluorescence microscopy. Representative pseudocolored images are shown. Magnification, 60×. (E) WT or ρ0 LN229 cells were analyzed for
invasion across Matrigel-coated Transwell inserts. Representative images of invasive cells stained with DAPI are shown. Magnification, 20×. (F) PC3 cells
treated with vehicle or PI3K inhibitors in combination with the mitochondrial-targeted small-molecule Hsp90 inhibitor Gamitrinib (Gam) were labeled with
anti–pY925-FAK Alexa488 followed by fluorescence microscopy. Representative 1-μm extended-focus confocal images are shown. Magnification, 63×. (Scale
bar, 10 μm.) (G) PC3 cells treated with vehicle or PI3K inhibitors with or without Gamitrinib (1 μM) were labeled with MitoTracker Red, phalloidin Alexa488,
and DAPI and quantified after 48 h for mitochondrial infiltration into lamellipodia by fluorescence microscopy; n = 48. Mean ± SEM. **P = 0.0044; ***P <
0.0009. (H) PC3 cells were treated with vehicle or PX-866 (5 μM) with or without Gamitrinib and quantified for invasion across Matrigel. Mean ± SEM of
replicates (n = 2). ***P < 0.0001. ns, not significant. (I) PC3 cells were incubated with vehicle or PX-866 alone or in combination with the various mitochondrial
respiratory chain inhibitors and analyzed for Matrigel invasion. Ant A, Antimycin A; Oligo, Oligomycin; Roten, Rotenone. Mean ± SEM. **P = 0.006. (J) PC3
cells transfected with control siRNA or siRNA to Akt1/2, mTOR, or FAK were labeled as in C, treated with PX-866, and quantified for mitochondrial infiltration
into lamellipodia; n = 44. Mean ± SEM. ***P < 0.0001. (K) siRNA-transfected PC3 cells labeled as in C were treated with PX-866 (5 μM) and analyzed for
mitochondrial morphology (polarized, perinuclear, infiltrating) by fluorescence microscopy; n = 21. (L) PC3 cells transfected with the indicated siRNAs were
quantified for invasion across Matrigel in the presence of vehicle or PX-866. Mean ± SEM (n = 4). ***P < 0.0001.
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time frames: decaying, newly formed, stable sliding (FA moves to a different
position over time), and stable mature (merged areas). The rate of decay and
assembly of FA complexes was calculated for each cell as the number of FA
complexes changing per h. At least 400 FA complexes from 10 cells were
analyzed from 5 independent time lapses per condition.

Tumor Cell Invasion. Experiments were carried out essentially as described
(42). Briefly, 8-μm PET Transwell migration chambers (Corning) were coated
with 150 μL 80 μg/mL Matrigel (Becton Dickinson). Tumor cells were seeded
in duplicates onto the coated Transwell filters at a density of 1.25 × 105 cells
per well in media containing 2% (vol/vol) FCS (FCIII; HyClone), and media
containing 20% (vol/vol) FCS were placed in the lower chamber as chemo-
attractant. Cells were allowed to invade and adhere to the bottom of the
plate, stained in 0.5% crystal violet/methanol for 10 min, rinsed in tap water,
and analyzed by bright-field microscopy. Digital images were batch-impor-
ted into ImageJ, thresholded, and analyzed with the Analyze Particles
function. For analysis of tumor cell invasion in 3D spheroids, tissue culture-
treated 96-well plates were coated with 50 μL 1% Difco Agar Noble
(Becton Dickinson). LN229 cells were seeded at 5,000 cells per well and
allowed to form spheroids over 72 h. Spheroids were harvested, treated
with PX-866 (0–10 μM), and placed in a collagen plug containing Eagle’s
minimum essential medium (EMEM), FBS, L-glutamine, sodium bicarbon-
ate, and collagen type I (Gibco; 1.5 mg/mL). The collagen plug was allowed
to set and 1 mL DMEM with 5% (vol/vol) FBS was added to the top of the
plug. Cell invasion was analyzed every 24 h and quantified using Image-Pro
Plus 7, as described (42).

Patient Samples. For studies using human samples, informed consent was
obtained from all patients enrolled, and the study was approved by an In-
stitutional Review Board of the Fondazione IRCCS Ca’ Granda. The clinico-
pathological features of GBM patients used in this study are summarized in
Table S1.

Statistical Analysis.Data were analyzed using either two-sided unpaired t test
(for two-group comparisons) or one-way ANOVA test with Dunnett’s mul-
tiple comparison posttest (for more than two-group comparisons) using a
GraphPad software package (Prism 6.0) for Windows. Data are expressed as
mean ± SD or mean ± SEM of multiple independent experiments. A P value
of <0.05 was considered statistically significant.
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SUMMARY
The dominant TLR5R392X polymorphism abrogates flagellin responses in >7% of humans. We report that
TLR5-dependent commensal bacteria drive malignant progression at extramucosal locations by increasing
systemic IL-6, which drives mobilization of myeloid-derived suppressor cells (MDSCs). Mechanistically,
expanded granulocytic MDSCs cause gd lymphocytes in TLR5-responsive tumors to secrete galectin-1,
dampening antitumor immunity and accelerating malignant progression. In contrast, IL-17 is consistently
upregulated in TLR5-unresponsive tumor-bearing mice but only accelerates malignant progression in
IL-6-unresponsive tumors. Importantly, depletion of commensal bacteria abrogates TLR5-dependent
differences in tumor growth. Contrasting differences in inflammatory cytokines and malignant evolution
are recapitulated in TLR5-responsive/unresponsive ovarian and breast cancer patients. Therefore, inflam-
mation, antitumor immunity, and the clinical outcome of cancer patients are influenced by a common
TLR5 polymorphism.
INTRODUCTION

A rapidly growing paradigm is that commensal microorganisms

are required to maintain immune homeostasis of mucosal

surfaces suchas the intestine (Mazmanianet al., 2008)while facil-

itating the shaping of immune responses against pathogens in

the periphery (Abt et al., 2012; Clarke et al., 2010). Most recently,

interactions between microbiota and mucosal surfaces have
Significance

7.5% of the general population harbor a single dominant nucleo
tion in signaling. We perform a survival analysis of TCGA data
TLR5 signaling affects the malignant progression of ovarian a
nonresponsive mice, depletion of commensal bacteria abrog
TLR5 recognition of commensal bacteria results in elevated IL
sponsive, tumor-bearing mice, there is an increased systemic
TLR5 signaling is driving differential tumor-promoting inflamm
outcome of malignant progression.
been demonstrated to have a crucial role in therapeutic re-

sponses for tumors occurring outside of the intestinal tract (Iida

et al., 2013; Viaud et al., 2013). Although themechanismsof distal

immune regulation by themicrobiota are poorly understood, their

importance is illustrated by the lack of cellular immune responses

and a very narrow T cell repertoire in germ-free mice.

Pattern recognition receptors recognize pathogen-associated

molecular patterns, including those contained in commensal
tide polymorphism in TLR5, resulting in up to an 80% reduc-
sets for individuals with this polymorphism and show that
nd breast cancer differently. In both TLR5-responsive and
ates differences in tumor progression. We also show that
-6 levels during tumor progression, whereas, in TLR5 nonre-
production of IL-17. Mechanistically, we demonstrate that
ation and that the balance of IL-6 and IL-17 influences the
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Figure 1. Tumor-Promoting Inflammation Is Driven by TLR5-Dependent Signaling

(A–C) Serum levels of IL-6 (A), IL-23 (B), and CCL3 (C) in TLR5-responsive (WT) and TLR5-deficient (Tlr5�/�) mice with advanced (days 64–75) flank sarcomas

(Tumor, n R 15/group) or naive littermate controls, as detected by ELISA.

(D and E) Proportions (D) and total numbers (E) of MDSC infiltrating into the spleens of WT or Tlr5�/� mice bearing equally sized tumors. Shown is one repre-

sentative of two independent experiments with five to eight animals per group.

(F) IFNg enzyme-linked Immunospot of sorted antigen-specific CD8 T cells from the draining lymph node (inguinal) of mice bearing day 64 hind flank sarcomas

incubated with tumor-lysated, pulsed BMDCs (pulsed) or BMDCs only (unpulsed). Data are representative of two experiments with at least three mice per group.

(G) Representative images of tumors and growth curve of Tlr5�/� or WT transgenic mice administered subcutaneous adenovirus-Cre into the hind flank. Data are

representative of five individual experiments with at least six to ten mice per group.

(H) Representative final tumor volume and resected ID8-Vegf-Defb29 tumors 27 days after injection into the axillary flank. Data are representative of two individual

experiments with at least five to eight mice per group.

(legend continued on next page)
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microbiota. At least 23% of individuals in the general population

are carriers of functional polymorphisms in Toll-like receptor

(TLR) genes (Casanova et al., 2011), but their effect on immuno-

surveillance against extraintestinal tumors remains poorly under-

stood. One of the most frequent polymorphisms is found in

TLR5. Approximately 7.5% of the general population harbor

a single dominant nucleotide polymorphism in TLR5 (1174

C > T), encoding a stop codon in place of an arginine at codon

392 (TLR5R392X) (Hawn et al., 2003; Misch and Hawn, 2008).

This polymorphism results in truncating the transmembrane

signaling domain of TLR5 (the specific receptor of flagellin),

abrogating signaling by 50%–80%, even for individuals who

are heterozygous for this allele. Although the relative frequency

of heterozygous carriers within the general population indicates

compatibility with a healthy lifestyle, this polymorphism has

immunological consequences because heterozygous carriers

have an enhanced susceptibility to Legionnaires disease

(Hawn et al., 2003), urinary tract infections (Hawn et al., 2009),

and bronchopulmonary dysplasia (Sampath et al., 2012).

However, virtually nothing is known about the systemic con-

sequences of microbially induced TLR5-dependant signaling,

and malignant progression of tumors occurring outside of the

intestines.

Here we dissected the role of TLR5 signaling at mucosal sur-

faces on tumor progression at extramucosal locations through

systemic inflammation.

RESULTS

TLR5 Signaling Results in Tumor-Promoting Systemic
Inflammatory Responses during Malignant Progression
To determine whether TLR5 signaling influences the malignant

progression of extraintestinal tumors, we generated B6

mice with latent mutations in p53 and K-ras (Trp53flx/flx;LSL-

KrasG12D/+) (Jackson et al., 2001; Jonkers et al., 2001; Scarlett

et al., 2012) on a TLR5-deficient (Tlr5�/�) or TLR5-responsive
(wild-type [WT]) background. No evidence of metabolic syn-

drome or colitis in Tlr5�/� mice was observed in our facilities

(Figures S1A–S1C available online). Subcutaneous delivery of

adenoviruses expressing Cre-recombinase into the hind flank

led to concurrent ablation of p53 and activation of oncogenic

K-ras, resulting in palpable tumors with histological features of

sarcoma. Notably, tumor-bearing (but not naive) WT mice ex-

hibited significantly greater serum levels of IL-6 compared with

Tlr5�/� littermates bearing similarly sized tumors (Figure 1A; Fig-

ure S1D), whereas other inflammatory cytokines were increased

at similar levels or remained unchanged in both groups (Figures

1B and 1C; Figures S1E and S1F).

Consistent with IL-6-mediated systemic inflammation, we

found increased mobilization of myeloid-derived suppressor

cells (MDSCs) (Figures 1D an 1E)—both Ly6C+ and Ly6G+

(Figure S1G)—in TLR5-responsive mice compared with Tlr5�/�

littermates with an equivalent tumor burden. As expected,

no TLR5-dependent differences were found in tumor-free mice
(I) Growth curve and representative resected UPK10 (p53/K-ras-dependent ovaria

two individual experiments with at least four to six mice per group.

(J) Survival proportions of Tlr5�/� and WT mice bearing syngenic ID8 ovarian tum

All data represent the mean ± SEM. *p < 0.05, ***p < 0.001 Tlr5�/� compared with
(Figure S1H). Reconstitution with IL-6-deficient bone marrow

(Figure S1I) and antibody-mediated neutralization of IL-6 (Fig-

ure S1J) resulted in significant decreases in the mobilization of

MDSCs in tumor-bearing WT hosts. Accordingly, tumor-specific

effector CD8 T cell responses were significantly impaired in WT

animals (Figure 1F) but were restored in tumor-bearing WT ani-

mals reconstituted with IL-6-deficient bonemarrow (Figure S1K).

Correspondingly, tumor growth was increased in TLR5-compe-

tent hosts (Figure 1G).

Accelerated malignant progression in TLR5-responsive mice

was not driven by TLR5-dependent responses in the tumor

cells (e.g., in response to bacterial translocation), as the same

tumor cells, or syngeneic p53/K-ras ovarian tumor-derived cells

(Scarlett et al., 2012) injected into the axillary flank also pro-

gressed significantly faster in TLR5-responsive mice, compared

to TLR5-deficient littermates (Figures 1H and 1I). Differences

in tumor progression (Figure 1J) and antitumor immunity (Fig-

ure S1L) were also recapitulated when ovarian tumor cells

were administered intraperitoneally.

No endotoxin could be detected in the serum or tumor ascites

(data not shown). More importantly, the background PCR signals

for bacterial ribosomal 16S detected in the serum, tumor,

draining lymph nodes, or ascites from WT or Tlr5�/� mice were

similar to those found in matching control samples from healthy

WT mice (Figure S1M).

Taken together, these data indicate that TLR5 signaling is

sufficient to drive systemic tumor-promoting inflammation

associated with impaired antitumor immunity and accelerated

malignant progression and without obvious dysbiosis in TLR5-

deficient hosts.

TLR5-Dependent Accelerated Extraintestinal
Tumor Growth Is Mediated through Interactions
with Commensal Microbiota
Notably, although the composition of the microbiota in TLR5-

deficient and TLR5-competent mice was more similar than

when compared individually with WT syngeneic mice from a

different facility within the campus of the University of Pennsylva-

nia, microbiome-wide differences remained between WT and

Tlr5�/�mice after cohousing them in the same cage for 4 weeks

(Figures 2A and 2B). Significant differences were found in the

genera of Allobaculum,Bacteroides, and Lactobacillus, although

not in other species associated with inflammation, such as

Candidatus Arthromitus or Clostridia. In addition, cohoused

WT and Tlr5�/� mice retained differences in the progression of

both ovarian tumors and transplantable sarcomas generated

from p53/K-ras autochthonous tumors (termed MPKAS; Figures

2C–2F). Because mice are naturally coprophagic, differences in

the composition of the microbiota after cohousing suggest that

the absence of TLR5 activity contributes to forge a dissimilar

repertoire of commensal bacteria under similar environmental

conditions. To test the influence of TLR5-dependent commensal

microorganisms on the progression of extramucosal tumors,

we first confirmed significantly elevated serum levels of IL-6
n) tumors 43 days after challenge in the axillary flank. Data are representative of

or cells (R5/group with two repetitions).

WT using Mann-Whitney test and log rank test for survival. See also Figure S1.

Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc. 29



C D

A

B

E

F

Figure 2. The Absence of TLR5 Signaling Results in a Divergent Microbial Composition and Reduced Tumor Progression

(A) Heatmap of operational taxonomic units of commensal bacterial phyla fromWT or Tlr5�/�mice cohoused for 4 weeks comparedwith naiveWTmice housed in

a different animal facility (WT other).

(B) Proportions of the indicated bacterial phyla in cohoused WT and Tlr5�/� mice. Boxes represent the interquartile range (bottom, 25th percentile; top,

75th percentile), and the line inside represents the median. Whiskers denote the lowest and highest values within 1.53 the interquartile range. Kruskal-Wallis

one-way ANOVA was used to calculate significance.

(C) Tumor growth kinetics of ID8-Vegf-Defb29 injected into the axillary flank of WT and Tlr5�/� mice cohoused for 4 weeks prior to the injection. Data are

representative of one experiment with at least five mice per group.

(D) Tumors from cohoused mice in (C) resected after 69 days.

(E) Growth kinetics of MPKAS sarcomas injected in the axillary flank of WT and Tlr5�/�mice cohoused for 3 weeks prior to the injection. Data are representative

of one experiment with at least five mice per group.

(F) Resected tumors from cohoused mice in (C) 14 days after injection.

All data represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Unless stated otherwise, Mann-Whitney test was used.
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(Figure 3A) and accelerated tumor growth (Figure 3B) in WTmice

challenged with transplantable MPKAS sarcomas. Depletion of

commensal microbiota in both TLR5-responsive and deficient
30 Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc.
mice by oral administration of antibiotics (ABX) resulted in

enlarged ceca and a reduction in the burden of bacteria in the

intestines, as evidenced by 16 s quantification of the bacterial
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CB Figure 3. Commensal Microbiota Modulate

TLR5-Dependent Tumor Growth through

Increased IL-6 and gd T Cells

(A) IL-6 serum levels of WT or Tlr5�/�mice 14 days

after being transplanted with the MPKAS sarcoma

cell line.

(B) Tumor volume of MPKAS in Tlr5�/� or WT mice

at day 14 (n R 26/group).

(C–E) WT and Tlr5�/�mice were gavaged daily for

2 weeks with an antibiotic cocktail (ABX) to elimi-

nate the commensalmicrobiota or with autoclaved

H2O prior to the initiation of MPKAS tumors, and

antibiotic depletion was continued throughout

the course of tumor progression. IL-6 serum levels

in mice 14 days after initiation of MPKAS tumors

(C), tumor growth kinetics (D), and total gd T cells

in the draining axillary and brachial lymph node

in mice 14 days after initiation of MPKAS tumors

(E) are shown. Data are representative of at least

three experiments with five mice per group.

(F) Growth kinetics of MPKAS tumors in Tcrd�/� or
Tlr5�/�/Tcrd�/� mice compared with the appro-

priate WT and Tlr5�/� littermate controls. Data

are representative of two individual experiments

with at least five to eight mice per group.

(G) Volume of tumors 14 days after transplantation

of MPKAS tumor cells alone or together with WT

or Tlr5�/� tumor-associated gd T cells into the

auxiliary flank of naive WT mice.

(H) Tumor growth curve of MPKAS cells admixed

with tumor-associated gd T cells sorted from

WT or Tlr5�/� tumor-bearing mice injected into

the axillary flank of Tcrd�/� or Tlr5�/�/Tcrd�/�

mice and representative resected tumors 14 days

after the implantation.

(I) Total galectin-1+ gd T cells from tumor-draining

lymph nodes of WT or Tlr5�/�mice with advanced

autochthonous sarcomas.

(J) gd T cells were sorted from the draining lymph

nodes of WT or Tlr5�/� mice bearing advanced

autochthonous sarcomas and cultured for 6 hr

with phorbol 12-myristate 13-acetate/ionomycin.

Supernatants were collected and assayed for

galectin-1 levels.

All data represent the mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001 using Mann-Whitney test.

See also Figure S2.
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load from fecal pellets of treated and untreated mice (Figures

S2A and S2B). Most importantly, differences in systemic IL-6

levels (Figure 3C), mobilization of MDSCs (Figure S2C), and

tumor growth (Figure 3D; Figure S2D) were all completely

abrogated when commensal bacteria were eliminated from tu-

mor-challenged WT and Tlr5�/� mice as a result of significantly

delayed tumor progression in WTmice. Correspondingly, bacte-

rial depletion was associated with an increased accumulation

of interferong (IFNg)-producing effector CD8 T cells (Figure S2E).

Decreased tumor growth could not be attributed to nonspecific

antitumor activity of the (oral) antibiotic cocktail because there

was no effect on tumor cell proliferation (Figure S2F).

gd T Cells Promote Tumor Growth through Galectin-1
Secretion in a TLR5-Dependent Manner
Unexpectedly, bacterial depletion resulted in a significant and

selective decrease in the number of gd T cells in the tumor
microenvironment (TME) in TLR5-responsive hosts (Figure 3E;

Figure S2G). gd lymphocytes preferentially accumulate at

mucosal surfaces, linking innate and adaptive immunity through

the secretion of cytokines and chemokines, providing help for

adaptive responses, lysing target cells, or directly presenting

antigens.

To understand the role of gd T cells infiltrating into tumors that

grow more aggressively in the presence of TLR5 signaling, WT

and Tlr5�/� littermates deficient of gd T cells were challenged

with syngeneic MPKAS sarcomas. Tumors progressed signifi-

cantly more slowly in WT mice lacking gd T cells, whereas tumor

growth in Tlr5�/� gd-deficient mice was unchanged (Figure 3F).

To verify that tumor-derived gd T cells were sufficient to accel-

erate malignant growth only in the presence of TLR5 signaling,

gd T cells were sorted from the draining lymph nodes of WT

and Tlr5�/�mice with advanced autochthonous p53/K-ras flank

sarcomas and admixed with MPKAS tumor cells for injection
Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc. 31
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into naive WT recipients. Compared with tumor cells adminis-

tered alone and together with tumor-derived gd T cells from

Tlr5�/� mice, gd T cells from WT mice significantly accelerated

tumor growth (Figure 3G). Correspondingly, administration of

tumor-associated gd T cells from TLR5-responsive mice (but

not from Tlr5�/� mice) enhanced tumor growth in gd T cell-defi-

cient mice (Figure 3H). However, acceleratedmalignant progres-

sion only occurred in TLR5-responsive hosts, suggesting that

intrinsic TLR5-dependent mechanisms regulate the tumor-pro-

moting activity of gd T cells.

An exhaustive phenotypic analysis of gd T cells sorted from

tumors and draining lymph nodes of WT and Tlr5�/� mice did

not reveal significant differences in the levels of NKG2D, CD39/

CD73, and PD-1 or in the production of IL-10, IFNg, PGE2,

perforin, and IL-2 (Figures S2H–S2K). In contrast, as detectable

by intracellular flow cytometry (Figure 3I) and ELISA (Figure 3J),

tumor-associated gd T cells from WT mice produced signifi-

cantly more immunosuppressive galectin-1. Additionally, antibi-

otic treatment of mice also resulted in a significant reduction

in galectin-1-producing gd T cells (Figure S2L). Galectin-1 is a

pleiotropic molecule that binds to surface glycoconjugates

that contain N-acetyllactosamine sequences, promoting their

crosslinking. Because of the dissimilar glycosylation pattern of

different subsets of T helper and effector cells, galectin-1 exerts

apoptosis and unresponsiveness on Th1, Th17, and CD8

effector T cells but enhances regulatory T cell activity (Dalotto-

Moreno et al., 2013; Rubinstein et al., 2004; Toscano et al.,

2007).

Interestingly, exposure of gd T cells to granulocytic

Ly6ClowLy6G+ MDSCs sorted from both WT and Tlr5�/� tumor-

bearing hosts induced a significant upregulation of galectin-1

to a greater extent than monocytic Ly6C+Ly6G- MDSCs sorted

from the same hosts or Gr1+CD11b+ myeloid cells sorted

from the spleens of tumor-free mice, whereas control bone

marrow-derived dendritic cells (BMDCs) had negligible effects

(Figures 4A–4C). Transwell experiments demonstrated that

this was attributable to soluble mediators (Figures 4A and 4B)

that were not upregulated by IL-6 or flagellin signaling (Fig-

ure S3A). Notably, incubation of naive gd T cells with different

agonists of adenosine, generated at higher levels by granulocytic

(compared with monocytic) MDSCs (Ryzhov et al., 2011)

increased the proportion of galectin-1+ lymphocytes, whereas

IL-6, PGE2, or transforming growth factor b alone had no

significant effect (Figure S3B). Consequently, depletion of

MDSCs in sarcoma-bearing mice resulted in a significant

decrease in gd T cell-derived galectin-1 (Figure 4D), reducing

the differences in the growth of tumors between Tlr5�/� and

WT mice (Figure 4E). Together, these data indicate that MDSCs

preferentially mobilized in response to TLR5-dependent, micro-

biota-driven inflammation and induce gd T cells in the TME to

produce immunosuppressive galectin-1 through soluble factors,

including adenosine, causing accelerated tumor growth.

Galectin-1 Secretion Specifically by
Immunosuppressive gd T Cells Is Sufficient
to Accelerate Tumor Growth
As expected, tumors grew more slowly in galectin-1-deficient

(Lgals1�/�) mice (Figures S3C and S3D). Other tumor-infiltrating

cells, including MDSCs, also produced galectin-1, although
32 Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc.
at lower levels (Figure S3E). To define whether galectin-1 specif-

ically produced by gd T cells contributed significantly to differen-

tial tumor growth, we generated chimeras with gd- and galectin-

1-deficient mixed bone marrow in p53/K-Ras mice, which were

subsequently challenged with adenovirus-Cre to induce tumor

formation. As shown in Figure 4F, tumors progressed sig-

nificantly more slowly when the only gd T cells in the host were

galectin-1-deficient, without defects in the reconstitution of

the gd T cell compartment (Figure S3F). Furthermore, MPKAS

tumor cells admixed with galectin-1-deficient gd T cells from

tumor-draining lymph nodes grew significantly slower than

MPKAS cells admixed with galectin-1+ gd T cells derived from

tumors of identical size or even MPKAS tumors alone (Figures

S3G and S3H).

To determine whether galectin-1-producing, tumor-derived gd

T cells inhibit antigen-specific T cell responses, gd T cells were

again sorted from tumor-bearing hosts. As shown in Figure 4G,

the antigen-specific proliferation of endogenous tumor-reactive

T cells in response to BMDCs pulsed with UV light- and g-irradi-

ated (immunogenic) tumor cells was impaired significantly in

the presence of gd T cells from syngeneic and autochthonous

tumor-bearing, TLR5-responsive mice, whereas gd T cells

from tumor-bearing Tlr5�/� hosts did not significantly inhibit pro-

liferation. Most importantly, gd T cells from WT tumor-bearing

hosts impaired the strong proliferation of ovalbumin-specific

T cells, whereas their counterparts in galectin-1-deficient mice

had no suppressive effect (Figure 4H). Taken together, these

data indicate that gd T cells in TLR5-responsive, but not TLR5-

deficient, tumor-bearing hosts are capable of suppressing

T cell responses by secreting galectin-1, significantly contrib-

uting to malignant progression.

Accelerated Malignant Progression in TLR5-Competent
Hosts Depends on Tumor-Derived IL-6
Our results so far indicated that TLR5 signaling at places of

bacterial colonization in tumor-bearing hosts induced tumor-

promoting systemic inflammation, resulting in the mobilization

of MDSCs and immunosuppressive gd T cells. To define the

general applicability of these findings, WT and Tlr5�/� mice

were challenged with multiple tumor models, and the growth

was compared. TC-1 cells and ovarian cancer cell lines gener-

ated from a p53/K-ras model (Scarlett et al., 2012) grew signifi-

cantly faster in TLR5-competent syngeneic mice (Figure 1I and

data not shown). Unexpectedly, syngeneic A7C11 mammary tu-

mor cells, derived from autochthonous p53/K-ras-dependent

mammary carcinomas (Rutkowski et al., 2014), progressed

faster in TLR5-deficient mice in multiple independent experi-

ments (Figure 5A). Serum levels of IL-6 in this system were

much lower than in tumors that progressed more rapidly in WT

mice and were independent of tumor burden or TLR5 signaling

(Figure 5B). Comparable results were obtained with different

clones derived from autochthonous mammary tumors concur-

rently carrying myristoylated (constitutively activated) p110a

(termed BRPKP110 cells; Figure S4A). Notably, exogenous

IL-6 had negligible effects on the upregulation of IL-6 in A7C11

cells (Figure 5C), although STAT3 was effectively activated (Fig-

ure S4B), and tumor cells expressed the IL-17 receptor, IL-6,

receptor and gp300 (Figures S4C and S4D). In contrast, tumors

that induced TLR5-dependent systemic IL-6 upregulation
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B Figure 4. Galectin-1-Producing gd T Cells

Are Sufficient to Promote Accelerated

TLR5-Mediated Malignant Progression

(A and B) Scatter plots (A) and median fluores-

cence intensity (MFI) (B) of intracellular galectin-1

expression of naive gd T cells sorted from pooled

axillary and inguinal lymph nodes of WT mice and

incubated directly (Cell:Cell) or separated by a

transwell insert (Transwell) for 5 days with MDSCs

sorted from the spleens of WT mice carrying

advanced autochthonous sarcomas or with bone

marrow-derived dendritic cells from naive WT

mice (BMDC).

(C) MFI of intracellular galectin-1 expression from

naive gd T cells cocultured with monocytic

(Ly6C+Ly6G-) and granulocytic (Ly6ClowLy6G+)

MDSCs from tumor-bearing WT mice or with total

MDSCs from tumor-bearing Tlr5�/� mice. Poly-

morphonuclear leukocytes and monocytes were

sorted from the spleens of naive WT mice as

controls.

(D) Total galectin-1+ gd T cells in the draining

lymph nodes of WT MPKAS tumor-bearing mice

depleted of MDSCs (aGr1). Ig, immunoglobulin.

(E) Representative MPKAS tumor growth curve in

WT mice depleted of MDSCs.

(F) Representative tumor growth curve after

reconstitution of Trp53flx/flx;LSL-KrasG12D/+ mice

with bone marrow from WT or Lgals1�/� mice

admixed (1:1) with Tcrd�/� bone marrow, followed

by tumor initiation with adenovirus-Cre.

(G and H) gd T cells sorted from the draining lymph

nodes of WT or Tlr5�/� mice bearing advanced

autochthonous sarcomas or D14 MPKAS tumors

and incubated at a 10:10:1 ratio with CellTracker

Violet-labeled endogenous tumor-reactive T cells

sorted from advanced sarcoma-bearing mice

incubated with MPKAS-pulsed dendritic cells (G)

or OT-1 T cells and BMDCs pulsed with full-length

ovalbumin (Ova) (H). Proliferation of tumor-reac-

tive T cells was measured by flow cytometric

analysis five days later.

Data are representative of two independent ex-

periments (five mice total). All data represent the

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001

(Mann-Whitney test). See also Figure S3.
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responded to exogenous IL-6 by producing high levels of the

same cytokine (Figure 5C).

Confirming the contribution of TLR5-dependent, tumor-

derived IL-6 to accelerated malignant growth, silencing IL-6

secretion in MPKAS tumor cells with two different constructs

resulted in significantly reduced growth of tumors in vivo,

whereas no differences were observed in vitro (Figure 5D; Fig-

ures S4E–S4G). Notably, mice growing IL-6-silenced sarcomas

induced significantly reduced serum IL-6 levels compared with

scrambled small hairpin RNA (shRNA)-expressing controls
Cancer Cell 27, 27–40
(Figure 5E). Decreased systemic IL-6

resulted in a significant reduction in

the accumulation of MDSCs and, corre-

spondingly, diminished production of

galectin-1 by gd T cells (Figures 5F and

5G) and decreased tumor-associated
MDSCs (Figure S4H). As a result, a significant increase in the

accumulation of IFNg-producing CD8 T cells was observed in

these tumors (Figure 5H; Figure S4I). Leukocyte-derived IL-6

also contributed to the systemic overexpression of IL-6 because

reconstitution of mice with IL-6-deficient bone marrow resulted

in a dramatic decrease in tumor growth (Figure 5I) and was

associated with decreased galectin-1+ gd T cells (Figure S4J).

Correspondingly, accelerated malignant progression in TLR5-

responsive hosts was completely abrogated upon IL-6 neutrali-

zation (Figure 5J). Together, these results demonstrate that
, January 12, 2015 ª2015 Elsevier Inc. 33
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Figure 5. Tumor- and Leukocyte-Derived

IL-6 Drives Tumor Growth in TLR5-Respon-

sive Mice

(A) Growth kinetics of the mammary tumor cell line

A7C11 in WT or Tlr5�/� mice.

(B) Serum IL-6 level of WT or Tlr5�/�mice bearing

advanced A7C11 (days 14–16) tumors.

(C) ELISA quantification of IL-6 production by the

indicated tumor cell lines 72 hr after overnight

incubation with 100 ng/ml recombinant mouse

IL-6 followed by washing of wells and the addition

of fresh media.

(D) Growth kinetics of MPKAS expressing IL-6

shRNA or scrambled shRNA in WT mice.

(E) Serum levels of IL-6 in WT mice 14 days after

injection with MPKAS expressing IL-6 shRNA or

scrambled control. Shown is one representative

of two independent experiments (eight mice per

group total).

(F–H) Proportions of tumor-associated Gr1+

CD11b+ MDSCs (F), galectin-1-producing gd

T cells (G), and IFNg-producing CD8 T cells (H)

from dissociated tumors (F) and tumor-draining

lymph-nodes (G and H) 14 days after injection of

WT mice with MPKAS tumor cell lines expressing

IL-6 shRNA or scrambled shRNA.

(I) Tumor kinetics of WT mice reconstituted with

IL-6-deficient (Il6�/�) or WT bone marrow (BM)

followed by challenge with the MPKAS tumor cell

line.

(J) Tumor kinetics of WT or Tlr5�/� mice adminis-

tered IL-6 neutralizing antibody (a-IL-6) or isotype

control IgG challenged with MPKAS tumors.

All data represent the mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, NS, not significant

(Mann Whitney test). See also Figure S4.
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both tumor- and leukocyte-derived IL-6 contribute to accelerate

the progression of IL-6-responsive tumors in TLR5-sufficient

hosts.

IL-17 Secreted through Interactions with Commensal
Bacteria Accelerates Malignant Progression Only
in IL-6-Unresponsive Tumors
These results suggest that only IL-6-responsive tumors undergo

TLR5-dependent accelerated growth, whereas IL-6-unrespon-

sive tumors rely on other signals. Supporting this proposition,

TLR5-deficient mice with advanced A7C11 tumors had signifi-

cantly higher serum levels of IL-17 compared with WT tumor-

bearing mice (Figure 6A). Increased systemic IL-17 was also

observed in TLR5-deficient mice growing orthotopic ovarian

cancer (Figure S5A) and MPKAS and autochthonous p53/K-

ras-dependent flank tumors (Figures 6B and 6C). Despite

increased systemic levels of IL-17 in Tlr5�/� tumor-bearing

mice, we found only minor differences in the ratio of tumor-infil-
34 Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc.
trating IL-17+ cells, which included CD4

and gd T cells in similar proportions (Fig-

ures S5B and S5C).

To define the contribution of IL-17 to

accelerated tumor progression in TLR5-

deficient hosts, we neutralized IL-17 in

A7C11 tumor-challenged Tlr5�/� and
WT littermates. Blockade of IL-17 abrogated differences in the

progression of these tumors inWT versus Tlr5�/� hosts, resulting
in a significant reduction of tumor burden and growth kinetics in

Tlr5�/� mice (Figure 6D; Figure S5D).

In contrast, IL-17 neutralization had no effect in the progres-

sion of IL-6-dependent MPKAS tumors (Figure 6E; Figure S5E).

Remarkably, silencing IL-6 production in the same tumor cells

was sufficient to render sarcomas sensitive to the tumor-pro-

moting activity of IL-17 because IL-17 blockade reduced malig-

nant progression in otherwise identical tumors transduced with

IL-6-shRNA (Figure 6F). Consistent with the elevation of sys-

temic IL-17 in all Tlr5�/� tumor-bearing mice, IL-6 silencing in

MPKAS sarcomas was sufficient to reverse the effects of TLR5

signaling on malignant evolution because the same tumors that

previously grew faster in WT hosts started progressing more

rapidly in Tlr5�/� mice when IL-6 was silenced (Figure 6G).

Therefore, although IL-6 is systemically upregulated in IL-6-

responsive tumors through TLR5 signaling and typically
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Figure 6. Tumor Growth for IL-6-Unrespon-

sive Tumors Is Mediated by IL-17 Induced

by Interactions with Commensal Microbiota

(A–C) Serum levels of IL-17 from WT or Tlr5�/�

mice bearing advanced A7C11 mammary tumors

(A), advanced MPKAS tumors (B), or advanced

autochthonous sarcomas from naive controls (C).

(D) A7C11 growth kinetics in WT and Tlr5�/� mice

administered IL-17 neutralizing antibody (a-IL-17)

or Ig control (IgG).

(E) MPKAS tumor kinetics in WT or Tlr5�/� mice

treated with a-IL-17 or IgG.

(F) Growth kinetics of MPKAS tumors expressing

IL-6 shRNA or scrambled shRNA in Tlr5�/� mice

administered a-IL-17 or IgG.

(G) Growth kinetics of MPKAS expressing IL-6

shRNA or scrambled shRNA in Tlr5�/� and WT

mice and representative resected tumors from

Tlr5�/� mice.

(H) Serum levels of IL-17 in ABX or vehicle-treated

MPKAS or A7C11 tumor-bearing mice 14 days

(MPKAS) or 16 days (A7C11) after tumor initiation.

(I) Growth kinetics of A7C11 tumors from WT and

Tlr5�/� mice treated with ABX or vehicle.

All data are representative of at least two repeti-

tions with at least four animals per group. All data

represent the mean ± SEM. *p < 0.05, **p < 0.01,

***p < 0.001 using Mann-Whitney test. See also

Figure S5.
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dominates tumor-promoting inflammation in TLR5-competent

hosts, IL-17 accelerates malignant progression in IL-6-unre-

sponsive tumors. Because IL-17 is systemically higher in

TLR5-deficient, tumor-bearing hosts, the progression of tumors

associated with relatively low levels of IL-6 is accelerated.

Notably, antibiotic depletion of commensal bacteria also

induced a significant decrease in serum IL-17 levels and, corre-

spondingly, reduced IL-17 producing cells in the draining lymph

nodes of Tlr5�/� tumor-bearing mice (Figure 6H; Figure S5F),

resulting in the complete abrogation of differences in tumor

progression between Tlr5�/� and WT littermates (Figure 6I;

Figure S5G). Together, these results indicate that the balance

of IL-6 and IL-17 influence the outcome of malignant progres-

sion. Because IL-17 is overproduced in TLR5-deficient, tumor-

bearing individuals, in the absence of IL-6, this cytokine pre-

dominately drives tumor-promoting inflammation. These results

demonstrate that both IL-6- and IL-17-driven inflammatory
Cancer Cell 27, 27–40
macro- and microenvironments are con-

trolled by the commensal microbiota

and influence malignant progression.

TLR5-Deficient Breast Cancer
Patients Show Accelerated
Malignant Progression and
Upregulation of IL-17 in the TME
To substantiate the relevance of our

mechanistic observations, we first con-

firmed that CD45+CD14+ myeloid leuko-

cytes sorted from freshly dissociated

human ovarian tumors of three TLR5R392X

heterozygous carriers showed negligible
induction of IL-8 transcript levels in response to flagellin

compared with the same cell population sorted from three

patients homozygous for the ancestral allele (Figure 7A).

These results corroborate previous reports demonstrating that

TLR5R392X carriers are functionally unable to respond to bacterial

flagellin (Gewirtz et al., 2006; Hawn et al., 2003). Most impor-

tantly, a survival analysis performed from fully or partially

sequenced samples of estrogen receptor-positive (ER+) breast

cancer patients from The Cancer Genome Atlas (TCGA) data

sets identified a significantly poorer outcome for carriers of

the TLR5R392X allele compared with patients homozygous for

the ancestral TLR5 allele (Figure 7B).

Supporting the relevance of our observations in murine tumor

models, IL-17A transcript levels in our ER+ breast cancer and

ovarian carcinoma specimens were also significantly higher in

TLR5R392X carriers compared with control patients homozygous

for the ancestral allele (Figure 7C). Both gd and ab (CD3+gd TCR–)
, January 12, 2015 ª2015 Elsevier Inc. 35
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Figure 7. TLR5-Deficient Patients Diagnosed with Breast Cancer

Have Accelerated Malignant Progression and Increased Intratu-

moral IL-17 Levels

(A) CXCL8 transcript levels in CD14+CD45+ myeloid cells sorted from three

heterozygous TLR5R392X or three TLR5-responsive advanced ovarian tumors

and incubated with 500 ng/ml of flagellin for 72 hr. CXCL8 transcript levels

were calculated relative to 18S expression.

(B) Survival analysis of TCGA data sets for ER+ breast cancer. Differences in

overall survival were calculated with log rank.

(C and D) Quantification of IL17A (C) or IL6 (D) transcripts relative to 18S

expression in nine frozen ER+ breast tumor specimens from TLR5R392X car-

riers, R10 randomly selected ER+ breast tumors from patients homozygous

for the ancestral allele, five to six stage III/IV ovarian carcinoma specimens

from TLR5R392X carriers, and R 15 randomly selected ovarian carcinoma

specimens homozygous for the ancestral allele.

(E) Serum IL-6 levels in patients homozygous for the ancestral allele of TLR5

diagnosed with ER+ breast carcinoma versus ovarian carcinoma.

All data represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Mann-

Whitney test). See also Figure S6.
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T cells contributed to IL-17 production in breast and ovarian

tumors (Figures S6A and S6B). However, significant differences

in IL-6 transcript levels were only observed between TLR5-
36 Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc.
responsive and nonresponsive ovarian tumor specimens but

not between TLR5-responsive and nonresponsive ER+ breast

tumor specimens (Figure 7D), further supporting the contribution

of tumor-derived IL-6 to differences in overall tumor-promoting

inflammation. Additionally, we found much lower levels of circu-

lating IL-6 in 20 available serum samples from ER+ breast cancer

patients compared with sera from 12 available ovarian cancer

patients (all of them TLR5-responsive; Figure 7E). These data

further support the fact that, in hosts where TLR5-dependent

IL-6 does not dominate systemic tumor-promoting inflammatory

responses through dramatic systemic upregulation, tumors

grow faster in the presence of IL-17 overexpression, which is

higher in the absence of TLR5 signaling. Together, these studies

demonstrate that a common genetic polymorphism, present

in >7% of individuals in the general population (Hawn et al.,

2003), influences systemic inflammatory responses and deter-

mines the outcome of breast cancer patients.

Higher Proportions of Long-Term Survivors among
TLR5-Defective Ovarian Cancer Patients
To further investigate the link between IL-6 upregulation and

accelerated tumor progression in the presence of TLR5

signaling, we next analyzed ovarian cancer TCGA data sets. A

total number of 25 TLR5R392X patients with outcome and deep

sequencing information was insufficient to identify significant

differences in overall survival compared with homozygous

carriers of the ancestral allele. However, the proportion of

long-term survivors (R6 years after the ovarian cancer diag-

nosis) was significantly higher among TLR5R392X carriers (but

not carriers of other nonfunctional polymorphisms; Figures 8A

and 8B), indicating that, as in our orthotopic ovarian preclinical

model, TLR5 signaling drives accelerated malignant progression

in ovarian cancer.

As in our murine models, the expression of immunosuppres-

sive galectin-1 was significantly higher in TLR5-responsive

ovarian cancer patients from our tumor bank, at both transcript

and protein levels (Figures 8C and 8D). Furthermore, we found

that, in multiple samples, CD3+CD4-CD8- gd T cells outnum-

bered Foxp3+ regulatory T cells in the ovarian cancer micro-

environment, representing up to �6% of tumor-infiltrating

lymphocytes, as detected by histology (Figure 8E and data

not shown) and flow cytometry (Figure 8F). At least 20% of

ovarian cancer-infiltrating gd T cells, which predominantly

represent peripheral blood-derived Vg9+ lymphocytes, pro-

duced significant levels of galectin-1 (Figure 8F). Further sup-

porting the relevance of our observations on the mechanistic

role of gd T cells in the TME, tumors from patients carrying

TLR5R392X contained a significantly lower number of galectin-

1-producing gd T cells (Figure 8G) compared with patients

homozygous for the ancestral allele. In addition, gd T cells in

tumors from TLR5-responsive patients had significantly higher

levels of intracellular galectin-1 on a per-cell basis (Figure 8H)

and at significantly higher levels than in tumor-associated

MDSCs (Figures S7A and S7B). Nevertheless, higher propor-

tions of galectin-1+ myeloid leukocytes were also found in

dissociated tumors from patients with the ancestral TLR5

allele (Figure S7C). Therefore, supporting the relevance of our

preclinical models, these findings reveal that a frequent poly-

morphism abrogating TLR5 responses to flagellin profoundly
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Figure 8. Higher Proportions of Long-Term

Survivors and Decreased Galectin-1

Expression Are Found in TLR5-Deficient

Patients Diagnosed with Ovarian Cancer

(A) Survival analysis of TCGA data sets for ovarian

cancer. The difference was calculated with log

rank.

(B) Fisher’s exact test of the proportions of ovarian

cancer patients surviving longer than or equal to

6 years after initial diagnosis with or without the

TLR5R392X polymorphism or with or without the

nondeleterious TLR5F822L polymorphism.

(C) Transcript levels of LGALS1 relative to 18S

levels from six ovarian tumor samples with

TLR5R392X and 91 randomly selected ovarian

tumor samples homozygous for the ancestral

allele of TLR5.

(D) Galectin-1 protein expression of 5 TLR5R392X

ovarian tumor samples and four randomly

selected ovarian tumor samples from patients

homozygous for the ancestral allele of TLR5.

Shown is a corresponding densitometric analysis

of band intensities for galectin-1 normalized to

vinculin.

(E) gd T cell immunohistochemistry from a frozen

ovarian tumor specimen homozygous for the

TLR5 ancestral allele. Scale bars, 100 mm.

(F) Representative gating strategy for flow cyto-

metric analysis of galectin-1-expressing, tumor-

infiltrating gd T cells. Numbers represent the

proportions of live cells gated from CD45+CD3+gd

TCR+ tumor-associated microenvironmental leu-

kocytes compared with the isotype control.

(G) Frequency of galectin-1-producing gd T cells in

the ovarian cancer microenvironment from three

ovarian tumors from TLR5R392X carriers, PBMCs

from four healthy donors, and 12 randomly

selected ovarian tumor samples from patients

homozygous for the ancestral allele.

(H) Histogram of galectin-1 expression from tu-

mor-associated gd T cells from the three available

disassociated ovarian tumor samples from

TLR5R392X carriers and three randomly selected

ovarian tumor samples from patients homozygous

for the ancestral allele of TLR5.

All data represent themean ± SEM. *p < 0.05, **p <

0.01, ***p < 0.001 (Mann-Whitney test). See also

Figure S7.
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influences the inflammation orchestrated by extraintestinal tu-

mors and, subsequently, their clinical progression.

DISCUSSION

Our study demonstrates that TLR5 recognition of commensal

microbiota regulates systemic tumor-promoting inflammation

and, subsequently, extramucosal malignant progression. In

some tumors, TLR5 signaling drives the systemic upregulation

of IL-6, promoting MDSC mobilization, induction of suppressive

galectin-1-producing gd T cells and, subsequently, accelerated

tumor growth. Accordingly, most tumors tested progressed

significantly more slowly in TLR5-deficient individuals. In
contrast, IL-17 is commonly upregulated in TLR5-deficient,

tumor-bearing hosts but only drives accelerated tumor growth

in systems where tumor cells are poorly responsive to IL-6.

Any differences in malignant evolution are completely abrogated

following depletion of commensal bacteria.

Interestingly, TLR5-dependent increased systemic IL-6 is

triggered during tumor initiation because it does not occur in

tumor-free hosts. TLR5-dependent tumor growth appears to

require IL-6 production by both hematopoietic and tumor cells

because only IL-6-responsive tumor models are able to induce

IL-6-driven MDSC mobilization and subsequent accelerated

tumor progression comparedwith TLR5-nonresponsive animals.

Accordingly, knockdown of IL-6 in IL-6-responsive tumor cell
Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc. 37
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lines significantly diminishes in vivo tumor growth in TLR5-

responsive mice, which is associated with decreased serum

IL-6 and, subsequently, reduced mobilization of MDSCs and

diminished production of galectin-1 by gd T cells. Supporting

the crucial role of IL-6 in tumor-promoting inflammation, in

luminal (although not in triple-negative) breast tumors, where

systemic IL-6 is significantly lower (e.g., compared with ovarian

cancer patients) (Casanova et al., 2011), tumors grow faster

in TLR5-defective individuals because IL-17 overexpressed in

the TME drives tumor-promoting inflammation. The role of

IL-17 during tumor progression remains controversial because

it has a clear protective role during ovarian cancer progression

but is associated with malignant promotion in other tumors,

such as breast cancer (Kryczek et al., 2009; Wang et al., 2009).

In our preclinical models, IL-17 neutralization delayed tumor

growth only when IL-6 was systemically low but had no effect

on tumors that progress faster in TLR5-responsive individuals

in an IL-6-dependent manner. Of note, silencing IL-6 was suffi-

cient to transform IL-6-dependent, IL-17-insensitive tumors

that grow faster in TLR5-responsive hosts into tumors that

become sensitive to IL-17 neutralization and progress faster in

TLR5-deficient individuals. The effects of other inflammatory

cytokines, therefore, add another layer of complexity to the

role of IL-17 in cancer and provide an understanding for its

conflicting activities. Most importantly, all differences in tumor-

promoting inflammation and malignant progression are elimi-

nated upon depletion of the microbiota. We identified TLR5-

dependent microbiome-wide differences in the repertoire of

commensal bacteria that persisted after cohousing mice in the

same cage. The composition of the microbiota is therefore

different in the absence of TLR5 signaling, and this influences

tumor-promoting inflammation.

Our results also underscore the contribution of gd T cells to

immunosuppression in multiple tumors, including ovarian can-

cer. Although the regulatory activity of gd T cells in breast cancer

has been reported (Peng et al., 2007), the mediators of effector

T cell suppression remained elusive. We demonstrate that bulk

populations of galectin-1-secreting gd T cells suppress T cell

responses to potent antigens in vitro and that galectin-1 specif-

ically produced by tumor-derived gd T cells is sufficient to accel-

erate tumor growth in vivo. Galectin-1 has emerged as a crucial

driver of immunosuppression in multiple tumors (Rabinovich and

Croci, 2012). Secreted galectin-1 crosslinks cell surface glyco-

conjugates bearing multiple units of the N-acetyllactosamine

(Galb1-4-NAcGlc) disaccharide and selectively blunts Th1,

Th17, and CD8 effector T cell responses (Rubinstein et al.,

2004). Our study identifies gd T cells as a relevant source of

this tolerogenic factor in the TME.

Finally, the most significant conclusion of our study is that

frequent polymorphisms that abrogate TLR5 activity are asso-

ciated with the outcomes of cancer patients. TLR5-dependent

differences in survival are particularly striking for ER+ patients,

for whom a TLR5 deficiency is associated with accelerated

malignant progression. In contrast, in ovarian cancer patients

who have higher serum IL-6, TLR5 signaling has a negative effect

on the proportion of long-term survivors. Because at least 30%

of individuals in the general population are carriers of a limited

set of polymorphisms in multiple pattern recognition receptor

genes that could also influence tumor-promoting inflammation
38 Cancer Cell 27, 27–40, January 12, 2015 ª2015 Elsevier Inc.
(Casanova et al., 2011; Hugot et al., 2007), our study opens

avenues for understanding how differential inflammatory re-

sponses and, subsequently, dissimilar malignant progression

takes place in many cancer patients. Our work also provides

a rationale for manipulating the microbiota through antibiotic

treatment to modulate tumor-promoting inflammation.

EXPERIMENTAL PROCEDURES

Mice

Transgenic Krastm4Tyj and Trp53tm1Brn mice (Jackson et al., 2001; Jonkers

et al., 2001) were obtained from the National Cancer Institute (NCI) Mouse

Models of Human Cancers Consortium, brought to a full C57BL/6 background

(Scarlett et al., 2012), and bred to TLR5-deficient (Tlr5�/�) mice (B6.129S1-

Tlr5tm1Flv/J) (Cubillos-Ruiz et al., 2009). Galectin-1-deficient (Lgals1�/�) mice

were provided by G.A. Rabinovich at the Instituto de Biologı́a y Medicina

Experimental (IBYME-CONICET) Argentina and were originally generated by

F. Poirier (Jacques Monod Institut). gd T cell-deficient mice Tcrd�/� mice

(B6.129P2-Tcrdtm1Mom/J) were obtained from The Jackson Laboratory and

bred to Tlr5�/� mice. WT C57BL/6 mice were obtained from the NCI. OT1

C57BL/6-Tg (TcraTcrb)1100Mjb/J and IL-6-deficient (B6.129S2-IL6tm1kopf/J)

transgenic mice were obtained from The Jackson Laboratory. All animals

were maintained in pathogen-free barrier facilities. All experiments were

conducted according to the approval of the Institutional Animal Care and

Use Committee of the Wistar Institute.

Genetic Tumor Models and Cell Lines

Autochthonous p53/Kras flank sarcomas were initiated by subcutaneous

delivery of 2.5 3 108 plaque-forming units of adenovirus-cre (Gene Transfer

Vector Core, University of Iowa) into transgenic mice. For the mixed bone

marrow chimeras, transgenic mice were irradiated for two consecutive days

with 650 rads, followed by reconstitution with WT or Lgals1�/� bone marrow

mixed at a 1:1 ratio with Tcrd�/� bone marrow. Flank tumors were initiated in

reconstituted animals 6 weeks following engraftment. ID8 cells were provided

by K. Roby (Department of Anatomy and Cell Biology, University of Kansas)

and retrovirally transduced to express Defb29 and Vegf-a (Conejo-Garcia

et al., 2004). MPKAS cells were generated from passaging sorted tumor cells

(CD45-negative) derived from mechanically disassociated autochthonous

p53/Kras axillary sarcomas. Mouse ovarian tumor UPK10 cells were generated

by culturing a mechanically dissociated p53/Kras primary ovarian tumor mass

(Scarlett et al., 2012). The A7C11 and BRPKP110 primary mammary tumor

cell linesweregeneratedbypassagingsorted tumorcells frommechanicallydis-

associated p53/Kras (A7C11) or p53/Kras/myristoylated p110a (BRPKP110)

mammary carcinomas (Rutkowski et al., 2014). Flank tumors with MPKAS- or

MPKAS shRNA-expressing clones (1 3 105 cells), UPK10, and ID8-Vegf-

Defb29 (106) were admixed at a 1:1 ratio with growth factor-reduced Matrigel

(BDBiosciences) and injected into theaxillary flank.A7C11 tumorswere initiated

by injecting 23 104 cells into the axillary flank. Intraperitoneal ID8-Vegf-Defb29

tumors were initiated by intraperitoneal injection of 2 3 106 cells. The tumor

volume was calculated as: 0.53 (L3W2), where L is length, and W is width.

Human Specimens

Human ovarian carcinoma tissues were procured under a protocol approved

by the Committee for the Protection of Human Subjects at Dartmouth-

Hitchcock Medical Center (#17702) and under a protocol approved by the

Institutional Review Board at Christiana Care Health System (#32214) and

the Institutional Review Board of The Wistar Institute (#21212263). Human

breast tumor tissues and sera were obtained under a protocol approved by

the Institutional Review Board of the University of Pennsylvania (#805139)

and the Institutional Review Board of The Wistar Institute (#21204259).

Informed consent was obtained from all subjects.
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Abbreviations: SAHF, senescence-associated heterochromatic foci; SADS, senescence-associated distension of satellites; SMC,
structural maintenance of chromosomes; hCAP-H2, human chromosome-associated protein H2; NCAPH2, non-SMC chromosome-
associated protein H2 gene; RPE-1, hTERT-immortalized retinal pigment epithelial cell line; hTERT, human telomerase reverse

transcriptase; uORF, upstream open reading frame; BrdU, bromodeoxyuridine; SA-b-gal, senescence-associated b-galactosidase; Rb,
retinoblastoma protein; CDK, cyclin dependent kinase; DAPI, 4,6-diamidino-2-phenylindole; shRNA, short-hairpin RNA.

Although cellular senescence is accompanied by global alterations in genome architecture, how the genome is
restructured during the senescent processes is not well understood. Here, we show that the hCAP-H2 subunit of the
condensin II complex exists as either a full-length protein or an N-terminus truncated variant (DN). While the full-length
hCAP-H2 associates with mitotic chromosomes, the DN variant exists as an insoluble nuclear structure. When
overexpressed, both hCAP-H2 isoforms assemble this nuclear architecture and induce senescence-associated
heterochromatic foci (SAHF). The hCAP-H2DN protein accumulates as cells approach senescence, and hCAP-H2
knockdown inhibits oncogene-induced senescence. This study identifies a novel mechanism whereby condensin drives
senescence via nuclear/genomic reorganization.

Introduction

Protein complexes consisting of structural maintenance of
chromosomes (SMC) proteins are essential for the faithful segre-
gation of chromosomes. Two of the best-studied SMC complexes
are condensin and cohesin, which are required for mitotic chro-
mosome assembly and for holding sister chromatids together,
respectively.1-3 These SMC complexes function as connectors
between 2 chromatin fibers.4 Recent studies have revealed that
cohesin can mediate interactions between gene promoters and
enhancers.5 Condensin is also known to function in higher-order
genome organization in yeast and is involved in the gene regula-
tion in Caenorhabditis elegans.6-9 Condensin I and II complexes
exist in humans, where the condensin II complex binds to pro-
moters and enhancers, and participates in gene regulation.10,11

Therefore, condensin likely regulates gene expression in a variety
of organisms through its role in higher-order genome
organization.

Cellular senescence was originally defined by Hayflick, who
demonstrated that normal human fibroblasts could not prolifer-
ate indefinitely, but reach their “Hayflick limit” and senesce.12

Currently, cellular senescence is defined as the state of stable cell-
cycle arrest caused by exhausting the capacity of DNA replication
or by various cellular stresses including DNA damage, chemo-
therapeutic drug treatment, and excessive growth stimulus by

overexpression of oncogenic Ras.13,14 It is accompanied by
diverse changes in gene expression and is associated with signifi-
cant alterations in the global genome architecture.15,16 Senes-
cence-associated heterochromatin foci (SAHF) and senescence-
associated distension of satellites (SADS) are characteristic of
senescent cells.17-19

Several chromatin factors including a histone H2A variant
(macroH2A), histone chaperons (ASF1 and HIRA), and the
High-Mobility Group A (HMGA) proteins are involved in
SAHF formation during cellular senescence.20,21 Lamin B1, a
structural component of the nuclear lamina, has also been impli-
cated in the senescent processes.22 Since heterochromatic histone
modifications such as H3 lysine 9 and 27 tri-methylation are dis-
pensable for SAHF formation, heterochromatic histone marks
are not entirely responsible for SAHF formation.23 Senescence
appears to be a cellular event orchestrated by numerous cellular
factors, but how SAHF are assembled during senescence and con-
tribute to the senescent processes remains unclear.

In this study, we have shown that 2 hCAP-H2 isoforms of
the condensin II subunit exist in human cells. The relative
expression of these hCAP-H2 isoforms is regulated during
the cell cycle and upon starvation. We find that the small
upstream open reading frame (uORF) plays a role in regulat-
ing the translation of the hCAP-H2 isoforms and that the
N-terminus truncated variant, hCAP-H2DN, accumulates in
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quiescent and senescent cells. We show that hCAP-H2DN
exists as a part of the insoluble nuclear architecture, while the
full-length protein associates with mitotic chromosomes.
Overexpression of this single condensin subunit, hCAP-H2,
is sufficient to induce the formation of the condensin-medi-
ated nuclear architecture and SAHF. This study demonstrates
that the condensin II complex facilitates a nuclear/genomic
reorganization leading to cellular senescence.

Results

Identification of 2 isoforms of
hCAP-H2 condensin II subunit

To understand how condensin
expression is regulated in human
cells, we investigated several com-
ponents of the condensin I and II
complexes in 3 cancer cell lines
(HeLa, HCT116, and U2OS)
and RPE-1 (hTERT-immortal-
ized retinal pigment epithelial)
cells, which exhibit a stable dip-
loid karyotype and are therefore
often used for chromosome
research. We observed that SMC4
(SMC subunit) and hCAP-H
(kleisin subunit of condensin I)
proteins were less abundant in
HCT116 cells (Fig. S1A). Unex-
pectedly, 2 different sizes of pro-
teins (84 and 91 kDa) were
detected by the hCAP-H2 anti-
body in RPE-1 cells, but not in
the cancer cell lines (top panels in
Fig. 1A). These two proteins
were both depleted by the short-
hairpin RNA (shRNA) directed
against NCAPH2 transcripts,
indicating that both proteins are
derived from the NCAPH2 gene
(Fig. S1B). Based on the protein
sizes, the top and bottom bands
represent the full-length hCAP-
H2 and a smaller variant, respec-
tively. Since the 3 cancer cell lines
expressed only the full-length
hCAP-H2, we investigated
whether this is a common feature
of cancer cells. While the 2
hCAP-H2 isoforms were detected
in primary human ovarian surface
epithelial cells (HOSE4), both
were also detected in the ovarian
cancer cell lines (PEO-1,
OVCAR5, and SKOV3), suggest-
ing that the absence of the bottom

band is not necessarily indicative of cancer cells or their prolifer-
ative potential (bottom panels in Fig. 1A). For instance, the
OVCAR5 and OVCAR10 cell lines had the different expression
patterns of the hCAP-H2 isoforms, but showed similar rates of
BrdU incorporation (Fig. 1A; Fig. S1C). Moreover, retinoblas-
toma (Rb) tumor suppressor proteins were predominantly phos-
phorylated in both the RPE-1 and cancer cell lines (except for
HeLa cells, where Rb was absent), indicating that the expression

Figure 1. Full-length hCAP-H2 and its variant detected in human cell lines. (A) hCAP-H2 proteins in RPE-1,
HeLa (cervical cancer), HCT116 (colon cancer), U2OS (osteosarcoma), HOSE4, and ovarian cancer cell lines
(PEO-1, OVCAR5, OVCAR10, and SKOV3) were assessed by immunoblot analysis. Arrows indicate the full-
length hCAP-H2 and its smaller variant. Tubulin serves as a loading control. (B) Asynchronous (Asy) and
mitotic (M) RPE-1 and HeLa cells were subjected to Western blot analysis to detect hCAP-H2 proteins. Mitotic
cells were prepared by mitotic shake-off. Cell lysates were treated with lambda protein phosphatase (lPPase).
(C) Schematic protocol for the inhibitor treatments employed in panel D. (D) RPE-1 cells grown in normal
medium were subsequently cultured for 48 hours in starvation medium, which consists of 20 times less fetal
bovine serum (FBS) than normal. CDK4/6 inhibitors (Palbociclib and LEE011), DNA replication inhibitors (HU
and Thymidine), or DMSO (control) were added to starvation medium 2 hours before serum re-stimulation.
Cells were further cultured for 24 hours in normal medium (serum C) containing the inhibitors, and lysates
were subjected to immunoblot analysis. P indicates phosphorylated Rb proteins. (E) The indicated cell lines
were cultured for 2 days in normal (starvation ¡) or starvation medium (starvation C), followed by Western
blot analysis. (F) RPE-1 cells grown in normal medium (C, control) were subsequently cultured for 2 days in
starvation medium (S, Starvation). After the starvation treatment, cells were further cultured in normal
medium for the indicated periods of time (Re-stimulation). Cell lysates derived from the respective culturing
steps were subjected to immunoblot analysis. Band intensities (top) and expression ratio (bottom) of the
hCAP-H2 isoforms are shown.
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pattern of the 2 hCAP-H2 isoforms does not directly reflect cell
proliferation (Fig. S1D and E).

Cell cycle-dependent regulation of hCAP-H2 isoforms
Next, we examined how expression of the hCAP-H2 isoforms

is regulated during the cell cycle. We found that the full-length
hCAP-H2 became more abundant in RPE-1 cells during mitosis
compared to asynchronous cells, while the smaller hCAP-H2 var-
iant was relatively decreased in mitotic cells (Fig. 1B). In con-
trast, expression levels were similar between mitotic and
asynchronous HeLa cells, where only the full-length hCAP-H2
was present. We also found that lPPase treatment converted the
full-length hCAP-H2 from both asynchronous and mitotic cells
to faster migrating bands (Fig. 1B). Moreover, the full-length
hCAP-H2 bands from mitotic RPE-1 and HeLa cells were
located slightly above those from asynchronous cells (Fig. 1B).
These results indicate that hCAP-H2 is phosphorylated during
interphase and additionally phosphorylated during mitosis
(Fig. 1B). Phosphorylation of hCAP-H2 during mitosis was pre-
viously reported.24,25 A similar band shift was not detected for
the smaller variant, indicating that the phosphorylation is specific
to the full-length hCAP-H2 (Fig. 1B).

We next performed serum re-stimulation assays with the
CDK4/6 and DNA replication inhibitors (Fig. 1C). Starvation
treatment arrests the cell cycle during G1/G0 phase, and serum
re-stimulation with the CDK4/6 and DNA replication inhibitors
allows the cell cycle to synchronously progress until midG1 and
S phases, respectively. In RPE-1 cells treated by the CDK4/6
inhibitors, the full-length hCAP-H2 was not detected, while it
was detected in cells treated by the DNA replication inhibitors
(Fig. 1D). Furthermore, when the full-length hCAP-H2 was
detected, Rb proteins were predominantly phosphorylated. These
results suggest that the full-length hCAP-H2 accumulates
between the midG1 and S phase, and that phosphorylation of Rb
and accumulation of the full-length hCAP-H2 might be coordi-
nated. Since the full-length hCAP-H2 is enriched during mitosis
(Fig. 1B), our current hypothesis is that full-length proteins
translated around the midG1-S phase are likely sustained until
mitosis. Alternatively, it is also possible that the stability of
hCAP-H2 proteins is regulated during the cell cycle. Together,
these results indicate that protein levels of the hCAP-H2 isoforms
are regulated during the cell cycle.

Regulation of hCAP-H2 isoforms upon starvation
We observed that the hCAP-H2 variant was increased in

RPE-1 and OVCAR5 cells after serum starvation, while the full-
length protein was decreased (Fig. 1E). In contrast, the full-
length hCAP-H2 was not affected by the starvation treatment in
the HeLa and OVCAR10 cell lines, which contained only the
full-length protein (Fig. 1E). In addition, re-stimulation of cell
growth after the starvation treatment gradually increased and
decreased the full-length hCAP-H2 and its variant, respectively,
and an increase in Rb phosphorylation was evident (Fig. 1F).
These results suggest that when both of the hCAP-H2 isoforms
are present, cell proliferation is associated with an increase of the
full-length hCAP-H2 and a reduction of the variant, although

the basal expression pattern of the isoforms does not directly rep-
resent cell proliferation and is dependent upon cell lines
(Fig. 1A). We also observed that NCAPH2 gene transcription
was not affected by the starvation treatment in RPE-1 cells (Fig.
S1F). These results indicate that expression of the hCAP-H2 iso-
forms is regulated upon starvation in a post-transcriptional man-
ner, and that the variant accumulates in quiescent cells induced
by starvation.

Regulatory role of the uORF in translation of hCAP-H2
isoforms

The mouse Ncaph2 gene is known to produce splicing var-
iants.26 Therefore, we hypothesized that alternative splicing
might be responsible for the synthesis of the hCAP-H2 protein
isoforms. However, we did not observe splicing variants of
NCAPH2 in RPE-1 and HeLa cells, indicating that the hCAP-
H2 variant protein is not derived from alternative splicing
(Fig. S2A).

Small upstream open reading frames (uORFs) have been iden-
tified in about half of human transcripts and are known to con-
trol the translation of downstream ORFs.27,28 A uORF is present
in the NCAPH2 mRNA and is conserved among mammalian
species (Fig. 2A).26 NetStart software predicts that hCAP-H2
translation initiates from the first (AUG1) and second (AUG2)
start codons (Fig. 2B).29 We hypothesized that the uORF might
regulate translational initiation from the 2 start codons. To test
this hypothesis, we made several constructs and observed that
the wild-type construct expressed the 2 hCAP-H2 isoforms
(Fig. 2C and D). The size difference between these 2 proteins
was 7 kDa, which is exactly the same as for the endogenous
hCAP-H2 isoforms (Fig. 1A). In contrast, the DuAUG mutation
that prevents translation of the uORF inhibited the production
of the smaller protein. The DAUG1 mutation, which removes
the first start codon, resulted in the expression of only the smaller
protein. The DAUG2 mutation prevented the production of the
smaller protein, and it resulted in the expression of an additional,
even smaller protein, suggesting that there is an additional poten-
tial translational start site downstream of the second start codon.
These results indicate that the translation of the larger and
smaller proteins are initiated from the AUG1 and AUG2 codons,
respectively, and that the uORF is required for efficient transla-
tional initiation from the AUG2 start codon. Small uORFs are
known to modulate translation of the downstream ORFs
through a reinitiation mechanism.30 It has recently been shown
that the NIPBL gene encoding a cohesin loading factor has an
uORF, which regulates NIPBL translation in a cell cycle-depen-
dent manner.31 Therefore, it is possible that the uORF in the
NCAPH2 gene might contribute to the observed regulation of
the hCAP-H2 isoforms during the cell cycle (Fig. 1B and D).

We next expressed non-tagged full-length hCAP-H2 and DN
proteins from plasmids in RPE-1 cells and compared the sizes of
these proteins to the endogenous hCAP-H2 isoforms (Fig. 2E).
In this system, the translation of the exogenous full-length
hCAP-H2 and DN variant is initiated from the AUG1 and
AUG2 start codons, respectively. We observed that the size of the
exogenous full-length hCAP-H2 was similar to the endogenous
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counterpart in HeLa cells (Fig. 2E). In addition, the size of the
DN protein was similar to the endogenous hCAP-H2 variant in
RPE-1 cells. These results collectively suggest that the translation
of the full-length hCAP-H2 and DN variant is initiated from the
AUG1 and AUG2 start codons and regulated by the uORF.

hCAP-H2 isoforms exist in the condensin complex
The kleisin subunits of the SMC complexes are conserved

from bacteria to humans and consist of the winged-helix motifs
at their N- and C-terminal domains.32,33 The N-terminal
winged-helix motif of hCAP-H2 was highly conserved among
vertebrates and homologous to the kleisin subunits of the con-
densin I complex (Fig. S2B and C). The methionine encoded by
the second start codon (AUG2) was positioned just before the
third helix within the winged-helix motif (Fig. S2C and D).
Since the hCAP-H2DN lacks a part of the conserved winged-
helix domain (Fig. S2D), we tested whether the DN protein can
form the condensin complex. We found that both the full-length
hCAP-H2 and DN variant interacted with the other condensin II
subunits such as SMC4 and hCAP-D3 (Fig. 2F). As a negative
control, we expressed the hCAP-H2DC protein, which is known
to be defective in the interaction between hCAP-H2 and SMC4,
and found that DC proteins were completely deficient for the

interaction (Fig. 2F and S2D).34 These results suggest that the
N-terminal region (50 a.a.) missing in hCAP-H2DN is likely dis-
pensable for the formation of the condensin II complex. In sup-
port of this notion, it has been shown that the third helix within
the winged-helix motif of the Scc1 kleisin subunit of cohesin is
important for its binding to the Smc1 subunit.35

hCAP-H2 isoforms induce DAPI-dense chromatin foci
Remarkably, DAPI-dense chromatin foci were formed in

RPE-1 cells expressing EYFP-tagged full-length hCAP-H2,
although EYFP alone did not induce the formation of DAPI-
dense foci (Fig. S3A). We also observed that DAPI-dense
chromatin foci were formed in 45% and 41% of RPE-1 cells
expressing the full-length hCAP-H2 and DN variant, respec-
tively, but DAPI-dense chromatin foci were formed in only 1%
of cells expressing the hCAP-H condensin I subunit (Fig. 3A).
Because the expression levels of hCAP-H and H2 proteins were
comparable, it is likely that DAPI-dense foci are specifically
induced by hCAP-H2 rather than by an artifact from protein
overexpression.

Since DAPI-dense foci are reminiscent of senescence-associ-
ated heterochromatic foci (SAHF), we asked whether DAPI-
dense foci we observed have the same characteristics as SAHF.

Figure 2. Role of the uORF in expression of the hCAP-H2DN variant. (A) The nucleotide sequence of the 50 region of NCAPH2mRNA. The small upstream
ORF (uORF) contains start codon (uAUG, red) and stop codon (UGA, blue). The first AUG (AUG1) and second AUG (AUG2), responsible for translational ini-
tiation of hCAP-H2, are also highlighted in red. (B) Prediction of translational start sites for hCAP-H2. The NetStart 1.0 server was used for a prediction of
translation start. Probability of translational initiation is scored between 0 and 1, and more than 0.5 represents typical start sites. (C) Schematic represen-
tation of the NCAPH2 constructs (wild type, DuAUG, DAUG1, and DAUG2). Expression of hCAP-H2 proteins fused to EYFP is under control of the CMV pro-
moter. The mutated start codons are shown in red. (D) The NCAPH2 constructs shown in panel C were transfected into RPE-1 cells. Negative control (N.C.)
indicates no transfection. hCAP-H2 proteins fused to EYFP were detected by Western blotting using hCAP-H2 antibody. An asterisk indicates an addi-
tional band observed in cells carrying the DAUG2 construct. (E) The full-length NCAPH2 (FL) and DN genes starting from the AUG1 and AUG2 codons,
respectively, were cloned into pCMV6-Entry plasmids and expressed in RPE-1 cells. N.C. indicates RPE-1 cells without exogenous expression of the
NCAPH2 genes. Cell lysates from RPE-1 and HeLa cells were subjected to immunoblot analysis. (F) Co-IP analysis testing the interaction between hCAP-
H2 (FL, DN, and DC) and the other components of the condensin complex. hCAP-H2DC lacks the 130 a.a. of the hCAP-H2 C-terminus. Expression of
Flag-tagged hCAP-H2 proteins was induced by doxycycline (Materials and Methods).
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We observed that DAPI-dense foci associated with histone H3
di- and tri-methylated Lys9, which are heterochromatic epige-
netic marks (Fig. 3B). As previously reported, H3 tri-methylated
Lys9 was located at the center of SAHF, while di-methylated

Lys9 was more enriched near the surface of SAHF (Fig. 3B). His-
tone H3 tri-methylated Lys9 was more scattered in the nuclei
without DAPI-dense foci (Fig. S3B).23 In contrast, histone H3
di/tri-methylated Lys4 (euchromatic mark) was present outside

Figure 3. Overexpression of hCAP-H2 induces formation of DAPI-dense chromatin foci. (A) hCAP-H and hCAP-H2 (FL and DN) proteins fused to the Flag
epitope were expressed in RPE-1 cells for 2 days and visualized by IF analysis. Scale bar indicates 10 mm. (B) Histone H3 di- and tri-methylated Lys9 were
visualized by IF in RPE-1 cells expressing the full-length hCAP-H2. Inset shows enlarged views. Scale bar indicates 5 mm. (C) hCAP-H2 (FL and DN) proteins
fused to the Flag epitope were expressed in RPE-1 cells and visualized by IF. These microscopic images, at a relatively high resolution, were captured by a
Leica SP5 II laser scanning confocal microscope. Scale bar indicates 1 mm. (D) Chromatin-unbound (Fr. 1), DNase-extractable (Fr. 2), high salt-extractable
(Fr. 3), and high salt-resistant (Fr. 4) fractions were prepared from asynchronous (Asy) and mitotic (M) RPE-1 cells (See Materials and Methods) and sub-
jected to Western blotting. WCL indicates whole cell lysate. (E and F) The same fractionation was performed using RPE-1 cells expressing Flag-tagged
hCAP-H2 proteins (FL and DN). The fractions were subjected to immuno blotting (E). The high salt-resistant fraction was further applied for IF analysis to
co-visualize hCAP-H2 and lamin A/C proteins (F). Scale bar indicates 5 mm. (G) RPE-1 cells were transfected with plasmids encoding EYFP-tagged hCAP-
H2 proteins (FL and DN) and culture for 2 days. Cells were subjected to IF analysis to stain CENP-B proteins, which bind to centromeric satellites. RPE-1
cells were infected with a retrovirus encoding H-RasV12 (Ras) or a control virus without H-RasV12 (Con) and subjected to IF analysis 8 days after the
infection. Scale bar indicates 5 mm.
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of the DAPI-dense foci, consistent with the previous observation
(Fig. S3C).17 These results indicate that DAPI-dense chromatin
foci induced by expression of the hCAP-H2 isoforms have chara-
teristics of SAHF.

hCAP-H2DN exists as a part of the insoluble nuclear
architecture

To begin to understand the roles of the hCAP-H2 isoforms in
the formation of DAPI-dense foci, we visualized these proteins
and found that they were localized to the intervening region sur-
rounding DAPI-dense foci (Fig. 3C). To further characterize
hCAP-H2 localization, we performed cellular fractionation anal-
ysis (See Materials and Methods) and found that endogenous
hCAP-H2DN proteins were enriched in the insoluble fraction
(fraction 4) in both asynchronous and mitotic cells (Fig. 3D).
This insoluble fraction is also referred to as a nuclear matrix. The
full-length hCAP-H2, but not the DN variant, was found in the
high salt-extractable fraction (fraction 3) during mitosis. Proteins
tightly bound to DNA are mainly enriched in fraction 3. This
result indicates that the condensin II complex containing the
full-length hCAP-H2 preferentially interacts with mitotic chro-
mosomes to mediate chromosome compaction,36,37 while the
complex with the DN variant exists as a part of the insoluble
nuclear architecture. As a control, we observed that tubulin was
enriched in the chromatin-unbound soluble fraction 1, while
lamin B was detected in fraction 4. Since this fractionation analy-
sis monitors hCAP-H2 proteins without overexpression, it is
likely that the endogenous hCAP-H2 isoforms have distinct
functions in chromosome compaction and the nuclear
architecture.

Exogenous full-length hCAP-H2 and DN proteins highly
expressed from plasmids as well as endogenous lamin B proteins
were enriched in fraction 4, while histone H3 proteins were
mainly detected in fraction 3 (Fig. 3E). When fraction 4 was
subjected to IF analysis to visualize the hCAP-H2 isoforms, we
observed that these proteins and lamin A/C were associated with
the nucleus (Fig. 3F). These results demonstrate that, when over-
expressed, both the hCAP-H2 isoforms exist as a part of the
nuclear architecture. This is consistent with previous observations
that several components of the condensin II complex are present
in the nuclear matrix.38

Since senescence-associated distension of satellites (SADS),
which occurs during the senescence process, is a more consistent
phenomenon in human and mouse cells than SAHF,18 we inves-
tigated whether the expression of the hCAP-H2 isoforms triggers
SADS. To visualize SADS, we performed CENP-B staining,
which specifically visualizes centromeric satellites and has previ-
ously been used for detection of SADS.18 Consistent with the
previous finding, 45% of RPE-1 cells showed SADS at the late
senescent phase (day 8) when oncogenic Ras was expressed
(Fig. 3G). On the other hand, expression of the hCAP-H2 iso-
forms induced DAPI-dense chromatin foci 2 days after transfec-
tion, but 0% of the cells showed SADS at the same time point
(Fig. 3G). This result suggests that overexpression of the hCAP-
H2 isoforms can cause the formation of DAPI-dense chromatin
foci, likely SAHF, without SADS. Together, these results suggest

that overexpressed hCAP-H2 proteins facilitate the formation of
the condensin-associated insoluble nuclear architecture and
SAHF.

hCAP-H2 functions in cellular senescence
To investigate whether hCAP-H2 plays a role in cellular

senescence, we expressed the hCAP-H2 isoforms in IMR90
human fibroblasts, which are commonly used for senescence
research. Overexpression of the full-length hCAP-H2 and DN
variant induced senescence, as indicated by decrease in BrdU
incorporation (cell cycle/growth marker), senescence-associated
b-galactosidase (SA-b-gal) staining, and SAHF formation, all of
which were statistically significant (P < 0.001; Fig. 4–D). We
also observed that hCAP-H2DN expression was increased during
senescence induced by oncogenic Ras (Fig. 4E). Moreover, Ras-
induced senescence was significantly impaired by hCAP-H2
knockdown using shH2#1, as indicated by the reduced percen-
tages of cells positive for SA-b-gal activity and SAHF formation
(P < 0.001; Fig. 4F). hCAP-H2 knockdown using 2 different
shRNAs (shH2#2 and #3) also inhibited Ras-induced senescence
(Fig. S3D and E). These results collectively indicate that the con-
densin II complex functions during oncogene-induced senes-
cence, and that the complex with the DN variant likely
participates in the senescent process.

Discussion

While there are the 2 hCAP-H2 isoforms present in the non-
cancerous cell lines (RPE-1 and HOSE4), some cancer cell lines
contain only the full-length protein, suggesting that the presence
of the 2 isoforms is likely the normal situation for growing cells.
We show that expression of the 2 hCAP-H2 isoforms is modu-
lated during the cell cycle and upon starvation, and that the
uORF plays a regulatory role in the translation of the hCAP-H2
isoforms. We also find that the condensin II complex containing
the full-length hCAP-H2 preferentially associates with mitotic
chromosomes to mediate chromosome compaction, while the
complex with the DN variant exists as a component of the insolu-
ble nuclear architecture (Fig. 3D). Only the hCAP-H2DN vari-
ant is accumulated in quiescent and senescent cells induced by
starvation and oncogenic Ras, respectively (Figs. 1E and 4E).
This makes sense because these cells do not progress through
mitosis and thus do not need the full-length isoform to induce
chromosome compaction. Therefore, non-growing cells express
the DN variant, which contributes to the formation of a nuclear
environment favorable for growth arrest.

When overexpressed, both of the hCAP-H2 isoforms associ-
ate with the specific nuclear architecture and induce DAPI-
dense chromatin foci (Fig. 3). We also show that the protein
level of the endogenous hCAP-H2DN variant is increased as
cells approach senescence, and that hCAP-H2 knockdown
inhibits SAHF formation and oncogene-induced senescence
(Fig. 4E and F). Taken all together, our current hypothesis is
that the specific nuclear architecture built by the condensin II
complex containing the DN variant promotes SAHF formation,
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Figure 4. hCAP-H2 facilitates cellular senescence. (A and B) IMR90 cells were infected with retroviruses encoding the full-length hCAP-H2 or DN variant,
or a control virus without encoding these proteins. BrdU incorporation and visualization were performed 8 days after the infection (A). Scale bar indicates
10 mm. Percentages of IMR90 cells showing BrdU staining were scored 8 days after retrovirus infection (B). (C and D) IMR90 cells were infected by retrovi-
ruses encoding the H-RasV12, full-length hCAP-H2, or DN variant, or a control virus, and subjected to SA-b-gal staining 8 days after the infection (C).
Infected cells were stained by DAPI to assess SAHF formation (D). Scale bars in panels C and D indicate 50 mm and 5 mm, respectively. (E) hCAP-H2 levels
were monitored from day 1 (d1) to day 8 (d8), after IMR90 cells were infected with a retrovirus encoding H-RasV12. Tubulin serves as a loading control. (F)
IMR90 cells were infected with a retrovirus encoding H-RasV12 as well as a lentivirus encoding shRNA against NCAPH2mRNA (shH2#1), and assessed for
SA-b-gal activity and SAHF formation 8 days after the infection. Scale bars indicate 50 (left) and 5 mm (right).
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which in turn facilitates senescence. It has recently been shown
that lamin B1 knockdown induces dissociation of heterochro-
matin from the nuclear periphery and SAHF formation.39

Therefore, the lamina and the condensin-mediated nuclear
architectures likely play opposing roles in SAHF formation.
Consequently, overexpression of hCAP-H2 might be necessary
to induce SAHF in the presence of the nuclear lamina. In case
of senescence induced by oncogenic Ras, lamin B1 is down-reg-
ulated, and hCAP-H2DN expression is enhanced (Fig. 4E).22

We also found that the Rb tumor suppressor associates with
the nuclear architecture assembled by the condensin II complex
(Fig. S3F). Interestingly, Rb foci were almost always detected at
the surface of the condensin architecture and outside of DAPI-
dense signals. It has previously been shown that Rb interacts with
the hCAP-D3 subunit of the condensin II complex in human
cells.40 Therefore, Rb associates with the condensin II nuclear
architecture likely through the interaction between Rb and
hCAP-D3. Consistent with this interpretation, Rb is known to
be present in the insoluble nuclear fraction.41 It has also been
shown that Rb binds to and represses E2F-target genes, thereby
contributing to cellular senescence.17 Based on these results, we
speculate that Rb associates the E2F-targtet genes with the con-
densin II nuclear architecture, which might play a role in the
gene repression for the E2F-target genes. As a similar example,
SATB1 forms a nuclear architecture in mouse cells and regulates
many genes by tethering those genes to the SATB1 nuclear archi-
tecture.42 Since senescence is accompanied by altered expression
of many genes,15,16 the condensin-mediated nuclear architecture
might contribute to the gene expression program during senes-
cent processes.

Materials and Methods

Cell culture
RPE-1 cells (ATCC) were cultured in DMEM/F12 medium

(Life Technologies, 11330032) supplemented with 10% tet-sys-
tem approved fetal bovine serum (FBS; Clontech Laboratories,
631106), 100 U/ml penicillin, 100 mg/ml streptomycin, and
0.01 mg/ml hygromycin B. HeLa, HCT116, and U2OS cells
were cultured in DMEM medium (Mediatech, MT10-013-CV)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/
ml streptomycin. PEO-1, OVCAR5, OVCAR10, and SKOV3
cells were cultured in RPMI1640 medium (Life Technologies,
22400089) supplemented with 10% FBS, 100 U/ml penicillin,
and 100 mg/ml streptomycin. HOSE4 cells were cultured as pre-
viously described.43 IMR90 cells were cultured in DMEM
medium supplemented with 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin, 0.15% sodium bicarbonate, 2 mM
L-glutamine, 1 mM sodium pyruvate, and 1 £MEM non-essen-
tial amino acids (Life Technologies, 11120052).

Expression of hCAP-H2 and its variants
NCAPH2 cDNA in pCMV6-Entry vector (OriGene) was

used to generate the NCAPH2DN and DC genes by a PCR-
based method. hCAP-H2 (full length, DN, and DC) proteins

fused to the Flag epitope were expressed from either pCMV6-
Entry or pTRE3G plasmids (Clontech Laboratories). For co-
immunoprecipitation (co-IP) assay, pTRE3G plasmids carrying
NCAPH2 (full length, DN, or DC) and pCMV-Tet3G were co-
transected into cells, and NCAPH2 expression was induced by
1 mg/ml doxycycline for 48 hours. hCAP-H2 (full length and
DN) proteins fused to EYFP were expressed from pEYFP-N1
plasmids (Clontech Laboratories). Cells were transfected with
plasmids using the Fugene HD reagent (Promega, E2311).

Retrovirus and lentivirus infections
DNA fragments encoding hCAP-H2 (full length and DN)

fused to the Flag epitope were inserted into pBABE-neo vector.20

pBABE-neo plasmids carrying either H-rasV12, NCAPH2, or
NCAPH2DN were used for retrovirus packaging, and virus infec-
tion was performed as described previously.20 Cells were cultured
with selection medium containing 500 mg/ml G418. pTRIPZ
plasmid containing NCAPH2 shRNA (Thermo Scientific Open
Biosystems) was used for lentivirus production. Doxycycline
(1 mg/ml) was added to culture medium every 48 hours for
shRNA expression. Cells were cultured in medium containing
3 mg/ml puromycin.

Senescence-associated b-galactosidase (SA-b-gal) and BrdU
assays

SA-b-gal staining was performed as described previously.44

For BrdU incorporation experiments, cells were plated on cover-
slips and labeled with 100 mg/ml 5-Bromo-20-deoxyuridine
(BrdU, Sigma-Aldrich, B5002) for 30 minutes. The cells were
fixed by 4% paraformaldehyde (pFA) for 15 minutes and per-
meabilized by PBS buffer containing 0.2% Triton X-100. The
cells were further fixed for 30 minutes by 1% pFA in PBS buffer
containing 0.01% Tween-20 and treated with 5 units of RQ1
RNase-free DNase I (Promega, M6101) or 2 N HCl. The cells
were then incubated with 1:10-diluted FITC-labeled mouse
monoclonal anti-BrdU (BD Biosciences, 556028) for
30 minutes. Nuclei were stained with 1 mg/ml 4,6-diamidino-2-
phenylindole (DAPI) solution for 5 minutes.

Fractionation analysis
Fractionation analysis was performed as previously described

with slight modifications.45 Cells were lysed at 4�C for
30 minutes with 400 ml CSK buffer [10 mM PIPES (pH 6.8),
100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA,
1 mM DTT, 0.25 mM PMSF, 10 mM NaF, 0.1 mM ATP,
and Complete protease inhibitor cocktail (Roche,
11836170001)] containing 0.3% Triton X-100. Soluble fraction
(fraction 1, chromatin-unbound fraction) and insoluble fraction
were separated by centrifugation at 2,300 £ g for 10 minutes.
The insoluble fraction was incubated with 100 units of RQ1
RNase-free DNase I at room temperature for 30 minutes. After
centrifugation at 16,000 £ g for 10 minutes, the supernatant was
recovered as fraction 2 (DNase-extractable fraction). The pellet
was then suspended in 200 ml CSK buffer containing 0.3% Tri-
ton X-100 and 2 M NaCl, and the suspension was rotated at
4�C for 30 minutes. After centrifugation at 16,000 £ g for
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10 minutes, the supernatant was recovered as fraction 3 (high
salt-extractable fraction), and the pellet was boiled with 50 ml
Laemmli sample buffer (fraction 4, high salt-resistant fraction).

Western blotting
Cells were suspended with Laemmli sample buffer (Bio-Rad

Laboratories, 1610737) and boiled at 100�C for 5 minutes. Pri-
mary antibodies used in this study were the following: 1:1000-
diluted rabbit polyclonal anti-SMC4 (Abcam, ab17958),
1:2000-diluted rabbit polyclonal anti-hCAP-H (Sigma-Aldrich,
HPA003008), 1:500-diluted rabbit polyclonal anti-hCAP-H2
(Abgent, AP1973A), 1:200-diluted mouse monoclonal anti-
hCAP-D2 (Santa Cruz Biotechnology, sc-166878), 1:1000-
diluted rabbit polyclonal anti-hCAP-D3 (Abcam, ab70349),
1:2000-diluted mouse monoclonal anti-hCAP-G (Novus Biolog-
icals, H00064151-M01), 1:1000-diluted mouse monoclonal
anti-Rb (Cell Signaling Technology, #9309), 1:500-diluted goat
polyclonal anti-Lamin B (Santa Cruz Biotechnology, sc-6217),
1:20000-diluted mouse monoclonal anti-a-tubulin (Sigma-
Aldrich, T6199), 1:1000-diluted mouse monoclonal anti-Flag
(Sigma-Aldrich, F1804), and 1:2000-diluted rabbit monoclonal
anti-histone H3 (Cell Signaling Technology, #4499). Secondary
antibodies, such as horseradish peroxidase (HRP)-conjugated
sheep anti-mouse IgG, HRP-conjugated donkey anti-rabbit IgG
(GE Healthcare, NA931, NA934), and HRP-conjugated rabbit
anti-goat IgG (Kirkegaard & Perry Laboratories, 14-13-06),
were used for detection of target proteins by ECL or ECL plus
kits (GE Healthcare, RPN2109, RPN2133).

Immunoprecipitation
Cells were suspended in 1 ml IP buffer [50 mM HEPES (pH

7.6), 75 mM KCl, 0.1% NP-40, 20% Glycerol, 1 mM EDTA,
10 mM NaF, 10 mM b-glycerophosphate, and Complete prote-
ase inhibitor cocktail]. Cell lysate was mixed with MgCl2 (final
5 mM) and 50 units of RQ1 RNase-free DNase I were added.
DNase I reaction was performed at 37�C for 30 minutes and ter-
minated by adding EDTA (final 10 mM). Soluble fraction of the
cell lysate was incubated with anti-Flag M2 magnetic beads
(Sigma-Aldrich, M8823). The beads were washed with 400 ml of
IP buffer 5 times and boiled with 20 ml Laemmli sample buffer
to elute proteins.

Immunofluorescence microscopy
Cells plated on coverslips were fixed with 2% pFA for

15 minutes. Fixed cells were permeabilized with PBS containing
0.5% Triton X-100 for 5 minutes and incubated with TBST
(Tris-buffered saline plus 0.1% Tween-20) containing 1% BSA
for 1 hour. Cells were then incubated for 1 hour with primary
antibodies: 1:200-diluted mouse or rat monoclonal anti-Flag
(Agilent Technologies, 200471, 200473), 1:500-diluted mouse
monoclonal anti-histone H3 di-methyl Lys9 (Abcam, ab1220),
1:1000-diluted rabbit polyclonal anti-histone H3 tri-methyl
Lys9 (Abcam, ab8898), 1:200-diluted mouse monoclonal anti-
histone H3 di/tri-methyl Lys4 (Abcam, ab6000), 1:1000-diluted
rabbit polyclonal anti-CENPB (Abcam, ab25734), 1:200-diluted
rabbit polyclonal anti-lamin A/C (Cell Signaling Technology,

#2032), and 1:200-diluted mouse monoclonal anti-Rb (Cell
Signaling Technology). Cells were subsequently incubated
for 1 hour with secondary antibodies, such as 1:500-diluted
Alexa Flour 488-conjugated anti-mouse IgG, 1:400-diluted Alexa
Flour 594-conjugated anti-mouse IgG, 1:400-diluted Alexa
Flour 594-conjugated anti-rat IgG, 1:400-diluted Alexa Flour
488-conjugated anti-rabbit IgG, 1:400-diluted Alexa Flour 594-
conjugated anti-rabbit IgG, and 1:4000-diluted Cy3-conjugated
anti-rabbit IgG. Nuclei were stained with 1 mg/ml DAPI solu-
tion for 5 minutes. Immunofluorescent (IF) images were cap-
tured by a Zeiss Axioimager Z1 fluorescence microscope with an
oil immersion objective lens (Plan Apochromat, 63£, NA 1.4,
Zeiss), unless otherwise indicated. The images were acquired at
0.2 mm intervals in the z-axis controlled by Axiovision 4.6.3 soft-
ware (Zeiss). To visualize hCAP-H2 and lamin A/C proteins in
fraction 4, cells attached to coverslips were treated by CSK buffer,
DNase I, and 2 M NaCl, as described in the fractionation proce-
dure. The cells were then fixed by 2% pFA, followed by the same
IF procedure.

RT-PCR and qRT-PCR
RNA was extracted from human cells using RNeasy Plus

Mini Kit (Qiagen, 74134). RNA samples were subjected to
RT-PCR using onestep RT-PCR kit (Qiagen, 210212) or
SYBR green one-step kit (Bio-Rad, 172-5151). Alternatively,
RNA samples were subjected to cDNA synthesis using high-
capacity cDNA reverse transcription kit (Life Technologies,
4368814), followed by qPCR analysis using SYBR green
qPCR kit (Sigma-Aldrich, KCQS00). Primer sequences are
indicated in Table S1.
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BRAF Mutation Is Associated With a Specific Cell Type With
Features Suggestive of Senescence in Ovarian Serous

Borderline (Atypical Proliferative) Tumors

Felix Zeppernick, MD,*w Laura Ardighieri, MD,* Charlotte G. Hannibal, MSc,z
Russell Vang, MD,* Jette Junge, MD,y Susanne K. Kjaer, MD,z8 Rugang Zhang, PhD,z

Robert J. Kurman, MD,*# and Ie-Ming Shih, MD, PhD*#

Abstract: Serous borderline tumor also known as atypical pro-

liferative serous tumor (APST) is the precursor of ovarian low-

grade serous carcinoma (LGSC). In this study, we correlated the

morphologic and immunohistochemical phenotypes of 71 APSTs

and 18 LGSCs with the mutational status of KRAS and BRAF,

the most common molecular genetic changes in these neoplasms.

A subset of cells characterized by abundant eosinophilic cyto-

plasm (EC), discrete cell borders, and bland nuclei was identified

in all (100%) 25 BRAF-mutated APSTs but in only 5 (10%) of 46

APSTs without BRAF mutations (P<0.0001). Among the 18

LGSCs, EC cells were found in only 2, and both contained BRAF

mutations. The EC cells were present admixed with cuboidal and

columnar cells lining the papillae and appeared to be budding

from the surface, resulting in individual cells and clusters of de-

tached cells “floating” above the papillae. Immunohistochemistry

showed that the EC cells always expressed p16, a senescence-as-

sociated marker, and had a significantly lower Ki-67 labeling in-

dex than adjacent cuboidal and columnar cells (P=0.02). In vitro

studies supported the interpretation that these cells were under-

going senescence, as the same morphologic features could be re-

produced in cultured epithelial cells by ectopic expression of

BRAFV600E. Senescence was further established by markers such

as SA-b-gal staining, expression of p16 and p21, and reduction in

DNA synthesis. In conclusion, this study sheds light on the

pathogenesis of this unique group of ovarian tumors by showing

that BRAF mutation is associated with cellular senescence and the

presence of a specific cell type characterized by abundant EC. This

“oncogene-induced senescence” phenotype may represent a

mechanism that impedes progression of APSTs to LGSC.

Key Words: serous borderline tumors, low-grade serous carci-

noma, ovarian neoplasm, BRAF mutation, senescence

(Am J Surg Pathol 2014;38:1603–1611)

Serous carcinoma, the most common and lethal ovarian
cancer, is composed of 2 types, low-grade serous car-

cinoma (LGSC) and high-grade serous carcinoma (HGSC),
which are characterized by distinctly different clin-
icopathologic and molecular features.1–5 It has been pro-
posed that the immediate precursor of many HGSCs is an
intraepithelial carcinoma in the fallopian tube, so-called
“serous tubal intraepithelial carcinoma,” whereas the im-
mediate precursor of most LGSCs is a noninvasive ovarian
LGSC, also termed “serous borderline tumor, micro-
papillary variant.” The latter develops from a serous bor-
derline tumor (SBT) also known as “atypical proliferative
serous tumor (APST).” Although the majority of SBTs
behave in a benign manner, approximately 5% progress to
LGSC, which has a poor outcome for those with meas-
urable disease after cytoreductive surgery.6 At present,
there are no markers that reliably predict progression to
LGSC, and some pathologists, therefore, prefer the desig-
nation SBT to draw attention to this possibility, whereas
other pathologists prefer the designation APST to empha-
size the benign nature of most of these tumors recognizing
that some benign tumors have the potential to progress to
malignant neoplasms. The recent World Health Organ-
ization Classification of Tumors of the Female Re-
productive Organs considers both terms synonymous.7 In
this manuscript the term APST is used.

In view of the uncertainty regarding the behavior of
APSTs, patients and their physicians face a difficult di-
lemma in planning subsequent management, particularly
for those women who present with advanced-stage
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disease, as even the majority of these tumors do not
progress to LGSC. The options are adjuvant chemo-
therapy, with its attendant potential complications, versus
observation. In either case the anxiety associated with the
uncertainty of the behavior of this tumor takes a sig-
nificant emotional toll on the patient and her family.
Accordingly, identification of a marker that reliably
predicts outcome would be highly beneficial.

APST and LGSC are characterized by very low
levels of DNA copy number changes as compared with
other gynecologic tumors, reflecting relative genomic
stability during tumor evolution.8,9 The most prominent
molecular alterations so far described are somatic acti-
vating mutations of KRAS and BRAF, leading to their
constitutive kinase activation. Approximately two thirds
of APSTs contain either mutant KRAS or BRAF, as the
mutations are mutually exclusive.10–12 As KRAS and
BRAF are involved in the MEK signaling pathway, it is
believed that aberrant signaling activity of MEK, due to
activating mutations in either KRAS or BRAF, plays a
major role in the development of most APSTs.13

We have previously identified a population of cells
in APSTs with abundant eosinophilic cytoplasm (EC)
that showed a significant decrease in steroid hormone
receptors (ER and PR), WT1, and Ki-67 proliferation
index compared with neighboring cuboidal and columnar
cells lacking abundant EC, suggesting that the EC cells
were senescent.12,14 The current study presents im-
munohistochemical and molecular genetic evidence
showing that the EC cells occur preferentially in tumors
harboring mutant BRAF. Moreover, in vitro studies
demonstrated that ectopic expression of BRAFV600E in
epithelial cells induces cellular senescence, thereby pro-
viding compelling evidence that APSTs with mutant
BRAF are undergoing senescence and that EC cells are a
useful morphologic marker.

MATERIALS AND METHODS

Identification and Selection of Cases
The study group consists of 89 cases of APSTs

(n=71) and LGSC (n=18) derived from 2 study sets.
Most APSTs (n=49) were selected from the files of the
nationwide Danish Pathology Data Bank as previously
described.12 The study was approved by the Danish Data
Protection Agency and the Danish Scientific Ethical
Committee. The remaining cases (22 cases of APST and
18 LGSCs) were obtained from the pathology files of the
Johns Hopkins Hospital. Acquisition of tissue specimens
was approved by Institutional Review Board at the Johns
Hopkins Hospital, Baltimore, MD. In addition to the
primary ovarian tumor, sufficient tumor tissue was
available from implants or metastatic lesions for 40
APSTs and 4 LGSCs. Bilateral APSTs were analyzed in
11 cases. This resulted in a total of 160 tumor lesions that
were examined. Of the 71 APSTs, 56 were advanced stage
(FIGO II to IV), 6 were FIGO stage I, and for 9 cases the
information about FIGO stage was not accessible.

Morphologic Evaluation and
Immunohistochemistry Analysis

Sections of all 160 lesions were reviewed in-
dependently by 2 investigators (I.-M.S., F.Z.) who were
blinded to the clinical and mutational data. The number
of cells with abundant EC (as previously described12,14)
was semiquantitatively scored as a percentage of the total
number of epithelial cells in a specimen as follows: not
detectable, <1%, 1% to 25%, and >25% of epithelial
tumor cells. Only cases with a sufficient amount of tumor
cells (at least 400 tumor cells) were included. A subset of
cases was selected for further immunohistochemical
analysis. Sections were stained with anti-Ki-67 antibody
(Ventana Medical Systems, Tucson, AZ; prediluted) and
an anti-p16 antibody (Ventana Medical Systems; pre-
diluted) and counterstained with either hematoxylin or
eosin. The Ki-67 proliferation index was scored in a
similar semiquantitative manner by counting at least 400
cells and determining the percentage of positive cells. The
EC and cuboidal/columnar cell populations were counted
separately. p16 immunoreactivity in EC cells was reported
as positive (both nuclear and cytoplasmic) or negative.
Immunostaining with the mouse monoclonal VE1 anti-
body was used to detect mutant BRAF protein (V600E)
as described previously (Spring Bioscience, Pleasanton,
CA; 1:250).12 It has been shown that APSTs with BRAF
V600E mutations were all positive for VE1 immuno-
reactivity, whereas none of the wild-type BRAF specimens
was positive for VE1.12 VE1 immunohistochemistry was
applied to determine the BRAF mutation status in 6 cases
of which the mutational analysis was unsuccessful.

Mutational Analysis
Mutational analysis was performed using the con-

ventional Sanger sequencing technique in KRAS at exon 2
including codons 12-13 and BRAF at exon 15 including
codon 600 as previously described.11 Polymerase chain
reaction amplification was performed using genomic
DNA from microdissected formalin-fixed, paraffin-em-
bedded tissue with the following primers for exon 15 of
BRAF: forward 50-TGCTTGCTCTGATAGGAAAAT
GA-30 and reverse 50-CCACAAAATGGATCCAGACA
AC-30; for exon 2-3 of KRAS: forward 50-TAAG
GCCTGCTGAAAATGACTG-30 and KRAS reverse 50-
TGGTCCTGCACCAGTAATATGC-30. Amplified poly-
merase chain reaction products were sequenced at the
Beckman Coulter Inc., (Danvers, MA) and analyzed with
the Mutation Surveyor DNA Variant Analysis Software.
Mutational analysis was successful in 83 cases. In addi-
tional 6 APSTs, which could not be analyzed for their
mutational status, positive BRAF VE1 staining was used
as a surrogate for BRAFV600E mutation.

Cell Culture and Transduction
Primary human ovarian surface epithelial (HOSE)

cells were prepared from ovaries obtained during pro-
phylactic oophorectomies as described previously.15 The
cells were cultured in medium 199 and MCDB-105 (1:1)
supplemented with 4% fetal bovine serum and 0.2U/mL
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of insulin.16 pBABE-puro and pBABE-puro-BRAFV600E

were obtained from Addgene (Cambridge, MA). Retro-
virus production and transduction were performed as
described,17 using Phoenix cells to package the viruses
(a gift from Dr Gary Nolan, Stanford University). Cells
infected with viruses encoding drug-resistant gene to
puromycin were selected in 1 mg/mL. FG12-CMV-Lenti-
GFP and FG12-CMV-Lenti-GFP-BRAFV600E were
kindly provided by Dr Daniel Peeper. Lentivirus was
packaged using Virapower Kit from Invitrogen following
manufacturer’s instruction as described previously.18

Immunofluorescence, BrdU Labeling, and SA-b-Gal
Staining

The following antibodies were obtained from in-
dicated suppliers: mouse anti-BrdU FITC (BD Bio-
science), mouse anti-p21 (Santa Cruz), mouse anti-BRAF

(Santa Cruz), mouse anti-b-actin (Abcam),19 and mouse
anti-p16 was a gift from Dr Greg Enders. Immuno-
fluorescence staining and BrdU labeling for cultured cells
were performed as previously described using the

FIGURE 1. A, Eosinophilic cells (EC) in an APST with mutant BRAFV600E are present on the surface of papillae along with cuboidal
and columnar cells. Many EC cells are detached (arrows), floating above the surface of papillae. They are characterized by
abundant EC and discrete cell borders. The nuclei are mostly round with a smooth nuclear membrane and contain faintly staining
chromatin. EC cells appear to bud from cuboidal/columnar epithelial cells on the surface of the papillae. B, Another APST without
BRAF mutation does not demonstrate any EC cells.

TABLE 1. Summary of APST Cases Showing Cells With
Abundant EC

Mutational Status EC Cells Present EC Cells Absent Total

BRAF-mut*w 25 0 25
BRAF-wt* 5 41 46
KRAS-mut (4) (25) (29)
BRAF/KRAS-wt (1) (16) (17)

*P<0.0001, Fisher’s exact test, 2-tailed.
wFor 6 APSTs, BRAF mutation was assumed after mutational analysis failed,

but VE1 immunohistochemistry stained positive.
mut indicates mutant; wt, wild-type.
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antibodies listed above.16,18 SA-b-Gal staining was per-
formed as previously described.20

Statistical Analysis
All calculations were done using the statistical

software environment R, version 3.1.0 and Graph Pad

Prism Version 5.0. Statistical significance was set at the
level of 0.05.

RESULTS
Morphologic examination of 71 APSTs including 25

with BRAF mutations, 29 with KRAS mutations, and 17
with wild-type BRAF and KRAS revealed a population of
epithelial cells containing abundant EC and discrete cell
borders. The nuclei tended to be round with a smooth
nuclear membrane and contained faintly staining chro-
matin. Mitotic figures were not observed in these cells.
These cells were adjacent to cuboidal and columnar cells
with round to oval nuclei in which the nuclear chromatin
was more distinct and coarser and which were devoid of
abundant EC. The EC cells appeared to bud from the
overlying epithelial layer of the APST (Fig. 1). They were
often detached from the epithelium, floating freely above

TABLE 2. Mutational Status and FIGO Stage of APST (n = 71)

FIGO Stage BRAF-Mut KRAS-Mut WT

NA 7 1 1
I 6 — —
II 5 12 5
III 6 16 11
IV 1 — —

NA indicates not accessible; Mut, somatic mutation; WT, wild-type KRAS
and BRAF.

FIGURE 2. An APST harboring mutant BRAFV600 showing expression of Ki-67 and p16 A, EC cells tend to be Ki-67 negative and
strongly and diffusely p16 positive. B, EC cells (arrows) showing senescent features characterized by nuclei with washed out
indistinct chromatin (arrows). Apoptotic cells (Apo) are positive for an apoptotic marker, M30 (see inset).
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the epithelial layer of the tumor and in 1 case in the un-
derlying stroma of the tumor, so-called “microinvasion.”
Using >1% EC cells as a cutoff point, it was found that
they were present in all 25 APSTs harboring mutant
BRAF, in 4 (14%) of 29 APSTs with KRAS mutation,
and in 1 (6%) of 17 APSTs with wild-type KRAS and
BRAF (Table 1). The mutation status of APST according
to clinical stages is summarized in Table 2. Because
mutations of KRAS and BRAF are mutually exclusive, we
combined the mutant KRAS and wild-type KRAS/BRAF
groups into 1 group, designated the “BRAF wild-type”
group, and observed that EC cells were significantly more
often present in the BRAF-mutated than the wild-type
group (P<0.0001, Fisher’s exact test, 2-tailed).

Immunohistochemical staining revealed that the EC
cells in contrast to the adjacent cuboidal/columnar cells
were intensely stained for both nuclear and cytoplasmic
p16, a senescence-associated marker,21,22 and were es-
sentially negative for Ki-67, a proliferative marker
(Figs. 2, 3). EC cells had a significantly lower Ki-67 index
than the cuboidal/columnar cells (P=0.02, paired 2-
tailed t-test). Occasional apoptotic cells adjacent to EC
cells were also observed (Fig. 2B). They were positive for
M30 staining, an apoptotic marker.

In our previous study, almost all primary APSTs
and their concurrent implants were found to have the
same mutation status of KRAS and BRAF.12 In this
study, there were 40 APSTs with at least 1 concurrent
peritoneal implant that were available for study. Among
them, 37 (92.5%) showed the same morphologic features

in the primary tumor and implant in terms of the presence
or absence of EC cells. Similar concordance of EC cells
was observed in 10 (91%) of 11 bilateral APSTs. Two
implants, one with many EC cells positive for VE1 and
another without EC cells negative for VE1 are shown
in Figure 4. Interestingly, the cases in which there was
discordance of EC cells between the primary tumors and
implants occurred only in tumors and implants with
mutant KRAS (3 of 23 cases). Those discordant cases
include 2 with EC cells in the primary tumors but not in
the implants and 1 case in which the primary tumor
lacked EC cells, but they were present in the implants. All
the cases with mutant BRAF and wild-type KRAS and
BRAF showed concordant morphologic features in both
the primary tumor and implants (17 of 17 cases), that is,
the presence of EC cells in mutant BRAF cases and absent
EC cells in both primary tumor and corresponding im-
plant(s) in cases wild-type for KRAS and BRAF.

The above findings suggest that mutant BRAF
protein may induce changes resulting in the development
of EC cells that we interpreted on morphologic grounds
as evidence of cellular senescence. To test this hypothesis,
we ectopically expressed mutant BRAFV600E in human
ovarian surface epithelial HOSE cells (Fig. 5). HOSE cells
expressing BRAFV600E had a greater percentage of cells
that were positive for SA-b-gal stain, a conventional
marker of cellular senescence, than the control cells (27%
vs. 3%). Immunofluorescent staining also demonstrated
that as compared with control cells HOSE cells expressing
BRAFV600E had a much greater number of cells positive

FIGURE 3. Immunostaining pattern of p16 and Ki-67 in an APST. EC cells that are positive for p16 and are devoid of Ki-67
immunoreactivity. A and B represent 2 different areas from the same case, and the slides were counterstained with eosin only to
reveal the abundant cytoplasm in EC cells.
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for p16 and p21 that are upregulated during cellular
senescence. In contrast, in a BrdU incorporation study
BRAFV600E transfected cells showed a decrease in DNA
synthesis as compared with control cells (Fig. 5).

DISCUSSION
Cellular senescence is a fundamental biological phe-

nomenon involved in embryogenesis, tissue development,
and various pathobiological conditions.23 Although it has
been extensively studied in cell culture, microscopic char-
acterization of senescence in tissue sections has not been
well described. In this study, we identified a population of
epithelial cells in APSTs characterized by abundant EC,
distinct cell borders, nuclei with faintly staining chroma-
tin, strong expression of p16, and loss of proliferative
activity as evidenced by essentially no Ki-67 immunor-
eactivity. These features are commonly seen in senescent
cells in vitro. The EC cells, along with cuboidal and
columnar cells, comprise the cellular population that lines

the papillae of the APSTs. The latter 2 cell types
have relatively scant cytoplasm, bland, round to oval
nuclei, and are frequently ciliated. The EC cells tend to
be rounder, less frequently ciliated, and are closely apposed
to the cuboidal and columnar cells. When there is cellular
stratification they tend to be at a slightly higher level
than the cuboidal/columnar cells, approaching the surface
of the papillae and then detaching, acquiring more
abundant EC and losing their cilia in the process. As a
consequence they appear to “float” above the papillae and
occasionally are present in the underlying stroma, so-called
“microinvasion.” Mitotic figures are present only in the
cuboidal and columnar cells. Occasional apoptotic cells
adjacent to the EC cells are also evident. The entire process
appears to reflect senescence manifested by transformation
of cuboidal and columnar cells to EC cells. This inter-
pretation is supported by a previous study in which we
demonstrated that compared with the cuboidal and col-
umnar cells, the EC cells showed a significant decrease in
ER, PR, WT1, and Ki-67 labeling index.14 In the present

FIGURE 4. A, VE1-positive desmoplastic noninvasive implant contains many EC cells, identical to the EC cells in foci of
“microinvasion” (arrows). B, VE1-negative implant does not contain EC cells.
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study, we found that the EC cells are specifically associated
with BRAF mutations, as they were detected in 100% of
APSTs with BRAF mutations but in only 10% of APSTs
with wild-type BRAF and KRAS or KRAS mutations,
suggesting that they are a morphologic marker of BRAF
mutation in these tumors. The above finding was confirmed
by our in vitro cell culture studies showing that mutant
BRAF leads to the development of senescent cells with
similar morphologic features. Expression of p16 and ab-
sence of Ki-67 labeling has been previously reported in
senescent cells in colorectal adenomatous polyps with
BRAF mutations.22

The findings in this study are reminiscent of
“oncogene-induced senescence,” a well-established mecha-
nism that impedes cancer development in humans24,25 in
which oncogenic stress induced by an oncogenic protein
such as mutant BRAF protein leads to DNA double-strand
breaks in nontransformed epithelial cells. This activates the
DNA damage response that is responsible for growth in-
hibition and induction of senescence through activation of
p53-p21 and p16 pathways.21,26–29 As TP53 mutations are

exceptionally rare in APSTs, the intact p53 protein may
serve as the upstream checkpoint control that triggers the
senescence pathway in BRAF-mutated APSTs.

Our study raises a number of intriguing questions.
First, if BRAF mutations result in cellular senescence
in APSTs, why is this genotype clonally selected in many
of them? We postulate that BRAF mutation, like
KRAS mutation, is required for tumor initiation, because
mutations in both genes have multiple tumor-promoting
effects including upregulation of glucose transporter-1
(GLUT1), an essential surface protein that results
in an increase in glucose metabolism required for
tumor transformation.27 Once an APST develops, the
epithelial cells may initiate a mechanism to restrain tumor
progression as occurs in many benign human neoplasms,
including colorectal adenomatous polyps and melano-
cytic nevi.30–32 This may account for why BRAF-mutated
advanced-stage LGSCs are much less common than
BRAF-mutated advanced-stage APSTs.12,33–35

Second, how do tumors that progress to LGSC
overcome the senescence induced by BRAF mutations?

FIGURE 5. A, Western blot analysis shows expression of mutant BRAF protein in primary HOSE cells transduced with the BRAFV600E

expressing construct. B, SA-b-gal activity in primary HOSE cells expressing BRAFV600E. Arrows point to large, flat SA-b-gal-positive
senescent cells. C, BrdU incorporation is decreased in primary HOSE cells expressing BRAFV600E as compared with control non-
transduced cells. Arrows point to BrdU-positive cells (BrdU in red and cell nuclei counterstained with DAPI in blue). D, Expression
of BRAFV600E in HOSE cells in culture results in an increase in p16 and p21. Arrows indicate p16 and p21 positive cells, respectively.
Cells were engineered to coexpress nuclear GFP when they were transfected with the expression plasmids. The fluorescence
images were merged in the rightmost panel.
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We suspect that, as with the progression of precursor le-
sions to frankly malignant tumors, for example, as occurs
in melanoma and lung cancer,36,37 additional molecular
genetic alterations occur during progression from an
APST to an LGSC, which abolish the checkpoint control
by the p53-p21 and p16 pathways. We have previously
analyzed the genome-wide copy number alterations in
ovarian low-grade serous neoplasms and reported that
hemizygous ch1p36 deletion and ch9p21 homozygous or
hemizygous deletions are much more common in ovarian
LGSCs than in APSTs.8 The ch1p36 region contains
several candidate tumor suppressors including miR-34a,
which is required for DNA damage response and is the
direct p53 target that mediates its tumor-suppressor
functions.38,39 Likewise, the ch9p21 region corresponding
to the CDKN2A/B locus encodes 3 well-known tumor-
suppressor proteins, p14 (Arf), p16, and p15 that inhibit
cyclin-dependent kinase. Thus, deletions or silencing of
miR-34a and CDKN2A/B loci may abrogate the p53
checkpoint on BRAF mutations and permit APSTs to
escape senescence and progress to LGSC. In this regard,
it has been reported that p16 expression levels are sig-
nificantly decreased in LGSCs as compared with
APSTs.40

Finally, why are EC cells more commonly detected
in BRAF-mutated than in KRAS-mutated APSTs? It has
been demonstrated that KRAS and BRAF kinases may
form their own unique signaling networks in addition to
the shared function in activating MEK signaling.41–43

Therefore, in APSTs it is likely that, although mutations
of KRAS and BRAF contribute equally to tumor ini-
tiation, they may have different functions after the tumor
has developed. Tumors with mutant BRAF undergo
senescence, characterized by the presence of EC cells,
whereas APSTs with mutant KRAS or wild-type BRAF
and KRAS are less likely to undergo senescence and
therefore do not express the EC phenotype. Furthermore,
after cytoreductive surgery occult implants harboring
mutant BRAF are likely to undergo cellular senescence
and have a reduced risk for recurrence and progression.
In conclusion, this study provides new evidence that
mutation of BRAF appears to have a paradoxical effect,
acting as a driver mutation for initiation of an APST
while also apparently inhibiting progression to LGSC.
This finding sheds light on the pathogenesis of this unique
group of ovarian tumors, which has perplexed patholo-
gists and gynecologists for over half a century. The study
also has important clinical implications by correlating a
specific morphologic phenotype, namely, EC cells
with BRAF mutation, thereby providing pathologists
with the ability to identify a group of APSTs that are
likely to behave in a benign manner from those that
are more likely to progress to LGSC. This would allow
gynecologists to target a group of patients for close sur-
veillance and possibly further treatment while sparing
another group of patients from additional and potentially
harmful treatment. Although highly provocative, our
conclusions must be validated by larger clinicopathologic
studies.
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Senescence is defined as a stable cell growth arrest.
Oncogene-induced senescence (OIS) occurs in normal primary
human cells after activation of an oncogene in the absence of
other cooperating oncogenic stimuli. OIS is therefore
considered a bona fide tumor suppression mechanism in vivo.
Indeed, overcoming OIS-associated stable cell growth arrest
can lead to tumorigenesis. Although cells that have undergone
OIS do not replicate their DNA, they remain metabolically
active. A number of recent studies report significant changes in
cellular metabolism during OIS, including alterations in
nucleotide, glucose, and mitochondrial metabolism and
autophagy. These alterations may be necessary for stable
senescence-associated cell growth arrest, and overcoming
these shifts in metabolism may lead to tumorigenesis. This
review highlights what is currently known about alterations in
cellular metabolism during OIS and the implication of OIS-
associated metabolic changes in cellular transformation and
the development of cancer therapeutic strategies.

Introduction

Senescence
Senescence was first described in 1961 by Leonard Hayflick

and Paul Moorhead while working at The Wistar Institute in

Philadelphia.1 Specifically, these scientists found that normal
cells in culture could only double a limited number of times, after
which the cells would exit the cell cycle (termed “senescence”). In
the decades since this discovery, a number of other stimuli have
been shown to induce senescence, including oncogene activation,
DNA damage, oxidative damage, and certain chemotherapeutic
agents.2 Although the cells do not continue to replicate their
DNA, it is well appreciated that senescent cells remain metaboli-
cally active, and that these metabolic changes play a role in both
senescence-associated cell growth arrest and human disease.

Oncogene-induced senescence
Oncogene-induced senescence (OIS) occurs when an oncogene

(such as RAS, BRAF, MYC, etc.) becomes activated in a normal
diploid cell.3 This leads to a paradoxical stable cell cycle exit,
which arrests cell growth.4 Therefore, OIS is considered a bona
fide tumor suppressor mechanism in vivo.4,5 For instance, benign
nevi, which are often characterized by mutations in BRAF and
NRAS, have been shown to be senescent lesions.4

OIS is characterized by a number of phenotypic and molecu-
lar alterations. Phenotypically, cells that have undergone OIS
exhibit a large, flat morphology and are positive for increased
b-galactosidase activity (termed senescence-associated b-galacto-
sidase [SA-b-Gal]).6 Additionally, OIS is often accompanied by
accumulation of DNA damage, in particular DNA double strand
breaks, and a robust DNA damage response.7-10 This damage is
largely due to the aberrant DNA replication observed during
OIS.9,11 Further, OIS is characterized by upregulation of the
p53/p21 and pRb/p16 pathways,12 which both play a role in
inhibition of cell cycle progression. Many recent reports demon-
strate that cells undergoing OIS secrete a number of inflamma-
tory mediators, including cytokines and chemokines, termed the
senescence-associated secretory phenotype (SASP).13 The SASP

*Correspondence to: Katherine M Aird, Ph.D; E-mail: kaird@wistar.org
Submitted: 07/11/2014; Revised: 08/06/2014; Accepted: 08/12/2014
http://dx.doi.org/10.4161/23723548.2014.963481

This is an Open Access article distributed under the terms of the Creative
Commons Attribution-Non-Commercial License (http://creativecommons.
org/licenses/by-nc/3.0/), which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is
properly cited. The moral rights of the named author(s) have been asserted.

www.landesbioscience.com e963481-1Molecular & Cellular Oncology

Molecular & Cellular Oncology 1:3, e963481; October 1, 2014; © 2014 Taylor & Francis Group, LLC
REVIEW

D
ow

nl
oa

de
d 

by
 [

10
0.

14
.2

0.
38

] 
at

 1
5:

54
 0

6 
D

ec
em

be
r 

20
15

 

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


is thought to play a role in both the establishment and mainte-
nance of the senescence-associated cell growth arrest.14 Taken
together, cells undergoing OIS activate a number of cellular sig-
naling pathways to ensure a stable cell growth arrest.

Although senescent cells do not replicate their DNA, they remain
metabolically active.2,15 It is now known that a number of changes
in cellular metabolism occur during OIS.16 This review will focus
on the changes in cellular metabolism that accompany OIS, includ-
ing changes in nucleotide, glucose, mitochondrial, and lipidmetabo-
lism and autophagy.Wewill also discuss how these pathwaysmay be
circumvented during transformation and tumorigenesis.

Metabolic Changes During OIS

Nucleotide metabolism is decreased during OIS
Deoxyribonucleotide triphosphates (dNTPs) are necessary for

both nuclear and mitochondrial DNA replication and repair.17,18

Alterations in dNTP levels are known to play a pathogenic role in
a number of human diseases, including cancer.9,11 dNTPs can be
synthesized through the de novo pathway or the salvage pathway.19

The rate-limiting step in the synthesis of dNTPs during the de
novo pathway is reduction of ribonucleoside di- or tri- phosphates
(NDPs/NTPs) to deoxyribonucleotide di- or tri- phosphates
(dNDPs/dNTPS) by ribonucleotide reductase (RNR).17,18 RNR
is a tetrameric complex comprised of 2 large catalytic subunits
(R1: ribonucleotide reductase M1 [RRM1]) and 2 small regula-
tory subunits (R2: ribonucleotide reductase M2 [RRM2] or
RRM2B/p53R2). Although RRM1 is expressed during all phases
of the cell cycle, RRM2 and p53R2 are cell-cycle regulated.20

RRM2 is expressed during S phase, when dNTPs are needed for
DNA replication,20 whereas p53R2 is expressed during G0/G1
and is important for DNA repair and mitochondrial DNA syn-
thesis.21 Changes in the expression or activity of RNR can there-
fore lead to altered DNA synthesis and repair.

Our group and others have shown that the levels of all 4 dNTPs
are significantly decreased during OIS.9,11,22 We found that this is
specifically due to a decrease in expression of RRM2 (Fig. 1), but
not RRM1 or p53R2.9 Interestingly, the decrease in dNTP levels
via suppression of RRM2 is a driver, not a consequence, of the cell
cycle exit.9 Increasing dNTP levels by ectopic expression of RRM2
or addition of exogenous nucleosides in oncogene-expressing normal
diploid cells is able to overcome the aberrant DNA replication,
DNA damage accumulation, and senescence-associated stable cell
growth arrest induced by oncogenic RAS or BRAF.9,22 Additionally,
decreasing nucleotide metabolism using short hairpin RNA-medi-
ated specific knockdown of RRM2 expression can induce the senes-
cence-associated stable cell growth arrest via aberrant DNA
replication and DNA damage accumulation.9 These results demon-
strate that nucleotide metabolism is decreased during OIS and is a
key driver of the OIS phenotype.

We recently reported that RRM2, and therefore nucleotide
metabolism, is decreased in human benign nevi with mutations
in BRAF or NRAS.9 Decreased RRM2 expression was signifi-
cantly correlated with increased p16 expression, suggesting that
these cells have undergone OIS. Additionally, melanoma cell

lines and primary melanoma samples with mutations in BRAF or
NRAS display a marked increase in RRM2 expression. This sug-
gests that overcoming the suppression of nucleotide metabolism
that occurs during OIS may allow cells to re-enter the cell cycle,
gain additional mutagenic hits, and become transformed. Indeed
addition of exogenous nucleosides or ectopic RRM2 could over-
come full senescence induced by RAS.9 Additionally, supraphy-
siological levels of RRM2 or dNTPs can lead to DNA damage
and genomic instability,9,23 which is a hallmark of cancer
cells.24,25 RRM2 is transcriptionally regulated by E2F1
(Fig. 1).9,26,27 E2F1 is negatively regulated by pRb (Fig. 1),28,29

which is an important effector of the senescence phenotype.12 In
some contexts, loss of pRb can suppress the OIS phenotype.12

When pRb is lost, E2F1 is no longer repressed and can induce
transcription of a number of genes that regulate metabolism,
including RRM2.30 Additionally, loss of p53 can suppress OIS
and can overcome OIS in cells with low p16 expression.10,31,32

Interestingly, a repressive E2F, E2F7, is a p53 target gene.33

E2F7 cooperates with pRb to promote senescence, thus coupling
the p53 and pRb pathways. We have previously shown that
E2F7 replaces E2F1 on the RRM2 promoter during OIS to sup-
press RRM2 transcription (Fig. 1).9 This suggests that p53 and
pRb act in concert to suppress nucleotide metabolism during
OIS, and loss of these tumor suppressors may overcome OIS due
to an increase in nucleotide metabolism, thereby leading to can-
cer formation.

Glucose metabolism is altered during OIS
Glucose is one of the main cellular nutrients and is used in a

variety of cellular metabolic processes such as the pentose phos-
phate pathway (PPP) and the tricarboxylic acid (TCA) cycle.34,35

Glucose metabolites are necessary for nucleotide, amino acid,
and lipid biogenesis. Under normal conditions, cells take up glu-
cose through glucose transporters. Intracellular glucose is then
metabolized during a process called glycolysis, which has an end
product of pyruvate and produces 2 ATP molecules. The pyru-
vate can then be further metabolized. In normal cells under
anaerobic conditions, pyruvate is generally metabolized into lac-
tate (fermentation), during which reduced nicotinamide adenine
dinucleotide (NADC) is produced. This NADC is important
for cells to continue glycolysis. Under aerobic conditions,
pyruvate dehydrogenase (PDH) metabolizes pyruvate into Acetyl
Co-A to be further used in the TCA cycle and oxidative phos-
phorylation to produce 36 ATP molecules.

Cancer cells preferentially use glycolysis and subsequent fer-
mentation to produce ATP even under aerobic conditions.24,34,36

First observed by Otto Warburg in 1924,37 this is now known as
the Warburg effect. Although glycolysis is a much less efficient
way of producing ATP, cancer cells have a high demand for bio-
mass to continue proliferation.36 To keep up with both the bio-
energetic and biomass needs of a highly proliferative state, tumor
cells increase their glucose uptake and metabolism through a vari-
ety of mechanisms, including increased expression of glucose
transporters and glycolytic enzymes.34,35 This allows for the high
rate of growth and proliferation that is a hallmark of cancer
cells.24
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A number of recent studies have indicated that glucose
metabolism is altered during OIS but with conflicting find-
ings. Some studies have indicated an increase in glucose
uptake during OIS.38-40 However, a number of other studies
have observed either no change or a significant decrease in
glucose uptake.41-43 The basis for the discrepancy among
these studies remains to be determined, although it may be
due to differences in cell type, oncogenes, or timing. Regard-
less, all of these studies have shown changes in glucose
metabolism when cells undergo OIS.

Two reports have demonstrated that cells undergoing OIS
have increased pyruvate levels,40,42 demonstrating an increase in

glycolysis. This is most likely due to increased expression of a
number of enzymes involved in pyruvate synthesis, such as pyru-
vate kinase (PKM2),40 and pyruvate metabolism, including the
gatekeeper enzyme pyruvate dehydrogenase (PDH) (Fig. 1).42,43

Because PDH expression is increased, the pyruvate that is pro-
duced during glycolysis is shunted into the TCA cycle, thereby
decreasing shunting into the fermentation arm that leads to lac-
tate production. Taken together, these studies reveal an overall
shift in glucose metabolism in cells undergoing OIS toward the
mitochondrial TCA cycle and away from fermentation and the
Warburg effect. This is consistent with the fact that OIS is a
tumor suppression mechanism.

Figure 1. Alterations in metabolic pathways during oncogene-induced senescence. Glucose enters the cell through glucose transporters. p53 inhibits
glucose uptake via negative regulation of glucose transporters.45 During glycolysis, glucose is metabolized into pyruvate. One glycolytic enzyme, PKM2,
is significantly upregulated during OIS.40 Additionally, pyruvate levels are higher in cells that have undergone OIS.40 The pyruvate produced by metabo-
lism of glucose can be shunted into multiple pathways including fermentation, which leads to lactate production, or into the TCA cycle after further proc-
essing by PDH. PDH and its positive regulator PDP2 are upregulated during OIS, whereas the negative regulator of PDH (PDK1) is downregulated,42,43

possibly in part through inhibition mediated by p53.53 This suggests that pyruvate is preferentially shunted into the TCA cycle and away from fermenta-
tion. Levels of TCA cycle metabolites are increased during OIS, as are a number of TCA cycle enzymes, including SDHA and MDH1/2.43 Oxidative phos-
phorylation is also increased during OIS through increased expression of all complexes in the electron transport chain.43 p53 and pRb also positively
regulate oxidative phosphorylation.30,53,54 Nucleotide metabolism is decreased in cells that have undergone OIS as a result of suppression of E2F1-medi-
ated transcription of RRM2 and increased repression by the p53 target E2F7.9 Free fatty acid levels are increased in cells undergoing OIS, most likely due
to an increase in fatty acid oxidation.52 Finally, both autophagy and lysosomal activity are increased during OIS,68,75,76 which may be in part occur via
positive regulation through pRb.79
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It is thought that the Warburg effect is a consequence of
increased cellular proliferation during tumorigenesis, and not
necessarily a cause of transformation itself.44 However, a number
of important senescence effectors are known to play an important
role in metabolism. For instance, loss of p53 can suppress OIS in
some contexts.10,31,32 p53 is known to transcriptionally repress
glucose transporters (GLUT-1, GLUT-3, GLUT-4) and a num-
ber of glycolytic enzymes.45 Additionally, p53 positively regulates
oxidative phosphorylation (Fig. 1),46 thus loss of p53 can lead to
a switch from oxidative phosphorylation to increased aerobic gly-
colysis.46 Therefore, suppressing OIS could lead to a change in
glucose metabolism that primes cells to become cancerous.

Mitochondrial metabolism is altered during OIS
Mitochondria are the cell’s powerhouses. Under normal oxy-

gen conditions, glucose is broken down into pyruvate, which is
then shunted through the TCA cycle. The TCA cycle starts when
pyruvate dehydrogenase metabolizes pyruvate into acetyl-CoA.47

Acetyl-CoA can also be produced from fatty acid oxidation (dis-
cussed below).48 A series of enzymatic reactions then occurs to
produce 3 molecules of NADH, which can then fuel oxidative
phosphorylation (oxphos). Oxphos occurs in the inner mito-
chondrial membrane through 5 enzyme complexes49 and is the
most efficient way for a cell to produce ATP as it generates 36
ATP molecules for each glucose molecule.36

A number of recent studies have indicated a significant shift in
mitochondrial metabolism in OIS cells. Firstly, a number of
studies have demonstrated that cells undergoing OIS display
mitochondrial dysfunction. Studies of RAS- or HER2-induced
senescence reveal that cells undergoing OIS have decreased mito-
chondrial membrane potential,39,50 indicating mitochondrial
dysfunction. Interestingly, these studies report conflicting results
in terms of mitochondrial mass and mitochondrial DNA con-
tent, likely due to differences in cell type and the oncogene used.
Cadenas et al. reported that mitochondrial mass is decreased and
that mitochondria are found in vacuole-rich areas, likely demon-
strating that these dysfunctional mitochondria are targeted for
degradation.50 In contrast, Moiseeva et al. found that mitochon-
drial mass and DNA content is increased in cells undergoing
OIS.39 These authors also observed a marked increase in mito-
chondrial superoxides, indicating a significant change in mito-
chondrial metabolism. Indeed, senescence can be directly
induced by interference with normal mitochondrial metabolism
using specific knockdown of the important mitochondrial pro-
tein Rieske iron sulfur protein (RISP) or the pharmacologic
inhibitors rotenone and oligomycin.39 Although studies have
shown some conflicting results, it is clear that mitochondrial
metabolism is markedly changed during OIS and may regulate
senescence.

In addition to changes in mitochondria themselves, flux
through the mitochondrial TCA cycle is increased in cells under-
going OIS. One study has demonstrated a significant increase in
TCA cycle metabolites in OIS cells (Fig. 1).42 This is likely due
to both an increase in the mitochondrial pyruvate gatekeeper
enzyme PDH42,43 and an increase in enzymes in the TCA cycle
such as malate dehydrogenase (MDH1/2) and succinate

dehydrogenase (SDHA).43 Increased PDH activity results from
decreased expression of the PDH suppressive pyruvate dehydro-
genase kinase 1 (PDK1) and increased expression of the PDH
activating pyruvate dehydrogenase phosphatase 2 (PDP2)
(Fig. 1).42,51

Oxidative phosphorylation is one of the most important bio-
logical processes of the mitochondrion.47 A number of studies
have shown that oxphos is increased during OIS, leading to an
increase in oxygen consumption (Fig. 1).38,42,52 This is likely
due to increased TCA cycle metabolites and enzyme expres-
sion42,43 in addition to increased expression of all complexes of
the electron transport chain.43 Increased oxygen consumption
and oxphos complex enzyme expression should lead to an
increase in ATP levels. However, a number of studies have shown
a decrease in ATP levels in cells undergoing OIS.39-41 This may
be due to an increased usage of ATP by senescent cells for other
highly energetic metabolic processes.

As discussed above, cancer cells show a marked decrease in
TCA cycle and oxidative phosphorylation compared to normal
cells. However, this is not due to mitochondrial defects in tumor
cells,35 but instead is most likely due to an increase in glucose
uptake and glycolytic enzymes in addition to an increase in the
PDH inhibitory PDK enzymes.34,44 This leads to hyperactiva-
tion of aerobic glycolysis and less pyruvate entering the TCA
cycle. As discussed above, loss of p53 can suppress OIS,10,32 and
p53 is known to be important for mitochondrial respiration and
as a negative transcriptional regulator of aerobic glycolysis
(Fig. 1). In part, this occurs through negative regulation of
PDK2 (Fig. 1).53 Loss of p53 thereby leads to an increase in
PDK2, which in turn reduces the amount of pyruvate entering
the mitochondria for the TCA cycle.44 Additionally, loss of pRB,
which can suppress OIS,12 leads to decreased mitochondrial oxi-
dative phosphorylation.30,54 This indicates that suppression of
OIS through loss of p53 and/or pRb can switch metabolism
from the mitochondria to a more Warbug effect type of
phenotype.

Lipid metabolism is altered during OIS
Lipids are important for a number of cellular processes,

including energy storage and signaling, and as components of cel-
lular membranes.55 Lipids can be grouped into 8 different cate-
gories including 2 lipids that will be discussed below: fatty acids
and phospholipids. Importantly, fatty acids can be used as a
major source of energy during a process called fatty acid oxida-
tion (or b-oxidation) in which these lipids are catabolized into
acetyl-CoA to be used in the TCA cycle. During b-oxidation,
fatty acids are transported across the outer mitochondrial mem-
brane by carnitine-palmitoyl transferase I (CPT1), which is rate-
limiting for this process.56 Although phospholipids are generally
thought to be most important as a major component of cellular
membranes, they can also be signaling messengers. Phospholipids
are generated from fatty acids and can have different head groups;
in particular, choline is the head group of phosphatidylcholine,
which is the main constituent of cell membranes.57 These phos-
pholipids can be catabolized into free fatty acids to generate ATP
under periods of cell stress.55

e963481-4 Volume 1 Issue 3Molecular & Cellular Oncology

D
ow

nl
oa

de
d 

by
 [

10
0.

14
.2

0.
38

] 
at

 1
5:

54
 0

6 
D

ec
em

be
r 

20
15

 



Recent studies have shown a change in lipid metabolism in
cells undergoing OIS. Quijano et al. recently demonstrated that
senescent cells display an elevation in free fatty acid levels
(Fig. 1).52 However, this is not due to an increase in lipid metab-
olism because these authors showed a decrease in acetyl-CoA car-
boxylase (ACC), the rate-limiting enzyme in lipid metabolism,
in cells undergoing OIS. Instead, an increase in fatty acid oxida-
tion was found to be the dominant factor in the increase in oxy-
gen consumption in these cells. This may be another reason why
senescent cells display an increase in oxygen consumption but no
appreciable increase in ATP levels. The mechanism by which
increased fatty acid levels are increased in OIS cells is unclear but
may be due to promyelocytic leukemia (PML) activation of the
fatty acid oxidation pathway through peroxisome proliferator-
activated receptor (PPAR) signaling.58 PML and PML nuclear
bodies are known to play a major role during OIS.59,60 Increased
levels of fatty acids and their subsequent degradation, leading to
increased NADPH levels, may occur because of an increased
need for antioxidants to combat the high levels of reactive oxygen
species (ROS) observed during OIS.39,61 Interestingly, changes
in fatty acid oxidation were shown to play a role in the senes-
cence-associated secretory phenotype (SASP). Knockdown of
CPT1, the rate-limiting enzyme in fatty acid oxidation, decreased
the SASP during OIS.52 This suggests that fatty acid oxidation is
necessary for SASP expression during OIS. Another recent study
also indicates an alteration in lipid metabolism during OIS. Gey
et al. found a specific decrease in phosphocholine (PC) and an
increase in L-a-glycerophosphocholine (GPC), suggesting catab-
olism of phospholipids via phospholipase A1 and/or A2 and lyso-
phospholipase.62 Indeed, another study showed alterations
specifically in mitochondrial phospholipids,50 which may play a
role in the mitochondrial dysfunction observed during OIS.
These studies suggest that the changes in lipid metabolism
observed during OIS may play a specific role in the senescence
phenotype, especially the SASP.

It has become apparent in recent years that lipid biogenesis is
altered in cancer cells.48 In contrast to cells that have undergone
OIS, which display increased fatty acid catabolism, many cancer
cells show a significant increase in de novo fatty acid synthesis.48

This is likely due to increased expression of key enzymes in this
pathway, including ATP-dependent citrate lyase (ACLY), acetyl-
CoA carboxylase (ACC), and fatty acid synthase (FASN).34,48 A
number of the fatty acid pathway enzymes are regulated by
AKT.63 Interestingly, activation of AKT or suppression of PTEN
in cells that have undergone OIS can overcome the cell growth
arrest.64,65 Although AKT/PTEN is involved in a number of dif-
ferent pathways, these data suggest that overcoming OIS through
upregulation of these pathways may be in part due to a change in
lipid biogenesis.

Autophagy and lysosomal activity is increased during OIS
Autophagy is literally the process by which a cell eats itself.66

Macroautophagy, which is the process discussed in this review,
delivers cytoplasmic materials to an autolysosome via an autopha-
gosome. Therefore, autophagy and the lysosomal compartment
are intimately linked. Under nutrient-rich conditions, the

mTORC1 complex generally inhibits autophagy.67 Under nutri-
ent-poor conditions, mTORC1 is inhibited, leading to upregula-
tion of a number of autophagy-related genes (Atg genes) and
initiation of the phagophore. Autophagy is thought to be a cell
survival mechanism and has been implicated in several human
diseases including cancer.66

A number of studies have indicated that autophagy is upregu-
lated during OIS. LC-III, a marker of autophagy, and the num-
ber of autophagic vesicles are both significantly increased in cells
undergoing OIS (Fig. 1).68 Indeed, long-lived proteins are
degraded at an increased rate in OIS cells compared to proliferat-
ing cells. Autophagy is likely increased during OIS as a result of
repression of the mTORC1 and mTORC2 complexes through a
negative feedback loop.69 Furthermore, induction of autophagy
was found to be necessary for OIS as knockdown of key autopha-
gic proteins such as ATG5 or ATG7 bypassed senescence
induced by RAS, BRAF, or the KSHV v-cyclin A protein.68,70-73

It is known that senescent cells display an increase in protein con-
tent.43,74 Therefore, during senescence, autophagy is probably
activated to increase the amino acid content in order to cope
with the higher rate of protein translation.75

Similar to the increase in autophagy, a number of studies have
observed an increase in lysosomal activity in cells undergoing
OIS. This is likely because autophagy and lysosomes go hand-in-
hand to quickly degrade proteins and other biomolecules within
the cell. Young et al. observed a significant increase in lysosomal
genes in cells undergoing OIS.68 These authors also observed an
increased lysosomal compartment using LysoTracker and elec-
tron microscopy (Fig. 1). The increase in lysosomal gene expres-
sion directly correlates with the timing of the increase in
autophagy genes, indicating coordinated upregulation of both
cellular processes during OIS. A more recent study further identi-
fied the mechanism of upregulation of lysosomal genes. Urbanelli
et al. demonstrated a significant increase in the transcription fac-
tor TFEB that leads to upregulation of HEXA and HEXB, which
encode lysosomal glycohydrolase b-hexosaminidase.76 Taken
together, these studies indicate an increase in both autophagy
and lysosomal activity in cells undergoing OIS.

Subversion of the autophagic process can overcome OIS68 and
potentially lead to transformation of cells. Indeed, autophagy is
thought to be a tumor suppressive mechanism.66 Autophagy is
negatively regulated by mTOR,77 which is induced during AKT
signaling.78 As discussed above, increased AKT signaling through
activated AKT or inactivated PTEN can overcome the OIS-asso-
ciated cell growth arrest.64,65 In addition to the role of this path-
way in other metabolic processes, this may also be due to
inhibition of autophagy. Autophagy is also positively regulated
by pRb (Fig. 1),79 and loss of pRb can suppress OIS,68 which
may in part be due to a decrease in autophagy. Together, these
studies suggest that overcoming OIS through suppression of
autophagy could lead to transformation and tumorigenesis.

Targeting the metabolome as a pro-senescence cancer
therapeutic strategy

Senescence is now thought to be a viable outcome for cancer
therapy.80 Additionally, targeting the altered metabolome in

www.landesbioscience.com e963481-5Molecular & Cellular Oncology

D
ow

nl
oa

de
d 

by
 [

10
0.

14
.2

0.
38

] 
at

 1
5:

54
 0

6 
D

ec
em

be
r 

20
15

 



cancer cells has attracted great interest in recent years.47,81,82

Numerous compounds that have been developed to target differ-
ent metabolic pathways are reviewed elsewhere.47,81,82 Here, we
will review recent studies that have shown that shifting metabo-
lism toward that seen during OIS could be a viable strategy to
induce cancer cell senescence and/or regression of tumors.

Targeting nucleotide metabolism as a pro-senescence cancer
therapy

Cells that have undergone OIS show a marked decrease in
dNTP levels and the rate-limiting enzyme RRM2.9,22 Overcom-
ing the decrease in nucleotide metabolism can lead to re-entry of
fully senescent cells into the cell cycle.9 To sustain a high level of
proliferation, cancer cells require elevated levels of dNTPs.24 It is
possible to exploit this need by targeting this pathway to induce
cancer cell senescence. A number of inhibitors of the nucleotide
metabolic pathway are currently being used in the clinic.11,81

Studies from our laboratory have shown that inhibition of nucle-
otide metabolism through specific knockdown or inhibition of
RRM2 using 3-aminopyridine-2-carboxaldehyde thiosemicarba-
zone (3-AP)83 can induce senescence in multiple cancer cell mod-
els with oncogenic signaling activation.9,84 Notably, senescence
induced by RRM2 inhibition is independent of p53 and p16 and
correlates with the DNA damage response.9,84 This supports the
premise that inhibition of this pathway in cancer cells is a viable
pro-senescence therapeutic strategy. The dNTP metabolic path-
way has been exploited for cancer treatment for decades. New
insights suggest that it remains an important target for the devel-
opment of novel cancer therapeutic strategies using senescence as
a primary tumor suppression mechanism.

Targeting glucose metabolism as a pro-senescence cancer
therapy

During OIS, cells display a significant shift in glucose metabo-
lism toward the mitochondrial TCA and oxidative phosphoryla-
tion pathways and away from the Warburg effect and
fermentation (discussed above). Increased aerobic glycolysis and
fermentation are hallmarks of cancer cells.24 Therefore, suppres-
sion of OIS may alter glucose metabolism to a more Warburg
effect-like phenotype. Because aerobic glycolysis is not observed
in normal cells, targeting this pathway has been of major interest
in recent years; indeed, a number of agents are being developed
to target this pathway for cancer therapy.81,82 For example, a
small molecule of the GLUT1 transporter (WZB117) induces
senescence and inhibits tumor growth in vivo.85 Although a num-
ber of other inhibitors of glycolysis have been developed, most
have not moved past Phase I/II clinical trials and their develop-
ment has been discontinued.82 This is most often due to unac-
ceptable toxicities.81 Future inhibitors will need to be more
specific to limit off-target effects. Nevertheless, these data support
the hypothesis that shifting metabolism away from the Warburg
effect is a viable pro-senescence cancer therapeutic strategy.

Targeting mitochondrial metabolism
OIS cells display a significant increase in TCA cycle inter-

mediates and oxidative phosphorylation (discussed above).

Although cancer cells have functional mitochondria,35 most of
their ATP is produced through glycolysis.36 Therefore, drugs
that shift metabolism toward the mitochondria may induce
senescence of cancer cells. For instance, upregulation of PDH by
knockdown of PDK1, which would shunt pyruvate into the
TCA cycle,44 can cause regression of melanoma tumors with
oncogenic BRAF mutations.42 In addition, knockdown of malic
enzymes (ME1/2) can induce senescence of tumor cells.86 ME1/
2 metabolize malate into pyruvate, thereby producing NADPH,
which is necessary for a number of metabolic processes including
nucleic acid synthesis.44 Thus, targeting the mitochondrial path-
ways can exert an effect on other metabolic pathways known to
play a role in senescence.

Concluding Remarks

In recent years, it has becoming increasingly clear that OIS is
accompanied by a significant alteration in cellular metabolism.
Given that OIS is a tumor suppressor mechanism,4,5 the changes
in cellular metabolism are mostly opposite to those observed dur-
ing tumorigenesis. For example, during OIS glucose metabolites
are mainly shunted toward the TCA cycle and oxidative phos-
phorylation. This is in contrast to tumor metabolism, which
shunts glucose either to fermentation to produce lactate or the
PPP, thereby increasing the level of nucleotides and other neces-
sary biomolecules for proliferation. This indicates that these
pathways play a role in the tumor suppressive phenotype of OIS.
Understanding these alterations in the metabolome may give
researchers further insight into how cells are able to circumvent
the OIS phenotype to become cancerous. Indeed, a number of
key senescence effectors such as p53 and pRb also play major
roles in metabolism.30,34,44,46,53,54,79 This underscores the
importance of further understanding these pathways to poten-
tially prevent the bypass of OIS. Additionally, this knowledge
may allow us to exploit cancer cells’ metabolic weaknesses as a
therapeutic strategy. Interestingly, a recent study found that
exploiting metabolic changes during therapy-induced senescence
of cancer cells could induce a synthetic lethality.38 This suggests
that these changes can be targeted in cancer patients to improve
cancer therapy. Further studies are therefore warranted to fully
understand the metabolic alterations accompanying OIS and
how these are changed when cells overcome the OIS-associated
cell cycle exit.
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Senescence is defined as a stable cell growth arrest. Oncogene-induced senescence (OIS) occurs when an
activated oncogene is expressed in a normal cell. OIS acts as a bona fide tumor suppressor mechanism by
driving stable growth arrest of cancer progenitor cells harboring the initial oncogenic hit. OIS is often
characterized by aberrant DNA replication and the associated DNA damage response. Nucleotides, in par-
ticular deoxyribonucleotide triphosphates (dNTPs), are necessary for both DNA replication and repair.
Imbalanced dNTP pools play a role in a number of human diseases, including during the early stages
of cancer development. This review will highlight what is currently known about the role of decreased
nucleotide metabolism in OIS, how nucleotide metabolism leads to transformation and tumor progres-
sion, and how this pathway can be targeted as a cancer therapeutic by inducing senescence of cancer
cells.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction 1.1. Synthesis of nucleotides: The de novo pathway
Nucleotides are necessary for a variety of cellular processes. It
has been well characterized that imbalances in nucleotide levels
lead to a variety of human diseases, including cancer [1–4], immu-
nodeficiency [5,6], aging [7,8], kidney diseases [9,10], gout [6], and
a number of mitochondrial pathologies [11,12].
Nucleotides can be synthesized through either the de novo
pathway or the salvage pathway [13]. In the de novo pathway, glu-
cose and glutamine are the main nutrients needed to synthesize
nucleotides [14]. Glucose is converted to ribose-5-phosphate dur-
ing the pentose phosphate pathway, which is used for both purine
and pyrimidine synthesis [15]. Glutamine is necessary for supply-
ing nitrogen [16]. Purines and pyrimidines are synthesized in two
distinct ways [13,15,17]. Purines are made by directly assembling
the atoms that comprise the purine ring onto ribose-5-phosphate
through 11 steps. This yields inosine monophosphate (IMP), which
is further modified to produce adenosine monophosphate (AMP)
and guanosine monophosphate (GMP). In contrast, during pyrimi-
dine synthesis, the pyrimidine ring is completed before addition of
the ribose-5-phosphate moiety. Pyrimidines are made through a 6-
step process, which produces uridine monophosphate (UMP). UMP
can then be converted into cytidine triphosphate (CTP). Thymine
nucleotides are synthesized after uridine diphosphate (UDP) and
cytidine diphosphate (CDP) are reduced, and thymidylate synthase
(TS) is necessary for dTTP synthesis [17].

1.2. Synthesis of nucleotides: The salvage pathway

In addition to the de novo pathway, a salvage pathway exists for
both purine and pyrimidines [13,17,18]. Normal cells undergo
turnover and degradation of cellular materials, leading to release
of free purines or substrates that compose the pyrimidine ring
[17]. These can be converted back into dNTPs by a variety of en-
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zymes in both the cytosol and mitochondria [17,18]. Interestingly,
pyrimidine salvage is more efficient than purine salvage [17].
Fig. 1. Overview of the oncogene-induced senescence pathway. Oncogene-induced
senescence begins with activation of an oncogene in a primary (normal) mamma-
lian cell. This upregulates the repressive E2F7, which inhibits transcription of the
RRM2 gene. Inhibition of RRM2 leads to a significant decrease in dNTP levels. This
leads to two outcomes: (1) replication stress and accumulation of DNA damage; and
(2) upregulation of p16 through an unknown mechanism. Replication stress and
DNA damage accumulation activates the DNA damage response (DDR), in particular
p53. p53 activation positively feeds back by further increasing E2F7 activity.
Sustained activation of p53 induces high expression of p21, which helps facilitate
cell cycle arrest. DNA damage can also lead to cell cycle arrest independent of p53
and p21 status. Upregulation of p16 inhibits cyclin-dependent kinases (CDKs),
1.3. Synthesis of deoxyribonucleotides

One particular type of nucleotide, 20-deoxyribonucleoside 50-tri-
phosphates (dNTPs), is necessary for both DNA replication and re-
pair [17,19]. Without the correct levels of dNTPs, cells cannot
faithfully replicate either nuclear or mitochondrial DNA, and DNA
damage cannot be repaired [7,20]. The rate-limiting step in dNTP
synthesis is reduction of ribonucleoside di- or tri- phosphates
(NDPs/NTPs) at the 20 position of ribose sugar to deoxyribonucleo-
tide-di- or tri- phosphates (dNDPs/dNTPS) by ribonucleotide
reductase (RNR) [17,19]. During reduction of ribonucleosides,
RNR is oxidized and then reduced by either thioredoxin or glutathi-
one [19]. Nicotinamide adenine dinucleotide phosphate (NADPH)
is the ultimate source of the electrons. RNR reduces all four
rNDPs/rNTPs (i.e., ADP/ATP, GDP/GTP, UDP/UTP, and CDP/CTP)
[17]. RNR activity is tightly regulated by allosteric regulation and
enzyme specificity [19]. RNR is a tetrameric complex consisting
of two large catalytic subunits (R1: ribonucleotide reductase M1,
RRM1) and two small regulatory subunits (R2: ribonucleotide
reductase M2, RRM2; or p53R2/RRM2B) [17,19]. RRM1 contains
both the catalytic site and the allosteric regulatory sites [19].
RRM1 is expressed throughout all phases of the cell cycle [21].
The R2 subunit contains the tyrosyl radical, the site necessary for
the reduction reaction [19]. RRM2 is the R2 subunit that controls
reduction during S phase of the cell cycle when dNTPs are needed
for DNA replication [21]. Therefore, RRM2 expression is rate-limit-
ing for RNR activity [19]. In contrast, p53R2 is involved in supply-
ing dNTPs for DNA repair and mitochondrial DNA synthesis in the
G0/G1 phase of the cell cycle [22].
which relieves their inhibition of pRb. pRb can then repress E2F1 activity, which
leads to more E2F7 binding to repress RRM2 transcription. Decreased E2F1 also
leads to a cell cycle exit through a decrease in transcription of numerous cell cycle-
related genes. These pathways all act in concert to establish and maintain the stable
senescence-associated cell cycle exit.
1.4. Senescence

First described in 1961 by Leonard Hayflick and Paul Moorhead,
cellular senescence is defined as a stable cell growth arrest [23].
Senescence can be induced by a number of different stimuli,
including critically shortened telomeres, activated oncogenes,
DNA damage, and some cancer therapeutics [24]. Senescent cells
have unique morphological and molecular characteristics [25].
Phenotypically, they are characterized by a large, flat morphology
and increased activity of b-galactosidase (termed senescence-asso-
ciated b-galactosidase or SA-b-gal) [26].
1.5. Oncogene-induced senescence

Oncogene-induced senescence (OIS) occurs when an oncogene
(such as RAS or BRAF) becomes activated in a primary (normal)
mammalian cell [27]. Paradoxically, expression of an activated
oncogene leads to a cell cycle exit and sustained growth arrest
[28]. OIS is therefore considered a bona fide tumor suppressor
mechanism in vivo [24,29]. The hallmarks of OIS include DNA rep-
lication stress leading to a sustained DNA damage response (DDR)
[30,31] and upregulation of the p53/p21 and p16/pRb pathways
(Fig. 1), which contribute to the stable growth arrest [32].

This review will focus on the role of nucleotide metabolism as a
newly identified pathway in OIS. In addition, we will discuss how
changes in nucleotide metabolism can overcome OIS and trans-
form cells. Finally, we will briefly outline how nucleotide metabo-
lism is a diagnostic and prognostic biomarker for cancer and how
this pathway could be targeted as a cancer therapeutic by inducing
senescence of cancer cells.
Please cite this article in press as: K.M. Aird, R. Zhang, Nucleotide metabolis
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2. Role of nucleotide metabolism in oncogene-induced
senescence

Nucleotide metabolism and imbalances in dNTP pools have long
been known to play a role in a variety of human pathologies [1–4].
However, until recently, there was no specific research to demon-
strate that nucleotide metabolism plays a role in OIS. The following
sections will review what is currently known about the role of
dNTP pools in OIS, including their role in replication stress, the
DNA damage response, and execution of senescence pathways
after oncogene activation.
2.1. Role of decreased dNTP pools in replication stress during OIS

Senescence induced by activated oncogenes such as RAS is char-
acterized by accumulation of cells in S-phase of the cell cycle [30].
This is due to the induction of replication stress leading to stalled
and collapsed replication forks, thereby arresting cells in S-phase
[30,31]. The replication stress leads to activation of either ataxia
telangiectasia and Rad3-related protein (ATR) (stalled forks) or
ataxia telangiectasia mutated (ATM) (collapsed forks), which effec-
tively activates an intra-S phase checkpoint [33,34]. Indeed, sup-
pression of S-phase progression is sufficient to block RAS-
induced senescence [35]. Early studies showed that a decrease in
dNTP pools by hydroxyurea (HU) leads to an S-phase arrest
[36,37]. Recent evidence from our lab suggests that the replication
m, oncogene-induced senescence and cancer, Cancer Lett. (2014), http://
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stress observed during OIS is specifically due to a decrease in dNTP
levels (Fig. 1) [38]. Specifically, we showed a transcriptional de-
crease in RRM2, whose expression is rate-limiting for rNDP/rNTP
reduction to dNDPs/dNTPs [19]. Indeed, ectopic expression of
RRM2, which is sufficient to restore cellular dNTP levels, or supple-
mentation with exogenous nucleosides is able to overcome the
replication stress observed during OIS (Fig. 1) [38]. Interestingly,
replication stress due to decreased dNTP pools has also been
shown to play a role in longevity in yeast [39]. Additionally, pa-
tients with mutations in replication regulators such as the RecQ
helicases [e.g., Werner syndrome ATP-dependent helicase (WRN),
(Bloom syndrome RecQ helicase-like (BLM), and RecQ Protein-Like
4 (RECQL4)] display replication stress, genomic instability, and
accelerated aging phenotypes [40,41]. Given that cellular senes-
cence is thought to contribute to tissue aging, these data suggest
that dNTP pools play a larger role in replication stress during
senescence.

2.2. Role of decreased dNTP pools in the activation of the DNA damage
response during OIS

In addition to replication stress, accumulation of DNA damage
and activation of the DDR are hallmarks of OIS (Fig. 1) [30,31,42].
Until recently, it was unclear whether replication stress or oxida-
tive stress was the cause of the DNA damage and DDR during
OIS. Results from our lab indicate that replication stress induced
by a decrease in dNTP pools plays a major role in the accumulation
of DNA damage observed during OIS (Fig. 1) [38]. Specifically, we
show that restoration of cellular dNTP levels by either addition of
exogenous nucleosides or ectopic RRM2 expression is sufficient
to suppress the DDR. This correlates with rescue of the onco-
gene-induced DNA replication stress [38]. Another report has cor-
roborated our finding that decreased dNTP levels are the cause of
the DNA damage during senescence induced by either oncogenic
RAS [43] or c-myc [44]. These authors also found that thymidylate
synthase (TS) and the large subunit RRM1 were also downregu-
lated during OIS [43], suggesting a global decrease in the nucleo-
tide metabolic pathway during OIS. However, data from our lab
demonstrates that RRM2 downregulation, but not other regulators
of the nucleotide metabolic pathway such as p53R2 or RRM1, oc-
curs before the cell cycle exit [38]. This indicates that RRM2 down-
regulation drives the suppression of nucleotide metabolism
observed during OIS, and downregulation of other regulators of
the nucleotide metabolic pathway may be simply a consequence
of OIS-associated cell growth arrest.

2.3. The role of decreased dNTP pools in the execution of the OIS-
associated cell cycle exit

Senescence was initially defined as an irreversible cell cycle exit
[45]. In contrast to what has been observed with the reversible ef-
fects of HU on the cell cycle [36,37], cells cannot re-enter the cell
cycle after a decrease in dNTP pools due to decreased RRM2
(Fig. 1) [38]. Therefore, the consequence of decreased dNTP pools
must go beyond replication stress and the associated DDR. It is
known that numerous signaling pathways are activated during
OIS, in particular the p53/p21 and p16/pRb pathways (Fig. 1)
[32]. Indeed, as discussed above, the decrease in dNTP pools leads
to accumulation of DNA damage and a sustained induction of the
DDR [38]. Additionally, the decrease in dNTP pools also leads to
elevated expression of the cell cycle regulators p21 and p16 [38],
which are both upregulated during OIS [32]. p16 phosphorylates
cyclin-dependent kinases (CDKs), which relieves the inhibition of
pRb (Fig. 1) [46]. pRb inhibits activating E2Fs such as E2F1 [47–
50]. Under normal growth conditions, E2F1 contributes to tran-
scription of RRM2 [51]. Interestingly, RRM2 downregulation occurs
Please cite this article in press as: K.M. Aird, R. Zhang, Nucleotide metabolis
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at the transcriptional level through replacement of the transcrip-
tional activator E2F1 with the transcriptionally repressive E2F7 at
the promoter of RRM2 gene (Fig. 1) [38]. This reinforces the de-
crease in dNTP pools and therefore the OIS-associated cell cycle
exit. This is consistent with results from a previous report demon-
strating a positive feedback loop between p53 and E2F7 [52].
Downregulation of RRM2 activates p53 [38], which then enhances
E2F7 expression [52]. In addition, pRb decreases E2F1 activity
[49,50], which may allow for enhanced binding of the repressive
E2F7 to the RRM2 promoter. This suggests that these pathways
act in concert to maintain the stable cell growth arrest. Interest-
ingly, the decrease in RRM2 seems to be one of the first signals
in this feedback loop as it occurs while cells maintain proliferation
[38]. Moreover, in RAS-infected cells, ectopic RRM2 or supplemen-
tation with exogenous nucleosides can override the activation of
p53 (Fig. 1). These data all point to the presence of a feedback loop
whereby the decrease in RRM2 leads to a further decrease in RRM2
through activation of the p53/E2F7 pathway and pRb pathway.
Interestingly, senescence of cancer cells such as melanoma and
ovarian cancer cells induced by RRM2 inhibition is independent
of both p53 and pRB pathway [38,53]. However, this correlates
with activation of the DDR. This suggests senescence induced by
RRM2 inhibition depends upon DNA damage and the associated
pathway (Fig. 1). Indeed, exogenous nucleosides suppress the
DDR and also inhibit senescence induced by RRM2 inhibition. Fu-
ture studies are warranted to elucidate the downstream pathways
activated by DNA damage that mediate senescence and the associ-
ated cell growth arrest induced by suppression of nucleotide
metabolism.
3. Nucleotide metabolism in cancer

OIS is considered to be a tumor suppressor mechanism in vivo
[29]. However, cells that have undergone OIS can accumulate addi-
tional oncogenic hits over time, which may lead to senescence by-
pass and transformation. For instance, benign nevi (moles) that
have undergone OIS due to expression of oncogenic BRAF or NRAS
can eventually become melanomas [54]. It is important to under-
stand how cells can bypass senescence and become transformed.
These observations may allow for better preventative measures
or novel cancer therapeutics. The following sections will discuss
the role of nucleotide metabolism in transformation, cancer pro-
gression, and cancer therapeutics.
3.1. Role of nucleotide metabolism in genomic integrity, senescence
bypass, and transformation

We have already discussed the role of decreased dNTP pools in
replication stress and the DDR (Sections 2.1 and 2.2). It is well
known that replication stress can lead to genomic instability [7],
which is a hallmark of cancer cells [55,56]. Indeed, patients with
mutations in proteins necessary for genomic integrity (i.e.,
BRCA1/2, Rad51, etc.. . .) are prone to cancer [57]. Notably, early
studies in yeast models demonstrated that decreased dNTP levels
lead to increased mutagenesis through an increase in genomic
instability [58]. A number of recent publications have attempted
to elucidate the mechanism of OIS bypass and transformation.
Our lab demonstrated that melanocytes expressing oncogenic
BRAF or NRAS can bypass senescence when exogenous nucleosides
are supplemented into the cell culture medium (Fig. 1) [38]. These
data have been corroborated in fibroblasts expressing HRAS
[38,43]. Additionally, we found that either ectopic expression of
RRM2 or exogenous nucleoside supplementation could overcome
the cell cycle exit in fully senescent fibroblasts [38]. Because these
cells maintain oncogene expression, it is easy to surmise that these
m, oncogene-induced senescence and cancer, Cancer Lett. (2014), http://
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senescent bypassed cells could become transformed. Indeed, one
report demonstrates that decreased dNTP pools in E6/E7 cells is
what causes transformation of these cells [59]. Although E6/E7
expression does not induce senescence, this study clearly indicates
that low dNTP pools may play a role in the early phases of
tumorigenesis.

Interestingly, overexpression of RRM2 or p53R2 is tumorigenic
by itself (Fig. 2) [60]. Increased RRM2 or p53R2 expression is muta-
genic in vitro and leads to lung neoplasms in vivo. Notably, RRM2
overexpression induces a higher mutation frequency in vitro com-
pared to p53R2 overexpression. In addition, RRM2 transgenic mice
have larger and more malignant lung neoplasms compared to
p53R2 transgenic mice. These results indicate that RRM2 may be
a more potent oncogene than p53R2. Additionally, another nucleo-
tide metabolic enzyme TS can independently transform cells and
lead to tumor formation in vivo [61–63]. In contrast, expression
of RRM1 is thought to be tumor suppressive (Fig. 2). Indeed, in both
in vitro and in vivo models, overexpression of RRM1 can reduce tu-
mor formation, migration, and metastasis [64–66]. These studies
indicate that nucleotide metabolism plays an important role in
senescence bypass, tumor formation, and progression.

3.2. Role of nucleotide metabolism as a cancer biomarker

It is clear that changes in nucleotide metabolism can lead to
transformation and tumorigenesis (discussed in Section 3.1).
Therefore, many studies have sought to determine whether com-
ponents of the nucleotide metabolic pathway are either prognostic
or diagnostic biomarkers in a variety of cancers.

A number of studies have shown that RRM2 is both a prognostic
and diagnostic biomarker. RRM2 has been shown to be a diagnostic
biomarker in colon, breast and pancreas [67–69]. Recent studies
from our lab have shown that RRM2 expression is both a prognos-
Fig. 2. Overview of nucleotide metabolic pathway in cancer. Synthesis of nucleo-
tides begins with formation of ribose-5-phosphate from glucose. Along with
glutamine, which donates the necessary nitrogen, a number of modifications lead to
formation of nucleotides. A change in RRM1, RRM2, or p53R2 expression can lead to
dNTP pool imbalances. Ultimately, this imbalance leads to replication stress and
impaired DNA damage repair, which consequently increases DNA damage, genomic
instability, and mutations. This ultimately contributes to cell transformation and
cancer. Numerous inhibitors have been developed to inhibit RRM2 and p53R2,
including HU (hydroxyurea), trimidox, Triapine (3-AP), and GTI-2040.
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tic and diagnostic biomarker for melanomas with oncogenic BRAF
or NRAS [38] and epithelial ovarian cancer (EOC) [53]. In EOC,
RRM2 expression positively correlates with the cell proliferation
marker Ki67, tumor grade, and stage [53]. We also observed that
high RRM2 expression independently predicts a shorter overall
survival in both EOC and melanoma patients [53,38]. Interestingly,
in the same cohort of melanoma patients, RRM1 did not correlate
with survival [38]. This underscores the importance of RRM2 in
cancer progression.

The role of the other R2 subunit, p53R2, as a biomarker is not as
clear. p53R2 has been shown to be diagnostic biomarker for a vari-
ety of cancer types, including melanoma [70], non-small cell lung
cancer [71], and squamous cell carcinoma [72]. In addition, high
p53R2 expression is also a poor prognostic biomarker in non-small
cell lung cancer [71] and squamous cell carcinoma [73]. However,
some studies have indicated that high p53R2 leads to a better
prognosis [74,75]. Future studies will need to be done on larger pa-
tient cohorts to truly determine whether p53R2 expression pre-
dicts better or worse patient outcome.

The role of RRM1 in the diagnosis and prognosis of cancer is also
unclear. Studies have indicated that RRM1 is a tumor suppressor
(Fig. 2) [65]; therefore, high RRM1 expression is a predictor of bet-
ter survival [76–78]. In contrast, other studies have found that high
RRM1 expression leads to poor survival [78,79]. In fact, one study
found that depending on what treatment patients received, high
RRM1 expression was inconclusive for patient prognosis [80].
Our study in melanoma compared RRM1 and RRM2 expression.
We found that RRM2, but not RRM1, predicted better survival in
patients with BRAF or NRAS positive tumors [38]. The conflicting
results between studies make it hard to fully distinguish whether
RRM1 expression is important for the diagnosis and prognosis of
cancer patients.

Other enzymes further upstream in the nucleotide biosynthetic
pathway have also been shown as important cancer biomarkers.
For instance, high expression of thymidylate synthase, which is
necessary for dTTP synthesis [17], is a predictor of poor survival
in different cancer types [81,82].

Taken together, these studies demonstrate that nucleotide pool
imbalances, and in particular dNTP pool imbalances, are both diag-
nostic and prognostic biomarkers for a large variety of human
cancers.

3.3. Inhibiting nucleotide metabolism for cancer therapeutics

Since nucleotide metabolism plays a role in transformation and
tumor progression (discussed in Sections 3.1 and 3.2), inhibition of
this pathway has long been considered a therapeutic strategy for
cancer. As tumor cells have a higher need for dNTPs [55,56], many
of the anti-tumor therapeutics affecting nucleotide metabolism are
aimed at RNR [83–87]. The first class of drugs that were found to
inhibit nucleotide metabolism are free radical scavengers, includ-
ing hydroxyurea [88] and trimidox (Fig. 2) [89]. Because these
compounds are free radical scavengers, they can inhibit RNR by
inactivating the tyrosyl radical on R2 necessary for its reductive
capacity [89–94]. Although hydroxyurea was initially found to be
a potent anti-neoplastic agent, it has many limitations, including
low affinity for RNR and a very short half-life [95,96]. These limita-
tions have lead to a decrease in the use of hydroxyurea in the clinic.

More recently, iron chelators have been used as a way to target
RNR [97] because iron is necessary for formation of the tyrosyl rad-
ical center [19]. 3-aminopyridine-2-carboxaldehyde thiosemicar-
bazone (3-AP, Triapine) is the best studied iron chelator that
inhibits RNR activity (Fig. 2) [98]. It is 100-fold more potent than
hydroxyurea in both enzyme inhibition and cancer cell growth
inhibition. It can inhibit the activity of both RRM2 and p53R2
[98,99], which disallows for compensation by the other R2 subunit.
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Triapine as a single agent has generally not been effective as a ther-
apeutic for cancer patients [100,101]. However, in combination
with DNA damage agents such as cisplatin or radiation, Triapine
shows some synergistic activity [102,103], and many clinical trials
are still underway (clinicaltrials.gov). One of the main issues with
Triapine is the number of side effects, including dyspnea and met-
hemoglobinemia [97,103,104], which limits the use of this drug.

Data from both hydroxyurea and Triapine demonstrate that
more specific RNR inhibitors are needed to minimize toxic side ef-
fects. With the identification of antisense, more recent work has
gone into specifically targeting RNR subunits. Currently, an anti-
sense oligonucleotide to RRM2 (GTI-2040) is in clinical trials (clin-
icaltrials.gov) (Fig. 2). Phase II clinical trials with published results
have shown little added benefit with GTI-2040 [105–107]. It is pos-
sible that p53R2 could compensate for RRM2 when it is inhibited.
Additionally, the effect of GTI-2040 has not been fully examined in
combination with cisplatin or radiation. This may lead to a syner-
gistic effect similar to combination therapy with Triapine (dis-
cussed above). Results from our lab using a short hairpin RNA
(shRNA) specific for RRM2 indicate that these cells undergo senes-
cence [38,53] and not cell death. Senescent cells remain metaboli-
cally active [24], which may allow for cellular changes that could
overcome senescence. Therefore, finding combination strategies
that would kill these senescent cells will be important for future
targeting of RNR.
4. Concluding remarks

dNTPs are necessary for both DNA replication and repair. The
rate-limiting step in dNTP synthesis is the reduction of rNDPs to
dNDPs by RNR. Over the past year, it has become clear that the
small subunit of RNR, RRM2, plays a major role in the senescence
tumor suppression mechanism. Without downregulation of
RRM2, cells with activated oncogenes can bypass senescence,
which may ultimately lead to cell transformation and tumorigene-
sis (Fig. 1). Because this enzyme is so important in the establish-
ment of uncontrolled growth in cancer and the maintenance of
proliferation, anti-tumor drugs have been developed that target
this specific part of the nucleotide metabolic pathway (Fig. 2).
More work needs to be done to explore new combination strate-
gies by targeting RNR to drive senescence of cancer cells treated
with chemotherapeutics or targeted therapies that only induce a
transient cell growth arrest. Further, it will be interesting to inves-
tigate ways to eliminate senescent cells induced by RNR inhibition
via promoting apoptosis. Together, these approaches may ulti-
mately lead to a sustained, long-term response to therapeutics in
cancer and enhance survival of cancer patients.
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Introduction

Ovarian cancer is the most lethal gynecological malignancy 
and the fifth leading cancer-related cause of death among women 
in the United States.1 The vast majority of ovarian cancers (>85%) 
are categorized as epithelial ovarian cancer (EOC).2 EOCs are 
classified into distinct histological types including serous, muci-
nous, endometrioid, and clear cell.2 The most common histology 
of EOC is serous (~60% of all cancers), and less common histolo-
gies include endometrioid, clear cell, and mucinous.3 Recently, 
an alternative classification has been proposed, in which EOC is 
broadly divided into 2 types.4 Type I EOC includes mucinous, 
low-grade serous, low-grade endometrioid, and clear cell carci-
nomas, and type II EOC includes high-grade serous and high-
grade endometrioid carcinomas.4 Although significant advances 
have occurred in the field of therapeutics for solid tumors, cancer 

mortality in women with ovarian cancer has remained at the 
same level for over 2 decades.5 Unfortunately, the molecular etiol-
ogy of ovarian cancer remains to be fully elucidated.5 Therefore, 
there is a great need to identify molecular factors that are pre-
dictive of clinical outcome and, more importantly, explore the 
feasibility of targeting these newly identified factors to develop 
urgently needed EOC therapies.

Ribonucleotide reductase (RNR) catalyzes the conversion 
of ribonucleoside 5′-diphosphates into their corresponding 
2′-deoxyribonucleoside 5′-triphosphates (dNTPs), the building 
blocks of DNA that are necessary for both DNA replication and 
repair.6 Ribonucleotide reductase M2 (RRM2) is the regulatory 
subunit of RNR that is necessary for dNTP biogenesis during the 
S phase of the cell cycle when DNA replication occurs.7 Tumor 
cells are characterized by an uncontrolled proliferation, and syn-
thesis of DNA is necessary for this process. Consistently, RRM2 
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short hairpin RNA to the human RRM2 gene

epithelial ovarian cancer (eoC) is the leading cause of gynecological-related cancer deaths in the United states. there 
is, therefore, an urgent need to develop novel therapeutic strategies for this devastating disease. Cellular senescence is a 
state of stable cell growth arrest that acts as an important tumor suppression mechanism. Ribonucleotide reductase M2 
(RRM2) plays a key role in regulating the senescence-associated cell growth arrest by controlling biogenesis of 2’-deoxy-
ribonucleoside 5′-triphosphates (dNtps). the role of RRM2 in eoC remains poorly understood. Here we show that RRM2 
is expressed at higher levels in eoCs compared with either normal ovarian surface epithelium (P < 0.001) or fallopian tube 
epithelium (P < 0.001). RRM2 expression significantly correlates with the expression of Ki67, a marker of cell proliferation 
(P < 0.001). Moreover, RRM2 expression positively correlates with tumor grade and stage, and high RRM2 expression 
independently predicts a shorter overall survival in eoC patients (P < 0.001). to delineate the functional role of RRM2 in 
eoC, we knocked down RRM2 expression in a panel of eoC cell lines. Knockdown of RRM2 expression inhibits the growth 
of human eoC cells. Mechanistically, RRM2 knockdown triggers cellular senescence in these cells. Notably, this correlates 
with the induction of the DNA damage response, a known mediator of cellular senescence. these data suggest that tar-
geting RRM2 in eoCs by suppressing its activity is a novel pro-senescence therapeutic strategy that has the potential to 
improve survival of eoC patients.
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is known to play an active role during tumorigenesis8 and has 
been suggested as a potential target for developing cancer thera-
peutics.9 In addition, RRM2 is implicated in mediating resis-
tance to cancer chemotherapy.10 RRM2 is a known prognostic 
biomarker for several cancer types such as colon, breast, and pan-
creas.11-13 Indeed, several inhibitors of RRM2 have entered clini-
cal trials for these cancer types.9,14,15 However, the role of RRM2 
in EOC remains poorly understood.

Cellular senescence is a state of stable cell growth arrest that 
can be induced by a variety of triggers, including critically short-
ened telomeres, activated oncogenes, DNA damage, and certain 
cancer therapeutics such as cisplatin.16 Senescent cells have unique 
morphological and molecular characteristics, including a large, 
flat morphology and increased activity of β-galactosidase (termed 
senescence-associated β-galactosidase or SA-β-gal).17 Importantly, 
reactivation of the senescence-promoting pathways, such as p53 in 
murine cancer models, leads to senescence of cancer cells and asso-
ciated tumor regression.18-20 Therefore, induction of senescence rep-
resents a novel mechanism for developing cancer therapeutics.21,22 
Notably, RRM2 plays a critical role in establishing and maintain-
ing the senescence-associated cell growth arrest induced by acti-
vated oncogenes.23 RRM2 is suppressed during senescence, and its 
overexpression is sufficient to overcome senescence. This correlates 
with the changes in DNA damage response during senescence.23-26 
Interestingly, senescence induced by C-MYC depletion in mela-
noma cells suppresses RRM2 expression and the subsequent deple-
tion of dNTP pools.24 This raises the possibility that RRM2 is a 
bona fide target for driving cancer cells to undergo senescence and 
the associated stable cell growth arrest and, thus, represents a target 
for the development of pro-senescence therapies. However, this has 
never been tested in EOCs.

In this study, we determined that RRM2 protein expression 
is higher in EOC cancer cell lines compared with normal human 

ovarian surface epithelial cells. Likewise, RRM2 is signifi-
cantly upregulated in EOC specimens compared with either 
normal human ovarian surface epithelium or fallopian tube 
epithelium. RRM2 expression in EOC significantly corre-
lates with an increase in the expression of Ki67, a marker of 
cell proliferation. Using an independent data set, we vali-
dated that RRM2 is expressed at a higher level in EOCs com-
pared with normal human ovarian surface epithelial cells. In 
addition, RRM2 expression positively correlates with tumor 
stage and grade in EOC patients. Importantly, there was a 
significant reverse correlation between RRM2 expression 
and overall survival in EOC patients. Functionally, sup-
pression of RRM2 activity by knocking down its expres-
sion in EOC cells inhibited the proliferation of these cells. 
Mechanistically, RRM2 knockdown induces senescence of 
EOC cells, which correlates with an increase of DNA dam-
age in these cells, a known trigger of senescence. These data 
show that RRM2 expression is an independent prognostic 
factor for EOC patients and suggest that targeting RRM2 
represents a novel strategy for developing urgently needed 
EOC therapy by inducing EOC cells to undergo senescence.

Results

RRM2 is often upregulated in EOCs compared with either 
normal human ovarian surface epithelium or fallopian tube 
epithelium

To determine whether RRM2 is upregulated in EOC cell 
lines, we examined the protein expression level of RRM2 in 3 
individual isolations of normal human ovarian epithelial (HOSE) 
cells and 9 different human EOC cell lines by immunoblotting. 
RRM2 protein levels were higher in all examined human EOC 
cell lines compared with the HOSE cells (Fig. 1A). The RRM2 
antibody is specific, because only 1 band appears in immunob-
lotting analysis, and a short hairpin RNA to the human RRM2 
gene (shRRM2) that efficiently knocks down RRM2 expres-
sion decreases the intensity of the single band detected by the 
anti-RRM2 antibody (Fig. S1A). Next, we sought to determine 
whether RRM2 upregulation also occurs in human EOC speci-
mens. Toward this goal, we examined the expression of RRM2 
by immunohistochemical (IHC) staining analysis in 105 cases 
of EOCs and 35 normal human ovary specimens. Recent evi-
dence suggests that a proportion of EOCs may arise from the 
distal fallopian tube epithelial cells.27,28 Thus, we also included 
36 normal human fallopian tube specimens in our study. The 
cytoplasm of EOC cells was positive for RRM2 IHC staining 
(Fig. 1B). In contrast, RRM2 staining in normal human ovarian 
surface epithelial cells or fallopian tube epithelial cells was nearly 
negative (Fig. 1B). The anti-RRM2 antibody-staining signal was 
specific, because blocking anti-RRM2 antibody binding with a 
specific blocking peptide significantly decreased the IHC signal 
(Fig. S1B). RRM2 expression was scored as high (H score ≥50) 
or low (H score <50) based on a histological score as previously 
described,29,30 which considers both percentage and intensity of 
the staining signal. RRM2 was scored as high in 43.8% (46/105) 
of human EOCs. In contrast, RRM2 was scored high in 0% 

Figure 1. RRM2 is upregulated in eoC cells and tumor specimens. (A) expression 
of RRM2 protein in 3 individual isolations of normal human ovarian surface 
epithelial (Hose) cells and the indicated human eoC cell lines by immunoblot-
ting. β-actin was used as a loading control. (B) Immunohistochemical stain-
ing of RRM2 protein expression in normal ovary, normal fallopian tube, and 
human eoC tissue specimens. shown is an example of a high-grade serous 
eoC tissue specimen. Arrows point to the RRM2 positively stained eoC cells.
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(0/35) and 2.8% (1/36) of normal human ovarian surface epi-
thelium and fallopian tube epithelium, respectively (Table 1). 
Statistical analysis revealed that RRM2 was expressed at signifi-
cantly higher levels in human EOCs compared with either nor-
mal human ovarian surface epithelium (P < 0.001) or fallopian 
tube epithelium (P < 0.001) (Table 1). We conclude that RRM2 
is expressed at significantly higher levels in EOCs compared with 
either normal human ovarian surface epithelium or fallopian 
tube epithelium.

Since RRM2 expression regulates dNTP biogenesis, which 
is necessary for DNA replication during cell proliferation,6 we 
sought to determine whether RRM2 expression correlates with 
cell proliferation in EOC specimens. Toward this goal, we stained 
the same set of EOC specimens with an antibody against Ki67, a 
marker of cell proliferation. Indeed, there is a significant correla-
tion between expression of RRM2 and Ki67 in EOC specimens 
(Table 1), inferring a role for RRM2 in promoting the prolifera-
tion of EOC cells. Thus, we conclude that the RRM2 expression 

positively correlates with the cell proliferation marker Ki67 in 
EOCs.

High RRM2 expression positively correlates with tumor 
stage and grade and independently predicts a shorter overall 
survival in EOC patients

Next, we wanted to validate our findings in an independent 
data set. Toward this goal, we analyzed 2 published independent 
EOC gene expression profile microarray data sets with clinical 
annotations.31,32 The first data set included 99 individual EOC 
specimens (37 endometrioid, 41 serous, 13 mucinous, and 8 clear 
cell histosubtypes) and 4 individual normal ovary samples, while 
the second data set included 285 EOC specimens (18 borderline 
tumors and 267 EOC specimens of various grades and stages). 
Corroborating with our IHC results (Table 1), RRM2 was sig-
nificantly upregulated in EOC specimens compared with nor-
mal tissue (Fig. 2A). There was also a significant increase in 
RRM2 expression in EOC specimens compared with non-inva-
sive ovarian tumors of low malignant potential (i.e., borderline 

Table 1. RRM2 protein expression; correlation between RRM2 expression and Ki67 cell proliferation marker or clinicopathological variables

Patient 
characteristics

low (n) high (n)  total (n) high (%) P

Normal  
epithelial tissue

Normal ovary 35 0 35 0.0% <0.001*

Normal fallopian tube 35 1 36 2.8% <0.001**

Epithelial  
ovarian cancer

59 46 105 43.8%

Type I 14 5 19 26.3%

Low-grade serous 5 0 5

Mucinous 3 0 3

Low-grade 
endometrioid

2 1 3

Clear cell 4 4 8

Type II 45 41 86 47.7%

High-grade serous 41 34 75

High-grade 
endometrioid

4 7 11

Age

≤55 20 20 40 50.0%

>55 39 26 65 40.0% 0.316

Ki67#

0–10% 15 1 16 6.3%

10–40% 14 5 19 26.3%

40–100% 27 40 67 59.7% <0.001

Undetermined 3 0 3

*Compared with epithelial ovarian cancer, P < 0.001; **Compared with high grade serous epithelial ovarian cancer, P < 0.001; #spearman Rank order 
Correlation also showed Ki67 positively corelated with RRM2 (P < 0.001, rs = 0.551).
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tumors) (Fig. 2B). Additionally, RRM2 expression was signifi-
cantly increased in advanced compared with early stage EOCs 
(Fig. 2C). Further, RRM2 expression significantly increased 
with tumor grade of EOCs (Fig. 2D). Finally, RRM2 expres-
sion was significantly increased in all 4 major EOC histosubtypes 
compared with normal controls (Fig. 2E).

We also evaluated RRM2 expression among the 6 molecular 
subtypes of EOCs as previously defined by Tothill et al. based 
on gene expression profiling.32 We found that subtypes C3 and 
C6 had significantly lower RRM2 expression compared with 

the other subtypes (Fig. 2F). Notably, C3 and C6 molecular 
subtypes predominantly consist of serous borderline and low-
grade and early-stage endometrioid tumors, respectively.32 In 
contrast, the vast majority of type II high-grade serous and 
high-grade endometrioid EOCs segregate with C1, C2, C4, 
and C5 molecular subtypes.32 Consistent with our finding that 
RRM2 expression correlates with the expression of the cell pro-
liferation marker Ki67 (Table 1), RRM2 low-expressing C3 
and C6 molecular subtypes are characterized by low expression 
of cell proliferation markers.32 Together, these data validate the 

Figure 2. RRM2 expression correlates with tumor grade and stage and is a poor prognostic marker in eoC patients. (A) RRM2 is upregulated in eoC 
specimens (n = 99) compared with normal ovarian surface epithelium samples (n = 4).31 *P < 1 × 10−7, false discovery rate (FDR) < 1 × 10−7. (B). RRM2 is 
upregulated in invasive serous eoC specimens (n = 246) compared with non-invasive, borderline serous tumors of low malignant potential (n = 18).32 
*P < 1 × 10−7, FDR < 1 × 10−7. (C) RRM2 is upregulated in advanced stage (stage 3 and 4) eoC specimens (n = 239) compared with early stage (stage 1 and 2) 
eoC specimens (n = 42).32 *P = 0.0199, FDR = 0.0199. (D) RRM2 is upregulated in grade 2 eoCs (n = 97) compared with grade 1 eoCs (n = 19) and in grade 
3 eoCs (n = 164) compared with grade 1 or grade 2 eoCs.32 *P < 0.001. Grade 1 vs. grade 2: P = 0.0003, FDR = 0.0006. Grade 1 vs. grade 3: P < 1 × 10−7, 
FDR < 1 × 10−7. Grade 2 vs. grade 3: P = 3.04 × 10−5 FDR = 3.04 × 10−5. (E) RRM2 is upregulated in serous (41 samples), endometrioid (n = 37), mucinous 
(n = 13), and clear cell (n = 8) histotypes of eoCs compared with normal human ovarian surface epithelium (n = 4).31 *P < 0.0002. endometrioid vs. normal 
P = 2.3 × 10−6, FDR = 4.6 × 10−6. serous vs. normal P = 4.4 × 10−6 FDR = 8.8 × 10−6. Mucinous vs. normal P = 0.00013, FDR = 0.0003. Clear cell vs. normal 
P = 8.4 × 10−5, FDR = 0.00017. (F) RRM2 is higher in C1 (n = 83), C2 (n = 50), C4 (n = 46), and C5 (n = 36) eoC molecular subtypes compared with C3 (n = 28),  
and C6 (n = 8).32 *P < 1 × 10−7, FDR < 1 × 10−7. C3 vs. C1, C3 vs. C2, C3 vs. C4, and C3 vs. C5: all are statistically significant at the level of P < 0.01 and FDR  
<0.01. C6 vs. C1, C6 vs. C2, C6 vs. C4, and C6 vs. C5: all are statistically significant at the level of P < 0.01 and FDR < 0.01. (G) High RRM2 expression predi-
cates a shorter overall survival in eoC patients. Kaplan–Meier curves of overall survival for eoC patients with high RRM2 expression (C1, C2, C4, and C5 
eoC molecular subtypes) or low RRM2 expression (C3 and C6 molecular subtypes). Median overall survival 44 mo for high RRM2 vs. 69 mo for low RRM2 
in eoC patients.32 Log rank P < 0.001, Cox P = 0.004 and hazard ratio (HR) for high RRM2 eoC patients = 1.77. Adjusted Cox P = 0.02 and HR = 1.58.
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finding that RRM2 is often upregulated in EOC and show that 
RRM2 expression positively correlates with tumor grade and 
stage in EOC specimens.

Next, we sought to determine whether there is an association 
between RRM2 expression and the survival of EOC patients. 
Toward this goal, we compared the overall survival of EOC 
patients with low RRM2 expression (C3 and C6 molecular sub-
types) to the patients with high RRM2 expression (C1, C2, C4, 
and C5 molecular subtypes). EOC patients with high RRM2 
expression (n = 215) had significantly worse overall survival com-
pared with those with low RRM2 expression (n = 36) (Fig. 2G, 
median overall survival 44 vs. 69 m, log rank P < 0.001). Of note, 
multivariate analysis showed that the association of high RRM2 
expression with worse survival was independent of stage and 
grade (adjusted HR = 1.58, Cox P = 0.02). Thus, we conclude 
that high RRM2 expression independently predicts a shorter 
overall survival in EOC patients.

Knockdown of RRM2 inhibits the growth of EOC cells
Our data indicate that RRM2 is often upregulated in EOC, 

and its expression correlates with the expression of Ki67, a cell 
proliferation marker (Table 1). Next, 
we sought to determine the effects 
of knockdown of RRM2 in EOC 
cells on the proliferation of these 
cells. Toward this goal, we devel-
oped 2 individual shRRM2s. The 
knockdown efficacy of shRRM2s 
was confirmed by immunoblotting 
in SKOV3 EOC cells (Fig. 3A). 
Notably, RRM2 knockdown sig-
nificantly decreased BrdU incor-
poration, which identifies actively 
proliferating cells in the S phase 
of the cell cycle, in SKOV3 cells 
(Fig. 3B and C). Consistently, the 
growth of SKOV3 cells was notably 
inhibited by knockdown of RRM2 
as evidenced by cell growth curve 
analysis (Fig. 3D). Additionally, a 
decreased ability to form colonies 
in both anchorage-dependent and 
anchorage-independent experiments 
was observed in shRRM2-express-
ing cells compared with controls 
(Fig. 3E–G). The growth inhibi-
tion was observed in cells expressing 
2 individual shRRM2s, and there 
is a correlation between the effi-
cacy of knockdown and the rate of 
growth inhibition (Fig. 3). This sug-
gests that the observed phenotypes 
are not due to potential off-target 
effects. In addition, similar results 
were observed in OVCAR5 and 
PEO1 EOC cells (Fig. S2), show-
ing that this is not a cell line-specific 

phenomenon. Taken together, we conclude that knockdown of 
RRM2 expression inhibits the growth of human EOC cells.

Knockdown of RRM2 induces senescence of EOC cells, 
which correlates with an increase in DNA damage

Next, we sought to determine the mechanism by which RRM2 
knockdown suppresses the growth of human EOC cells. Notably, 
markers of apoptosis such as cleaved caspase 3, cleaved Lamin 
A, and cleaved PARP p85 were not induced by RRM2 knock-
down in human EOC cells (Fig. S3A). RRM2 plays a key role in 
regulating the establishment and maintenance of senescence and 
the associated cell growth arrest.23 Thus, we sought to determine 
whether RRM2 knockdown induces senescence of human EOC 
cells. Toward this goal, we examined the expression of SA-β-gal 
activity, a universal marker of cellular senescence,17 in control 
and RRM2 knocking down EOC cells. Indeed, knockdown 
of RRM2 in SKOV3 EOC cells significantly increased SA-β-
gal activity compared with control cells (Fig. 4A and B). It has 
been shown that RRM2 expression regulates senescence through 
affecting the DNA damage response due to its role in dNTP bio-
genesis, which is necessary for both DNA replication and repair.23 

Figure 3. Knockdown of RRM2 inhibits cell growth and proliferation of eoC cells. (A) sKoV3 eoC cells were 
infected with control or 2 individual shRRM2-encoding lentivirus and selected with 3 μg/ml puromycin. 
the expression of RRM2 was determined in drug-selected cells by immunoblotting. β-actin was used as 
a loading control. (B) same as (A) but labeled with 10 μM BrdU for 30 min to identify the cells that are 
actively undergoing DNA replication, and the incorporated BrdU was visualized by immunofluorescence 
staining. DApI counterstaining was used to visualize cell nuclei. (C) Quantification of (B) 200 cells from 
each of the indicated groups were examined for BrdU incorporation. Mean of 3 independent experiments 
with seM *P < 0.01 compared with controls. (D) same as (A) but an equal number of cells (3000 cells/well) 
were seeded in 6-well plates, and the number of cells was counted at the indicated time points. Mean of 
3 independent experiments with sD *P < 0.05 compared with controls. (E) same as (D), but after 2 weeks 
of culture the plates were stained with 0.05% crystal violet in pBs to visualize focus formation. shown are 
representative images of 3 independent experiments. (F) same as (D), but cells were seeded into soft agar, 
and 2 weeks later, the colonies were visualized with bright field fluorescence. shown are representative 
images of 3 independent experiments. (G) Quantification of (F). Colonies were stained with 1% crystal 
violet and counted. Mean of 3 independent experiments with seM *P < 0.05 compared with controls.
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In addition, it has been demonstrated 
that the DNA damage is a trigger 
for cellular senescence.22 Thus, we 
sought to determine whether senes-
cence induced by RRM2 knockdown 
is due to an increase in DNA dam-
age. Toward this goal, we examined 
the expression of markers of DNA 
damage such as protein expression 
of γH2AX and γH2AX and 53BP1 
foci formation in RRM2-knockdown 
cells. Compared with controls, there 
was a significant increase in γH2AX 
protein expression and γH2AX and 
53BP1 foci formation in RRM2-
knockdown cells (Fig. 4C–E). Similar 
results were observed in multiple 
EOC cell lines such as OVCAR5 and 
PEO1 cells (Fig. S3B–G), suggesting 
that the observed effects are not cell 
line-specific. We next sought to deter-
mine whether inhibition of RRM2 
activity mimics RRM2 knockdown 
in inducing senescence and the DNA 
damage response in EOC cells. 
Indeed, treatment of EOC cells with 
3-AP, a known inhibitor of RRM2 
activity,33,34 also induced a signifi-
cant increase in expression of markers 
of senescence and DNA damage in 
EOC cells (Fig. S3H–L). These data 
indicate that knockdown or inhibi-
tion of RRM2 activity induces senes-
cence through an increase in DNA 
damage. Finally, we wanted to deter-
mine whether addition of exogenous 
nucleosides suppresses the senescence 
phenotype induced by RRM2 knock-
down. Toward this goal, we supple-
mented the media with exogenous 
nucleosides in RRM2-knockdown 
cells. Exogenous nucleosides sig-
nificantly decreased the SA-β-gal 
activity in RRM2-knockdown cells 
(Fig. 4F–G). Additionally, exogenous 
nucleosides significantly decreased 
the DNA damage observed in RRM2-
knockdown cells (Fig. 4H–J). This 
was not due to an increase in RRM2 
levels, because addition of nucleosides 
had no effect on RRM2 knockdown 
(Fig. 4H). These results support the 
idea that senescence and DNA dam-
age induced by RRM2 knockdown 
is mediated by a decrease in dNTP 
levels. Taken together, these results 

Figure 4. Knockdown of RRM2 induces senescence of eoC cells, which correlates with an increase in 
DNA damage. (A) sKoV3 cells were infected with control or 2 individual shRRM2-encoding lentivirus 
and selected with 3 μg/ml puromycin. After 7 d in culture, cells were stained for sA-β-gal activity. 
(B) Quantification of (A). two hundred cells from each of the indicated groups were examined for sA-β-
gal activity. Mean of 3 independent experiments with seM *P < 0.05 compared with controls. (C) same 
as (A), but RRM2 and γH2AX expression were determined by immunoblotting. β-actin was used as a 
loading control. (D) same as (A), but γH2AX and 53Bp1 foci formation were determined by immuno-
fluorescence. (E) Quantification of (D). two hundred cells from each of the indicated groups were exam-
ined for γH2AX and 53Bp1 foci. Mean of 3 independent experiments with seM *P < 0.05 compared with 
controls. (F) sKoV3 cells were infected with control or an shRRM2-encoding lentivirus with or without 
addition of 250 nM of exogenous nucleosides and selected with in with 3 μg/ml puromycin. After 7 d 
in culture, cells were stained for sA-β-gal activity. (G) Quantification of (F). two hundred cells from each 
of the indicated groups were examined for sA-β-gal activity. Mean of 3 independent experiments with 
seM. *P < 0.05 compared with controls. #P < 0.05 compared with shRRM2 alone cells. (H) same as (F) but 
γH2AX and RRM2 protein expression was determined by immunoblotting. β-actin was used as a load-
ing control. (I) same as (F) but γH2AX and 53Bp1 foci formation were determined by immunofluores-
cence. (J) Quantification of (I). two hundred cells from each of the indicated groups were examined for 
γH2AX and 53Bp1 foci. Mean of 3 independent experiments with seM *P < 0.05 compared with controls. 
#P < 0.05 compared with shRRM2 alone cells.
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demonstrate that knockdown or inhibition of RRM2 activ-
ity suppresses the growth of human EOC cells by triggering 
the DNA damage response and, ultimately, inducing cellular 
senescence.

Discussion

In this study, we found that RRM2 is often upregulated in 
EOC cell lines and in EOC specimens compared with normal 
controls, which positively correlates with expression of the cell 
proliferation marker Ki67 and independently predicts a shorter 
overall survival in EOC patients. We also found that knockdown 
of RRM2 in EOC cells inhibits the proliferation and growth of 
these cells. Mechanistically, we found that knockdown of RRM2 
induces a DNA damage response, which ultimately causes the 
EOC cells to senesce. Taken together, these data indicate that 
RRM2 is a poor prognostic factor for EOC, and inhibiting its 
activity represents a novel strategy for developing urgently needed 
EOC therapeutics by driving EOC cells to undergo senescence.

We found that RRM2 is significantly upregulated in EOC 
compared with normal tissue or borderline ovarian tumors in 3 
independent cohorts (Figs. 1 and 2; Table 1), which corroborates 
with data from recent studies that show RRM2 is overexpressed 
in EOCs.35,36 RRM2 upregulation is sufficient to overcome 
the senescence-associated cell growth arrest tumor suppression 
mechanism,23-26 implying that RRM2 may drive proliferation of 
transformed cells. Indeed, we observed that RRM2 expression 
positively correlates with the expression of the cell proliferation 
marker Ki67 (Table 1). Consistently, RRM2 knockdown or 
activity inhibition using 3-AP in human EOC cells suppresses 
the proliferation of these cells by triggering cellular senescence 
(Fig. 4; Fig. S3). Together, these data indicate that the elevated 
levels of RRM2 observed in human EOC cells promote the 
proliferation of these cells by inhibiting the cellular senescence 
tumor-suppressing mechanism. Inducing cancer cells to undergo 
senescence has recently been described as a potential therapeutic 
strategy.21,22 Indeed, recent studies from our lab and others have 
shown that induction of senescence pathways in tumor cells can 
cause tumor growth inhibition or regression.19,20,37 The current 
study establishes that RRM2 is a potential target for developing 
pro-senescence therapy for EOC.

Here, we found that there was a significant increase in RRM2 
expression in invasive EOCs compared with borderline ovarian 
tumors (Fig. 2B). Additionally, RRM2 expression increased 
with increasing tumor stage and grade (Fig. 2C and D) and 
in more invasive molecular subtypes (Fig. 2F), suggesting that 
RRM2 expression could delineate early vs. late-stage and aggres-
sive tumors. Consistently, there was a significant inverse correla-
tion between RRM2 expression and the overall survival of EOC 
patients (Fig. 2G). However, the association between RRM2 and 
overall survival is independent of tumor stage and grade (adjusted 
HR = 1.58, Cox P = 0.02). This indicates that RRM2 expression 
correlates with disease progression and could be used as a novel 
independent prognostic biomarker for EOC patients.

The p53 and pRB tumor-suppressor pathways are key senes-
cence effectors.16,38,39 Notably, p53 is null in both the OVCAR5 

and SKOV3 cell lines and is mutated in the PEO1 cell line.37,40 
In addition, p16 is deleted in all 3 EOC cell lines used.41 As 
knockdown of RRM2 in these cells was able to induce senes-
cence (Fig. 4; Fig. S3), it must be independent of both p53 and 
p16. This indicates that human cancer cells that lack functional 
p53 and p16 retain the capacity to undergo senescence through 
suppressing RRM2. These data suggest that RRM2 is a bona 
fide target for driving EOC cells to undergo senescence. Several 
drugs, such as hydroxyurea, gemcitabine, and triapine, are 
thought to inhibit RRM2 activity; however, none of them is spe-
cific, which results in adverse side effects.9 Indeed, nonspecific 
toxicities associated with these drugs hamper their clinical appli-
cations. Therefore, more specific RRM2 inhibitors will need to 
be tested to determine whether specific RRM2 inhibition is suf-
ficient to drive the senescence of EOC cells.

Interestingly, an increase in DNA damage was observed in 
human EOC cells with RRM2 knockdown (Fig. 4; Fig. S3) 
or treated with the RRM2 inhibitor 3-AP (Fig. S3J–L). This 
phenotype was rescued by addition of exogenous nucleosides 
(Fig. 4H–J), supporting the notion that RRM2 regulates senes-
cence through its role in dNTP biosynthesis. This suggests that 
senescence induced by RRM2 knockdown is mediated by the 
DNA damage response, one of the hallmarks of senescence and 
a known inducer of senescence.16,22,42 These results are consistent 
with previous reports from our lab and others.23-26 Cisplatin, 
which is the primary front-line chemotherapy used for EOC,5 
also induces DNA damage.43 Therefore, it is interesting to specu-
late whether there might be synergism between RRM2 inhibi-
tion and cisplatin treatment to increase the DNA damage to a 
threshold beyond which senescence would occur. This may lead 
to the conversion of transient growth arrest induced by a low 
dose of cisplatin to a stable senescence-associated cell growth, 
which may have less side effects and a better clinical outcome.22 
Furthermore, in patients with BRCA1 or BRCA2 mutations, poly 
ADP ribose polymerase (PARP) inhibitors have shown promise 
due to synthetic lethality after DNA damage.44 It will be interest-
ing to test whether RRM2 inhibition in combination with PARP 
inhibitors could lead to synthetic lethality in cells with mutated 
BRCA1/BRCA2.

In conclusion, the present study showed that RRM2 is often 
upregulated in EOC, and high RRM2 expression independently 
predicts poor prognosis for EOC patients. We also found that 
suppressing RRM2 activity leads to growth inhibition through 
a cellular senescence mechanism via the DNA damage response. 
Together, our data suggest that inhibition of RRM2 to induce 
senescence of human EOC cells is a potential novel EOC thera-
peutic strategy.

Materials and Methods

Cells and culture conditions
Primary human ovarian surface epithelial (HOSE) cells were 

isolated and cultured as described previously.45 Human EOC cell 
lines were cultured in RPMI-1640 medium supplemented with 
10% FBS according to ATCC and as previously described.45 
Nucleosides were purchased from Sigma-Aldrich and used at a 
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concentration of 250 nM. 3-AP (Sigma) was used at a concentra-
tion of 1 μM.

Human ovarian specimens and immunohistochemistry
The protocol to evaluate de-identified human tissue 

specimens was approved by the institutional review board. 
Ovarian tumor microarray and normal human ovary and fal-
lopian tube specimens were obtained from the Fox Chase 
Cancer Center Biosample Repository Core Facility (BRCF). 
Histopathology of the selected specimens was provided by BRCF. 
Immunohistochemistry (IHC) was conducted by using goat 
anti-RRM2 polyclonal antibody (Santa Cruz Biotechnology) 
and mouse anti-Ki67 (Dako) with a Dako EnVision System and 
the Peroxidase (DAB) kit following the manufacturer’s instruc-
tions and as previously described.17 The RRM2 blocking peptide 
used to raise the anti-RRM2 antibody was purchased from Santa 
Cruz Biotechnologies and used undiluted to block the binding 
of the antibody.

Plasmids and antibodies
pLKO.1-shRRM2 plasmids were obtained from Open 

Biosystems (Waltham, MA). The following antibodies were 
obtained from the indicated suppliers: goat anti-RRM2 (Santa 
Cruz Biotechnology), mouse anti-γH2AX (Millipore), rabbit 
anti-53BP1 (Bethyl), mouse anti-BrdU FITC (BD Biosciences), 
rabbit anti-PARP p85 fragment (Promega), rabbit anti-
cleaved caspase 3 (Cell Signaling), and mouse anti-β-actin 
(Sigma-Aldrich).

Lentivirus infections
Lentivirus was packaged using the Virapower Kit from 

Invitrogen following the manufacturer’s instructions as described 
previously.45-47 Cells infected with viruses encoding the puromy-
cin-resistance gene were selected in 1 μg/ml puromycin.

Immunofluorescence, BrdU labeling, and SA-β-gal staining
Immunofluorescence staining and BrdU labeling for cultured 

cells was performed as described previously using antibodies 
described above.47-50 SA-β-Gal staining was performed as previ-
ously described.17

Colony formation assay, soft agar assay, and growth curve 
analysis

Growth curves were generated by plating an equal amount of 
cells (20 000 cells/well) and counting the cell number at the indi-
cated time points. For colony formation, equal number of cells 
(3000 cells/well) was inoculated in 6-well plates and cultured for 
additional 2 wk. The colony formation was visualized by staining 

the plates with 0.05% crystal violet as previously described.47 Soft 
agar assays were performed as previously described.45

Data sets and statistical analysis
Raw gene expression data (Affymetrix CEL files) were retrieved 

from 2 previously reported clinically annotated microarray data 
sets31,32 from different institutions (University of Michigan31 and 
Peter MacCallum Cancer Center in Australia32). Both data sets 
are publicly available in Gene Expression Omnibus (GSE6008 
and GSE9891, respectively) and were profiled on Affymetrix 
HG_U133A arrays (University of Michigan) and Affymetrix 
Human Genome U133 Plus 2.0 Array. Raw data were imported 
in BRB-ArrayTools Version: 4.2.0 (Biometrics Research Branch, 
National Cancer Institute) and were processed using Robust 
Multi-Array (RMA) analysis. The first data set included 99 indi-
vidual epithelial ovarian tumors (37 endometrioid, 41 serous, 13 
mucinous, and 8 clear cell carcinomas) and 4 individual normal 
ovary samples. The second data set included 285 epithelial ovar-
ian cancers (18 borderline tumors and 267 invasive tumors) of 
various grades and stages.

Comparison of RRM2 expression levels between different 
classes (i.e., grades, histologies, stages, etc.) was performed using 
the class Comparison Between Groups of Arrays Tool of BRB-
ArrayTools. Parametric t test or F test P values were reported for 
2 or more classes, respectively. Overall survival curves were gen-
erated by the Kaplan–Meier method, and differences between 
survival curves were assessed for statistical significance with the 
log-rank test. SPSS (version 16; SPSS Inc) package was used for the 
survival analysis. The P values of all statistical tests were 2-sided.
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Cellular senescence is a state of stable cell 
growth arrest. Activation of oncogenes 
in primary mammalian cells typically 
triggers cellular senescence. Oncogene-
induced senescence is an important 
tumor suppression mechanism, driving 
stable growth arrest of cancer progeni-
tor cells harboring the initial oncogenic 
hit. Chromatin in the nuclei of senes-
cent human cells is often reorganized to 
form specialized domains of facultative 
heterochromatin, known as senescence-
associated heterochromatin foci (SAHF).1 
SAHF contribute to senescence-associated 
cell growth arrest by sequestering and 
silencing proliferation-promoting genes 
such as the E2F target gene cyclin A.1 
Notably, SAHF are different from consti-
tutive heterochromatin, such as pericen-
tromeres, which are largely excluded from 
SAHF.1

BRCA1 has been implicated in regu-
lating chromatin structure. For example, 
oncogene-induced BRCA1 chromatin dis-
sociation is known to regulate SAHF for-
mation during senescence.2 Consistently, 
it has been demonstrated that BRCA1 
causes large-scale chromatin de-conden-
sation.3 In contrast, BRCA1 is implicated 
in regulating pericentromeric heterochro-
matin by silencing the repetitive satellite 
transcripts through ubiquitination of his-
tone H2A.4 This suggests that BRCA1 
may function to antagonize or promote 
heterochromatin formation in a genomic 
locus-specific manner.

BRCA1 interacts with BRG1 in trans-
formed cells. BRG1 is the catalytic subunit 
of the SWI/SNF chromatin-remodeling 
complex. BRG1 is known to regulate 
heterochromatin structure. For example, 
similar to the effects of BRCA1 loss on 
pericentromeres, it has been previously 
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demonstrated that BRG1 deletion results 
in dissolution of pericentromeric hetero-
chromatin.5 These findings support the 
notion that the BRCA1 and BRG1 com-
plex is critical for constitutive heterochro-
matin structure at pericentromeres. It will 
be interesting to investigate whether the 
BRCA1 and BRG1 complex remains at 
pericentromeres to maintain the silencing 
of the satellite repeats in senescent cells.

Activation of oncogenes such as RAS 
dissociates BRCA1 from chromatin.2 
Interestingly, the interaction between 
BRCA1 and BRG1 is disrupted in cells 
undergoing senescence.6 This correlates 
with an increase in the level of BRG1 in 
the chromatin fraction.6 Indeed, ectopic 
BRG1 is sufficient to drive SAHF forma-
tion. Further, BRCA1 chromatin dissocia-
tion and the disruption of the interaction 
between BRCA1 and BRG1 correlate with 
SAHF formation during senescence.6 This 
suggests that BRCA1 antagonizes SAHF 
formation in the euchromatic genomic 
loci that encode for proliferation-pro-
moting genes by sequestering BRG1 away 
from chromatin. Consequently, dissocia-
tion of BRCA1 from chromatin silences 
the expression of these genes through 
SAHF formation by BRG1. In addi-
tion, we discovered that the association 
of BRG1 with the promoters of the p21- 
and p16-encoding genes are enhanced 
during senescence.6 However, there is no 
detectable change in BRCA1’s association 
with the promoters of these genes.6 These 
findings suggest that BRG1 promotes or 
silences the expression of its target genes 
in a context-dependent manner during 
senescence. Further studies using global 
profiling of the changes in the distribu-
tion of BRG1 and BRCA1 by chromatin 
immunoprecipitation followed by next 

generation sequencing (ChIP-seq) in 
young and senescent cells will ultimately 
test these possibilities.

As discussed above, BRG1’s associa-
tion with the promoters of the p16- and 
p21-encoding genes are enhanced in 
senescent cells.6 Upregulation of p16 and 
p21 by BRG1 depends upon its chroma-
tin remodeling activity.6 For example, a 
mutant BRG1 that is defective in its chro-
matin remodeling activity fails to upregu-
late p16 and p21 and is also impaired in 
SAHF formation.6 This suggests that 
BRG1 may drive SAHF formation directly 
via its chromatin remodeling activity and/
or indirectly through upregulating p16 
and p21 expression.

BRG1 has been shown to interact 
with pRB,7 a key regulator of SAHF for-
mation.1 Interestingly, the interaction 
between BRG1 and pRB is enhanced dur-
ing senescence.6 This correlates with an 
increased level of BRG1 in the chroma-
tin fraction of senescent cells.6 A similar 
increase in BRG1 in the chromatin frac-
tion of senescent cells was also observed 
using non-biased proteomic analysis of 
young and senescent cells.8 Consistent 
with the idea that the enhanced BRG1 
and pRB complex drives SAHF forma-
tion, BRG1 overexpression drives SAHF 
formation, and its knockdown sup-
presses SAHF formation induced by 
oncogenic RAS or BRCA1 knockdown.6 
Significantly, BRG1’s interaction with 
pRB is necessary for its ability to drive 
SAHF formation. For example, a mutant 
BRG1 that can no longer bind to pRB 
also fails to induce SAHF formation.6 
Interestingly, the mutant BRG1 remains 
capable of upregulating p16 and p21.6 
This finding suggests that the interaction 
between BRG1 and pRB is necessary for 
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In summary, BRCA1 chromatin disso-
ciation increases the level of BRG1 in the 
chromatin fraction of senescent cells. This 
correlates with an enhanced BRG1 and 
pRB interaction that drives SAHF forma-
tion by silencing proliferation-promoting 
genes, while upregulating p16 and p21 
senescence-promoting factors via BRG1’s 
chromatin remodeling activity in a pRB-
independent manner.
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EZH2 is the catalytic subunit of polycomb repressive complex 2 (PRC2), which generates
a methylation epigenetic mark at lysine 27 residue of histone H3 (H3K27me3) to silence
gene expression. EZH2 target genes are involved in a variety of biological processes such
as stem cell pluripotency, cell proliferation, and oncogenic transformation. EZH2 is often
over-expressed in epithelial ovarian cancer (EOC) cells and in ovarian cancer-associated
stromal endothelial cells. Notably, EZH2 promotes cell proliferation, inhibits apoptosis and
enhances angiogenesis in EOCs. In contrast to genetic alterations, which are typically
non-reversible, epigenetic alterations are reversible. Thus, inhibiting EZH2/PRC2 activity
represents an attractive strategy for developing ovarian cancer therapeutics by target-
ing both ovarian cancer cells and ovarian tumor microenvironment. Here we discuss the
progress recently obtained in understanding how EZH2/PRC2 promotes malignant phe-
notypes of EOC. In addition, we focus on strategies for targeting EZH2/PRC2 to develop
novel EOC epigenetic therapeutics.

Keywords: epithelial ovarian cancer, EZH2, PRC2, EZH2 inhibitors, epigenetic therapeutics

Epithelial ovarian cancer (EOC) accounts for more death than any
other gynecological malignancies in the developed world (Amer-
ican Cancer Society, 2012). Thus, there is an urgent need to
understand the etiology and biology of the disease to develop new
therapeutics. EZH2 catalyzes lysine 27 methylation on histone H3
to epigenetically silence the expression of its target genes (Bracken
et al., 2006). EZH2 by itself is catalytically inactive and has to com-
plex with other components of polycomb repressive complex 2
(PRC2) to exert its enzymatic activity (Cao and Zhang, 2004; Ketel
et al., 2005). At minimum, it requires SUZ12 and EED subunits,
while RbAp48 subunit can further boost the methyltransferase
activity of EZH2 (Cao and Zhang, 2004). PRC2/EZH2 target genes
are highly enriched for pathways that regulate stem cell pluripo-
tency, cell proliferation, and oncogenic transformation (Kleer
et al., 2003; Ting et al., 2006; Jones and Baylin, 2007; Schwartz and
Pirrotta, 2007; Jaenisch and Young, 2008; Li et al., 2012a). Not sur-
prisingly, components of PRC2 are often over-expressed in human
cancers and their expression often positively correlates with aggres-
siveness in these diseases (Varambally et al., 2002; Kleer et al., 2003;
Li et al., 2010, 2012b). In addition, gain-of-function mutations in
EZH2 have also been reported in certain hematopoietic malig-
nancies (Ryan et al., 2011; Majer et al., 2012). Notably, it has been
shown that EZH2 and other components of PRC2 play a key role in
regulating proliferation, apoptosis, and invasion of human EOC
cells (Li et al., 2010, 2012b; Lu et al., 2010). In addition, EZH2
regulates EOC microenvironment by enhancing angiogenesis (Lu
et al., 2010). Significantly, highly specific small molecule inhibitors
of EZH2 methyltransferase activity have recently been developed
(Knutson et al., 2012; McCabe et al., 2012b; Qi et al., 2012). Here
we will discuss latest advances in understanding the biological
function and regulation of EZH2/PRC2 in EOC as well as the
therapeutic targeting EZH2/PCR2 in this devastating disease.

EXPRESSION AND REGULATION OF EZH2/PRC2
EZH2, when presents in PRC2, can add up to three methyl groups
to the lysine 27 of histone H3 (H3K27Me3) via its SET domain
methyltransferase (Bracken et al., 2006). EZH2 is often over-
expressed in human EOC cells compared with normal human
ovarian surface epithelial cell (Li et al., 2010). In addition, there is
recent evidence to suggest that a proportion of high-grade serous
EOC may arise from distal fallopian tube epithelial cells (Levanon
et al., 2008; Kurman and Shih, 2010; Kuhn et al., 2012). Notably,
compared with normal fallopian tube epithelium, EZH2 is over-
expressed in high-grade serous EOC (Li et al., 2012b). Likewise,
other components of PRC2 such as SUZ12 are also over-expressed
in EOC compared with either normal human ovarian surface
epithelial cells or fallopian tube epithelial cells (Li et al., 2012b).
Indeed, the expression of EZH2 and SUZ12 positively correlates
with each other in human EOCs, further supporting the idea that
EZH2 functions within PRC2 in EOC (Li et al., 2012b).

Interestingly, although EZH2 upregulation correlates with an
increased level of H3K27Me3 in EOC cell lines (Li et al., 2010),
there is evidence to suggest that EZH2 levels do not correlate
with H3K27Me3 levels in primary EOC specimens (Wei et al.,
2008). There are a number of possible reasons for this phenom-
enon. First, although the core subunits of PRC2 such as EZH2,
SUZ12, and EED are over-expressed in EOC cells (Li et al., 2010,
2012b), the expression of other PRC2 associated proteins such as
RbAp48 and AEBP2 can also affect the methyltransferase activ-
ity of EZH2 and/or the recruitment of PRC2 to its target genes
(Cao and Zhang, 2004). For example, in vitro histone methyl-
transferase assay showed that addition of RbAp48 to EZH2–EED–
SUZ12 complex or AEBP2 to the EZH2–EED–SUZ12–RbAp48
complex significantly increased the methyltransferase activity of
PRC2 (Cao and Zhang, 2004). In addition, it was recently found
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that polycomb-like (PCL) family proteins such as PHF19 play a
critical role in the recruitment of PRC2/EZH2 to its target genes
(Ballare et al., 2012). Biochemically, C-terminal end of PHF19
binds to SUZ12 in the context of an intact PRC2 (Ballare et al.,
2012). Knockdown of PHF19 did not affect the stability of the
PRC2 complex, but the association of PRC2 with the promoters
of target genes was substantially reduced and, consequently, vast
majority of target genes lost their H3K27Me3 epigenetic mark
(Ballare et al., 2012). Likewise, JARID2 is also important for the
recruitment of PRC2 to its target genes (Landeira et al., 2010).
Together, these findings demonstrated that a stable association of
PRC2 at target genes is required for its gene silencing function
and PRC2 associated proteins play a key role in regulating the
recruitment of PRC2 to its target genes. Another class of regula-
tors of PRC2’s genomic localization is non-coding RNAs such as
HOTAIR (Tsai et al., 2010), XIST (Zhao et al., 2008), and intronic
RNAs (Guil et al., 2012). They bind directly to PRC2 to regulate its
association with target genes. Finally, histone demethylases such as
UTX and JMJD3 can decrease the levels of H3K27Me3 (Agger et al.,
2007) and loss of function mutations in UTX have been reported
in human cancers (Gui et al., 2011; Jankowska et al., 2011). Thus,
it will be interesting to examine the correlation between expres-
sion of core subunits of PRC2 and expression of PRC2 associated
proteins, non-coding RNAs and histone demethylases in EOC.

In addition to over-expression, gain-of-function EZH2 muta-
tions have been reported in hematopoietic malignancies (Ryan
et al., 2011; Majer et al., 2012). The most common mutations
occur within the SET domain that confers methyltransferase activ-
ity. For example, Y641 mutations have been identified in ∼20%
of germinal-center diffuse large B-cell lymphomas and in ∼7%
of follicular lymphomas (Bodor et al., 2011). Interestingly, these
mutations are always heterozygous and the resulting cells also car-
ries a wild type copy of EZH2 (Morin et al., 2010; Sneeringer
et al., 2010). Mechanistically, the mutant EZH2 exhibits little to
no activity for H3K27Me0 substrate and a decreased activity for
H3K27Me1 substrate, while display significantly increased activity
for H3K27Me2 substrate (Sneeringer et al., 2010). Consequently,
the wild type EZH2 retained in these cells accounts for the genera-
tion of H3K27Me1 and H2K27Me2, which led to a global increase
in H3K27Me3 by the mutant EZH2 in these tumor cells. Notably,
A677 mutations in the EZH2’s SET domain also occur in human
lymphoma albeit at much lower rate compared with Y641, which
exhibits an increased enzymatic activity independent of H3K27
methylation status (McCabe et al., 2012a). This led to a global
increase in H3K27Me3 levels (McCabe et al., 2012a). Regardless,
EZH2 mutation has not been reported in EOC and there is no
evidence of EZH2 mutation in EOCs based on the newly released
The Cancer Genome Atlas (TCGA) EOC database.

In response to intrinsic and extrinsic cues, EZH2 activity is
regulated by post-translation modification such as phosphory-
lation. For example, T350 residue of EZH2 is subject to cyclin-
dependent kinases (CDK) 1 and 2 during S and G2/M phases
of the cell cycle, respectively (Chen et al., 2010). T350 phospho-
rylation enhances PRC2/EZH2-mediated gene silencing through
increasing the recruitment of PRC2 to its target genes, while has
no effect on PRC2 complex assembly or EZH2 enzymatic activity
(Chen et al., 2010). Thus, this mechanism links intrinsic cell cycle

progression to EZH2 function. In addition, extracellular cues can
also affect EZH2 function by signaling activated kinases such as
AKT (Cha et al., 2005) and p38 (Palacios et al., 2010). S21 residue
of EZH2 can be phosphorylated by AKT, which decreases histone
methylation by PRC2 (Cha et al., 2005). Interestingly, recent evi-
dence suggests that phosphorylation of EZH2 by AKT at S21 site
leads to PRC2-independent association of EZH2 with androgen
receptor and activation of its target genes in prostate cancer cells
(Xu et al., 2012). Given that AKT is often hyperactive in EOC
(Altomare et al., 2004), it is possible that AKT directly regulates
EZH2 in a PRC2-independent manner to activate certain genes
in EOC. In addition, in skeletal muscle stem cells, stress response
kinase p38 alpha phosphorylates T372 residue of EZH2 in response
to exposure to TNF inflammatory cytokine (Palacios et al., 2010).
This leads to an enhanced repression of PRC2 target skeletal mus-
cle stem cell marker to promote cell differentiation. Notably, the
relevance of these post-translation phosphorylation modifications
in EOC remains to be determined.

ROLE OF EZH2/PRC2 IN EOC
Components of PRC2 are often over-expressed in human EOC
cells and their expression positively correlates with markers of
cell proliferation such as Ki67 (Li et al., 2010, 2012b). Signif-
icantly, higher levels of EZH2 (Lu et al., 2010) or SUZ12 (Li
et al., 2012b) expression predict shorter overall survival in EOC
patients. Indeed, knockdown of EZH2 (Li et al., 2010) or SUZ12
(Li et al., 2012b) suppresses the growth of human EOC cells in vitro
and in vivo in both subcutaneous and orthotopic xenograft EOC
models in immunocompromised mice. This is due to induction
of programed cell death or apoptosis (Li et al., 2010, 2012b). In
addition, knockdown of EZH2 suppresses the invasion of human
EOC cells (Li et al., 2010; Lu et al., 2010; Rao et al., 2010), which
correlates with a decrease in transforming growth factor-beta 1
(TGF β1) expression and an increase in E-cadherin expression
(Rao et al., 2010). These observed phenotypes correlate with a
decrease in the levels of H3K27Me3 in these cells (Rao et al.,
2010). Together, these findings are consistent with the notion that
EZH2/PRC2 promotes EOC by suppressing cell apoptosis (Li et al.,
2010, 2012b) and increasing their invasion potential (Li et al., 2010;
Rao et al., 2010) by silencing its target genes through H3K27Me3
epigenetic mark.

Notably, EZH2 expression is upregulated in ovarian cancer stem
cell-like cells enriched by chemotherapy (Rizzo et al., 2011) and
knockdown of EZH2 leads to loss of stem cell-like properties in
these cells (Rizzo et al., 2011), such as anchorage-independent
growth and tumor growth in xenograft mouse model. Similarly,
it has been demonstrated that compared with cisplatin sensitive
parental EOC cells, EZH2 expression is upregulated in in vitro
derived cisplatin-resistant EOC cells (Hu et al., 2010). Conversely,
knockdown of EZH2 re-sensitized drug-resistant ovarian cancer
cells to cisplatin (Hu et al., 2010). Together, these reports sup-
port the idea that EZH2 may contribute to chemoresistance by
regulating stem-like cell population in EOCs.

Interestingly, EZH2 is also over-expressed in EOC-associated
endothelial cells due to a direct paracrine VEGF stimulation (Lu
et al., 2010) and EZH2 promotes angiogenesis by silencing vaso-
hibin1 (VASH1) (Lu et al., 2010). Consistently, EZH2 knockdown
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in the EOC-associated endothelial cells inhibits angiogenesis and
reduces EOC growth, which is further enhanced by EZH2 knock-
down in EOC cells (Lu et al., 2010). Thus, EZH2 also contributes
to malignant behaviors of EOC by altering EOC-associated tumor
microenvironment through promoting angiogenesis. Notably,
recent anti-angiogenesis clinical trials by targeting VEGF demon-
strated potential benefit when added to standard chemotherapy in
the first-line treatment of ovarian cancer (Burger et al., 2011; Per-
ren et al., 2011). Together, these observations suggest that EZH2
is a potential target for designing new anti-angiogenesis therapy
in EOC.

Genome-wide chromatin immunoprecipitation followed by
deep sequencing analysis and gene expression profile reveal that
the number of genes upregulated upon EZH2 knockdown is sig-
nificantly lower than the number of genes whose genomic loci
are directly occupied by EZH2/H3K27Me3 (Li et al., 2012a). This
is consistent with the observation that histone deacetylase (Van
der Vlag and Otte, 1999) and DNA methylation (Nakamura et al.,
2008) also regulate the expression of EZH2 target genes. In addi-
tion to VASH1, the cellular networks enriched by EZH2 target
genes in EOC cells include cell death, growth and proliferation and
reproductive system development, and cancer (Li et al., 2012a).
These findings further support EZH2’s proliferation-promoting
and apoptosis-suppressing function. Notably, Harakiri (HRK),
a proapoptotic gene, is subjected to H3K27Me3 mediated gene
silencing in EOC cells and HRK plays a key role in regulating
apoptosis induced by suppressing H3K27Me3 (Li et al., 2012b).
HRK is also subjected to DNA methylation (Nakamura et al.,
2008) mediated gene silencing, further suggesting possible coop-
eration between H3K27Me3 and DNA methylation mediated gene
silencing.

THERAPEUTIC TARGETING EZH2/PRC2 IN EOC
In contrast to genetic changes that are non-reversible, epigenetic
alterations are reversible. This feature makes epigenetic alterations
in cancer an ideal target for developing cancer therapeutics (Daw-
son and Kouzarides, 2012). Significantly, EZH2 is over-expressed
in both EOC cells and EOC-associated endothelial cells and its
knockdown suppresses EOC growth (Li et al., 2010; Lu et al.,
2010). These observed effects correlate with a decrease in levels
of H3K27Me3, the enzymatic product of EZH2 methyltransferase
(Li et al., 2010; Lu et al., 2010). Together, these findings strongly
suggest that EZH2’s methyltransferase activity is a potential target
for developing urgently needed EOC therapeutics.

The first reported inhibitor of EZH2’s methyltransferase activ-
ity is DZNep, an inhibitor of S-adenosylhomocysteine (SAH)
hydrolase (Tan et al., 2007). However, DZNep indirectly inhibits
EZH2 activity by causing the degradation of components of
PRC2 through increasing the cellular levels of SAH, the inhibitory
byproduct of methyltransferase reaction (Tan et al., 2007). In addi-
tion, DZNep is non-specific with major effects on a number of
other histone methyl marks and, consequently, has been shown to
be very toxic (Miranda et al., 2009). In contrast, a number of new
specific EZH2 methyltransferase inhibitors have been reported
very recently including most notably GSK126 (McCabe et al.,
2012b) and EPZ005687 (Knutson et al., 2012) and EI1 (Qi et al.,
2012). These inhibitors act in a S-adenosylmethionine (SAM)

competitive manner with no effects on expression of components
of PRC2 or other histone methyl marks. This characteristic of
the newly developed inhibitors allows to distinguish the EZH2’s
methyltransferase-dependent and -independent function. In a
panel of B-cell lymphoma cell lines, EZH2 methyltransferase spe-
cific inhibitors are particularly sensitive in cells harboring muta-
tions in Y641 or A677 residue (McCabe et al., 2012b). Interestingly,
the cell line with A677 mutation appears to be most sensitive,
which correlates with the fact that A677 mutant efficiently catalyzes
all three steps of H3K27 methylation while Y641 mutant prefer-
entially enhance the reaction from di- to trimethylation (McCabe
et al., 2012a). In addition, it appears that loss-of-function muta-
tion in H3K27Me3 demethylase UTX may also confer sensitivity
to EZH2 inhibitors (McCabe et al., 2012b). However, gain-of-
function mutation is not sufficient to predict response to EZH2
inhibitors because certain cell lines with EZH2 mutation are not
sensitive to EZH2 inhibitors (McCabe et al., 2012b). Significantly,
EZH2 inhibitor GSK126 eradicated the growth of xenografted B-
cell lymphoma cells with EZH2 mutations (McCabe et al., 2012b).
Despite the fact that EZH2 is essential during development and is
known to regulate normal tissue stem cell properties, mice toler-
ated GSK126 very well with no apparent toxicity (McCabe et al.,
2012b). Together, these findings suggest that EZH2 inhibitors such
as GSK126 are potential novel epigenetic intervention reagents for
B-cell lymphoma harboring gain-of-function EZH2 mutations.

EZH2 inhibitors are equally effective in decreasing H3K27Me3
in cancer cell lines with wild type EZH2 compared with those with
gain-of-function EZH2 mutations (Knutson et al., 2012; McCabe
et al., 2012b). However, cell lines with wild type EZH2 are typically
much less sensitive to GSK126 (McCabe et al., 2012b). This obser-
vation suggests that methyltransferase-independent function of
EZH2 also contributes to the malignant phenotypes observed
in EZH2 over-expressing cancer cells. Notably, EZH2 is over-
expressed but not mutated in EOC. In addition, inhibition of
PRC2 by knockdown EZH2 (Li et al., 2010) or SUZ12 (Li et al.,
2012b) is effective in inhibiting the growth of EOC cells with over-
expressed components of PRC2. Therefore, it will be critical to
evaluate the effectiveness of EZH2 inhibitors in preclinical mod-
els for their effects on EOC cell growth as well as EOC-associated
angiogenesis. In addition to inhibiting EZH2’s methyltransferase
activity, targeting the PRC2 complex formation, or the associated
factors that affect PRC2 genome-wide distribution may represent
an alternative strategy for targeting PRC2 in EOCs. Further, given
the evidence that EZH2 target genes may also subject to other
epigenetic silencing mechanisms (Van der Vlag and Otte, 1999;
Nakamura et al., 2008), it will be interesting to examine whether
there are synergies between EZH2 inhibitors and inhibitors of
other epigenetic silencers such as HDAC and DNA methyltrans-
ferase inhibitors. Finally, given its potential role in conferring
chemotherapy resistance (Knutson et al., 2012; McCabe et al.,
2012b; Qi et al., 2012), it will be interesting to determine whether
EZH2 inhibitors re-sensitize chemo-resistant EOC cells.

CONCLUSION AND PERSPECTIVE
In summary, EZH2 and other components of PRC2 are often
over-expressed in EOC cells (Li et al., 2010, 2012b) and
EOC-associated endothelial cells (Lu et al., 2010). EZH2/PRC2
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promotes proliferation, suppresses apoptosis and increases
invasion potential of EOC cells (Li et al., 2010), and enhances
angiogenesis of EOC-associated endothelial cells (Lu et al., 2010).
The expression pattern and functional importance of EZH2/PRC2
establish it as an exciting target for developing new EOC thera-
peutics. Thus, it will very interesting to test the newly developed
EZH2 inhibitors in relevant preclinical in vitro and in vivo mod-
els. In addition to H3K27 residue, EZH2 can also methylate other
proteins. For example, EZH2 methylates an orphan nuclear recep-
tor RORa (Lee et al., 2012). Further, EZH2/PRC2 may also have
methyltransferase-independent function. Indeed, EZH2 is present
in both cytoplasm and nuclei and cytoplasmic EZH2 has been
shown to regulate actin polymerization and cell signaling (Su

et al., 2005). Accordingly, a further understanding the mecha-
nisms by which EZH2/PRC2 promote EOC will provide scientific
rationale for developing inhibitors of EZH2/PRC2 as novel EOC
therapeutics.
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Introduction
Aberrant oncogene activation is an important driver of cel-
lular transformation; however, initial atypical oncogene 
activation that occurs in primary cells typically triggers cel-
lular senescence, a state of stable cell growth arrest.1–3 
Oncogene-induced senescence (OIS) is an important tumor 
suppressive pathway, and suppression of OIS promotes 
tumorigenesis.4 For example, oncogenic RAS or BRAF 
triggers senescence of melanocytes, which results in forma-
tion of benign nevi and thus suppresses melanoma develop-
ment.5–7 The RAS oncogene is mutated in a number of 
cancer types (reviewed in Schubbert et al.8). Oncogenic 
RAS has been extensively studied in the context of OIS, 
where it triggers senescence by a cascade of kinases.3

Senescent cells exhibit several distinctive morphological 
characteristics and molecular markers, including a large, 
flat morphology; decrease in cell proliferation; and expres-
sion of senescence-associated β -galactosidase activity 
(SA-β-gal)9 (reviewed in Itahana et al.10). Expression of 
SA-β-gal activity is considered a universal marker of senes-
cent cells.11 In addition, senescence induced by oncogenic 
RAS is also characterized by domains of transcriptionally 
silenced heterochromatin, known as senescence-associated 
heterochromatin foci (SAHF).12 SAHF contribute to 

senescence by silencing proliferation-promoting genes such 
as E2F target genes.13

Inactivation of tumor suppressors such as p53 and p16 
inhibits OIS.3 Due to the importance of OIS in tumor sup-
pression, compounds that regulate OIS not only serve as 
useful tools in studying OIS but may also lead to the identi-
fication of new tumor suppressors. As a result, we have 
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Senescence
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Abstract
Cellular senescence is a state of stable cell growth arrest. Activation of oncogenes such as RAS in mammalian cells typically 
triggers cellular senescence. Oncogene-induced senescence (OIS) is an important tumor suppression mechanism, and 
suppression of OIS contributes to cell transformation. Oncogenes trigger senescence through a multitude of incompletely 
understood downstream signaling events that frequently involve protein kinases. To identify target proteins required for 
RAS-induced senescence, we developed a small-molecule screen in primary human fibroblasts undergoing senescence 
induced by oncogenic RAS (H-RasG12V). Using a high-content imaging system to monitor two hallmarks of senescence, 
senescence-associated β-galactosidase activity expression and inhibition of proliferation, we screened a library of known 
small-molecule kinase inhibitors for those that suppressed OIS. Identified compounds were subsequently validated 
and confirmed using a third marker of senescence, senescence-associated heterochromatin foci. In summary, we have 
established a novel high-content screening platform that may be useful for elucidating signaling pathways mediating OIS by 
targeting critical pathway components.
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developed a high-content screening assay to aid in the iden-
tification of novel OIS regulators. We used a kinase inhibi-
tor library to determine compounds that inhibited OIS in the 
context of oncogenic RAS overexpression. In addition, the 
identified compounds could be studied further to help eluci-
date proteins involved in mediating OIS, which may lead to 
identification of novel tumor suppressors.

Previously, a screen for modulators of stress-induced 
senescence in prostate cancer has been described.14 In this 
study, the authors used percentage of SA-β-gal–positive 
cells as a senescence output, but the screen is limited due to 
the necessity of having to manually quantify SA-β-gal–
positive cells. In contrast, we report the development of a 
high-content imaging-based screen assay. In addition, using 
a library of 160 well-characterized kinase inhibitors, we 
performed a proof-of-principle screen for inhibitors of 
senescence induced by oncogenic RAS.

SA-β-gal activity was used in a high-content screening 
assay in a 96-well platform as the primary measure of 
senescence. To eliminate artifactual hits due to decreased 
cell number in the absence of OIS inhibition, we quantified 
cell numbers using nuclear staining. Using this newly 
developed platform, we identified 17 kinase inhibitors as 
suppressors of oncogenic RAS-induced senescence. We 
further confirmed our findings by using SAHF staining as 
an additional marker of senescence. All 17 inhibitors were 
individually validated, and 15 of 17 these were confirmed. 
This study introduces a novel assay for screening of modu-
lators of OIS, and we report the identification of several 
compounds as bona fide suppressors of OIS.

Materials and Methods

Tissue Culture
Primary diploid fibroblasts (IMR90) were cultured accord-
ing to the American Type Culture Collection (ATCC, 
Manassas, VA). Experiments were performed with IMR90 
that were between 25 and 36 population doublings (PD).

Plasmids and Retrovirus
pBABE-H-RasG12V was obtained from Addgene (Cambridge, 
MA). Retrovirus production and transduction previously 
have been described.15 Phoenix cells were used to facilitate 
retroviral packaging (Dr. Gary Nolan, Stanford University, 
Stanford, CA).

Screen Setup
Double infections of IMR90 cells in 100-mm dishes were 
performed using a retrovirus encoding for pBABE-H-RasG12V 
(days −1 and 0, respectively). Cells were selected with puro-
mycin (1 µg/mL) for an additional 2 days and then plated into 

a 96-well plate (1000 cells/well) . The initial number of cells 
per well (1000) was optimized to avoid confluence-induced 
growth inhibition. At the end of day 2, cells were treated with 
kinase inhibitors (KIs) by pin transfer at ~250 nM. On day  
9, cells were subjected to a quantitative SA-β-gal assay 
(described below) and stained with DAPI to visualize nuclei, 
which allowed for quantification of cell number.

Senescence Assay
The SA-β-gal assay previously has been described.9 Briefly, 
cells were fixed in 2% formaldehyde and 0.2% glutaralde-
hyde and washed with phosphate-buffered saline. Staining 
solution (40 mM Na

2
HPO

4
, 150 mM NaCl, 2 mM MgCl

2
,  

5 mM K
3
Fe(CN)

6
, 5 mM K

4
Fe(CN)

6
, and 1 mg/mL X-gal) 

was added with a multichannel pipette, and cells were incu-
bated for 24 h. Cells were stained with DAPI (0.15 µg/mL) 
to visualize nuclei.

For the screen, four fluorescence and four phase-contrast 
images (individual image size = 2.9 megabytes) were acquired 
from each well of the 96-well plates with an ImageXpress 
Micro high-content imaging system (Molecular Devices, 
Sunnyvale, CA). Using a 10× Pan-Fluor objective with a 
working distance of 15.2 mm, phase-contrast images were 
captured (exposure time = 5 µs) to record SA-β-gal staining. 
Fluorescence images were captured using a 10× Pan-Fluor 
objective with a Semrock filter (300-W xenon lamp; excitation 
= 377/50 nm, emission = 447/60 nm, and exposure time = 55 
µs) to record DAPI staining of cell nuclei. Note that at 10× 
magnification, SAHF are indistinguishable. In addition, objec-
tive and filter cube change together with image-based autofo-
cus, allowing for simultaneous imaging of both channels. 
Images were analyzed using the MultiWavelength Scoring 
module in MetaXpress image analysis software (Molecular 
Devices). Briefly, based on preliminary experiments with con-
trol and RAS-expressing cells, a threshold was determined at 
which to define positive β-gal pixels. This threshold was 
applied to all of the phase-contrast images (Fig. 1, orange pix-
els), and the masked area for each image was systematically 
quantified. DAPI-positive nuclei were counted with 
MetaXpress image analysis software (version 3.1) by restrict-
ing counts to circular objects with a diameter greater than 1 
micron. AcuityXpress software (version 2.02, Molecular 
Devices) was used for informatics processing and data visual-
ization. The four images were quantified and the values for 
each SA-β-gal area and nuclei number were averaged. 
Compared with counting the percentage of SA-β-gal–positive 
cells manually, the current approach allows for a high-content 
screening assay to be developed. Overall, automatic image 
acquisition to quantification averaged 2 h per 96-well plate.

We determined the average number of cells (Nctrl) and 
SA-β-gal area (BGPPctrl) for IMR90s transduced with 
pBABE-H-RasG12V treated with DMSO vehicle control, 
which served as a positive base value for comparison. The 
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average number of nuclei and SA-β-gal area from each of 
the 160 kinase inhibitors was normalized to DMSO. These 
normalized values were averaged between replicates. KIs 
that inhibited senescence were identified by the following 
equation: KIs prevented senescence if NKIx > [Nctrl + stan-
dard deviation of Nctrl] and at the same time BGPPKIx < 
[BGPPctrl – standard deviation of BGPP

ctrl
].

All 17 active compounds identified as hits in the screen, 
along with an inactive control compound (CAS 648449-76-7; 
PI3Kγ inhibitor II), were individually examined for SA-β-gal 
activity and SAHF formation. Three hundred cells from each 
group were examined for β-galactosidase (blue) positivity 
within the cytosol. Using total cell number and β-galactosidase–
positive cells, the positive percentage was calculated. Cells 
were stained with DAPI to visualize nuclei and SAHF. Three 
hundred cells from each group were examined for punctate 
DAPI-stained dense spots, where >10 spots within the nuclear 
compartment were considered SAHF positive. Using total cell 
number and SAHF-positive cells, the positive percentage was 
calculated. Cells were imaged using a Nikon Eclipse Ni fluo-
rescence microscope (Nikon, Tokyo, Japan) as previously 
described.16 These experiments were performed in triplicate. 
Data from validation experiments are shown as a percentage 
of SA-β-gal– or SAHF-positive cells.

Statistical Analysis
Statistical significance was determined by t test using 
GraphPad statistical software, version 5.0b (GraphPad 

Software, La Jolla, CA). Values were considered significant 
if p < .05. Z′ score was calculated using Microsoft Excel 
(Microsoft Corp., Redmond, WA).

Kinase Inhibitor Library
The kinase inhibitor library, which contained 160 well-
characterized kinase inhibitors, was purchased from EMD 
Millipore (InhibitorSelect; Millipore, Billerica, MA). 
Compounds were maintained in 100% DMSO. Inhibitors 
were added to the growth medium of cells growing in 
96-well microplates by pin transfer (Final DMSO % = 
0.375%). Eight wells of cells in each plate treated with 
DMSO (vehicle control) were included as vehicle controls. 
To avoid plate location-specific effects, these DMSO wells 
were spread across the plate.

Results

Development of a High-Content Screening Assay 
for Identifying Small-Molecule Suppressors of 
Senescence Induced by Oncogenic RAS
Ectopic expression of activated oncogenes such as RAS is a 
standard approach to induce cellular senescence in a synchro-
nized manner in primary mammalian cells.3 Thus, we ectopi-
cally expressed oncogenic H-RASG12V by retroviral 
transduction in primary human fibroblasts (IMR90 cells) to 
induce senescence. Senescence phenotypes such as SA-β-gal 

Figure 1. Screen output development. Using the ImageXpress Micro high-content imaging system, each well was systematically 
imaged eight times: four bright-field images and four fluorescence images. (A) Representative bright-field images from screen. Note 
the “mask” (orange pixels) applied to bright-field images indicating the quantified senescence-associated β-galactosidase activity  
(SA-β-gal)–positive area. (B) Quantification of SA-β-gal–positive area between control and H-RasG12V cells (*p = .029).  
(C) Representative fluorescence images from screen. (D) Quantification of nuclei between control and H-RasG12V cells (**p = .0034).
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activity typically take several days to develop.15 SA-β-gal 
activity in the cytoplasm is considered a universal marker of 
cellular senescence9 and can be visualized by phase-contrast 
microscopy. In addition, a definitive marker of senescence is 
a decreased cell proliferation (reviewed in Hayflick17). We 
sought to develop a high-content assay for screening small-
molecule modulators of senescence.

In an initial pilot experiment, using MetaXpress image 
analysis, a threshold of SA-β-gal intensity was established 
to define a SA-β-gal–positive pixel. This threshold was sub-
sequently used in the large-scale screen to apply a “mask” 
to the four phase-contrast images, and the positive pixel 
area per image was determined (Fig. 1A, orange area). 
Importantly, we observed a significant and robust increase 
in SA-β-gal area in RAS-infected cells compared with con-
trols (Fig. 1B). We also observed a significant reduction in 
the number of nuclei in RAS-expressing cells compared 
with control cells (Fig. 1C,D). The average SA-β-gal area 
and number of nuclei for the positive control (DMSO vehi-
cle treated RAS-expressing cells) from the same screening 
plate were used as a baseline to compare with the KI-treated 
cells.

It is well established that a cascade of kinases plays a 
role in regulating oncogenic RAS-induced senescence.18 
We therefore applied our screening assay using a library of 
160 well-characterized kinase inhibitors in a 96-well plate 
format.19 The screen was performed by treating RAS-
transduced cells with 250 nM of each of the 160 kinase 
inhibitors or vehicle control (DMSO) (Fig. 2A). This con-
centration was chosen based on typical concentrations at 
which these compounds are used in cell-based assays.19 
Furthermore, it is known that cell density affects SA-β-gal 
activity. To limit the potential nonspecific effects of cell 
density on SA-β-gal expression, a range of cell concentra-
tions were tested during assay development to avoid cell 
confluence over the course of the assay. Typically, 1000 
RAS-overexpressing cells were inoculated per well. We 
used a time point of 9 days following RAS transduction to 
assess OIS based on our previous work.15 Eight wells of 
vehicle control were included in each plate as positive con-
trols for comparison. In addition, control virus–infected 
cells were included as negative controls for comparison. 
Cells in the 96-well plates were fixed, and markers of senes-
cence were examined at day 9 after RAS infection. 
Specifically, we stained the fixed cells for SA-β-gal activity 
and with a fluorescent DNA dye (DAPI) to visualize nuclei, 
which was used as a surrogate for cell number. Four phase-
contrast and fluorescence images were taken of each well 
and systematically quantified and averaged. This assay 
allows us to measure the expression of a senescence marker 
simultaneously with cell number to reflect changes in cell 
proliferation in the same population of cells. To ensure that 
the decrease in expression of SA-β-gal activity was not due 
to a decrease in cell proliferation, we focused on kinase 

inhibitors that significantly suppressed SA-β-gal activity 
but did not decrease cell proliferation.

Averages of SA-β-gal area and nuclei number from bio-
logical replicate experiments were compiled and normal-
ized to the mean of vehicle (DMSO) control wells. These 
data were graphed on a scatter plot (Fig. 3). Hits were 

Figure 2. Senescence screen setup and analysis. Primary 
fibroblasts (IMR90s) were transduced with an H-RasG12V encoding 
retrovirus over 2 days (days −1 and 0). Cells were then selected 
with puromycin (1 µg/mL) for 2 days, plated into 96-well plates 
(1000 cells/well), and, at the end of the second day, treated with 
the kinase inhibitor library at a uniform concentration (250 nM). 
Cells were incubated for 7 additional days to allow for senescence 
and then fixed in a formaldehyde/glutaraldehyde solution. To 
visualize the senescence-associated β-galactosidase activity (SA-β-
gal) activity and determine cell number, fixed cells were incubated 
with X-gal and labeled with DAPI.
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identified as compounds that reduced SA-β-gal area by at 
least one standard deviation below the mean of DMSO con-
trol and conversely increased cell number (nuclei) above 
one standard deviation of the DMSO control mean (Fig. 3, 
bottom right quadrant, blue dots). According to these crite-
ria, 17 of the 160 compounds tested significantly suppressed 
SA-β-gal area while maintaining nuclei number in RAS-
expressing cells (compounds are listed in Suppl. Table S1).

Validation of Identified Compounds as 
Suppressors of Oncogene-Induced Senescence
Recapitulating the experimental design of the screen, we 
individually treated RAS-expressing cells with DMSO 
vehicle control or with 250 nM of the 17 identified inhibi-
tors. As an additional control, RAS-expressing cells were 
also treated with a kinase inhibitor (CAS 648449-76-7; 
PI3Kγ inhibitor II) that had no effect on SA-β-gal area or 
cell number based on initial screening (Fig. 3, arrow). These 
cells were then used in the SA-β-gal assay to examine 
changes in expression of SA-β-gal activity. Upon manual 
quantification of SA-β-gal–positive cells, we discovered 
that 16 of 17 inhibitors significantly reduced the expression 
of SA-β-gal activity in our validation experiments (Fig. 4A,B 
and Suppl. Table S2).

To further confirm senescence suppression by these com-
pounds, we next assayed their effect using an independent 
marker of senescence, SAHF, which are domains of punctate 
DAPI stain in the nuclei of senescent cells (Fig. 5A, white 
arrowheads).12 Toward this goal, RAS-expressing cells were 
treated with the 17 kinase inhibitors identified in the initial 
screen, a negative control inhibitor (CAS 648449-76-7; 
PI3Kγ inhibitor II), or DMSO. After 9 days of culture, we 
stained the cells with DAPI to visualize the formation  
of SAHF. In this independent validation, we discovered that 
16 of 17 inhibitors significantly inhibited oncogenic RAS-
induced SAHF formation. Interestingly, the inhibitor that 
failed to prevent SAHF formation (CAS 371935-74-9; 
PI-103) was not the same as the inhibitor that failed to reduce 
SA-β-gal activity (CAS 612847-09-3; Akt inhibitor VIII) 
(Fig. 5A,B and Suppl. Table S2). The discrepancy was not 
unexpected as there is evidence that SAHF formation is not 
always necessary for cells to undergo senescence.20,21 Thus, 
this compound confirms that SAHF formation can be uncou-
pled from SA-β-gal activity and may represent a novel tool to 
understand this phenomenon. In addition, we also examined 
changes in cell number. Notably, one compound significantly 
decreased cell number compared with DMSO or negative 
control inhibitor (CAS 371935-74-9; PI-103; data not 
shown), while cell number was not suppressed by the other 
16 compounds. Interestingly, the compound that decreased 
cell number was the same compound that failed to suppress 
SAHF (Fig. 5). These confirmation experiments reveal a 
false-positive rate of 11.7%. In summary, we validated 15 of 
the 17 compounds identified from the initial screening as 
bona fide suppressors of oncogenic RAS-induced senes-
cence, demonstrating that this assay is a robust platform for 
identifying small-molecule regulators of OIS.

Discussion
In the current study, we describe the assay development, 
identification, and validation of a high-content screening 
assay for small-molecule modulators of OIS. Using a kinase 
inhibitor library, we have identified a list of small-molecule 
compounds that suppress oncogenic RAS-induced senes-
cence. We have previously demonstrated that most of these 
compounds target multiple kinases.19 Thus, understanding 
the mechanism of suppression of OIS by these compounds 
will require further identification of the relevant kinase tar-
gets. Here our identification of 15 kinase inhibitors that sup-
press oncogenic RAS-induced senescence validates this 
assay for identifying such compounds. Significantly, we con-
firmed the activity of the identified inhibitors using the origi-
nal screening assay (SA-β-gal activity) and further validated 
the compounds using an independent senescence marker, 
SAHF. One of the inhibitors identified (AMPK Compound 
C, CAS 855405-64-3) has been reported to prevent senes-
cence, further demonstrating the accuracy of this newly 

Figure 3. Identification of senescence-suppressing kinase 
inhibitors. Both the nuclei number and senescence-associated 
β-galactosidase activity (SA-β-gal) area were normalized to 
DMSO-treated control wells (red dot). The normalized numbers 
of nuclei (a surrogate of cell number) and SA-β-gal area were 
graphed. The delineation (dotted lines) separates the graph into 
quadrants, and placement of the lines was determined from the 
standard deviation of DMSO control wells (red error bars). 
The lower right quadrant indicates kinase inhibitors that have 
significantly more nuclei and less SA-β-gal area (blue dots). 
Arrow indicates inhibitor used as negative control in subsequent 
validation experiments.
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developed assay.22 Notably, none of the other identified com-
pounds has specifically been reported to alter senescence. 
Follow-up studies with these compounds will investigate the 
relationship between inhibition of a specific kinase and the 
OIS pathways, which will elucidate molecular mechanisms 
underlying RAS-induced OIS. In addition, dose-dependent 
effects of these compounds also will be examined. Taken 
together, these data establish high-content screening assays 
for suppressors of senescence and identify several com-
pounds as suppressors of oncogene-induced senescence.

The high-content screening assay reported here is unique 
because of the simultaneous utilization of multiple criteria 
to identify potential hits. Conventional single-parameter 
screens often use two to three standard deviations to iden-
tify positive hits. Notably, only two compounds (CAS 
866405-64-3; AMPK Compound C and CAS 120166-69-0; 
diacyglycerol kinase inhibitor I) were scored as hits if two 
standard deviations was used as the cutoff criterion for both 
SA-β-gal and cell number screening parameters (2 of 160 
compounds; hit rate = 1.25%). Both compounds were 
among the list of compounds confirmed in the follow-up 
validation assays. In addition, the identification of AMPK 
Compound C using two standard deviations again 

demonstrates the accuracy of the screen. Importantly, we 
confirmed 15 of the 17 compounds identified using one 
standard deviation for both SA-β-gal and cell number 
screening parameters as the cutoff. These findings support 
the use of the criteria described in the current assay. For 
single-parameter–based screening, Z′ score is typically 
used to reflect the robustness of assay. Using SA-β-gal as a 
single parameter, we explored Z′ score (Z′ score = 0.89) for 
our newly developed assay by comparing an example of 
compounds that do not suppress SA-β-gal (i.e., CAS 
212779-48-1; Cdc28p kinase inhibitor) with an example of 
compounds that efficiently suppress SA-β-gal (i.e., CAS 
3895-92-9; PKC inhibitor).23 This further supports the 
robustness of this newly developed high-content screening 
assay.

Compared with genetic manipulation for loss-of-function 
studies, small-molecule inhibitors offer certain advantages in 
studying kinase function. For example, many kinases are 
known scaffold proteins that mediate formation of multiple 
protein large complexes. Genetic knockdown will lead to col-
lapse of these protein complexes and consequently result in 
unintended nonspecific effects. In contrast, small-molecule 
inhibitors of these kinases offer a unique opportunity to study 

Figure 4. Validation of kinase inhibitors that significantly inhibit senescence-associated β-galactosidase activity (SA-β-gal) activity. 
(A) Primary fibroblasts (IMR90s) were transduced with a control or H-RasG12V encoding retrovirus. Cells were plated into six-well 
plates (15,000 cells/well), selected with puromycin (1 µg/mL), for 2 days and at the end of the second day treated with 250 nM of 
kinase inhibitors. Cells were incubated for 7 additional days to allow for senescence and then fixed. SA-β-gal activity was visualized 
and nuclei were labeled with DAPI. (B) Quantification of SA-β-gal–positive cells (300 cells were counted for each condition). Gray 
bar = experimental conditions and white bars = controls. TKI, tyrosine kinase inhibitor. Average percentages and p values are in 
Supplemental Table S2. Experiments were performed in triplicate (error bars = standard error).
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kinase activity without affecting the interacting proteins. The 
inhibitors identified here will be invaluable tools in elucidat-
ing the role of these kinases in regulating OIS; however, a 
caveat to the use of small-molecule inhibitors is the potential 
for off-target effects. Therefore, future studies knocking 
down target kinases with short hairpin RNAs will be critical 
to confirm the kinases role in OIS.

The proof-of-principle kinase inhibitor screen described 
in this report identified compounds that suppressed senes-
cence, which was determined by a decrease in SA-β-gal 
activity. In validation studies, we observed a discrepancy 
between kinase inhibitors that prevented SA-β-gal versus 
those that inhibited SAHF. Therefore, future versions of the 
screen will include measuring the percentage of SAHF fol-
lowing treatment, which, in conjunction with other markers, 
should increase reliability to identify senescent cells. In addi-
tion, the high-content screening approach used in this assay 
will also allow for future studies to examine enhancers of 
OIS. Taking advantage of the platform developed herein and 
using compounds beyond kinase inhibitors may yield a more 
comprehensive understanding of OIS.

Although senescence is known to be an important tumor 
suppression mechanism during tumor initiation and 

progression, it may also be an important mechanism for 
developing cancer therapeutics. For example, reactivation 
of the tumor suppressor p53 in murine liver and sarcoma 
models triggers cellular senescence and the associated 
tumor regression due to activation of the innate immune 
response.24 Likewise, we have also demonstrated that resto-
ration of noncanonical Wnt signaling in ovarian cancer cells 
suppresses tumorigenesis by inducing cellular senescence.25 
Thus, small-molecule inhibitors that promote senescence of 
cancer cells could be developed as potential cancer thera-
peutics. Future studies will employ the high-content screen-
ing platform established in the current study to identify 
small molecules that promote senescence of human cancer 
cells such as melanoma cells, which can arise by overcom-
ing the senescence tumor suppression mechanism.26,27 
These small molecular activators of senescence would, by 
definition, possess antiproliferative activity and may have 
value as potential anticancer agents.

In conclusion, we established a high-content screening 
platform for identifying small-molecule regulators of cel-
lular senescence and identified a list of small-molecule 
compounds that are suppressors of senescence induced by 
oncogenic RAS.

Figure 5. Senescence-suppressing compounds also inhibit senescence-associated heterochromatin foci (SAHF), an additional marker 
of senescence. (A) Primary fibroblasts (IMR90s) were transduced with a control or H-RasG12V encoding retrovirus. Cells were plated 
into six-well plates (15,000 cells/well), selected with puromycin (1 µg/mL) for 2 days, and, at the end of the second day, treated with 
250 nM of kinase inhibitors. Cells were incubated for 7 additional days to allow for senescence and then fixed. Nuclei were labeled 
with DAPI, and nuclei containing punctate spots (arrows) were counted as SAHF positive. (B) Quantification of SAHF-positive cells 
(cells counted >300). Order of inhibitors, determined by senescence-associated β-galactosidase activity, is shown in Figure 3. Gray 
bars = experimental conditions and white bars = controls. TKI, tyrosine kinase inhibitor. Average percentages and p values are in 
Supplemental Table S2. Experiments were performed in triplicate (error bars = standard error).
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New serological biomarkers for early detection and clinical management of ovarian cancer
are urgently needed, and many candidates have been reported. A major challenge
frequently encountered when validating candidates in patients is establishing quantitative
assays that distinguish between highly homologous proteins. The current study tested
whether multiple members of two recently discovered ovarian cancer biomarker protein
families, chloride intracellular channel (CLIC) proteins and tropomyosins (TPM), were
detectable in ovarian cancer patient sera. A multiplexed, label-free multiple reaction
monitoring (MRM) assay was established to target peptides specific to all detected CLIC and
TPM family members, and their serum levels were quantitated for ovarian cancer patients
and non-cancer controls. In addition to CLIC1 and TPM1, which were the proteins initially
discovered in a xenograft mouse model, CLIC4, TPM2, TPM3, and TPM4 were present in
ovarian cancer patient sera at significantly elevated levels compared with controls. Some of
the additional biomarkers identified in this homolog-centric verification and validation
approach may be superior to the previously identified biomarkers at discriminating
between ovarian cancer and non-cancer patients. This demonstrates the importance of
considering all potential protein homologs and using quantitative assays for cancer
biomarker validation with well-defined isoform specificity.

Biological significance
This manuscript addresses the importance of distinguishing between protein homologs
and isoforms when identifying and validating cancer biomarkers in plasma or serum.
Specifically, it describes the use of targeted in-depth LC–MS/MS analysis to determine the
members of two protein families, chloride intracellular channel (CLIC) and tropomyosin
(TPM) proteins that are detectable in sera of ovarian cancer patients. It then establishes a
multiplexed isoform- and homology-specific MRM assay to quantify all observed gene
products in these two protein families as well as many of the closely related tropomyosin
isoforms. Using this assay, levels of all detected CLICs and TPMs were quantified in ovarian
cancer patient and control subject sera. These results demonstrate that in addition to the
previously known CLIC1, multiple tropomyosins and CLIC4 are promising new ovarian
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Proteomics
te, 3601 Spruce St., Room 272A, Philadelphia, PA 19104, USA. Tel.: +1 215 898 3972; fax: +1 215

. Speicher).

r B.V. All rights reserved.

35

http://dx.doi.org/10.1016/j.jprot.2013.06.016
mailto:speicher@wistar.org
http://dx.doi.org/10.1016/j.jprot.2013.06.016


166 J O U R N A L O F P R O T E O M I C S 8 9 ( 2 0 1 3 ) 1 6 5 – 1 7 8
cancer biomarkers. Based on these initial validation studies, these new ovarian cancer
biomarkers appear to be superior to most previously known ovarian cancer biomarkers.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynecolog-
ical cancer in the United States, with an estimated 22,280 new
cases detected and 15,500 deaths in 2012 [1]. When diagnosed
early (Stages I/II), treatment is generally successful, with a
five-year survival rate of up to 90%; but unfortunately, most
cases are not detected until after the cancer has spread,
resulting in a dismal five-year survival rate of 30% or less [2,3].
There are currently no effective screening tests for EOC early
detection, and existing clinical tests using protein biomarkers,
such as cancer antigen 125 (CA-125), human epididymis
protein-4 (HE4), or multivariate OVA1, are only approved for
monitoring disease recurrence, therapeutic response, or for
use in managing women with an ovarian adnexal mass [4–7].
The most commonly used EOC biomarker, CA125, is recog-
nized as a poor biomarker for early detection due to its high
false-positive rate and poor sensitivity and specificity [8,9].
Better biomarkers or, more likely, panels of markers are
urgently needed to diagnose early-stage EOC with high sen-
sitivity and specificity, and for clinical management of the
disease after initial diagnosis.

We and others have leveraged proteomics to discover new
EOC biomarkers. Diverse experimental systems, including
cancer cell cultures, tissue specimens, ascites fluid, secretomes,
and mouse models, have been investigated using numerous
proteomics strategies in attempts to identify better EOC bio-
markers [10–21]. Using an in-depth 4D analysis of serum from
severe combined immunodeficiency (SCID) mice containing a
human endometrial ovarian cancer tumor, we recently identi-
fied 106 candidate human proteins with at least two peptides
[21]. In that study, we performed a pilot validation on candidate
biomarkers in the 20–55 kDa region of 1D SDS gels and found
that nearly half the proteins discovered in the xenograft mouse
model could be detected in human serum using multiple
reaction monitoring analysis. Two of the tested candidates,
chloride intracellular channel 1 (CLIC1) and cathepsin D 30 kDa
fragment (CTSD-30 kDa), showed significantly elevated serum
levels in cancer patients comparedwithnon-cancer controls [21].

A major advantage of xenograft mouse models is that
proteins shed by human tumors into mouse blood can be
unambiguously distinguished by exploiting species differences
in peptide sequences identified by liquid chromatography–
tandemmass spectrometry (LC–MS/MS). However, the capacity
to distinguish species differences diminishes as the sequence
homology between the two species for specific proteins
increases, especially with lower-abundance proteins where
sequence coverage is typically low. Similarly, the capacity to
distinguish between homologous human members of pro-
tein families during the discovery phase is often limited by
low sequence coverage of candidate biomarkers.

The high number of candidates identified using current
proteomics methods, coupled with the lack of well-
characterized immunoassays for most of the new candidates,
necessitates the use of alternative quantitative techniques
36
capable of screening candidates in patient serum or plasma.
MRM has recently emerged as the most effective targeted
quantitative technique for biomarker verification due to its
high selectivity and multiplexing capability [22,23]. Despite the
recent wide use of MRM as a quantitative tool in proteomics,
concerns have been raised regarding its specificity and selectiv-
ity [24,25]. One of themajor concerns is the specificity of peptide
signals chosen for MRM quantitation, especially in a complex
proteome background. In addition, the use of proteolytic
fragmentation in discovery experiments creates a fundamental
problemof protein inference [26]. In complex proteomes such as
serumor plasma, it is often not trivial to reconnect peptides to a
precise protein of origin due to the presence of shared tryptic
peptides fromprotein isoforms (alternatively splicoforms froma
single gene) andmembers of aprotein family (proteinsproduced
by homologous genes). Although the term “protein isoform” has
been variably defined, in this study, protein isoformwill be used
to indicate related protein sequences from a single gene. These
isoforms may be produced by alternative splicing, proteolytic
processing, or other posttranslational modifications. Homologs
or homologous proteins will be used to refer to members of a
protein family produced by different genes.

The protein inference problem is further aggravated by
substantial redundancy in the database caused by completely
or nearly completely redundant entries, partial sequences,
polymorphisms, sequencing errors, etc. In order to prevent
inflation of protein counts in discovery experiments, a common
practice is to use the parsimony principle or the Occam's razor
constraint to report a minimal list of proteins that can account
for all observed peptides [26]. This often results in multiple
protein entries being assigned to a set of peptides due to
homologous proteins and redundancy in the database, and the
actual protein(s) present in the sample can be ambiguous.

Importantly, the failure to detect peptides unique to an
isoform does not prove that the isoform is not present in the
sample. This is particularly critical in biomarker studies, as
the correct or best biomarker may be a protein family member
or isoform that was not explicitly identified in the discovery
phase. It is important to differentiate isoforms and homolo-
gous family members because these related proteins are often
associated with distinct structural or functional roles [27–29].
This is particularly important in cancer biomarker validation
studies, because only the specific members of a protein family
that are shed by the tumor into the blood should ideally be
quantified. In this regard, any assay, including sandwich
ELISA assays, could give misleading results if the isoform and
family member specificity is unknown or if multiple related
proteins are quantitated as a group. MRM has been used
successfully to quantitate specific protein isoforms or mutant
proteins especially from cell extracts [30–32]. However,
targeted serological quantitation of serum biomarkers using
MRM methods is a relatively new approach, and little is
known about how the accuracy of protein quantitation is
affected by the isoform and family member specificity of the
peptides chosen.
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We have developed a gel-based, label-free MRM quantita-
tion approach (GeLC-MRM) as a rapid, first-level biomarker
verification strategy using human plasma or serum samples
[21,33,34]. This approach consists of major protein depletion,
1-D gel separation, in-gel trypsin digestion, and reversed-
phase nanoLC-MRM analysis [33]. We previously demonstrated
the reproducibility of the entire GeLC-MRM workflow and
showed that it was capable of providing accurate relative
quantitation of candidate biomarkers in the low ng/mL range
from less than 100 μL of serum or plasma [33,35]. It also has the
added capability of distinguishing various molecular weight-
forms of proteins that often are not distinguished using
alternative proteome fractionation strategies and may not be
distinguished by some immunoassays. We have successfully
applied the GeLC-MRM strategy to validate a number of ectopic
pregnancy and ovarian cancer candidate biomarkers, and
subsequently confirmed one of the ectopic pregnancy low-
abundant candidates using higher throughput immunoassays
on a larger patient sample set [21,33–35]. In the current study,
we used in-depth GeLC–MS/MS analysis of patient serum pools
and isoform-specific MRM assays to identify and quantitate
additional EOC biomarkers related to CLIC1 and tropomyosin
1 (TPM1) in individual patient sera. Additional members in
both protein families were detected which significantly distin-
guished between cancer and control patients, and some of the
newly identified biomarkers may be superior to the previously
identified homologs.
2. Materials and methods

2.1. Reagents and chemicals

Dithiothreitol (DTT) was obtained from GE Healthcare
(Piscataway, NJ). Iodoacetamide and 200 proof molecular
biology grade ethanol were purchased from Sigma-Aldrich
(St. Louis, MO). HPLC-grade acetonitrile was purchased from
Thomas Scientific (Swedesboro, NJ). Sequencing-grade modi-
fied trypsin was purchased from Promega (Madison, WI).

2.2. Human serum collection and processing

All research in this study involving human specimens was
conducted under The Wistar Institute Institutional Review
Board-approved protocols #2109171, #EX2110012, and #260221.
All human samples were derived from subjects with informed
written consent. Data were analyzed anonymously. Serum
samples were processed for MS analysis either individually or
as pools, as previously described [21]. Characteristics of each
ovarian cancer patient and non-cancer control are shown in
Supplemental Table 3.

2.3. Immunoaffinity depletion and SDS-PAGE

Samples were depleted of 20 abundant serum proteins using a
ProteoPrep20 Immunodepletion Column (Sigma-Aldrich) as
previously described [21,36]. Briefly, 30–60 μL of serum was
filtered through a 0.22 μm microcentrifuge filter and injected
onto the column. The unbound proteins were collected, pooled,
and precipitated with nine volumes of 200 proof ethanol
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prechilled to −20 °C. Ethanol supernatants were carefully
removed and protein pellets were dried, frozen and stored at
−20 °C until further use. Frozen protein pellets were thawed,
resuspended in 1% SDS, 50 mM Tris–HCl pH 8, reduced and
alkylated prior to SDS-PAGE. For all samples, an equivalent
of 10 μL of original serum was loaded into three adjacent
lanes, separated for 4 cm, and stained with Colloidal Blue
(Invitrogen). All stained gels did not show any major differ-
ences in total gel lane intensities. Each gel lane was sliced into
uniform 1 mm slices, and adjacent lane slices were combined
and digested with modified trypsin (Promega, Madison, WI) as
previously described [36].

2.4. LC–MS/MS of patient sample pools

To identify CLIC and TPM isoforms and family members that
could be detected in ovarian cancer patient sera, label-free
comparisons of pooled serawere performed. One pool of serum
from patients with benign ovarian masses and three pools of
advanced ovarian cancer patient serum samples were made.
Serum pools were immunodepleted, separated on a 1-D SDS gel
for 4 cm, sliced into 40 fractions, and digested with trypsin
as described above. Eight microliter of tryptic digests were
analyzed using an LTQOrbitrap XLmass spectrometer (Thermo
Scientific, Waltham, MA) connected to a NanoACQUITY
UPLC system (Waters, Milford, MA). Peptides were eluted at
200 nL/min using a 229-min discovery gradient consisting of
5–28% B over 168 min, 28–50% B over 51.5 min, 50–80% B over
5 min, and 80% B for 4.5 min, before returning to 5% B over
0.5 min. A short blank gradient was run before injecting the
next sample. The mass spectrometer was set to scan m/z from
400 to 2000. The full MS scan was collected at 60,000 resolution
in the Orbitrap in profile mode followed by data-dependant
MS/MS scans on the six-most-abundant ions exceeding a
minimum threshold of 1000 collected in the linear trap.
Monoisotopic precursor selection was enabled and charge-state
screening was enabled to reject z = 1 ions. Ions subjected to
MS/MS were excluded from repeated analysis for 60 s.

2.5. Data processing

MS/MS spectra were extracted and searched using the
SEQUEST algorithm (v. 28, rev. 13, University of Washington,
Seattle, WA) in Bioworks (v. 3.3.1, Thermo Scientific) against
the human UniRef100 protein sequence database (v. June
2011) plus common contaminants, and decoy sequences.
The decoy database was produced by reversing the sequence
of each database entry, and the entire reversed database was
appended in front of the forward database. Spectra were
searched with a partial tryptic constraint with up to two
missed cleavages, 100 ppm precursor mass tolerance, 1 Da
fragment ion mass tolerance, static modification of cys
(+57.0215 Da), and variable modification of methionine
(+15.9949 Da). Consensus protein lists were created using
DTASelect (v. 2.0, licensed from Scripps Research Institute,
La Jolla, CA) and the following filters were applied: remove
proteins that are subsets of others, full tryptic constraint, a
minimum of two peptides, mass accuracy ≤ 10 ppm, and
ΔCn ≥ 0.05. We previously showed that this database search
and filtering strategy enhanced high-confidence detection of
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low-abundance blood proteins compared with commonly
used alternative strategies [37]. The peptide false discovery
rate (FDR), calculated based on decoy count, was less than
1% based on redundant peptide count (spectra count). The
peptide FDR was 1% based on non-redundant peptide count.
Quantitative comparisons of all detected CLIC and TPM family
members across serum pools were performed using Rosetta
Elucidator software to compare peptide signal intensities in
full MS scans. Retention time alignment, feature identification
(discrete ion signals), feature extraction, and protein identifi-
cations were performed by the Elucidator system as previous-
ly described [21,33,34].

2.6. Label-free GeLC-MRM analysis

Serum samples were depleted of 20 abundant serum proteins,
separated on a 1-D SDS gel for 4 cm, sliced into 40 fractions,
and digested with trypsin as described above [21]. We had
previously showed good reproducibility of the overall analyt-
ical pipeline, including major protein depletions, gels, trypsin
digests, and the MRM analyses with consistent recovery of
proteins in technical replicates [33]. MRM experiments were
performed on a 5500 QTRAP hybrid triple quadrupole/linear
ion trap mass spectrometer (AB SCIEX, Foster City, CA) inter-
faced with a NanoACQUITY UPLC system. Eight microliter of
tryptic digests were injected using the partial loop injection
mode onto a UPLC Symmetry trap column (180 μm i.d. × 2 cm
packed with 5 μm C18 resin; Waters) and then separated
by RP-HPLC on a BEH C18 nanocapillary analytical column
(75 μm i.d. × 25 cm, 1.7 μm particle size; Waters) at 45 °C.
Chromatography was performedwith Solvent A (Milli-Q water
with 0.1% formic acid) and Solvent B (acetonitrile with 0.1%
formic acid). Peptides were eluted using a 27-min MRM
gradient at 400 nL/min for 5–35% B over 24 min, and 35% B
for 3 min before returning to 5% B in 0.5 min. To minimize
sample carryover, a fast blank gradient was run between each
sample. MRM data were acquired at unit resolution in both Q1
and Q3 with a spray voltage of 3300 V, curtain gas of 20 p.s.i.,
nebulizer gas of 10 p.s.i., interface heater temperature of
150 °C, and a pause time of 3 ms. To monitor system per-
formance, a reference enolase digest sample was interspersed
between experimental samples, at approximately every 18
samples. We previously demonstrated the long-term repro-
ducibility of label-free MRM quantitation, where the majority
of the enolase peptides were found to have a coefficient
of variation (CV) of <16% [33]. In addition, MRM transitions for
4 trypsin self-digestion peptides (VATVSLPR, LSSPATLNSR,
LGEHNIDVLEGNEQFINAAK and IITHPNFNGNTLDNDIMLIK) were
also monitored in each sample to ensure retention time
reproducibility of the LC system.

In MRM assay development, peptide candidates for targeted
proteins were selected from the Orbitrap LC–MS/MS analysis
described above. In some cases, peptide candidates were
derived from prior human plasma/serum LC–MS/MS proteomic
analyses. Initially, 4 or more transitions per peptides, including
the most dominant y-ions observed from Orbitrap LC–MS/MS,
were targeted in advanced ovarian cancer patient pooled
samples known to contain the proteins of interest using
the 229-min discovery gradient described above. Correct
peptide MRM traces were selected based on overlapping MRM
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transitions at the retention time that correspond to the peptide
retention time observed in the Orbitrap LC–MS/MS analysis.
MRM-initiated detection and sequencing (MIDAS)was also used
to generate MS/MS data to confirm peptide identities. Subse-
quently, three to four most intense MRM transitions were
selected for each peptide, and samples containing the targeted
proteins were re-analyzed using the shorter 27-min MRM
gradient to determine the correct peptide retention times. In
addition to the proteins described in this study, a number of
other proteins were also monitored. A total of 172 transitions
were monitored in the final method. Scheduled MRM was used
to reduce the number of concurrent transitions and maximize
the dwell time for each transition. The detection window was
set at 3 min, and the target scan time was set at 1.8 s. With
these parameters, the maximum concurrent transitions were
53, andwith the expected peakwidth of ~22 s, aminimumof 10
data points per chromatographic peak was expected. Data
analyseswere performedusingMultiQuant version 2.1 software
(AB SCIEX). Correct peptide MRM transitions have the expected
retention times and consistent ratios of overlapping transitions.
The most abundant interference-free transition for each
peptide was used for quantitation.

Protein levels across samples were determined as previ-
ously described [33]. First, each peptide amount was deter-
mined by summing the peptide's peak area across all gel
slices analyzed. The summed peptide area for each sample
was then normalized by dividing it by the average value for
that peptide in the advanced cancer samples. Finally, the
protein amount in each sample was determined by taking the
average of the normalized peptide values (normalized area).

2.7. Statistical analyses

Serum levels of candidate biomarkers were compared across
sample groups using the Mann–Whitney test, and Bonferroni-
adjusted P-values were reported in scatter plots. Results were
considered statistically significant if the Bonferroni-adjusted
P-value of the test was less than 0.05. Spearman's correlation
coefficients were calculated to examine correlations among
all tested tropomyosin peptides. For each candidate biomark-
er, a receiver operator characteristic (ROC) curve was gener-
ated and the area under the curve was calculated to reflect
biomarker-specific potential sensitivity and specificity for
distinguishing non-cancer controls vs. cancer patients.
3. Result and discussion

3.1. Ambiguities in identification of EOC candidate biomarker
isoforms from analysis of xenograft mouse serum

We previously identified 106 human proteins with at least two
peptides from the serumof a xenograftmousemodel of human
ovarian endometrioid cancer (TOV-112D tumors) using a
gel-based, multidimensional protein profiling strategy [21]. In
that study, GeLC-MRM quantitation of candidate biomarkers in
the 20–55 kDa region showed that CLIC1 and themature formof
CTSD were significantly elevated in ovarian cancer patients
compared with non-cancer individuals. An interesting candi-
date biomarker that was not included in that initial validation



Table 1 (continued)

Sequencea Number of unique
database entries

Gene

TPM4 peptides detected in patient serum pools
(K)IQALQQQADEAEDRb 3 TPM4
(K)LVILEGELERb 11 TPM2, TPM4
EENVGLHQTLDQTLNELNCI 4 TPM4
AEGDVAALNRb 4 TPM4
MEIQEMQLK 2 TPM4
YSEKEDKYEEEIK 4 TPM4
CGDLEEELKc 6 TPM2, TPM4
(R)IQLVEEELDRb 43 TPM1, TPM2,

TPM3, TPM4
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experiment was TPM1 isoform 6. This protein was initially
identified as a human protein in the xenograft mouse serum
based upon the detection of two human-specific peptides and
four peptides common to human and mouse (Supplemental
Table 1). But in the course of setting up assays for the current
validation study, we observed that the two apparently human-
specific peptides based upon use of the UniRef100 v. 2007
database were now shared with new mouse sequences in the
UniProtKB 2011 database (Supplemental Fig. 1). Thismeant that
if the newer database had been used in the original xenograft
mouse discovery experiment, TPM1 would not have been
identified as a human protein but would have been categorized
Table 1 – Peptides identified in TOV-112D xenograft
mouse serum and human serum pools.

Sequencea Number of unique
database entries

Gene

TPM1 peptides identified in xenograft mouse serum
ETAEADVASLNb 6 TPM1
SLQEQADAAEERb 7 TPM1
(K)LVIIESDLERb 18 TPM1
MEIQEIQLK 38 TPM1, TPM3
IQLVEEELDRb 43 TPM1, TPM2,

TPM3, TPM4

TPM1 peptides detected in patient serum pools
ETAEADVASLNRb 6 TPM1
SLQEQADAAEERb 7 TPM1
(K)LVIIESDLERb 18 TPM1
MEIQEIQLK 38 TPM1, TPM3
(R)IQLVEEELDRb 43 TPM1, TPM2,

TPM3, TPM4
AELSEGQVRb 10 TPM1
YEEEIKc 57 TPM1, TPM2,

TPM3, TPM4
ATDAEADVASLNRc,d 19 TPM1, TPM2

TPM2 peptides detected in patient serum pools
(K)LVILEGELERb 11 TPM2, TPM4
(R)IQLVEEELDRb 43 TPM1, TPM2,

TPM3, TPM4
ATDAEADVASLNRc 19 TPM1, TPM2
MELQEMQLK 8 TPM2
SLMASEEEYSTK 3 TPM2
YEEEIKc 57 TPM1, TPM2,

TPM3, TPM4
EDKYEEEIK 31 TPM2, TPM3,

TPM4
CGDLEEELKc 6 TPM2, TPM4

TPM3 peptides detected in patient serum pools
(K)IQVLQQQADDAEERb 16 TPM3
(R)IQLVEEELDRb 43 TPM1, TPM2,

TPM3, TPM4
MELQEIQLK 38 TPM1, TPM3
(K)LVIIEGDLER 19 TPM3
HIAEEADR 22 TPM3, TPM4
MLDQTLLDLNEM 12 TPM3
YEEEIKc 57 TPM1, TPM2,

TPM3, TPM4
EDKYEEEIK 31 TPM2, TPM3,

TPM4
CLSAAEEK 14 TPM3
AADAEAEVASLNR 1 TPM3

HIAEEADR 22 TPM3. TPM4
EKAEGDVAALNR 3 TPM4
YEEEIKc 57 TPM1, TPM2,

TPM3, TPM4
EDKYEEEIK 31 TPM2, TPM3,

TPM4
TIDDLEEK 4 TPM4
ASDAEGDVAALNR 1 TPM4

a Detected peptides shared by multiple gene products are listed
under all matching proteins. Underlined sequences were identified
as human in the UniProtKB 2007 database, but also matched a
mouse homolog in a later database (see text).
b Peptide targeted for MRM. Successful quantitation.
c Peptide targeted for MRM. Unsuccessful quantitation.
d This peptide is not present in the group of TPM1 isoforms (Fig. 2)
defined by peptides identified from the xenograft mouse serum.
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as “species indistinguishable”, as all identified peptides would
be common to human and mouse. This change in species
categorization due to database updates was not a widespread
problem, because re-examination of the species specificity of
our previously identified putative human peptides revealed
that only seven peptides (approximately 1%) were identical to
new mouse entries in the 2011 database.

As discussed above, inferring the correct peptide–protein
association is often confounded by the presence of shared
peptides from homologous proteins, alternative splice vari-
ants, or nearly identical database entries [26]. But for MRM
quantitation of cancer biomarkers, it is important to accu-
rately determine the peptide–protein relationship to ensure
that the correct family member and protein isoform is being
quantitated. In order to determine all potential peptide–
protein associations for the observed TPM peptides, each
peptide identified in the xenograft mouse was searched
against the human UniProtKB database (February, 2012)
using the BLAST algorithm. All database entries containing
the peptide sequence were identified and redundant entries
were manually removed. When available, gene names asso-
ciated with each database entry were extracted (Table 1).
These peptides show a great degree of ambiguity in peptide–
protein association due to the large number of known TPM
isoforms and the very high homology between TPM genes.
Tropomyosin is encoded by four genes (TPM1 to TPM4), and
each gene can further generate multiple isoforms by the use
of alternative promoters and/or alternative RNA splicing.
More than 40 distinct TPM sequences have been reported
in vertebrates [38,39]. The TPM1 peptides identified from the
xenograft model were initially assigned to TPM1 isoform 6
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(Q7Z6L8) using the parsimony principle to explain all the
identified peptides (Supplemental Table 1). While BLAST
indicates that TPM1 is present, the exact TPM1 isoform is
ambiguous. Furthermore, the presence of TPM2, TPM3, or
TPM4 cannot be excluded and needs to be considered.

3.2. Protein homologs detectable in patient serum pools
that correlate with EOC

To determine which TPM isoform(s) are detectable in ovarian
cancer patient serum, we used an ovarian patient serum
protein dataset from in-depth GeLC–MS/MS analysis of the
20–55 kDa region of one benign control and three different
late-stage ovarian cancer patient immunoaffinity-depleted
serum pools. In addition to TPM isoforms, we searched for
additional isoforms and closely related homologs of CLIC1,
Peroxiredoxin-6 (PRDX6), and CTSD, as these proteins were
previously validated as promising EOC biomarkers from the
TOV-112D xenograft model [21]. Results are summarized in
Supplemental Table 2. No homologs for PRDX6 or CTSD were
identified that had greater than 25% sequence identity, but
CLIC4, a CLIC1 homolog, was identified in the ovarian cancer
patient sera. Analysis of gel fractions beyond the 20–55 kDa
region did not identify additional members of CLIC or TPM
protein families. The amounts of all CLIC and TPM proteins
identified in the patient serawere quantitated by summingMS
intensities for all peptides unique to a specific gene product
(Fig. 1). Therewas evidence of protein products for all four TPM
genes, and all gene products showed elevated levels in EOC.
However, the different TPM gene products did not show
consistent abundance level patterns across all cancer pools,
Fig. 1 – Quantitative comparisons of TPM and CLIC isoforms usin
serum pools. LC–MS chromatogramswere aligned and quantitati
identified peptides unique to the indicated protein isoform were
C2, C3 — three different advanced ovarian cancer pools.
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indicating that these gene products were not coordinately
shed into the blood of cancer patients.

In the case of TPM1, one new TPM1-specific peptide and two
shared peptides were discovered in the patient serum in
addition to all previously identified TPM1 isoform 6 peptides
from the xenograft mouse serum (Fig. 2, Table 1, Supplemental
Table 2). Based on the newly identified AELSEGQVR peptide, all
observed peptides were contained within two TPM1 isoforms,
TPM1 variant 6 (Q1ZYL5) or B7Z596. These two sequences share
80% identity and differ from each other at the C-terminus.
Distinguishing between these isoforms was not feasible in
this study due to the inability to detect any isoform-specific
C-terminal peptides. Although no other TPM1 isoforms were
conclusively identified in human serum, their presence cannot
be ruled out. But the failure to detect any unique peptides to
other TPM1 isoforms suggests they are either not present or are
present in much lower abundance in human serum.

CLIC1 was confirmed to be both detected and elevated in
ovarian cancer patient serum compared to the benign control.
Also, CLIC4 was detected by nine specific peptides and showed
elevated levels in ovarian cancer patient sera, suggesting that it
was an additional EOC candidate biomarker. But, similar to
the TPMs, the CLIC gene products did not show consistent
abundance level patterns across all cancer pools (Fig. 1).

The detection of CLIC4 in ovarian cancer patient sera by
nine specific peptides raised the question as to why only
human CLIC1 had been previously identified in the xenograft
mouse serum [21]. Examination of the xenograft mouse data
showed that CLIC4 had been identified by four peptides;
however, all peptides were identical to mouse sequences
so this protein was identified as species indistinguishable
g label-free discovery mode, GeLC–MS/MS analysis of patient
vely compared using the Elucidator software. Intensities of all
summed for each of four serum pools (NC — non-cancer; C1,



Fig. 2 – Sequence alignment of selected TPM1 Isoforms. TPM1 isoforms that contain all five xenograft-identified peptides (green
highlight) were aligned using the Clustal algorithm. Two additional peptides (gray highlight) were subsequently identified in
analyses of ovarian cancer patient sample pools. Inclusion of these peptides suggests the presence of TPM1 Q1ZYL5 or B7Z596.
The database type (SP, Swiss-Prot entry; TR, TrEMBL entry), identifier, and brief description are indicated for each sequence.
Tryptic sites (K or R) are indicated in red. Boxed sequences — peptides used for MRM quantitation.
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(Supplemental Table 1). This is not surprising, as the human
and mouse CLIC4 sequences are 99% identical (Fig. 3A). While
distinguishing between mouse and human CLIC4 is very
difficult, distinguishing the different CLIC gene products in
human serum is more straightforward, as the four CLIC genes
with similar molecular weights exhibit only moderate se-
quence homology (Fig. 3B). Specifically, the two isoforms,
detected in ovarian cancer patient sera, CLIC1 and CLIC4,
share 67% identity. Hence, most CLIC peptides observed in the
xenograft mouse serum and in patient serum pools were
unique to either CLIC1 or CLIC4.

3.3. Development of MRM assays for quantitation of CLIC4
and TPM isoforms

CLIC and TPM isoform levels in individual serum samples
that included 15 non-cancer control serum samples and 18
late-stage cancer samples were determined using GeLC-MRM.
Peptides were selected based on their isoform specificity and
41
signal intensity in MRM analysis using a 5500 QTRAP mass
spectrometer. Peptide candidates for MRM were derived from a
combination of the LC–MS/MS analyses reported above and all
prior human plasma/serum LC–MS/MS proteomic analyses. In
the case of CLIC4, selection of MRM peptides was relatively
straightforward because no major homolog issues were en-
countered with the identified peptides (Fig. 3B). Inclusion of
peptides identified from other serum proteome analyses
allowed selection of peptides with the strongest MRM signal.
For example, the CLIC4 peptide, YLTNAYSR, was found to
produce a stronger MRM signal than some of the peptides
discovered in theabove analysis of patient serumpools andwas
therefore used for MRM quantitation (Supplemental Table 3).

Selecting appropriate peptides for MRM quantitation of
TPM isoforms in general, and TPM1 specifically, was more
complicated due to the large number of TPM isoforms. While
TPM1 variant 6 (or isoform B7Z596) was clearly identified in
the human serum samples, other TPM1 isoforms also could be
present (Fig. 2). Therefore, AELSEGQVR, which was specific

image of Fig.�2


Fig. 3 – Sequence alignments of CLIC sequences. (A) Alignment of the 99% identical human (Q9Y696) and mouse (Q9QYB1)
CLIC4 sequences. (B) Alignment of the four human CLIC gene products that are of similar size and hence could be present in the
25–50 kDa region of serum that was analyzed in this study (CLIC1 — O00299; CLIC2 — O015247; CLIC3 — O95833;
CLIC4 — Q9Y696). Database identifiers are from the Swiss-Prot database. Tryptic sites (K or R) are indicated in red.
Yellow highlight — peptides identified in the xenograft mouse serum. Gray highlight — peptides identified
only in the patient serum pools. Green highlight — peptides identified in both the xenograft mouse and patient serum.
Boxed sequences — peptides used for MRM quantitation.
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to TPM1v6, and three other peptides shared by several TPM1
isoformswere used for MRM quantitation (Table 1, Supplemen-
tal Table 3). We also attempted to target and quantitate TPM2,
TPM3, andTPM4, as products of these geneswere also identified
in the GeLC–MS/MS analysis of patient serum pools (Supple-
mental Table 2). As is often the case when analyzing complex
matrices such as serum, strong, consistent, interference-free
MRM signals could not be obtained for all desired peptides. The
final MRM assay contained one peptide specific to TPM3, two
peptides specific to TPM4, one peptide shared by TPM2 and
TPM4, and one peptide shared by all four TPM genes (Table 1,
Supplemental Table 3).
42
3.4. Quantitation of TPM and CLIC isoforms in individual
patient serum samples

The levels of TPM and CLIC isoforms in individual patient
samples were quantitated using GeLC-MRM. As in the case for
ELISA assays commonly used to quantitate blood proteins,
equal volumes of serum from each patient were processed in
the same manner for MRM quantitation. We have previously
demonstrated the accuracy, sensitivity, reproducibility, and
linearity of peptide calibration curves of the label-free GeLC-
MRM approach [33]. Specifically, we showed that the overall
analytical pipeline, including duplicate immunodepletions

image of Fig.�3
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and technical replicates were reproducible withmost peptides
displaying CVs of less than 15% [33]. Reproducibility of
major protein depletions and trypsin digestions has also
been demonstrated by others [22,40]. GeLC-MRM quantitation
of the CLIC and TPM peptides and normalized protein values
(see Materials and methods) for individual patient samples
are summarized in Supplemental Table 3. TPM peptide
Fig. 4 – (A) GeLC-MRM quantitation of tropomyosin proteins in no
late-stage (T) ovarian cancer. The following peptides were assign
SLQEQADAAEER, LVIIESDLER, AELSEGQVR); TPM3 (IQVLQQQADDA
LVILEGELER) and TPM-Common (all family members) ([R]IQLVEEEL
normalized individual peptide levels for each protein. Individual pe
(B) Normalized area ratio plots of TPM3/TPM1 and TPM4/TPM1 to v
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amounts were graphically compared across all serum sam-
ples as a first-level test of potential differences across patients
in peptides specific for certain isoforms and those shared
by multiple isoforms both within the TPM1 isoform group
and across gene products (Supplemental Fig. 2). Similarly, the
protein levels (normalized and averaged peptide values) across
patient samples were compared as shown in Fig. 4A. All the
n-cancer individuals (WCS and B series) and individuals with
ed to isoforms: TPM1 variant 6 (ETAEADVASLNR,
EER); TPM4 (AEGDVAALNR, IQALQQQADEAEDR, [K]
DR). Error bars are standard deviations determined from
ptide levels across samples are shown in Supplemental Fig. 2.
isualize differences in protein levels across samples.

image of Fig.�4
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TPM peptides and TPM family members displayed similar
quantitative profiles across serum samples (Supplemental Fig. 2,
Fig. 4A). However, a substantial number of the individual
samples showed substantial differences in pairwise ratios of
TPMs (Fig. 4B), suggesting that different TPMs may have
differing capacities to distinguish ovarian cancer patients from
non-cancer cases. Nevertheless, Spearman's rank correlation
coefficient analysis showed that all tropomyosin peptides
analyzed here are highly correlated within each patient group
with P-values <0.001 (data not shown), indicating a lack of
evidence that specific tropomyosins differ from other isoforms
in being able to distinguish between ovarian cancer and non-
cancer control. Also, if alternative TPM isoforms are present
that were not considered in this study and they share some of
the quantified peptides, their contribution is either minor or
they track with the isoforms quantitated here. Finally, factor
analysis shows that all the tropomyosin isoforms analyzed
here are measuring the same factor (data not shown), which
is consistent with the similar quantitative profiles shown in
Fig. 4A. Since the distribution of all tropomyosin peptides is
similar, the peptide (K)LVILEGELER that is sharedbetweenTPM2
and TPM4 was assigned to TPM4 for the purpose of calculating
the TPM4 protein level.
Fig. 5 – (A) GeLC-MRMquantitation of CLIC1 and CLIC4 proteins in n
late-stage (T) ovarian cancer. Peptides used for quantitation are GV
for CLIC1, and NSRPEANEALER, YLTNAYSR and EVEIAYSDVAK for
Supplemental Figs. 3 (CLIC1) and 4 (CLIC4). Error bars are standard
levels for each protein. (B) Normalized area ratio plots of CLIC1/CLI
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These data show that multiple TPMs that can be detected in
humanovarian cancer patient sera in the present cohort appear
to fluctuate in abundance levels in concert, although some
variations in ratios of family members were observed in
individual samples. To determine whether specific TPM family
members or combinations of TPMs are superior ovarian cancer
biomarkers than TPM1 alone will require testing of additional,
larger patient cohorts. Furthermore, specific TPM family mem-
bers may be more selective for specific clinical applications
such as monitoring responses to de-bulking surgery, therapeu-
tic response, or disease reoccurrence. Supporting this possibil-
ity, preliminary comparisons of biomarkers in patients with
low CA125 levels pre- and post-surgery suggest that TPM3may
be a superior biomarker for this application (data not shown).
Tropomyosin is also known tobemodified by post-translational
modifications suchas acetylation andphosphorylation, and the
influence of post-translationally modified forms in ovarian
cancer diagnosis also could be tested.

GeLC-MRM quantitative results for CLIC1 and CLIC4 protein
levels also are shown in Fig. 5, and individual peptide levels are
shown in Supplemental Figs. 3 and 4. Similar to TPM isoforms,
the normalized area ratio plots between the two CLIC proteins
show considerable variations for some of the samples. As
on-cancer individuals (WCS and B series) and individualswith
TFNVTTVDTK, LAALNPESNTAGLDIFAK and NSNPALNDNLEK
CLIC4. Individual peptide levels across samples are shown in
deviations determined from normalized individual peptide
C4 to visualize differences in protein levels across samples.
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175J O U R N A L O F P R O T E O M I C S 8 9 ( 2 0 1 3 ) 1 6 5 – 1 7 8
expected, since the same patient samples were used, CLIC1
results were similar to previously reported results for this
protein [21]. The moderate differences observed between the
two sets of label-free measurements are expected, since the
assays were performed at different times and on different
instruments. That is, previous analyses were performed on an
AB SCIEX 4000 QTRAP and the current results were from amore
sensitive AB SCIEX 5500 QTRAP instrument. The CLIC1 mea-
surements were repeated here to provide a direct comparison
to CLIC4. For both CLIC proteins, all peptides from the same
protein showed similar distributions among the individual
patient samples (Supplemental Figs. 3 and 4), indicating that
the MRM signals used for quantitation were derived from the
same protein and quantitation was not appreciably affected by
interfering signals.

3.5. CLIC and TPM isoforms can distinguish EOC from
non-cancer cases

The capacities of the CLIC and TPM isoforms to distinguish EOC
cases were assessed using the GeLC-MRM quantitation data
(Supplemental Table 3). A two-way comparison between the
non-cancer and cancer groups using scatter plots and the
Fig. 6 – Scatter plots showing GeLC-MRM quantitation of the CLIC
ovarian cancer patients (n = 18). P-values were calculated using
Horizontal bars in each group indicate the median serum level o
isoform are shown in Fig. 4.
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Mann–Whitney test showed that all isoforms could significantly
distinguish (P < 0.05) between cancer and non-cancer (Fig. 6).
Basedon the P-value, CLIC4 appeared to be the best candidate in
distinguishing cancer from non-cancer and TPM3 was the
weakest, although this relative ranking could easily change as
additional patients are tested. Future analysis of larger cohorts
will allow us to more definitively identify which proteins in
these two protein families can most reliably distinguish non-
cancer from ovarian cancer.

To evaluate the potential diagnostic efficacy for each of
these proteins, receiver operating characteristic (ROC) curve
analyses were performed on the non-cancer and cancer
groups (Fig. 7). Consistent with the Mann–Whitney test,
CLIC4 showed the largest area under the curve (AUC) and
TPM3 showed the lowest area. In future studies of larger
patient cohorts, we plan to test these CLIC and TPM homologs
in parallel with other biomarkers to identify optimal biomark-
er combinations that may outperform any single biomarker
for detection and clinical monitoring of EOC.

To our knowledge, the plasma levels of CLIC4 and products
of different TPM genes have not been reported previously in
serum from ovarian cancer patients. CLIC4 is an interesting
multifunctional protein that has been shown to be highly
and TPM isoforms in non-cancer controls (n = 15), and
the Mann–Whitney test with Bonferroni adjustment.
f the protein. Peptides associated with each tropomyosin

image of Fig.�6


Fig. 7 – ROC curves of the CLIC and TPM isoforms. ROC curves were generated from non-cancer controls and ovarian cancer
patients' datasets. The area under the ROC curve is indicated for each candidate. The peptides associated with each
tropomyosin isoform are shown in Fig. 4.
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expressed in ovarian cancer stroma and may play an im-
portant role in cancer development [41,42]. Since CLIC4 has
the highest AUC of any of the biomarkers reported here or in
our previous xenograft mouse biomarker validation study
[21], it may be the best biomarker within this group, but this
must be confirmed in further studies. The tropomyosins are a
family of actin filament-binding proteins that have a well-
defined central role in regulating muscle contraction and
cytoskeletal organization in non-muscle cells. Decreased
expression of specific TPMs has been commonly associated
with the transformed phenotype and has been reported for
cancer cells and tissues, including EOC [43–45]. The serological
levels of TPMs have not been well studied, although high
plasma levels of TPM4 have been associated with asbestos
exposure [46] and increased levels of TPM serum antibodies
were observed in colorectal cancer patients [47].

Although these proteins show substantial promise as
EOC biomarkers, the performance of these markers for
early detection and/or clinical management of disease after
initial diagnosis must be determined in larger cohorts
collected from different sites, longitudinal prediagnostic
46
blood specimens, and specimens collected throughout the
therapeutic treatment.
4. Conclusions

In the current study, we assessed the potential utility of
multiple CLIC and TPM family members as serological bio-
markers of ovarian cancer. We demonstrated that quantita-
tive MRM assays could be set up to distinguish between all
gene products in these families that were detectable in pools
of ovarian cancer patient sera. Although in the case of very
complex protein families with many highly homologous gene
products and isoforms, the presence of additional highly
homologous isoforms could not be ruled out. Nonetheless, by
using a combination of unique and shared peptides together
with correlation and factor analysis, we determined that any
unidentified isoforms either do not occur at a significant level
or change in parallel with the isoforms explicitly defined by
unique peptides. In summary, we found that in addition to the
previously identified CLIC1, CLIC4 and all four TPM gene
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products (TPM1, TPM2, TPM3, and TPM4) are significantly
elevated in ovarian cancer patients compared with non-
cancer controls. Further testing of larger patient cohorts
is needed to determine whether the multiple CLIC and TPM
family members consistently correlate with each other. The
differing ratios of family member pairs indicate incomplete
correlation and suggest that specific family members may be
superior for specific biomarker applications.
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Introduction

Enhancer of zeste homolog 2 (EZH2) is the catalytic subunit of 
polycomb repressive complex 2 (PRC2), which plays an impor-
tant role in epigenetic gene silencing.1,2 PRC2 functions to silence 
gene expression by tri-methylating the lysine 27 residue of his-
tone H3 (H3K27) associated with target genes.1,2 EZH2 has been 
shown to target genes involved in a variety of biological processes, 
such as cell proliferation and apoptosis.3 Epithelial ovarian cancer 
(EOC) is currently the deadliest of all gynecological cancers,4 
highlighting the urgent need to identify new targets for devel-
oping therapeutics for EOC. EOCs are classified into distinct 
histological types, including serous, mucinous, endometrioid and 
clear cell. The most common histology of EOC is serous (~60% 
of all cancers).5 Recently, an alternative classification has been 
proposed, in which EOC is broadly divided into two types.6 Type 

Inhibitors of eZH2 methyltransferase activity have been demonstrated to selectively suppress the growth of diffused 
large B cell lymphoma (DLBCL) cells with gain-of-function mutations in eZH2, while exhibiting very limited effects 
on the growth of DLBCL cells with wild-type eZH2. Given that eZH2 is often overexpressed but not mutated in solid 
tumors, it is important to investigate the determinants of sensitivity of solid tumor cells to eZH2 inhibitors. In the current 
study, we show that three-dimensional (3D) culture of epithelial ovarian cancer (eoC) cells that overexpress eZH2 
sensitizes these cells to eZH2 methyltransferase inhibition. treatment of eoC cells with GSK343, a specific inhibitor of 
eZH2 methyltransferase, decreases the level of H3K27Me3, the product of eZH2’s enzymatic activity. However, GSK343 
exhibited limited effects on the growth of eoC cells in conventional two-dimensional (2D) culture. In contrast, GSK343 
significantly suppressed the growth of eoC cells cultured in 3D matrigel extracellular matrix (eCM), which more closely 
mimics the tumor microenvironment in vivo. Notably, GSK343 induces apoptosis of eoC cells in 3D but not 2D culture. 
In addition, GSK343 significantly inhibited the invasion of eoC cells. In summary, we show that the 3D eCM sensitizes 
eoC cells to eZH2 methyltransferase inhibition, which suppresses cell growth, induces apoptosis and inhibits invasion. 
our findings imply that in eZH2 wild-type solid tumors, the eCM tumor microenvironment plays an important role in 
determining sensitivity to eZH2 inhibition and suggest that targeting the eCM represents a novel strategy for enhancing 
eZH2 inhibitor efficacy.

Three-dimensional culture sensitizes epithelial 
ovarian cancer cells to EZH2 methyltransferase 

inhibition
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I EOC includes mucinous, low-grade serous, low-grade endome-
trioid and clear cell carcinomas, and type II EOC includes high-
grade serous carcinomas, which is the most lethal histosubtype.6 
EZH2 is often overexpressed in all histosubyptes of EOCs, and 
its expression promotes cell proliferation and invasion, inhib-
its apoptosis and enhances angiogenesis in EOCs.7,8 Therefore, 
inhibiting EZH2/PRC2 activity might represent an attractive 
strategy for developing urgently needed EOC therapeutics.9

Normal epithelial tissues exist as well-organized polarized 
single cell layers regulated by the surrounding microenvironment 
and extracellular matrix (ECM).10-12 During cancer progression 
this organization is disrupted as cancer cells proliferate and invade 
into the ECM.12,13 Significantly, this process is not well replicated 
in the conventional two-dimensional (2D) tissue culture envi-
ronment that is often used to assay potential therapeutics. It has 
been shown that non-transformed epithelial cells cultured with 
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the invasion of human EOC cells. These data establish that 3D 
ECM plays an important role in determining the sensitivity of 
EOC cells to EZH2 inhibitors and imply that EZH2 methyl-
transferase activity promotes aberrant 3D phenotypes in EOC 
cells.

Results

EZH2 inhibitor exhibited limited effects on the growth of 
human EOC cells under conventional 2D monolayer cul-
ture. Compared with normal human ovarian surface epithelial 
(HOSE) cells, EZH2 is expressed at a higher level in EOC cell 
lines (Fig. 1A). Consistently, the levels of H3K27Me3, the prod-
uct of EZH2 methyltrasferase enzymatic activity,1 are also higher 
in EOC cells compared with HOSE cells (Fig. 1B). We sought to 
determine the effects of GSK343 on the malignant phenotypes 
of EOC cells. Toward this goal, we titrated GSK343 concentra-
tion in two EOC cells lines that express high levels of EZH2, 
OVCAR10 and SKOV3 (Fig. S1A and B). We observed a dose-
dependent decrease in the level of H3K27Me3 in cells treated 

reconstituted basement membrane form hollow, growth-arrested, 
polarized three-dimensional (3D) structures that have many fea-
tures of epithelial cells grown in vivo.12,14 Tumorigenic cells cul-
tured in the same way often form large, solid, proliferating and 
invasive structures characteristic of in vivo tumors.12 These 3D 
models have led to powerful insights into tumor growth, behav-
ior and drug responses that would not be possible in conventional 
2D monolayer cultures.11

GSK343 is a cofactor S-(S'-adenosyl)-L-methionine competi-
tive EZH2 methyltransferase inhibitor.15 Notably, GSK343 is 
highly selective for EZH2 over a number of other methyltrans-
ferases such as SUV39H1 and G9a, with selectivity greater than 
1,000-fold.15 Here we examined the effects of GSK343 on the 
growth and invasion of human EOC cells. Interestingly, our data 
indicates that EZH2 inhibition is significantly more potent in 
suppressing the growth of EOC cells in 3D, which more closely 
mimics the tumor microenvironment in vivo compared with con-
ventional 2D monolayer culture.11 In addition, we show that this 
correlates with induction of apoptosis of human EOC cells in 3D 
but not 2D cultures. Further, we show that GSK343 suppresses 

Figure 1. the eZH2 inhibitor GSK343 exhibits limited effects on the growth of human eoC cells under conventional 2D monolayer culture. (A) expres-
sion of eZH2 and β-actin in two individual batches of normal human ovarian surface epithelial (HoSe) cells and indicated human eoC cell lines was 
determined by immunoblotting. (B) Same as (A) but for H3K27Me3 and histone H3 expression determined by immunoblotting. (C) expression of 
H3K27Me3, H3K9Me3 and histone H3 was determined in the indicated eoC cell lines by immunoblotting after 3 d of treatment with GSK343 (1 μM) or 
vehicle control (0.1% DMSo). (D) Same as (C) but for eZH2 and β-actin expression determined by immunoblotting. (E–G) Cell growth curves for oV-
CAR10, UpN289 and SKoV3 cell lines treated with GSK343 (1 μM) or vehicle control (0.1% DMSo) over 12 d. Media was changed and cells counted every 
3 d, time points represent the mean of three independent experiments with SD, *p < 0.05.
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12 d, GSK343 had minimal to no effects on the growth of 
UPN289 and SKOV3 cells (Fig. 1E–G). Similarly, we observed 
that GSK343 has no statistically significant effects on the growth 
of EOC cells with relatively low EZH2 expression, such as 
OVCAR3, OVCAR5 and PEO1 (Fig. S1C–E), despite efficient 
reduction of H3K27Me3 levels (Fig. S1F). This suggests that the 
inability of GSK343 to suppress the growth of EOC cells is not 
due to variations in the levels of EZH2 expression. Based on these 
results, we conclude that EZH2 inhibitor has limited effects on 
the growth of human EOC cells under conventional 2D mono-
layer culture.

EZH2 inhibitor significantly suppresses the growth of 
human EOC cells in 3D cultures. It is well established that the 
tumor microenvironment and ECM play an important role in 
regulating tumor phenotypes, in part through epigenetic mecha-
nisms.17 Accordingly, 3D culture utilizing ECM components is 
often used to mimic the in vivo tumor microenvironment.10 We 
hypothesized that cellular interactions with the ECM might reg-
ulate the effects that EZH2 inhibition has on EOC cells. Thus, 
we sought to determine the effects of GSK343 on the growth of 
EOC cells in 3D cultures using a Matrigel basement membrane 
ECM. Significantly, we observed that GSK343 suppressed the size 
of acini formed by EOC cell lines (Fig. 2A and B). In addition, 
we observed that treatment of EOC cells with GSK343 resulted 

with GSK343 and a > 90% reduction in the level of H3K27Me3 
in EOC cells treated with 1 μM GSK343 for 72 h (Fig. 1C; 
Fig. S1A and B). In contrast, levels of H3K9Me3, which are gen-
erated by different histone methyltransferases such as SUV39H1 
and SETDB116 were not affected by GSK343 (Fig. 1C). This 
further demonstrates the specificity of GSK343 as an EZH2 
methyltransferase inhibitor. Notably, GSK343 treatment had 
no appreciable effect on EZH2 expression (Fig. 1D; Fig. S1A 
and B), suggesting that the effects observed in GSK343 treated 
cells are not due to loss of EZH2 expression. Together, we con-
clude that the EZH2 inhibitor GSK343 efficiently decreases the 
level of H3K27Me3 in EOC cells.

Expression of EZH2 positively correlates with markers of cel-
lular proliferation in primary EOC specimens, and its knock-
down suppresses the growth of human EOC cells.7 Thus, we 
sought to determine the effects of GSK343 on growth of EOC 
cells with high EZH2 expression, such as OVCAR10, UPN289 
and SKOV3, under conventional 2D monolayer cultures. We 
treated these EOC cells with 1 μM GSK343 for a period of 
12 d, with fresh treatment every 3 d, because we observed a > 
90% reduction of H3K27Me3 levels in these cells after 3 d of 
GSK343 treatment (Fig. 1C; Fig. S1A and B). Interestingly, 
although treatment with GSK343 resulted in a minor but sta-
tistically significant decrease in growth of OVCAR10 cells over 

Figure 2. the eZH2 inhibitor GSK343 significantly suppresses the growth of human eoC cells in 3D cultures. (A) Indicated eoC cells were cultured in 
3D Matrigel and treated with GSK343 (1 μM) or vehicle control (0.1% DMSo) for 12 d. 3D acini were examined by phase contrast (top) or stained with 
the nuclei fluorescence dye DApI (bottom). Note differences in acini size and shape. Arrows indicate examples of invasive structures observed in eoC 
3D cultures. (B) Quantification of acini size formed by the indicated eoC cells treated with GSK343 (1 μM) or vehicle control (0.1% DMSo) after 12 d of 
growth in Matrigel. Mean of three independent experiments with SD, *p < 0.05. (C) Same as (A) but stained for Ki-67 expression Bar = 40 μm. (D) Quan-
tification of (C). Ki-67 positive staining cells in the indicated eoC cells treated with GSK343 (1 μM) or vehicle control (0.1% DMSo) after 12 d of growth in 
Matrigel. Numbers represent mean number of cells counted in 5 acini for each condition. Mean of three independent experiments with SD, *p < 0.05.
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in 2D vs. 3D conditions using flow cytometry. 
Consistent with the idea that GSK343 induces 
apoptosis of EOC cells in 3D culture, we observed 
a significant increase of sub-G

1
 phase population 

in GSK343-treated SKOV3 cells compared with 
controls (Fig. 4A–C). In contrast, there were no 
effects of GSK343 on sub-G

1
 population of EOC 

cells cultured in 2D conditions (Fig. 4A–C). 
Indeed, the percentage of Annexin V-positive 
cells was increased by GSK343 treatment com-
pared with controls (Fig. 4D and E). This fur-
ther supports the notion that GSK343 induces 
apoptosis of EOC cells cultured in 3D. In con-
trast, GSK343 failed to increase the percentage 
of Annexin V positivity in EOC cells cultured in 
2D (Fig. 4D and E). In addition, we observed 
that there was a significant decrease in G

2
/M 

phase of the cell cycle in EOC cells treated with 
GSK343 compared with controls in 3D but not 
2D culture conditions (Fig. 4A–C). This is con-
sistent with our observation that expression of cell 

proliferation marker Ki-67 is decreased by GSK343 in 3D cul-
tures (Fig. 2C and D). In contrast, a decrease in G

2
/M phase of 

the cell cycle is not observed in conventional 2D cultures treated 
with GSK343 (Fig. 4A–C). Similarly, we observed an increase in 
sub-G

1
 phase and a decrease in G

2
/M phase of the cell cycle in 

GSK343-treated OVCAR10 and UPN289 EOC cells cultured 
in 3D conditions (Fig. S3), suggesting that the observed effects 
are not cell line-specific. Interestingly, GSK343 significantly 
decreases the S phase population of the cells in OVCAR10 cells 
in 2D cultures (Fig. S4). This is consistent with the observed 
minor suppression of growth by GSK343 in OVCAR10 cells 
in 2D cultures (Fig. 1D). However, GSK343 has no significant 
effects on cell cycle distribution of UPN289 or SKOV3 cells in 
2D cultures (Fig. 4; Fig. S4), which is consistent with the obser-
vation that GSK343 does not significantly affect the growth of 
these cells in 2D cultures (Fig. 1F and G). Taken together, we 
conclude that EZH2 inhibition induces apoptosis and decreases 
the G

2
/M phase population of EOC cells in 3D, but not 2D cul-

tures. These results suggest that cell interactions with the ECM 
in the tumor microenvironment play an important role in deter-
mining the efficacy of EZH2 inhibitors.

We next sought to determine the effects of GSK343 on the 
expression of PRC2/H3K27Me3 target genes in human EOC 
cells. It has previously been established that HRK, a pro-apop-
totic PRC2/H3K27Me3 target gene, plays a key role in regulat-
ing apoptosis of EOC cells induced by decreasing H3K27Me3 
levels in these cells.18 Thus, we determined the effects of GSK343 
on the expression of HRK in 2D vs. 3D cultures. Indeed, we 
observed a significant upregulation of HRK in EOC cells treated 
with GSK343 in 3D cultures but not in 2D cultures (Fig. 4F 
and G). Notably, upregulation of HRK by GSK343 was observed 
in multiple EOC cell lines (Fig. 4F and G), suggesting that this 
is not a cell line-specific effect. From these results, we conclude 
that EZH2 inhibition upregulates the pro-apoptotic H3K27Me3 
target gene HRK in 3D cultures.

in a more compact acini structure that is characteristic of normal 
epithelial cells with decreased appearance of invasive character-
istics (Fig. 2A). Furthermore, when acini were stained for Ki-67, 
a marker of cell proliferation, we observed a significant decrease 
in Ki-67-positive cells in GSK343-treated cells compared with 
controls (Fig. 2C and D). Indeed, cell number was also decreased 
by GSK343 in 3D cultures (Fig. S2). Similar observations were 
made using multiple EOC cell lines (Fig. 2), suggesting that the 
observed effects are not cell line-specific. Together, we conclude 
that EZH2 inhibition suppresses the growth of human EOC 
cells in 3D culture conditions.

EZH2 inhibitor suppresses the invasion of human EOC 
cells. Since we observed a decrease in the appearance of inva-
sive characteristics in GSK343-treated EOC cells under 3D cul-
ture conditions (Fig. 2A), we next sought to directly determine 
the effects of GSK343 on the invasion of human EOC cells. 
Indeed, GSK343 significantly inhibited the invasion of SKOV3 
EOC cells as determined by a Boyden chamber assay (Fig. 3A 
and B). Interestingly, while GSK343 inhibited the invasion of 
SKOV3 EOC cells, it does not statistically affect the migration of 
SKOV3 cells (Fig. 3A and B). This is consistent with the report 
that EZH2 knockdown suppresses the invasion of human EOC 
cells while having no effects on the migration of these cells.7 
Notably, GSK343 has no appreciable effects on the growth of 
human SKOV3 cells in 2D (Fig. 1), suggesting that the observed 
effects are not due to a decrease in the proliferation of these 
cells. Inhibition of invasion was also observed in UPN289 and 
OVCAR10 EOC cells (Fig. S3), suggesting that these effects are 
not cell line-specific. Based on these results, we conclude that 
EZH2 inhibition suppresses the invasion of human EOC cells.

EZH2 inhibitor induces apoptosis of EOC cells in 3D but 
not 2D culture conditions. We next sought to determine the 
mechanism by which GSK343 inhibits the growth of human 
EOC cells in 3D but not 2D culture conditions. Toward this 
goal, we preformed cell cycle distribution analysis on cells grown 

Figure 3. the eZH2 inhibitor GSK343 suppresses invasion of human eoC cells. (A) equal 
number of SKoV3 cells treated with 1 μM GSK343 or vehicle control (0.1% DMSo) were 
assayed for migration through uncoated control membrane or invasion through Matrigel-
coated membrane. the cells migrated through control membrane or invaded through 
Matrigel-coated membrane were stained with 1% crystal violet in pBS. (B) Quantification 
of (A). Number of SKoV3 cells migrated through control membrane or invaded through 
Matrigel-coated membrane. Numbers represent mean of three independent experi-
ments. *p < 0.05.
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prostate cancer cells.23,24 The ECM is known to play a critical 
role in regulating cell growth, therefore it is plausible that EZH2 
inhibitors restrain the growth of tumor cells in 3D by repress-
ing their ability to remodel the ECM.25,26 In addition, integrins 
are cell-surface receptors that regulate adhesion of tumor cells to 
the ECM, and certain integrin genes, whose expression is known 
to suppress cell proliferation, are regulated by EZH2.27 Thus, it 
is also possible that EZH2 inhibition may alter the interaction 
between tumor cells and ECM to restrain the proliferation of 
tumor cells. Regardless, it is likely that EZH2 methyltransfer-
ase activity regulates the way cells interact with ECM, which 
is responsible for the efficacy of EZH2 inhibitors like GSK343 
observed in 3D culture.

It has previously been demonstrated that GSK343 displays 
high clearance rate in pharmacokinetic studies,15 which prevented 
us from testing its effects in vivo in an animal model. Here we 
utilized an in vitro 3D model for tumor growth that bridges 
the gap between animal models and traditional monolayer cul-
tures that lack important determinants of cell growth and treat-
ment response such as the ECM tumor microenvironment.10 In 
addition, similar effects are also observed using another EZH2 
inhibitor, namely GSK926 (data not shown),15 suggesting that 
the observed effects are not unique to GSK343. Together, these 

Discussion

There is no evidence of EZH2 mutation in EOCs based on the 
recently released The Cancer Genome Atlas (TCGA) ovarian 
cancer database (http://tcga-data.nci.nih.gov/).19 In addition, 
based on the TCGA ovarian database, EZH2 gene amplification 
(> 4 copy) is rare (~2%) in EOC.19 However, EZH2 is often over-
expressed in EOCs.7,8,18 In this study, we found that inhibition 
of EZH2 methyltransferase activity by GSK343 had little effect 
on the growth of human EOC cells in conventional 2D cultures 
(Fig. 1). This is consistent with the multiple reports in diffuse 
large B cell lymphoma (DLBCL), where, although EZH2 inhibi-
tors are similarly effective in decreasing H3K27Me3 levels in 
both EZH2 wild-type overexpressed and mutant DLBCL cells, 
EZH2 mutant DLBCL cells are selectively growth-inhibited 
by EZH2 inhibitors.20-22 Significantly, we show that growth of 
human EOC cells in 3D Matrigel ECM significantly sensitizes 
them to the effects of EZH2 inhibition (Fig. 2). In the context 
of solid tumors, our present study suggests that the ECM in the 
tumor microenvironment plays an important role in determining 
the sensitivity of cancer cells to EZH2 inhibitors. Interestingly, 
EZH2 has been shown to play an active role in ECM remodel-
ing by repressing the expression of ECM-regulating enzymes in 

Figure 4. the eZH2 inhibitor GSK343 induces apoptosis and decreases the G2/M phase population of eoC cells cultured in 3D conditions. (A) Represen-
tative cell-cycle distribution as determined by FACS analysis for SKoV3 cells treated with 1 μM GSK343 (red) or 0.1% DMSo vehicle control (blue) after 4 
d of growth on tissue culture plastic (left) or in Matrigel (right). (B) Quantitation of (A). the percentage of sub-G1, G1, S and G2/M of SKoV3 cells treated 
with 1 μM GSK343 (black bars) or 0.1% DMSo vehicle control (white bars) after 4 d of growth in 2D monolayer culture. Mean of three independent 
experiments with SD. (C) Same as (B) but for cells cultured in 3D in Matrigel. Mean of three independent experiments with *p < 0.05. (D) Same as (B 
and C) but stained for Annexin V, a marker of apoptosis. percentage of Annexin V positive cells was indicated. (E) Quantification of (D). Mean of three 
independent experiments with SD, *p < 0.05. (F and G) Same as (B and C) but examined for relative HRK expression in the indicated eoC cells treated 
with 1 μM GSK343 (black bars) or 0.1% DMSo vehicle control (white bars) after 4 d of growth in 3D in Matrigel as determined by q-Rt pCR. Numbers 
represent expression relative to β-2-microglobulin (B2M) expression. Mean of three independent experiments with SD, *p < 0.05.
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Structure Genomics Consortium (SGC Toronto, M5G1L7). 
GSK343 was dissolved in DMSO at a stock concentration of 5 
mM. Human EOC cell lines OVCAR3, OVCAR5, OVCAR10, 
UPN 289, SKOV3 and PEO1 cells were described previously7 
and were maintained in RPMI-1640 medium, supplemented 
with 10% fetal bovine serum, penicillin (100 units/mL) and 
streptomycin (100 μg/mL). The following antibodies from the 
indicated suppliers were used: anti-EZH2 (BD Biosciences), 
anti-histone H3 (Millipore), anti-H3K9Me3 (AbCam), anti-
H3K27Me3 (Cell Signaling), anti-β-actin (Sigma-Aldrich), 
anti-Ki-67 (Dako).

Cell proliferation assay. 1 x103 cells were plated in triplicate 
per well in a 12-well plate. Cells were treated the next day, day 0, 
with RPMI-1640 media supplemented with 10% FBS with either 
vehicle control (DMSO) or 1 μM of GSK343. Every 3 d for 12 d 
total, cells were trypsinized and counted using a hemocytometer. 
At the end of the experiments, the control cells reach ~90% of 
confluence.

Matrigel invasion assay. BD BioCoat™ Matrigel™ Invasion 
Chamber was used to measure cell invasion according to man-
ufacturer’s instruction and described previously.7 Briefly, EOC 
cells were treated with either vehicle control (DMSO) or 1 μM 
GSK343 for 48 h. Cells were allowed to invade for 48 h toward 
5% FBS and 2 ng/ml EGF (Invitrogen) and were subsequently 
fixed with 4% formaldehyde and stained with 0.05% crystal 
violet in PBS. The number of cells that migrated across control 
membrane or invaded through Matrigel-coated membrane was 
determined in four fields in rectangle across each membrane.

3D cell culture and immunofluorescence staining. 3D 
culture of EOCs was adapted from previously published meth-
ods for breast epithelial cell lines.14 Briefly, 40 μL of growth 
factor reduced-Matrigel (GFR-Matrigel™; BD Biosciences) 
was pipetted into each well of an 8-well chamber slide (BD 
Biosciences). Single-cell suspensions of each cell lines (400 μL 
of 1 × 104 cells/mL) in RMPI-1640 supplemented with 5% FBS, 
2 ng/ml of EGF (Invitrogen), 3% Matrigel and either vehicle 
control (DMSO) or drug was pipetted into each pre-coated 
well. Matrigel media with either vehicle control (DMSO) or 
drug was changed every 3 d and cells were grown for 12 d 
total. Immunofluorescence was performed on day 12 by fixing 
samples in 2% paraformaldehyde, permeabilizing in 2% para-
formaldehyde with 0.5% Triton-X. Samples were incubated 
with primary antibodies for 2 h at room temperature, highly 
cross absorbed secondary antibodies (Invitrogen) for 1 h at 
room temperature and mounted with prolong anti-fade reagent 
(Invitrogen).

Flow cytometry. Briefly, 1 × 105 cells were either plated 
directly into each well of a 12-well plate and treated with either 
vehicle control (DMSO) or 1 μM GSK343 (for 2D), or plated 
into a well of a 12-well plate that was pre-coated with 120 μl of 
Matrigel and treated either vehicle control (DMSO), or 1 μM 
GSK343 (for 3D). Cells were grown in RMPI-1640 supple-
mented with 5% FBS, 2 ng/ml of EGF (Invitrogen), cells in 3D 
were also supplemented with 3% Matrigel. Cells were analyzed 
on day 4. To release cells from 3D cultures, cells were treated 
with ice-cold trypsin for 10 min, and Matrigel was disrupted 

findings suggest that strategies to alter ECM in tumor microen-
vironment may enhance the tumor-suppressive activity of EZH2 
inhibitors. Notably, previous studies have demonstrated that 2D 
vs. 3D culture conditions lead to different sensitivity of cancer 
cells to cytotoxic drugs such as PI3K inhibitor LY294002, where 
cancer cells are more sensitive to cytotoxic drugs in 2D compared 
with 3D culture conditions.28

Notably, EZH2 inhibition decreases the invasive character-
istics of human EOC cells in 3D cultures (Fig. 2A) and in the 
classical Boyden chamber assay, while it has no significant effects 
on the migration of these cells (Fig. 3). Consistently, it has previ-
ously been demonstrated that EZH2 knockdown suppresses the 
invasion of human EOC cells, while having no effects on the 
migration of human EOC cells.7 Together, these data are con-
sistent with the idea that EZH2 plays an important function in 
regulating how tumor cells interact with the surrounding ECM 
to promote the invasion of human EOC cells. Thus EZH2 
inhibitors may represent a potential therapeutic tool to reverse 
this phenotype.

EZH2 knockdown will have global effects on a cell in many 
biological processes. For example, EZH2 knockdown by short 
hairpin RNA is known to inhibit cell growth, induce apopto-
sis and suppress invasion of human EOC cells under conven-
tional 2D cultures.7,8 This correlates with a decrease in the level 
of H3K27Me3 in these cells.7,8 However, we found that EZH2 
inhibitor exhibited very limited effects on cell growth and apop-
tosis of EOC cells in 2D monolayer cultures (Fig. 1; Fig. S1). This 
suggests that additional methyltransferase-independent function 
of EZH2 may account for the knockdown phenotype observed 
under 2D cultures. Significantly, we show that growth in a 3D 
Matrigel ECM model sensitizes human EOC cells to EZH2 inhi-
bition to induce growth inhibition and apoptosis (Figs. 2 and 4). 
These results suggest that cancer therapeutics which show little 
efficacy in conventional 2D models may still have therapeutic 
benefit within the ECM tumor microenvironment. Together, 
these findings show that EZH2 methyltransferase activity is 
required to promote cell growth and suppress apoptosis in the 
context of the solid tumor microenvironment. Furthermore, they 
suggest that targeting the ECM in the tumor microenvironment 
is a novel strategy to enhance the tumor-suppressive effects of 
EZH2 inhibition. They also imply that EZH2 inhibitors have 
the potential to be developed as a novel EOC therapeutics, which 
are urgently needed. Toward this goal, our future studies will 
investigate how the ECM tumor microenvironment enhances the 
tumor-suppressive effects of EZH2 inhibitors in EOC. In addi-
tion, it will be important to profile the changes in gene expression 
and, in particular, changes in the expression of direct EZH2 tar-
get genes in EOC cells cultured in 2D vs. 3D conditions induced 
by EZH2 inhibitors. The expression pattern of these genes could 
serve as potential biomarkers for predicting the response of solid 
tumors, such as EOC to EZH2 inhibitors.

Materials and Methods

EZH2 inhibitor, antibodies and cell culture. EZH2 meth-
yltransferase inhibitor GSK343 was obtained through the 
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Expression of the housekeeping gene β-2-microglobulin was used 
to normalize mRNA expression.
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with a wide orifice pipette. For cell cycle analysis, cells were pel-
leted by centrifugation at 200 g at 4°C for 5 min, washed with 
ice cold PBS and fixed in 1 ml of ice-cold 70% ethanol for 60 
min. The cells were then centrifuged, washed in 1 ml PBS and 
resuspended in 0.5 ml propidium iodide solution with RNase 
(Sigma) and incubated for 30 min at 37°C. Cells were then ana-
lyzed for DNA content using a BD LSR14 Flow Cytometer. For 
Annexin-V analysis, cells were pelleted by centrifugation at 200 
g at 4°C for 5 min, washed and resuspended at 2 × 106 cells/
ml in fresh media. One hundred μl of cells were then added to 
three wells of a 96-well plate. Cells were incubated with 100 μl 
of Guava Nexin Reagent for 20 min at RT and analyzed on the 
Guava system.

RNA isolation and qRT-PCR. RNA was isolated using Trizol 
(Invitrogen) according to manufacturer’s instruction. For quan-
titative real-time PCR (qRT-PCR), Trizol-isolated RNA was 
further purified using an RNeasy kit (Qiagen) following manu-
facture’s instruction. The primers for HRK genes used for qRT-
PCR are: forward: 5'-GCAACAGGTT GGTGAAAACC CT-3' 
and reverse: 5'-ATTGGGGTGT CTGTTTCTGC AGC-3'. 
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SUMMARY

Oncogene-induced senescence is characterized by
a stable cell growth arrest, thus providing a tumor
suppression mechanism. However, the underlying
mechanisms for this phenomenon remain unknown.
Here,weshow that adecrease indeoxyribonucleotide
triphosphate (dNTP) levels underlies oncogene-
induced stable senescence-associated cell growth
arrest. The decrease in dNTP levels is caused by
oncogene-induced repression of ribonucleotide
reductase subunit M2 (RRM2), a rate-limiting protein
in dNTP synthesis. This precedes the senescence-
associated cell-cycle exit and coincides with the
DNA damage response. Consistently, RRM2 down-
regulation is both necessary and sufficient for senes-
cence. Strikingly, suppression of nucleotide meta-
bolism by RRM2 repression is also necessary for
maintenance of the stable senescence-associated
cell growth arrest. Furthermore, RRM2 repression
correlates with senescence status in benign nevi and
melanoma, and its knockdown drives senescence of
melanoma cells. These data reveal the molecular
basis whereby the stable growth arrest of oncogene-
induced senescence is established and maintained
through suppression of nucleotide metabolism.
INTRODUCTION

Cellular senescence is defined as a state of stable cell growth

arrest (Campisi, 2005). Activation of oncogenes, such as RAS,

in normal mammalian cells typically triggers oncogene-induced

senescence (OIS) (Yaswen and Campisi, 2007), which is a

bona fide tumor suppressor mechanism in vivo (Campisi and
1252 Cell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors
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d’Adda di Fagagna, 2007). For example, benign nevi formed by

human melanocytes that have undergone OIS are thought to

suppress melanomagenesis (Mooi and Peeper, 2006). Although

known to be important for tumor suppression, to date, the mo-

lecular mechanism underlying the stable OIS-associated cell

growth arrest remains unknown.

Oncogenic signaling triggers cellular senescence via various

senescence effectors. In particular, senescence induced by acti-

vated oncogenes such as RAS is characterized by a sustained

DNA damage response (DDR) triggered by aberrant DNA repli-

cation during the S phase of the cell cycle (Bartkova et al.,

2006; Di Micco et al., 2006). This ultimately activates the p53/

p21 and p16/pRB pathways (Serrano et al., 1997). Activation of

these signaling pathways cultivates the expression of markers

of senescence such as senescence-associated heterochromat-

in foci (SAHF), which are specialized domains of facultative het-

erochromatin that contribute to senescence by silencing prolifer-

ation-promoting genes (Narita et al., 2003; Zhang et al., 2007a),

and increased senescence-associated b-galactosidase (SA-

b-gal) activity (Dimri et al., 1995).

Cellular deoxyribonucleotide triphosphate (dNTP) levels play a

key role in regulating DNA replication and, consequently, cell

proliferation (Reichard, 1988). However, whether changes in

the nucleotide metabolic pathway play a role in regulating

OIS-associated stable cell growth arrest has never been investi-

gated. Ribonucleotide reductase (RNR) plays a key role in dNTP

biogenesis (Nordlund and Reichard, 2006). RNR is a tetrameric

complex consisting of two large catalytic subunits (termed

RRM1) and two small regulatory subunits (RRM2 or p53R2) (Nor-

dlund and Reichard, 2006). Notably, RRM2 is the regulatory sub-

unit that controls dNTP synthesis during the S phase of the cell

cycle, whereas RRM1 is present throughout the cell cycle (Eng-

ström et al., 1985). Importantly, RRM2 expression is rate-limiting

for RNR activity (Nordlund and Reichard, 2006). In contrast,

p53R2 is involved in supplying dNTPs for DNA repair and mito-

chondrial DNA synthesis in the G0/G1 phase of the cell cycle

(Håkansson et al., 2006). Whether RRM2 plays a role in
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regulating OIS, which is characterized by aberrant DNA replica-

tion, the DDR, and a stable cell growth arrest, has never been

investigated.

Here, we report that a decrease in dNTP levels underlies the

establishment and maintenance of the stable OIS-associated

cell growth arrest. We show that addition of exogenous nucleo-

sides is sufficient to overcome OIS-associated cell growth

arrest, which correlates with suppressing aberrant DNA replica-

tion and inhibiting the DDR. Mechanistically, we discovered that

the decrease in dNTP levels is caused by oncogene-induced

suppression of RRM2 expression. This correlates with the

recruitment of E2F7, an atypical E2F transcriptional repressor,

to its promoter. Indeed, we show that RRM2 downregulation

is both necessary and sufficient for the establishment and main-

tenance of the stable senescence-associated cell growth arrest.

Further underscoring the importance of this pathway in regu-

lating senescence in human cancers, we show that RRM2

expression inversely correlates with senescence status in human

nevi and melanoma specimens harboring oncogenic BRAF

or NRAS. Additionally, high RRM2 expression correlates with

poor overall survival in patients with melanoma with oncogenic

BRAF or NRAS. Finally, knockdown of RRM2 drives senescence

of melanoma cells harboring these activated oncogenes. Taken

together, our results reveal the mechanistic basis whereby an

activated oncogene establishes and maintains the stable senes-

cence-associated cell growth arrest by suppressing nucleotide

metabolism.

RESULTS

Exogenous Nucleosides Suppress OIS and Its
Associated Cell Growth Arrest
Senescent cells are characterized by a stable cell growth arrest

(Campisi, 2005), and nucleotide metabolism plays a critical role

in regulating cell growth (Reichard, 1988). To test the hypothesis

that nucleotide metabolism regulates OIS, IMR90 primary

human fibroblasts were infected with RAS-encoding retrovirus

to induce senescence (Figure S1A), and exogenous nucleosides

were added at the time of infection. Compared with controls,

addition of exogenous nucleosides significantly suppressed

the expression of markers of senescence such as SAHF forma-

tion (Figures 1A and 1B), SA-b-gal activity (Figures 1A and 1B),

and the upregulation of p16, p21, and p53 (Figure 1C). In addi-

tion, senescence induced by oncogenic RAS is characterized

by the DDR (Bartkova et al., 2006; Di Micco et al., 2006). Thus,

we examined markers of the DDR such as formation of gH2AX

foci in these cells. Compared with controls, addition of exoge-

nous nucleosides significantly decreased gH2AX foci formation

(Figures 1D and 1E). Next, we determined the effects of exoge-

nous nucleosides on the senescence-associated cell-cycle exit

by bromodeoxyuridine (BrdU) incorporation. Exogenous nucleo-

sides significantly increased BrdU incorporation in RAS-infected

cells compared with controls (Figures 1F and 1G). Finally, we

sought to determine the effects of exogenous nucleosides on

the OIS-associated cell growth arrest by colony-formation and

cell growth curve assays. Compared with RAS-alone controls,

there was a significant increase in colony formation (Figure 1H)

and cell growth (Figure 1I) in exogenous nucleoside-supple-
C
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mented cells. Interestingly, senescence induced by DNA dam-

age reagents such as doxorubicin or etoposide was not affected

by addition of exogenous nucleosides (Figures S1B–S1I), sug-

gesting that the observed effects are not merely a consequence

of DNA damage. Based on these results, we conclude that exog-

enous nucleosides added at the time of infection are sufficient to

suppress OIS and its associated cell growth arrest.

Exogenous Nucleosides Are Sufficient to Overcome
the OIS-Associated Cell Growth Arrest in Established
Senescent Cells
We next wanted to determine the effects of exogenous nucleo-

sides on the stable OIS-associated cell growth arrest in estab-

lished senescent cells. To do so, stable senescence-associated

cell growth arrest was established by culturing RAS-infected

cells for 6 days, as evidenced by the minimal BrdU incorporation

in these cells compared with controls as well as no appreciable

cell growth during the experimental period (Figures S2A–S2C).

Then FACSwas performedwith C12FDG, a fluorogenic substrate

for SA-b-gal activity in live cells (Debacq-Chainiaux et al., 2009)

(Figure 2A). FACS-sorted senescent cells were further cultured

with or without exogenous nucleosides. We then examined the

expression of markers of senescence and proliferation in these

cells. Compared with controls, markers of senescence such as

SA-b-gal activity and p16 and p21 expression were all sup-

pressed by exogenous nucleosides (Figures 2B–2D). In contrast,

markers of cell proliferation, such as BrdU incorporation, were

increased in the established senescent cells exposed to exoge-

nous nucleosides (Figure 2E). Strikingly, addition of exogenous

nucleosides to these cells reversed the oncogene-induced sta-

ble senescence-associated cell growth arrest, as evidenced by

marked growth of these cells (Figure 2F). Notably, these obser-

vations were not due to a loss of RAS expression because

RAS was expressed at similar levels in these cells compared to

those without exposure to exogenous nucleosides (Figure S2D).

Similar observations were also made when RAS cells were al-

lowed to senescence for a longer period of time (e.g., exogenous

nucleosides added at day 12; Figures S2E–S2G). Likewise, we

also observed similar effects of exogenous nucleosides in

another primary human fibroblast cell line, WI38 (Figures S2H–

S2J), demonstrating that this is not a cell line-specific phenom-

enon. Interestingly, withdrawal of nucleosides from these cells

was sufficient for the cells to senesce again, as shown by an in-

crease in SA-b-gal activity (Figures 2G and 2H) and p21 and p16

expression (Figure 2I), and a decrease in both cyclin A expres-

sion (Figure 2I) and cell growth (Figure 2J). Taken together, these

data indicate that addition of exogenous nucleosides is sufficient

to overcome the stable OIS-associated cell growth arrest in es-

tablished senescent cells.

A Decrease in dNTP Levels Occurs Prior
to the OIS-Associated Cell-Cycle Exit
Because addition of exogenous nucleosides suppresses senes-

cence (Figures 1 and 2), we next sought to determine whether

changes in dNTP levels occur during OIS. Toward this goal, we

measured dNTP levels in control and RAS-infected IMR90 cells.

To limit the potential effects of cell cycle and cell proliferation

status on dNTP levels, we performed a detailed time course
ell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors 1253
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Figure 1. Exogenous Nucleosides Suppress OIS and Its Associated Cell Growth Arrest

(A) IMR90 cells were infected with control or RAS-encoding retrovirus with or without addition of the indicated concentration of nucleosides (NS) at the time of

infection. On day 6, drug-selected cells were examined for SAHF formation and SA-b-gal activity.

(B) Quantification of (A). Mean of three independent experiments with SEM is shown. *p < 0.05.

(C) Same as (A) but examined for expression of RAS, p21, p16, p53, and b-actin by immunoblotting.

(D) Same as (A) but stained for gH2AX foci formation. DAPI counterstaining was used to visualize nuclei.

(E) Quantification of (D). Mean of three independent experiments with SEM is shown. *p < 0.05.

(F) Same as (A) but labeled with BrdU for 1 hr. The incorporated BrdU was visualized by immunofluorescence. DAPI counterstaining was used to visualize nuclei.

(G) Quantification of (F). Mean of three independent experiments with SEM is shown. *p < 0.01.

(H) Same as (A), but an equal number of cells were inoculated in 6-well plates. After 2 weeks, the plates were stained with 0.05% crystal violet in PBS to visualize

colony formation. Shown are representative images of three independent experiments.

(I) Same as (A), but an equal number of cells were seeded in 6-well plates. The number of cells was counted at the indicated time points after infection. Mean of

three independent experiments with SEM is shown. *p < 0.05 compared with RAS-alone cells.

See also Figure S1.
analysis for cell-cycle distribution using FACS analysis, markers

of cell proliferation such as serine 10 phosphorylated histone H3

(pS10H3), andmarkers of senescence such as p21 and p16 (Fig-

ures S3A and S3B). Based on the time course analysis, we deter-

mined the dNTP levels on day 2, which is prior to the cell-cycle

exit, as further demonstrated by comparable BrdU incorporation

and cyclin A expression in RAS-infected cells compared to con-

trols (Figures S3C–S3E). Strikingly, the levels of all four dNTPs

were significantly decreased in RAS-infected cells compared

with controls at this time point (Figure 3A). Together, these

data support the idea that there is a decrease in dNTP levels,

which occurs prior to the OIS-associated cell-cycle exit.

Addition of exogenous nucleosides suppresses OIS-associ-

ated DDR (Figures 1C–1E), which is triggered by aberrant DNA

replication (Bartkova et al., 2006; Di Micco et al., 2006). More-

over, RAS significantly decreases dNTP levels prior to the senes-

cence-associated cell-cycle exit (Figure 3A). Thus, we sought to

determine whether the decrease in dNTP levels plays a role in

regulating aberrant DNA replication induced by oncogenic

RAS. Toward this goal, we determined the changes in the
1254 Cell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors
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dynamics of DNA replication in control and RAS-infected cells

with or without exogenous nucleosides using the DNA-combing

analysis (Figures S3F and S3G). This allows for observation of

single-stranded DNA (ssDNA) to determine DNA replication

fork dynamics (namely elongating, terminated, and newly fired,

as illustrated in Figure S3G). Indeed, addition of exogenous

nucleosides significantly rescued the aberrant DNA replication

observed during RAS-induced senescence (Figure 3B). Notably,

this correlates with a significant restoration of dNTP levels in

RAS-infected cells supplemented with exogenous nucleosides

(Figure 3C). This result is consistent with the idea that the

observed effects are due to restoration of dNTP levels. Together,

these results support the premise that a decrease in dNTP levels

contributes to the aberrant DNA replication observed during

RAS-induced senescence.

Oncogene-Induced Repression of RRM2 Occurs Prior
to the Senescence-Associated Cell-Cycle Exit
We next wanted to determine the molecular mechanism

whereby dNTP levels decrease during OIS. RNR is a key enzyme



Figure 2. Exogenous Nucleosides Are Sufficient to Overcome the Stable OIS-Associated Cell Growth Arrest in Established Senescent Cells

(A) IMR90 cells were infected with RAS-encoding retrovirus. On day 6, drug-selected cells were subjected to flow cytometric sorting (FACS) of SA-b-gal-positive

cells using C12FDG as a substrate. Black bar indicates the gate used for sorting.

(B) FACS-sorted senescent cells were cultured without or with indicated concentrations of nucleosides for an additional 14 days. The cells were then stained for

SA-b-gal activity.

(C) Quantification of (B). Mean of three independent experiments with SEM is shown. *p < 0.001.

(D) Same as (B) but examined for p16, p21, and b-actin expression by immunoblotting.

(E) Same as (B) but labeled with BrdU for 1 hr. Mean of three independent experiments with SEM is shown.

(F) Same as (B), but an equal number of cells that overcome senescence or control (parental) cells were inoculated in 6-well plates, and the number of cells was

counted at the indicated time points. Mean of three independent experiments with SEM is shown.

(G) Cells that overcome senescence in the presence of exogenous nucleosides (50 nM) isolated from (B) (rescued cells) were continually cultured in the presence

of NS (control) or withdrawn from NS exposure for an additional 17 days and stained for SA-b-gal activity.

(H) Quantification of (G). Mean of three independent experiments with SEM is shown. *p < 0.01.

(I) Same as (G) but examined for p21, p16, cyclin A, and b-actin expression by immunoblotting.

(J) Same as (G), but an equal number of cells were inoculated in 6-well plates after withdrawal, and the number of cells was counted 4 days later. Mean of three

independent experiments with SEM is shown. *p < 0.05.

See also Figure S2.
in dNTP biosynthesis, and RRM2, the regulatory subunit of RNR,

is rate-limiting for this process (Nordlund and Reichard, 2006).

Thus, we sought to determine whether RRM2 expression is regu-

lated during OIS. To do so, we examined the protein levels of

RRM2 in control and RAS-infected cells in a detailed time course

study comparing the kinetics of RRM2 expression with the

expression of markers of cell proliferation such as cyclin A and

pS10H3. Strikingly, as early as day 1, when RAS cells are still

proliferating based on the expression of cyclin A and pS10H3

(Figures 4A and S3B), RRM2 protein expression was already

decreased in RAS-infected cells compared to controls (Fig-

ure 4A). At this time point, expression of other regulators of

dNTP metabolism, namely RRM1 and p53R2, was not

decreased (Figure S4A), demonstrating that this is specific to

RRM2. We next sought to determine the changes in RRM2

expression in cycling cells by staining for the RRM2 protein in

BrdU-positive cells (transiently labeled for 1 hr). The RRM2-
C
5

staining signal was specific because knockdown of RRM2

protein decreased the immunofluorescent signal (Figure S4B).

Indeed, RRM2 protein expression was decreased even in

BrdU-positive RAS-infected cells (Figure 4B). Notably, RRM2

downregulation coincided with the DDR as evidenced by the

accumulation of gH2AX (Figure 4A), suggesting that downregu-

lation of RRM2 may contribute to the DDR observed during

OIS. However, RRM2 downregulation was not a consequence

of the DDR because ionizing radiation, which induces DNA

damage, failed to suppress RRM2 expression (Figure S4C).

Together, these results indicate that RRM2 is downregulated

prior to the OIS-associated cell-cycle exit and coincides with

activation of the DDR during senescence.

We next sought to determine themolecular mechanism under-

lying downregulation of RRM2 during OIS. First, we asked

whether RRM2 is downregulated at the transcriptional level.

Accordingly, quantitative RT-PCR (qRT-PCR) was performed in
ell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors 1255
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Figure 3. A Decrease in dNTP Levels Occurs Prior to the OIS-

Associated Cell-Cycle Exit

(A) IMR90 cells were infected with control or RAS-encoding retrovirus. On day

2, cellular dNTP levels were measured. Mean of three independent experi-

ments with SEM is shown. *p < 0.05.

(B) Same as (A), but RAS-infected cells were supplemented with or without the

indicated concentration of nucleosides at the time of infection. Mean of three

independent experiments with SEM is shown. *p < 0.05 control versus RAS;
#p < 0.05 RAS versus RAS plus 50 or 250 nM NS.

(C) Same as (B), but cellular dNTP levels were measured. Mean of three

independent experiments with SEM is shown. *p < 0.05 versus control;

#p < 0.05 versus RAS alone.

See also Figure S3.
control and RAS-infected cells. Similar to RRM2 protein expres-

sion, RRM2mRNA expression was significantly decreased after

RAS infection but prior to the senescence-associated cell-cycle

exit (i.e., at day 1; Figure 4C). Consistent with the idea that

decreased RRM2 mRNA expression is due to decreased tran-
1256 Cell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors
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scription, there was a significant decrease in the activity of the

cloned human RRM2 gene proximal promoter (�1,071 to +76)

in the RAS-infected cells compared with controls (Figures 4D

and S4D). Together, we conclude that RRM2 is downregulated

at the transcriptional level, and this occurs before the senes-

cence-associated cell-cycle exit.

To identify the transcription factor that contributes to RRM2

repression during senescence, systematic promoter mapping

was performed. Notably, an E2F binding site within the proximal

promoter (�998 to�991) was identified to contribute to the sup-

pression of RRM2 transcription in response to RAS (Figure 4D;

data not shown). Deletion of the E2F binding site in the RRM2

promoter significantly restored promoter activity in RAS-infected

cells (Figure 4D). Chromatin immunoprecipitation (ChIP) experi-

ments using an E2F1 antibody demonstrated that the binding

of transcriptional activator E2F1 to the human RRM2 gene pro-

moter was significantly reduced in RAS-infected cells compared

with controls (Figure 4E). Interestingly, RRM2 is downregulated,

whereas the cells are highly proliferative, and other E2F1 target

genes such as cyclin A remain highly expressed (e.g., Figure 4A).

These results suggest that the RRM2 downregulation observed

during OIS is context dependent. To further determine themech-

anism of RRM2 downregulation, we performed ChIP analysis

using antibodies to the repressive E2F transcriptional factors

E2F4 and E2F7 (Chen et al., 2009). These data demonstrate

that binding of the atypical transcriptional repressor E2F7 to

the human RRM2 gene promoter was significantly enhanced in

RAS-infected cells compared to controls (Figure 4E), whereas

there was no change in E2F4 binding (data not shown). Indeed,

a detailed time course study revealed that downregulation of

RRM2 coincides with upregulation of E2F7 during RAS-induced

senescence (Figure 4F). These results indicate that an enhanced

association of the atypical transcriptional repressor E2F7 with

the RRM2 gene promoter and a simultaneous decrease in bind-

ing of transcriptional activator E2F1 to the RRM2 gene promoter

contribute to downregulation of RRM2 prior to the OIS-associ-

ated cell-cycle exit.

Knockdown of RRM2 Induces Senescence in Primary
Human Fibroblasts
We next wanted to determine whether RRM2 downregulation is

sufficient to induce senescence. To do so, we infected cells with

lentivirus encoding small hairpin RNAs to the human RRM2 gene

(shRRM2). The knockdown efficacy of shRRM2 was confirmed

by qRT-PCR and immunoblotting (Figures 5A and S5A). Consis-

tent with the hypothesis that RRM2 downregulation decreases

the dNTP levels observed during senescence, we determined

that knockdown of RRM2 caused a significant decrease in

dNTP levels (Figure S5B). In addition, we determined that knock-

down of RRM2 triggers aberrant DNA replication (Figures 5B

and S5C). Furthermore, DDR markers such as formation of

53BP1 and gH2AX foci were significantly induced by shRRM2

(Figures 5C, 5D, S5D, and S5E). Likewise, gH2AX and p53 pro-

tein expression was upregulated in shRRM2-expressing cells

compared to controls (Figures 5E and S5F). Together, these re-

sults support the idea that a decrease in dNTP levels caused by

RRM2 downregulation drives aberrant DNA replication and

consequently the DDR observed during OIS.



Figure 4. Oncogene-Induced Repression of RRM2 Occurs Prior to the OIS-Associated Cell-Cycle Exit

(A) IMR90 cells were infected with control or RAS-encoding retrovirus. The expression of RRM2, cyclin A, gH2AX, and b-actin was determined by immunoblotting

at the indicated time points after completing RAS infection.

(B) IMR90 cells were infected with control or RAS-encoding retrovirus. On day 1, the infected cells were labeled with BrdU for 1 hr, and the expression of RRM2 in

BrdU-incorporated cells was visualized by immunofluorescence.

(C) Same as (A), but cells were examined for RRM2 mRNA expression by qRT-PCR on day 1. Mean of three independent experiments with SEM is shown.

*p < 0.01.

(D) On day 2, drug-selected control or RAS-infected cells were electroporated with a luciferase reporter driven by aWT or E2F binding site-deleted (DE2F) mutant

human proximal RRM2 gene promoter. A luminescent b-gal reporter was used as an internal control to normalize the transfection efficacy. Mean of three in-

dependent experiments with SEM is shown. *p < 0.001 Control/WT versus RAS/WT; **p < 0.05 WT versus DE2F.

(E) Same as (C), but cells were examined for E2F1 and E2F7 binding to theRRM2 promoter by ChIP using an E2F1 or E2F7 antibody. An isotype-matched IgGwas

used as a control. Mean of three independent experiments with SEM is shown. *p < 0.001.

(F) IMR90 cells were infected with control or RAS-encoding retrovirus. Expression of RRM2, E2F1, and E2F7mRNAwas determined by qRT-PCR at the indicated

time points. Mean of three independent experiments with SEM is shown.

See also Figure S4.
Wenext determined whether knockdown of RRM2 is sufficient

to induce senescence and the associated cell-cycle exit.

Compared with controls, markers of senescence such as SA-

b-gal activity (Figures 5F, 5G, S5G, and S5H) were induced by

RRM2 knockdown. Consistently, markers of cell proliferation,

including expression of cyclin A and pS10H3 (Figures 5H and

S5I) and BrdU incorporation (Figures 5I, 5J, S5J, and S5K),

were lower in shRRM2-expressing cells. Indeed, senescence-

associated cell growth arrest was evident in RRM2 knockdown

cells, as demonstrated by assays such as colony formation (Fig-

ures 5K and S5L) and cell growth curves (Figure 5L). Together,

we conclude that knockdown of RRM2 induces cellular senes-

cence in primary human fibroblasts.

To limit the potential off-target effects of shRNAs, we per-

formed rescue experiments by infecting cells with a retrovirus

encoding a wild-type (WT) RRM2 cDNA together with a lenti-

virus encoding an shRRM2 that targets the 50 UTR of the

human RRM2 gene. Knockdown of endogenous RRM2 was

confirmed by downregulation of RRM2 mRNA measured by
C
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qRT-PCR using primers targeting the 50 UTR (Figure 5A),

whereas expression of ectopic RRM2 was confirmed by

expression of RRM2 mRNA measured by qRT-PCR using

primers targeting the open reading frame (ORF) region and

immunoblotting (Figures 5A and 5E). Indeed, compared with

cells expressing shRRM2 alone, ectopic RRM2 expression

rescued the aberrant DNA replication induced by shRRM2 (Fig-

ure 5B). Additionally, the DDR induced by shRRM2 was also

suppressed by ectopic RRM2. Formation of gH2AX and

53BP1 foci (Figures 5C and 5D) and gH2AX and p53 expression

(Figure 5E) were significantly lower in cells expressing both

shRRM2 and ectopic RRM2 compared with shRRM2 alone.

Furthermore, expression of markers of senescence such as

SA-b-gal activity (Figures 5F and 5G) and upregulation of p21

(Figure 5H) was inhibited by ectopic RRM2 in the shRRM2-ex-

pressing cells. Moreover, ectopic RRM2 was sufficient to

rescue the senescence-associated cell-cycle exit induced by

RRM2 knockdown, as demonstrated by upregulation of cyclin

A and pS10H3 (Figure 5H), increased BrdU incorporation
ell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors 1257
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Figure 5. Knockdown of RRM2 Decreases dNTP Levels and Induces Senescence of Primary Human Fibroblasts

(A) IMR90 cells were infected with a lentivirus-encoding shRRM2 that targets the 50 UTR of the humanRRM2 gene together with a retrovirus encoding a control or

WT RRM2. On day 6, expression of RRM2mRNA was determined by qRT-PCR using primers designed to its 50 UTR (only amplifies endogenous but not ectopic

RRM2 mRNA) or its ORF (amplifies both endogenous and ectopic RRM2 mRNA). Mean of three independent experiments with SEM is shown.

(B) Same as (A) but examined for DNA replication dynamics using the DNA-combing technique on day 2. Mean of three independent experiments with SEM is

shown. *p < 0.05 control versus shRRM2; #p < 0.05 shRRM2 alone versus shRRM2/RRM2.

(C) Same as (A) but examined for formation of 53BP1 and gH2AX foci by immunofluorescence at day 6.

(D) Quantification of (C). Mean of three independent experiments with SEM is shown. #p < 0.001 versus vector controls; *p < 0.001 versus shRRM2-only cells.

(E) Same as (A) but examined for RRM2, gH2AX, p53, and b-actin expression by immunoblotting.

(F) Same as (A) but stained for SA-b-gal activity.

(G) Quantification of (F). Mean of three independent experiments with SEM is shown. *p < 0.001.

(H) Same as (A) but examined for p21, cyclin A, pS10H3, and b-actin by immunoblotting.

(I) Same as (A) but labeled with BrdU for 1 hr, and the incorporated BrdU was visualized by immunofluorescence. DAPI counterstaining was used to visualize

nuclei.

(J) Quantification of (I). The relative percentage of BrdU-positive cells was calculated against vector controls. Mean of three independent experiments with SEM is

shown. *p < 0.001.

(K) Same as (A), but an equal number of the indicated cells were seeded in 6-well plates. After 2 weeks, the plates were stained with 0.05% crystal violet in PBS to

visualize colony formation. Shown are representative images from three independent experiments.

(L) Same as (K), but the number of cells was counted at the indicated time points. Mean of three independent experiments with SEM is shown. *p < 0.001

compared with cells expressing shRRM2 alone.

See also Figure S5.
(Figures 5I and 5J), colony formation (Figure 5K), and cell

growth (Figure 5L) compared to shRRM2 alone. Notably, the

ectopically expressed RRM2 levels were comparable to its
1258 Cell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors
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endogenous level (Figures 5A and 5E), suggesting that the

observed effects are not due to supraphysiological levels of

RRM2 expression. Together, we conclude that knockdown of



RRM2 is sufficient to trigger aberrant DNA replication, the DDR,

and senescence in primary human cells.

Ectopic RRM2 Expression Is Sufficient to Overcome the
Stable OIS-Associated Cell Growth Arrest
We next sought to determine whether downregulation of RRM2

is necessary for the OIS-associated cell growth arrest. Toward

this goal, we ectopically expressed RRM2 in RAS-infected

cells. Compared with controls, ectopic RRM2 suppressed

markers of senescence such as SA-b-gal activity and SAHF

formation (Figures 6A and 6B) and upregulation of p16 and

p21 (Figure 6C). Indeed, ectopic RRM2 suppressed the OIS-

associated cell-cycle exit, as evidenced by the significant in-

crease in cyclin A and pS10H3 expression (Figure 6C) and

BrdU incorporation (Figures 6D and 6E). Ectopic RRM2 signifi-

cantly suppressed the OIS-associated growth arrest as deter-

mined by colony-formation assays (Figure 6F) and cell growth

curves (Figure 6G). Of note, to limit the effects of supraphysio-

logical levels of RRM2 expression, we expressed the ectopic

RRM2 at a level lower than that of control cells (Figure 6C).

Importantly, the observed effects correlated with the rescue

of dNTP levels by ectopic RRM2 in these cells (Figure 6H),

further supporting the idea that RRM2 downregulation plays a

major role in decreasing dNTP levels during OIS. In addition,

ectopic RRM2 significantly suppressed the aberrant DNA repli-

cation observed during RAS-induced senescence (Figure 6I).

This result suggests that RRM2 suppresses aberrant DNA

replication by rescuing the decrease in dNTP levels. Likewise,

the DDR was also suppressed by ectopic RRM2, as demon-

strated by a decrease in the formation of 53BP1 and gH2AX

foci (Figures 6J and 6K) as well as a decrease in p53 and

gH2AX protein expression (Figure 6L). Based on these data,

we conclude that RRM2 downregulation is necessary for

senescence, and restoration of dNTP levels by ectopic RRM2

expression suppresses senescence.

We found that exogenous nucleosides are sufficient to

overcome the OIS-associated cell growth arrest in established

senescent cells (Figure 2). Because ectopic RRM2 is sufficient

to rescue the decrease in dNTP levels during senescence

(Figure 6H), we next sought to determine whether ectopic

RRM2 expression is sufficient to overcome the stable OIS-

associated cell growth arrest in established senescent cells.

To do so, stably arrested senescent cells induced by RAS

were infected with a lentivirus encoding RRM2 (which can

infect growth-arrested, nondividing cells), and markers of

senescence and cell cycle were examined. Compared with

controls, markers of senescence such as SA-b-gal activity

and p16 expression were suppressed by the lentivirus-

mediated RRM2 expression (Figures 6M–6O). Significantly,

expression of RRM2 was able to overcome the stable OIS-

associated arrest, as evidenced by both increased pS10H3

expression and marked cell growth (Figures 6O and 6P).

These observations were not due to a loss of RAS expression

because RAS was expressed at similar levels in both control

and RRM2-expressing cells (Figure 6O). Together, these data

indicate that RRM2 repression is necessary for maintenance

of the stable senescence-associated cell growth arrest in

established senescent cells.
C
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RRM2Repression Correlateswith Senescence Status in
Human Nevi and Malignant Melanoma Harboring
Oncogenic BRAF or NRAS
We next sought to determine the importance of our findings in a

pathologically relevant model. Benign human nevi harboring

activated oncogenes are comprised of oncogene-induced

senescent melanocytes (Michaloglou et al., 2005). In addition,

there is evidence to suggest that the progression of benign

nevi with oncogenic BRAF or NRAS into malignant melanoma

correlates with OIS bypass (Dankort et al., 2007; Dhomen

et al., 2009; Kuilman et al., 2010). Thus, we sought to validate

our findings by examining RRM2 expression in human benign

nevi and malignant melanoma specimens. First, we determined

whether RRM2 is downregulated during oncogenic BRAF or

NRAS-induced senescence of primary human melanocytes.

Indeed, RRM2 expression was significantly inhibited during

senescence of melanocytes induced by oncogenic BRAF or

NRAS (Figures 7A–7C and S6A–S6C). Similar to what we

observed in primary human fibroblasts (Figure 1), exogenous

nucleosides were able to suppress senescence induced by

oncogenic BRAF in primary human melanocytes (Figures S6D–

S6F). These results suggest that RRM2 expression may promote

melanoma by suppressing oncogenic BRAF or NRAS-induced

senescence.

We also determined that RRM2 expression was significantly

increased in human melanoma cells harboring oncogenic

BRAF or NRAS compared to normal human melanocytes (Fig-

ure 7D). Notably, it has previously been demonstrated that

supraphysiological levels of RRM2 promote tumorigenesis by

causing genomic instability and the DDR (D’Angiolella et al.,

2012; Xu et al., 2008). Consistently, we observed that physiolog-

ical levels of RRM2 suppress oncogenic RAS-induced DDR (Fig-

ure 6), whereas DDR markers such as gH2AX remain high in

RAS-infected cells expressing supraphysiological levels of

RRM2 (Figures S6G and S6H).

We next compared expression of RRM2, the senescence

marker p16, and the cell proliferation marker Ki67 in a cohort

of human benign nevi and melanoma specimens harboring

oncogenic BRAF or NRAS (Table S1). Strikingly, RRM2 expres-

sion was nearly negative in human nevi with oncogenic BRAF

or NRAS, whereas the expression of RRM2 was significantly

higher in the melanoma specimens with oncogenic BRAF or

NRAS (Figures 7E and 7F). Consistently, expression of p16

was significantly higher in benign human nevi compared to

malignant melanomas (Figures 7E and S6I). In contrast, expres-

sion of Ki67 was negative in benign human nevi and significantly

higher in melanoma specimens (Figures 7E and S6J). These re-

sults are consistent with the idea that the supraphysiological

levels of RRM2 observed in melanoma specimens contribute

tomelanoma by suppressing oncogenic BRAF or NRAS-induced

senescence. We next determined whether RRM2 expression

negatively correlates with survival in patients with melanoma

harboring oncogenic BRAF or NRAS. Indeed, high RRM2

expression significantly correlates with poor overall survival in

these patients with melanoma (Figure 7G). In contrast, expres-

sion of RRM1 does not correlate with the survival of patients

with melanoma harboring oncogenic BRAF or NRAS (Fig-

ure S6K). We conclude that RRM2 repression correlates with
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Figure 6. Ectopic RRM2 Expression Suppresses Senescence and Is Sufficient to Overcome the Stable OIS-Associated Cell Growth Arrest

(A) IMR90 cells were coinfected with retrovirus-encoding control or RAS together with or without RRM2. Cells were examined for SA-b-gal activity or SAHF

expression on day 6.

(B) Quantification of (A). Mean of three independent experiments with SEM is shown. *p < 0.05 control versus RAS; #p < 0.05 RAS alone versus RAS/RRM2.

(C) Same as (A) but examined for RAS, RRM2, cyclin A, pS10H3, p21, p16, and b-actin expression by immunoblotting.

(D) Same as (A), but the cells were labeled with BrdU for 1 hr, and the BrdU incorporation was visualized by immunofluorescence. DAPI counterstaining was used

to visualize nuclei.

(E) Quantification of (D). Mean of three independent experiments with SEM is shown. *p < 0.01.

(F) Same as (A), but an equal number of the indicated cells were seeded in 6-well plates. After 2 weeks, the plates were stained with 0.05% crystal violet in PBS to

visualize colony formation. Shown are representative images from three independent experiments.

(G) Same as (F), but the number of cells was counted at the indicated time points. Mean of three independent experiments with SEM is shown. *p < 0.01.

(H) Same as (A), but on day 2, the concentrations of all four dNTPs were examined. p < 0.05 control versus RAS (*) and p < 0.05 RAS alone versus RAS/RRM2 (#).

Mean of three independent experiments with SEM is shown.

(I) Same as (H) but examined for DNA replication dynamics using the DNA-combing technique on day 2. Mean of three independent experiments with SEM is

shown. *p < 0.05 control versus RAS; #p < 0.05 RAS alone versus RAS/RRM2.

(J) Same as (A) but examined for the formation of 53BP1 and gH2AX foci by immunofluorescence at day 6.

(K) Quantification of (J). Mean of three independent experiments with SEM is shown. *p < 0.05.

(legend continued on next page)
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the senescence status of human benign nevi and melanoma

specimens, and high RRM2 expression significantly correlates

with worse overall survival in patients with melanoma.

Finally, we wanted to determine whether melanoma cells

harboring activated oncogenes can be driven to undergo senes-

cence by knockdown of RRM2. To do this, UACC-62 human

melanoma cells were infected with two individual shRRM2s.

The knockdown efficacy of shRRM2s in UACC-62 cells was

confirmed by immunoblotting (Figure 7H). The growth of

UACC-62 cells was notably inhibited by knockdown of RRM2,

as determined by cell growth curves (Figure 7I) and colony

formation (Figure 7J). Interestingly, the DDR marker gH2AX

was upregulated by RRM2 knockdown (Figure 7H). To determine

whether these cells were undergoing senescence, SA-b-gal

activity was assessed. Indeed, UACC-62 cells infected with

shRRM2 had significantly increased SA-b-gal activity compared

to controls (Figures 7K and 7L). Similar results were also

obtained with another melanoma cell line, WM164 (Figures

S6L–S6P), suggesting that the observed effects are not cell

line specific. These results demonstrate that knockdown of

RRM2 in melanoma cells suppresses the growth of these cells

by triggering cellular senescence.
DISCUSSION

In this study, we demonstrate that a decrease in dNTP levels

underlies the establishment and maintenance of the stable

OIS-associated cell growth arrest. Mechanistically, we discov-

ered that the decrease in dNTP levels is due to the transcrip-

tional repression of the RRM2 gene through recruitment of

E2F7 prior to the senescence-associated cell-cycle exit. This

correlates with aberrant DNA replication and coincides with

the DDR during OIS. Notably, RRM2 downregulation is both

necessary and sufficient for senescence, which correlates with

its effects on the changes in cellular dNTP levels. Significantly,

we demonstrated that suppression of nucleotide metabolism

through RRM2 repression is necessary for maintenance of the

stable OIS-associated cell growth arrest because established

senescent cells can reenter the cell cycle after expression of

ectopic RRM2. Underscoring the physiological relevance of

the current discovery, we showed that RRM2 repression posi-

tively correlates with the senescence status of melanocytes in

human benign nevi and melanoma specimens harboring onco-

genic BRAF or NRAS. Additionally, high RRM2 expression

correlates with poor overall survival in patients with melanoma

harboring oncogenic BRAF or NRAS. Knockdown of RRM2 in

human melanoma cells with activated oncogenes drives senes-

cence of these cells, supporting the hypothesis that RRM2

promotes melanoma by suppressing the senescence tumor

suppression mechanism.
(L) Same as (A) but examined for p53, gH2AX, and b-actin expression by immun

(M) IMR90 cells were infected with RAS-encoding retrovirus. On day 6, establish

vector control. After an additional 14 days, the cells were stained for SA-b-gal ac

(N) Quantification of (M). Mean of three independent experiments with SEM is sh

(O) Same as (M) but examined for RAS, RRM2, p16, pS10H3, and b-actin expres

(P) Same as (M), but an equal number of cells were inoculated in 6-well plates, an

independent experiments with SEM is shown. *p < 0.05.
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We show that addition of exogenous nucleosides in estab-

lished senescent cells is able to overcome the senescence-

associated cell growth arrest (Figure 2). In addition, knockdown

of RRM2 expression drives senescence and the associated cell

growth arrest (Figures 5 and S5). Conversely, ectopic RRM2 is

sufficient to overcome the stable senescence-associated cell

growth arrest (Figure 6). These observed effects correlate with

the changes in dNTP levels in these cells (Figures 5, 6, and

S5). Significantly, RRM2 repression, which drives the decrease

in dNTP levels, occurs prior to the senescence-associated

cell-cycle exit (Figures 4A and 4B), demonstrating that the

observed effects are not a consequence of senescence or its

associated cell growth arrest. These results support the premise

that the decrease in dNTP levels induced by RRM2 repression is

necessary and sufficient for establishing andmaintaining the sta-

ble senescence-associated cell growth arrest induced by acti-

vated oncogenes.

OIS is characterized by aberrant DNA replication during the

S phase of the cell cycle, which triggers the DDR (Bartkova

et al., 2006; Di Micco et al., 2006). Here, we show that dNTP

levels are decreased prior to the OIS-associated cell-cycle exit

(Figure 3A), and addition of exogenous nucleosides significantly

rescues the aberrant DNA replication and DDR during OIS

(Figures 1D, 1E, 3B, and 3C). These data indicate that there is

a correlation between the decrease in dNTP pools and aberrant

DNA replication and DDR during OIS. However, the effect of nu-

cleosides on OIS is not a consequence of DDR because senes-

cence induced by DNA-damaging agents such as doxorubicin

and etoposide is not affected by exogenous nucleosides (Fig-

ures S1B–S1I). This further supports the premise that the

decrease in dNTP levels is specifically linked to aberrant DNA

replication during OIS. Indeed, RRM2 knockdown decreases

dNTP levels and triggers aberrant DNA replication and the

DDR (Figures 5B–5D and S5C–S5E). Conversely, ectopic

RRM2 rescues the decrease in dNTP levels and suppresses

the aberrant DNA replication and DDR induced by activated on-

cogenes (Figures 6H–6K). Together, these data support a model

whereby oncogene-induced repression of RRM2 decreases the

dNTP levels, which triggers aberrant DNA replication and the

DDR and, ultimately, OIS-associated cell growth arrest. It is

possible that the DDR triggered by aberrant DNA replication is

irreparable in the context of oncogene activation because of

the lack of dNTPs due to RRM2 repression. This causes persis-

tent DDR observed in established senescent cells (Rodier et al.,

2009) and underlies the stable OIS-associated cell growth arrest.

One of the classical examples of OIS as a tumor suppression

mechanism is melanocytic nevi arising from oncogenic BRAF or

NRAS (Kuilman et al., 2010). The stable growth arrest observed

in these lesions is thought to prevent transformation of these

cells into malignant melanoma (Mooi and Peeper, 2006). Here,
oblotting.

ed senescent cells were infected with a lentivirus encoding RRM2 or an empty

tivity.

own. *p < 0.001.

sion by immunoblotting.

d the number of cells was counted at the indicated time points. Mean of three
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Figure 7. RRM2 Is Repressed in Human

Benign Nevi, whereas Overexpressed in

Melanoma; Knockdown of RRM2 Drives

Senescence of Melanoma Cells

(A) Melanocytes were infected with a lentivirus

encoding control or BRAFV600E. At 21 days after

infection, cells were examined for BRAF, RRM2,

p16, p21, pS10H3, gH2AX, and b-actin expression

by immunoblotting.

(B) Same as (A) but examined for SA-b-gal

activity.

(C) Quantification of (B). Mean of two independent

experiments with SEM is shown. *p < 0.01.

(D) RRM2 and b-actin expression in two individ-

ual isolations of normal human melanocytes and

the indicated human melanoma cell lines by

immunoblotting is shown. Mutation status of

BRAF and NRAS of the selected cell lines is

indicated.

(E) Immunohistochemical staining of RRM2, p16,

and Ki67 in benign human nevus (N) and human

melanoma tissue specimens harboring oncogenic

BRAF or NRAS. Shown are examples of a benign

human nevus and a human melanoma tissue

harboring oncogenic BRAFV600E. S, stroma; E,

epidermal compartments.

(F) Quantification of RRM2 staining in (E).

Expression of RRM2 in benign human nevi (n = 5)

and melanoma tissue specimens (n = 7) was

quantified using the histological score. Mean of

three independent experiments with SEM is

shown.

(G) A high level of RRM2 expression correlates

with shorter overall survival in human patients with

melanoma harboring oncogenic BRAF or NRAS.

The univariate overall survival curve (Kaplan-Meier

method) for patients with melanoma (n = 50) with

high or low RRM2 expression is detailed in

Experimental Procedures.

(H) UACC-62 human melanoma cells were in-

fected with control or two individual shRRM2s

encoding lentivirus. RRM2, cyclin A, gH2AX, and

b-actin expression was determined by immuno-

blotting.

(I) Same as (H), but an equal number of cells were

seeded in 6-well plates, and the number of cells

was counted at the indicated time points. Mean of

three independent experiments with SEM is

shown. *p < 0.05 compared with controls.

(J) Same as (I), but after 2 additional weeks, the

plates were stained with 0.05% crystal violet in PBS to visualize colony formation. Shown are representative images of three independent experiments.

(K) Same as (H) but stained for SA-b-gal activity.

(L) Quantification of (K). Mean of three independent experiments with SEM is shown. *p < 0.05 compared with controls.

See also Figure S6 and Table S1.
we found that RRM2 repression correlates with senescence

status in human melanocytic nevi and melanoma specimens

harboring oncogenic BRAF or NRAS (Figure 7). Interestingly,

as previously reported by Michaloglou et al. (2005), expression

of the senescence marker p16 in melanocytic nevi is heteroge-

neous with a proportion of negative expression cells (Fig-

ure 7E). In contrast, RRM2 repression occurs in nearly all

melanocytes within the benign nevi (Figures 7E and 7F). This

suggests that suppression of nucleotide metabolism plays a

broader role inmaintaining theOIS-associated stable cell growth
1262 Cell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors
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arrest, such as the one observed in melanocytic nevi, compared

to p16. Together, these findings are consistent with the idea

that RRM2 repression is necessary for the stable cell growth

arrest observed in OIS-associated benign lesions such as mela-

nocytic nevi.

Cellular dNTP levels play a role in regulating cell proliferation

by controlling DNA synthesis (Reichard, 1988). Here, we show

that activation of oncogenes decreases dNTP levels in primary

human cells prior to OIS-associated cell growth arrest due to

oncogene-induced RRM2 downregulation (Figures 3 and 6H).



This suggests that RRM2 downregulation leads to an uncoordi-

nated cell proliferation and dNTP supply, which ultimately leads

to senescence and the associated cease of proliferation. Consis-

tently, changes in nucleotide metabolism have been implicated

in the early stages of cancer development. For example, the viral

oncogenic protein HPV16 E6/7 induces genomic instability by

suppressing dNTP synthesis (Bester et al., 2011). Furthermore,

we show that RRM2 repression correlates with senescence sta-

tus in human nevi or melanoma specimens harboring oncogenic

BRAF or NRAS (Figures 7 and S6). Consistently, knockdown of

RRM2 drives the senescence of melanoma cells harboring acti-

vated oncogenes (Figures 7H–7L and S6L–S6P). These data are

consistent with a model whereby RRM2 expression regulates

the OIS-associated cell growth arrest by acting as a key switch

for the coordinated cell proliferation and dNTP supply.

We show that RRM2 is downregulated at the transcriptional

level during OIS (Figures 4C and 4D). In addition, we show that

RRM2 transcriptional repression correlates with an enhanced

association with E2F7, a transcriptional repressor, with the pro-

moter of theRRM2 gene (Figure 4E). This correlates with a simul-

taneous decrease in binding of transcriptional activator E2F1 to

the RRM2 gene promoter. Indeed, E2F7 upregulation demon-

strated the same kinetics as RRM2 downregulation during OIS

(Figure 4F). Consistent with our observation, E2F7 has recently

been shown to be upregulated during the early stages of senes-

cence (Aksoy et al., 2012). In addition, RRM2 has also been

shown to be regulated by c-Myc (Liu et al., 2008), a key regulator

of the nucleotide biosynthetic pathway (Dang, 1999, 2011). Thus,

it is plausible that c-Myc may cooperate indirectly with E2F7 and

E2F1 in regulating RRM2 transcription prior to the senescence-

associated cell-cycle exit.

We found that RRM2 is significantly overexpressed in mela-

noma cells (Figures 7D–7F). Notably, supraphysiological levels

of RRM2 can lead to genomic instability, DNA damage, and

tumorigenesis by causing an imbalance in dNTP pools (D’Angio-

lella et al., 2012; Xu et al., 2008). Here, we show that supraphy-

siological levels of RRM2 observed in melanoma cells correlate

with loss of expression of markers of senescence in melanoma

specimens (Figure 7). In addition, we found that markers of the

DDR remain high in RAS-infected primary human fibroblasts ex-

pressing supraphysiological levels of RRM2 (Figures S6G and

S6H). These data support the notion that supraphysiological

levels of RRM2 suppress OIS and simultaneously promote

genomic instability by allowing error-prone replication due to

an imbalance in dNTP pools, which ultimately drives tumorigen-

esis. These data also demonstrate the important role of RRM2 in

cancer development by controlling dNTP pools. Indeed, RRM2

knockdown in human melanoma cells harboring oncogenic

BRAF suppressed the proliferation of these cells by triggering

senescence (Figures 7H–7L and S6L–S6P). The p53 and pRB

tumor suppressor pathways are key senescence effectors (Cam-

pisi and d’Adda di Fagagna, 2007; Courtois-Cox et al., 2008;

Kuilman et al., 2010). Notably, p53 is mutated in the WM164

cell line (Weiss et al., 1993). In addition, p16 is deleted in the

UACC-62 cell line (Ikediobi et al., 2006) and mutated in the

WM164 cell line (Ohta et al., 1994). However, knockdown of

RRM2 in these cells was able to induce senescence (Figures

7H–7L and S6L–S6P). Therefore, senescence induced by
C
6

RRM2 inhibition in melanoma cells is independent of both p53

and p16. This indicates that human cancer cells that lack func-

tional p53 and p16 retain the capacity to undergo senescence

through suppressing RRM2. These data suggest that inhibition

of the nucleotide biosynthetic pathway by suppressing RRM2

represents a bona fide target for driving cancer cells to undergo

senescence.

In summary, suppression of nucleotide metabolism via RRM2

repression underlies the establishment and maintenance of the

stable cell growth arrest, the hallmark that characterizes OIS

as an important tumor suppression mechanism. These data

place altered nucleotide metabolism at the heart of OIS regula-

tion and provide the molecular basis by which the stable OIS-

associated cell growth arrest is established and maintained.

EXPERIMENTAL PROCEDURES

Retrovirus and Lentivirus Infections

Retrovirus production and transduction were performed as described previ-

ously (Tu et al., 2011; Ye et al., 2007; Zhang et al., 2005) using Phoenix cells

to package the infection viruses (Dr. Gary Nolan, Stanford University). Lenti-

virus was packaged using the ViraPower Kit (Invitrogen, Carlsbad, CA, USA)

following the manufacturer’s instructions and as described previously (Li

et al., 2010; Tu et al., 2011; Ye et al., 2007). Cells infectedwith viruses encoding

the puromycin-resistance gene were selected in 3 mg/ml puromycin.

FACS for C12FDG Expression

Cells were incubated with 33 mM C12FDG (Invitrogen) for 1 hr as described

previously by Debacq-Chainiaux et al. (2009). After rinsing with PBS,

C12FDG-positive cells were sorted using a FACS ARIAII (BD Biosciences,

San Jose, CA, USA).

DNA-Combing Analysis

Cells were pulse labeled for 10 min with medium containing 2 mM of BrdU

(Sigma-Aldrich), washed twice with PBS, incubated in regular medium for

20 min, and then chased for 20 min with medium containing 2 mM iododeox-

yuridine (IdU; Sigma-Aldrich). Harvesting and spreading of DNA fibers were

performed as previously described by Merrick et al. (2004). The DNA fibers

were stained with antibodies to BrdU (Abcam) and IdU (Fitzgerald Industries,

Acton, MA, USA), and the staining was visualized using secondary antibodies

labeled with FITC and Cy3, respectively. DNA fibers were counterstained with

a primary antibody to ssDNA (Millipore) and were visualized with a secondary

antibody labeled with Alexa Fluor 350 (Invitrogen), allowing the exclusion of

any broken or tangled fibers. DNA replication forks were scored as

elongating, terminated, or newly fired, as previously described by Bartkova

et al. (2006).

Measurement of dNTP Concentrations in Cells

Briefly, 53 106 cells were harvested and resuspended in 80%methanol. Cells

were vortexed and stored at�20�C overnight. Next, cells were boiled for 3min

and centrifuged at 4�C at 17,0003 g for 20 min. Supernatants were harvested

and dried using a vacuum centrifuge. Pellets were resuspended in nuclease-

free water and stored at �20�C until use. dNTP concentration was measured

as previously described by Wilson et al. (2011).

ChIP Analysis

ChIP in control and RAS-infected IMR90 cells was performed at day 2 as

previously described (Zhang et al., 2007b) using antibodies against E2F1

(Santa Cruz Biotechnology), E2F7 (Santa Cruz Biotechnology), or an isotype-

matched IgG control. Immunoprecipitated DNA was analyzed using SYBR

Green qPCR Mastermix (SA Biosciences, Valencia, CA, USA) against the

human RRM2 gene promoter region containing the E2F1/E2F7 binding

site using the following primers: forward, 50-CTCCAGCTCCTGGCCTCAA-30,
and reverse, 50-RCCGCGTGGACTGTTAATGC-30.
ell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors 1263
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Immunofluorescence, BrdU Labeling, and SA-b-Gal Staining

Immunofluorescence staining and BrdU labeling were performed as described

previously using antibodies described above (Tu et al., 2011; Zhang et al.,

2005, 2007a, 2007b). SA-b-gal staining was performed as previously

described (Dimri et al., 1995). For quantification, a minimum of 200 cells

from each group was examined.

Please see the Extended Experimental Procedures for further details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, and Extended Exper-

imental Procedures and can be found with this article online at http://dx.doi.

org/10.1016/j.celrep.2013.03.004.
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S.R., Freund, A., Campeau, E., Davalos, A.R., and Campisi, J. (2009).

http://dx.doi.org/10.1016/j.celrep.2013.03.004
http://dx.doi.org/10.1016/j.celrep.2013.03.004


Persistent DNA damage signalling triggers senescence-associated inflamma-

tory cytokine secretion. Nat. Cell Biol. 11, 973–979.

Serrano, M., Lin, A.W., McCurrach, M.E., Beach, D., and Lowe, S.W. (1997).

Oncogenic ras provokes premature cell senescence associated with accumu-

lation of p53 and p16INK4a. Cell 88, 593–602.

Tu, Z., Aird, K.M., Bitler, B.G., Nicodemus, J.P., Beeharry, N., Zia, B., Yen, T.J.,

and Zhang, R. (2011). Oncogenic Ras regulates BRIP1 expression to induce

dissociation of BRCA1 from chromatin, inhibit DNA repair, and promote senes-

cence. Dev. Cell 21, 1077–1091.

Weiss, J., Schwechheimer, K., Cavenee, W.K., Herlyn, M., and Arden, K.C.

(1993). Mutation and expression of the p53 gene in malignant melanoma cell

lines. Int. J. Cancer 54, 693–699.

Wilson, P.M., Labonte, M.J., Russell, J., Louie, S., Ghobrial, A.A., and Ladner,

R.D. (2011). A novel fluorescence-based assay for the rapid detection and

quantification of cellular deoxyribonucleoside triphosphates. Nucleic Acids

Res. 39, e112.

Xu, X., Page, J.L., Surtees, J.A., Liu, H., Lagedrost, S., Lu, Y., Bronson, R.,

Alani, E., Nikitin, A.Y., andWeiss, R.S. (2008). Broad overexpression of ribonu-
C
6

cleotide reductase genes in mice specifically induces lung neoplasms. Cancer

Res. 68, 2652–2660.

Yaswen, P., and Campisi, J. (2007). Oncogene-induced senescence pathways

weave an intricate tapestry. Cell 128, 233–234.

Ye, X., Zerlanko, B., Kennedy, A., Banumathy, G., Zhang, R., and Adams, P.D.

(2007). Downregulation of Wnt signaling is a trigger for formation of facultative

heterochromatin and onset of cell senescence in primary human cells. Mol.

Cell 27, 183–196.

Zhang, R., Poustovoitov, M.V., Ye, X., Santos, H.A., Chen, W., Daganzo, S.M.,

Erzberger, J.P., Serebriiskii, I.G., Canutescu, A.A., Dunbrack, R.L., et al.

(2005). Formation of MacroH2A-containing senescence-associated hetero-

chromatin foci and senescence driven by ASF1a and HIRA. Dev. Cell 8, 19–30.

Zhang, R., Chen, W., and Adams, P.D. (2007a). Molecular dissection of

formation of senescence-associated heterochromatin foci. Mol. Cell. Biol.

27, 2343–2358.

Zhang, R., Liu, S.T., Chen, W., Bonner, M., Pehrson, J., Yen, T.J., and Adams,

P.D. (2007b). HP1 proteins are essential for a dynamic nuclear response that

rescues the function of perturbed heterochromatin in primary human cells.

Mol. Cell. Biol. 27, 949–962.
ell Reports 3, 1252–1265, April 25, 2013 ª2013 The Authors 1265
9



  Published Ahead of Print 25 February 2013. 
10.1128/MCB.01744-12. 

2013, 33(9):1819. DOI:Mol. Cell. Biol. 
Zhang
Zhigang Tu, Xinying Zhuang, Yong-Gang Yao and Rugang
 
Loss
Foci Induced by Oncogenic RAS or BRCA1
Senescence-Associated Heterochromatin 
BRG1 Is Required for Formation of

http://mcb.asm.org/content/33/9/1819
Updated information and services can be found at: 

These include:

SUPPLEMENTAL MATERIAL  Supplemental material

REFERENCES
http://mcb.asm.org/content/33/9/1819#ref-list-1at: 

This article cites 39 articles, 17 of which can be accessed free

CONTENT ALERTS
 more»articles cite this article), 

Receive: RSS Feeds, eTOCs, free email alerts (when new

http://journals.asm.org/site/misc/reprints.xhtmlInformation about commercial reprint orders: 
http://journals.asm.org/site/subscriptions/To subscribe to to another ASM Journal go to: 

 on N
ovem

ber 14, 2013 by U
N

IV
E

R
S

IT
Y

 O
F

 P
E

N
N

S
Y

LV
A

N
IA

 LIB
R

A
R

Y
http://m

cb.asm
.org/

D
ow

nloaded from
 

 on N
ovem

ber 14, 2013 by U
N

IV
E

R
S

IT
Y

 O
F

 P
E

N
N

S
Y

LV
A

N
IA

 LIB
R

A
R

Y
http://m

cb.asm
.org/

D
ow

nloaded from
 

70

http://http://mcb.asm.org/content/33/9/1819
http://mcb.asm.org/content/suppl/2013/04/04/MCB.01744-12.DCSupplemental.html
http://mcb.asm.org/content/suppl/2013/04/04/MCB.01744-12.DCSupplemental.html
http://mcb.asm.org/content/33/9/1819#ref-list-1
http://mcb.asm.org/cgi/alerts
http://mcb.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/
http://mcb.asm.org/


BRG1 Is Required for Formation of Senescence-Associated
Heterochromatin Foci Induced by Oncogenic RAS or BRCA1 Loss

Zhigang Tu,a Xinying Zhuang,b Yong-Gang Yao,b Rugang Zhanga

Gene Expression and Regulation Program, The Wistar Institute, Philadelphia, Pennsylvania, USAa; Key Laboratory of Animal Models and Human Disease Mechanisms of
the Chinese Academy of Sciences, Kunming Institute of Zoology, Kunming, Yunnan, Chinab

Cellular senescence is an important tumor suppression mechanism. We have previously reported that both oncogene-induced
dissociation of BRCA1 from chromatin and BRCA1 knockdown itself drive senescence by promoting formation of senescence-
associated heterochromatin foci (SAHF). However, the molecular mechanism by which BRCA1 regulates SAHF formation and
senescence is unclear. BRG1 is a chromatin-remodeling factor that interacts with BRCA1 and pRB. Here we show that BRG1 is
required for SAHF formation and senescence induced by oncogenic RAS or BRCA1 loss. The interaction between BRG1 and
BRCA1 is disrupted during senescence. This correlates with an increased level of chromatin-associated BRG1 in senescent cells.
BRG1 knockdown suppresses the formation of SAHF and senescence, while it has no effect on BRCA1 chromatin dissociation
induced by oncogenic RAS, indicating that BRG1 functions downstream of BRCA1 chromatin dissociation. Furthermore, BRG1
knockdown inhibits SAHF formation and senescence induced by BRCA1 knockdown. Conversely, BRG1 overexpression drives
SAHF formation and senescence in a DNA damage-independent manner. This effect depends upon BRG1’s chromatin-remodel-
ing activity as well as the interaction between BRG1 and pRB. Indeed, the interaction between BRG1 and pRB is enhanced during
senescence. Chromatin immunoprecipitation analysis revealed that BRG1’s association with the human CDKN2A and CDKN1A
gene promoters was enhanced during senescence induced by oncogenic RAS or BRCA1 knockdown. Consistently, knockdown of
pRB, p21CIP1, and p16INK4a, but not p53, suppressed SAHF formation induced by BRG1. Together, these studies reveal the molec-
ular underpinning by which BRG1 acts downstream of BRCA1 to promote SAHF formation and senescence.

Activation of oncogenes (such as RAS) in primary mammalian
cells typically triggers cellular senescence, a state of irrevers-

ible cell growth arrest (1, 2). Oncogene-induced senescence is an
important tumor suppression mechanism in vivo (1). Senescent
cells display several morphological and molecular characteristics.
For instance, they are positive for senescence-associated �-galac-
tosidase (SA-�-gal) activity (3). In addition, chromatin in the
nuclei of senescent human cells typically reorganizes to form spe-
cialized domains of facultative heterochromatin called senes-
cence-associated heterochromatin foci (SAHF) (4–8). SAHF are
enriched in markers of heterochromatin such as histone H2A vari-
ant macroH2A (mH2A), di- or trimethylated lysine 9 histone H3
(H3K9Me2/3), and heterochromatin protein 1 (HP1) proteins (5,
7). SAHF formation contributes to the senescence-associated cell
cycle exit by directly sequestering and silencing proliferation-pro-
moting genes (4, 7). The p53 and pRB tumor suppressor pathways
are the key regulators of senescence (1). Indeed, p16INK4a, an up-
stream regulator of pRB, and p21CIP1, a downstream target of p53,
promote SAHF formation (7, 9). In addition, senescence induced
by oncogenic RAS is characterized by a DNA damage response
(10) and is accompanied by the accumulation of markers of DNA
damage such as upregulation of �H2AX protein expression and
increased formation of �H2AX DNA damage foci (10, 11).

BRCA1 plays an important role in DNA damage repair (12,
13). Germ line mutations in the BRCA1 gene predispose women
to breast and ovarian cancer (12). We have previously demon-
strated that BRCA1 becomes dissociated from chromatin in re-
sponse to activation of oncogenes such as RAS (14). This pro-
motes senescence by driving SAHF formation (14). In addition,
BRCA1 chromatin dissociation contributes to the accumulation
of DNA damage by impairing the BRCA1-mediated DNA repair
response (14). Similarly, we showed that BRCA1 knockdown

drives SAHF formation and senescence and triggers the DNA
damage response (14). It has also been shown that cells from the
BRCA1 exon 11 knockout mouse exhibit signs of premature se-
nescence (15, 16). However, the molecular mechanism by which
BRCA1 regulates SAHF formation and senescence remains to be
determined. In addition, it is unclear whether SAHF formation
induced by BRCA1 chromatin dissociation or BRCA1 knockdown
is independent of the DNA damage response.

BRCA1 has also been implicated in regulating high-order
chromatin structure. For example, targeting BRCA1 to an ampli-
fied lac operator-containing chromosome region in the mamma-
lian genome results in large-scale chromatin unfolding (17). This
suggests that BRCA1 antagonizes heterochromatin formation.
Notably, BRCA1 also interacts with the BRG1 subunit of the ATP-
dependent SWI/SNF chromatin-remodeling complex (18). BRG1
acts as an activator or repressor of gene expression in a context-
dependent manner (19). Loss of BRG1 function is associated with
malignant transformation (19), and BRG1 heterozygous deletion
results in spontaneous tumor development in mouse models, in-
dicating its role as a tumor suppressor (20, 21). Notably, BRG1
interacts with pRB (22), a key regulator of SAHF formation and
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senescence (4, 7, 23). BRG1 also plays a role in promoting cell
growth arrest and senescence phenotypes (22, 24–27). However,
whether the interaction between BRG1 and BRCA1 or pRB is reg-
ulated during senescence is unknown. In addition, whether BRG1
contributes to SAHF formation induced by oncogenic RAS or
BRCA1 knockdown has never been investigated.

Here we show that the interaction between BRCA1 and BRG1
is disrupted in cells undergoing senescence. This correlates with
an increased level of chromatin-associated BRG1 in senescent
cells. BRG1 is required for SAHF formation and senescence in-
duced by BRCA1 chromatin dissociation or BRCA1 knockdown.
Conversely, ectopic BRG1 drives SAHF formation and senes-
cence, which requires its chromatin-remodeling activity to up-
regulate p16INK4a and p21CIP1. Indeed, the association of BRG1
with the promoters of the SAHF-regulating genes CDKN2A (en-
coding p16INK4a) and CDKN1A (encoding p21CIP1) was enhanced
during senescence induced by oncogene activation or BRCA1
knockdown. Interestingly, BRG1 promotes SAHF and senescence
in a DNA damage response-independent manner. Further, we
show that the interaction between BRG1 and pRB is enhanced
during senescence and that SAHF formation induced by ectopic
BRG1 requires its interaction with pRB. Finally, we found that
knockdown of pRB, p16INK4a, and p21CIP1, but not p53, impairs
SAHF formation induced by BRG1.

MATERIALS AND METHODS
Cell culture. IMR90 cells were cultured according to the ATCC and as
previously described (5, 23). Experiments were performed on IMR90 cells
between population doublings 25 and 35.

Plasmids, antibodies, and immunoblotting. pBABE-puro, pBABE-
puro-H-RASG12V, pBABE-puro-BRG1, and pBABE-puro-BRG1
(K798R) were obtained from Addgene. The BRCA1 short hairpin RNAs
(shRNAs) were described previously (14). pBABE-puro-BRG1 delRB
with a deletion of amino acids (aa) 1357 to 1361 (BRG1 �RB) was gener-
ated using standard molecular cloning techniques. Lentivirus-encoded
shRNAs were purchased from Open Biosystems. The sense strand se-
quences for the BRG1 shRNAs are 5=-CCCGTGGACTTCAAGAAGAT
A-3= and 5=-CGGCAGACACTGTGATCATTT-3=. The sense strand se-
quences for the p16INK4a shRNAs are 5=-CATGGAGCCTTCGGCTGAC
T-3= and 5=-GCGCTGCCCAACGCACCGAAT-3=. The sense strand
sequences for the p21CIP1 shRNAs are 5=-CGCTCTACATCTTCTGCCT
TA-3= and 5=-GACAGATTTCTACCACTCCAA-3=. The sense strand se-
quences for the pRB shRNAs are 5=-CCACATTATTTCTAGTCCAAA-3=
and 5=-CAGAGATCGTGTATTGAGATT-3=. The sense strand sequences
for the p53 shRNAs are 5=-GAGGGATGTTTGGGAGATGTA-3= and 5=-
GTCCAGATGAAGCTCCCAGAA-3=. The following antibodies were ob-
tained from the indicated suppliers: rabbit anti-BRCA1 (Upstate), mouse
anti-BRCA1 (Calbiochem) (for immunofluorescence staining), rabbit
anti-BRG1 (Santa Cruz), mouse anti-p21CIP1 (Santa Cruz), mouse anti-
p16INK4a (Santa Cruz), mouse anti-�-actin (Sigma), mouse anti-RAS (BD
Bioscience), mouse anti-p53 (Calbiochem), rabbit anti-serine 15-phos-
phorylated p53 (Cell Signaling), rabbit anti-FLAG (Cell Signaling), mouse
anti-pRB (Cell Signaling), rabbit anti-histone H3 (Millipore), and mouse
anti-H3K9me2 (Abcam). Rabbit anti-mH2A1.2 was described previously
(4, 28). Immunoblotting was performed using standard protocols with
the antibodies indicated above.

Retrovirus and lentivirus infections. Retrovirus production and
transduction were performed as described previously (5, 29) using Phoe-
nix cells to package the infection viruses (Gary Nolan, Stanford Univer-
sity). Lentivirus was packaged using a Virapower kit from Invitrogen by
following the manufacturer’s instructions and as described previously
(29, 30). Cells infected with viruses carrying a gene conferring resistance

to puromycin or neomycin were selected in 1 �g/ml puromycin or 500
�g/ml neomycin (G418), respectively.

Co-IP analysis. Cells were washed twice with phosphate-buffered sa-
line (PBS) and lysed using a buffer containing 50 mM Tris-HCl (pH 8.0),
1 mM EDTA, 0.5% NP-40, and 150 mM NaCl with the proteinase inhib-
itors. The supernatant was collected by centrifuging the cell lysates at
12,000 � g for 10 min at 4°C. One milligram of total protein supernatant
was subjected to immunoprecipitation (IP) using 2 �g anti-FLAG anti-
body (Sigma), anti-BRG1 antibody (Santa Cruz), or an isotype-matched
IgG control by incubating the antibodies with supernatant for 2 h at 4°C.
The IP products were separated on an SDS-PAGE gel and immunoblotted
with anti-pRB, anti-BRCA1, or anti-BRG1 antibodies to visualize the im-
munoprecipitated proteins.

Chromatin isolation and chromatin immunoprecipitation (ChIP)
analysis. Chromatin was prepared according to previously published
methods (6, 31). Chromatin-bound proteins in the chromatin fraction
were detected by immunoblotting using antibodies against BRCA1,
BRG1, and histone H3 as indicated above.

ChIP analysis in control, RAS-infected, or BRCA1 knockdown IMR90
cells was performed at day 4 post-drug selection as previously described
(14) using a polyclonal anti-BRG1 antibody (Santa Cruz), an anti-BRCA1
antibody (Millipore), or an isotype-matched IgG control. Immunopre-
cipitated DNA was analyzed by PCR or SYBR green-based quantitative
PCR (Qiagen). Primers against the human CDKN2A gene promoter re-
gion are 5=-TGATTTCGATTCTCGGTGGG-3= and 5=-GGGTGTTTGGT
GTCATAGGG-3=. Primers against the human CDKN1A gene promoter
region are 5=-TTCAGGAGACAGACAACTCACTC-3= and 5=-GACACC
CCAACAAAGCATCTTG-3=.

Immunofluorescence and SA-�-gal staining. Immunofluorescence
staining was performed as described previously using the antibodies de-
scribed above (4, 5, 28). SA-�-gal staining was performed as previously
described (3).

Comet assay. A comet assay was performed with a CometAssay
(Trevigen) kit following the manufacturer’s instruction. DNA damage
was measured in artificial Olive Moment units using Cometscore soft-
ware. A t test for significance was performed using Graph Prism software.

RESULTS
The interaction between BRCA1 and BRG1 is disrupted in cells
undergoing senescence, which correlates with an increased level
of chromatin-associated BRG1 and an enhanced interaction be-
tween BRG1 and pRB. We have previously shown that oncogenic
RAS dissociates BRCA1 from chromatin, which contributes to
formation of SAHF and the senescence phenotype (14). Notably,
BRCA1 chromatin dissociation is not a consequence of G1 phase
accumulation in the fully established senescence cells (14), be-
cause BRCA1 becomes dissociated from chromatin prior to G1

phase accumulation in RAS-infected cells compared with controls
(see Fig. S1 in the supplemental material). Likewise, knockdown
of BRCA1 in primary human cells induces formation of SAHF and
senescence (14). Given the role of p16INK4a and p21CIP1 in pro-
moting SAHF formation and senescence (2), we first examined
changes in the expression of p16INK4a and p21CIP1 in IMR90 nor-
mal human fibroblasts expressing shRNAs corresponding to the
human BRCA1 gene (shBRCA1) that efficiently knock down
BRCA1 protein expression (Fig. 1A). Compared with controls, the
expression of both p16INK4a and p21CIP1 was upregulated in
BRCA1 knockdown cells (Fig. 1B). Notably, similar results were
obtained by multiple shBRCA1s (Fig. 1A and B), suggesting that
the observed phenotype was not due to off-target effects.

It has been demonstrated that BRCA1 interacts with BRG1, an
ATP-dependent chromatin-remodeling factor, in transformed
cancer cells (18). In addition, the CDKN2A and CDKN1A genes,
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which respectively encode p16INK4a and p21CIP1 proteins, are
known BRG1 target genes (24, 32). Thus, we sought to determine
whether the interaction between BRCA1 and BRG1 is regulated
during senescence of IMR90 fibroblasts induced by oncogenic
RAS. Toward this goal, IMR90 cells expressing oncogenic RAS to
induce senescence or control were subjected to co-immunopre-
cipitation (co-IP) using an anti-BRG1 antibody. An isotype-
matched IgG was used a negative control. Consistent with the
previous observations in cancer cells (18), we found that BRG1 is
associated with BRCA1 in control proliferating cells by co-IP anal-
ysis (Fig. 1C). Interestingly, we found that this association was lost
in RAS-infected cells (Fig. 1C). This was not due to a decrease of
either BRCA1 or BRG1 expression level, as the input levels of
BRCA1 and BRG1 are comparable between control and RAS-in-
fected cells at this time point (Fig. 1C). Notably, the co-IP dem-
onstrated a high stoichiometry of BRG1 and BRCA1 complex for-
mation, as pulling down BRG1 brought down a similar fraction of
BRCA1 (Fig. 1C). Since BRCA1 became dissociated from chroma-
tin (14) and the interaction between BRG1 and BRCA1 was dis-
rupted during senescence (Fig. 1C), we examined the changes in
the levels of BRG1 in chromatin fractions during senescence. In
contrast to BRCA1’s chromatin dissociation (14), BRG1 levels
in the chromatin fraction were increased in RAS-infected cells
compared with controls (Fig. 1D). This was not due to an increase
in total BRG1 levels in RAS-infected cells compared to controls
(Fig. 1D). Consistently, immunofluorescence staining of BRCA1
and BRG1 showed that the colocalization between BRCA1 and
BRG1 was decreased in the nuclei of RAS-induced senescent cells
compared with controls (Fig. 1E). Based on this result, we con-
clude that the interaction between BRCA1 and BRG1 is disrupted
and chromatin-associated BRG1 levels are increased in cells un-
dergoing senescence.

BRG1 interacts with pRB, a known regulator of SAHF forma-
tion and senescence (7, 22, 23). Thus, we sought to determine
whether the interaction between BRG1 and pRB is regulated dur-

ing senescence. To do so, we performed co-IP using an anti-BRG1
antibody in control and RAS-infected cells. An isotype-matched
IgG was used as a control. Interestingly, the interaction between
BRG1 and pRB was enhanced in cells undergoing senescence
(Fig. 1F).

Ectopic BRG1 drives SAHF formation and senescence.
Knockout of BRG1 results in the dissolution of pericentromeric
heterochromatin (33), suggesting that BRG1 plays a role in regu-
lating heterochromatin structure. Therefore, we next sought to
determine whether ectopic BRG1 is sufficient to drive SAHF for-
mation. Toward this goal, we ectopically expressed wild-type
BRG1 in IMR90 normal human fibroblasts (Fig. 2A). Indeed,
there was a significant increase in SAHF formation in cells ectop-
ically expressing BRG1 compared with controls (Fig. 2B and C).
Consistently, other markers of SAHF such as formation of
H3K9Me2 and mH2A1.2 foci were also induced by the ectopically
expressed wild-type BRG1 (Fig. 2B and C). Expression of SA-�-gal
activity, a hallmark of cellular senescence (3), was also induced by
wild-type BRG1 expression (Fig. 2D and E). Thus, we conclude
that ectopic expression of wild-type BRG1 drives SAHF formation
and senescence.

We next sought to determine whether BRG1’s ability to drive
SAHF formation is dependent upon its chromatin-remodeling
activity. To do so, we obtained a mutant BRG1 with a single amino
acid substitution at amino acid residue 798 (BRG1 K798R), which
has previously been demonstrated to be deficient in chromatin-
remodeling activity (34). Compared with wild-type controls, the
mutant BRG1 that is deficient in chromatin-remodeling activity
was also severely impaired in its ability to drive SAHF formation
and the expression of SA-�-gal activity (Fig. 2A to E). Since
p16INK4a and p21CIP1 are key regulators of SAHF formation and
are known BRG1 target genes (7, 9, 24, 32), we next examined the
expression of p16INK4a and p21CIP1 in cells expressing the control,
wild-type BRG1, and the mutant BRG1. Compared with controls,
the expression of both p16INK4a and p21CIP1 was upregulated by

FIG 1 The interaction between BRG1 and BRCA1 is disrupted during senescence, which correlates with an increased level of chromatin-associated BRG1. (A)
IMR90 normal human fibroblasts were infected with lentivirus encoding the indicated shBRCA1 or the control. Drug-selected cells were examined for the
expression of BRCA1 and �-actin by immunoblotting. (B) Same as described for panel A except that cells were examined for the expression of p21CIP1 and
p16INK4a by immunoblotting. (C) IMR90 cells were infected with retrovirus encoding control or oncogenic H-RASG12V. Drug-selected cells were subjected to
coimmunoprecipitation experiments using an anti-BRG1 antibody. An isotype-matched IgG was used as a negative control. Levels of immunoprecipitated BRG1
and BRCA1 were determined by immunoblotting using the indicated antibodies. (D) Same as described for panel C except that the cells were subjected to
fractionation to prepare chromatin and the expression of BRG1 and histone H3 in the chromatin fraction of the indicated cells was examined by immunoblotting.
(E) Same as described for panel C except that the cells were subjected to immunofluorescence staining using anti-BRCA1 and anti-BRG1 antibodies. DAPI,
4=,6=diamidino-2-phenylindole. (F) Same as described for panel C except that the cells were subjected to coimmunoprecipitation experiments using an
anti-BRG1 antibody. An isotype-matched IgG was used as a negative control. Levels of immunoprecipitated BRG1 and pRB were determined by immunoblotting
using the indicated antibodies.
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FIG 2 Ectopic expression of BRG1 drives SAHF formation and senescence, which is dependent upon its chromatin-remodeling activity. (A) IMR90 cells were
infected with retrovirus encoding a wild-type BRG (BRG WT), a K798R mutant BRG1 that is defective in chromatin-remodeling activity (BRG1 K/R), or the
control (Cont). Expression of BRG1 was examined by immunoblotting in the drug-selected cells. Expression of �-actin was used as a loading control. (B) Same
as described for panel A except that cells were stained with DAPI and the indicated antibodies to visualize SAHF. The arrow points to an example of inactivated
X chromosome stained by mH2A1.2 antibody in control IMR90 cells. (C) Quantitation of the results shown in panel B. A total of 200 cells from each of the
indicated groups were examined for the expression of the indicated markers. Data represent the means of the results of three independent experiments with
standard deviations (SD). *, P � 0.05 (compared with controls); #, P � 0.05 (compared with wild-type BRG1). (D) Same as described for panel A except that cells
were stained for SA-�-gal activity. (E) Quantitation of the results shown in panel D. A total of 200 cells from each of the indicated groups were examined for
expression of SA-�-gal activity. Data represent the means of the results of three independent experiments with SD. (F) Same as described for panel A except that
cells were examined for expression of BRG1, p16INK4a, p21CIP1, p53, serine 15-phosphorylated p53 (S15-p53), and �H2AX by immunoblotting. Expression of
�-actin was used as a loading control. (G) Same as described for panel A except that cells were measured for the extent of DNA damage using the comet assay.
Note that these experiments were performed at the same time as those shown in Fig. 4I, where shBRCA1-expressing cells were used as positive controls. (H)
Quantification of the results shown in panel G. The extent of DNA damage measured by the comet assay was calculated as artificial Olive Moment units as
described in Materials and Methods. Olive Moment levels in 100 cells from each group were measured. Means of the data representing Olive Moment units with
standard errors of the means (SEM) are shown in blue. (I) IMR90 cells were infected with retrovirus encoding FLAG-tagged wild-type BRG1, the BRG1 K/R
mutant, or the control. Drug-selected cells were subjected to coimmunoprecipitation experiments using an anti-FLAG antibody. An isotype-matched IgG was
used as a negative control. Levels of immunoprecipitated BRG1 and BRCA1 were determined by immunoblotting using the indicated antibodies. (J) Same as
described for panel I except that cells were examined for the levels of immunoprecipitated BRG1 and pRB. (K) Same as described for panel A except that cells were
subjected to fractionation to prepare chromatin and the expression of BRCA1 and histone H3 in the chromatin fraction of the indicated cells was examined by
immunoblotting. (L) IMR90 cells were infected with retrovirus encoding FLAG-tagged wild-type BRG1 (BRG1 WT), BRG1 with aa 1357 to 1361 deleted (BRG1
�RB), or the control. Drug-selected cells were subjected to coimmunoprecipitation experiments using an anti-FLAG antibody. An isotype-matched IgG was used
as a negative control. Levels of immunoprecipitated BRG1, pRB, and BRCA1 were determined by immunoblotting using the indicated antibodies. (M) Same as described
for panel L except that cells were stained with DAPI to visualize SAHF formation. (N) Quantification of the results shown in panel M. A total of 200 cells from each of the
indicated groups were examined for SAHF formation. Data represent the means of the results of three independent experiments with SD. (O) Same as described for panel
L except that cells were examined for BRG1, p21CIP1, p16INK4a, and�-actin expression by immunoblotting using the indicated antibodies. (P) Same as described for panel
L except that cells were stained for SA-�-gal activity. (Q) Quantification of the results shown in panel P. A total of 200 cells from each of the indicated groups were
examined for SA-�-gal activity. Data represent the means of the results of three independent experiments with SD.
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wild-type BRG1 but not mutant BRG1 that is deficient in chroma-
tin-remodeling activity (Fig. 2F). Together, we conclude that the
chromatin-remodeling activity of BRG1 is required for SAHF for-
mation and senescence, which correlates with the upregulation of
p16INK4a and p21CIP1 in these cells.

Since formation of SAHF and senescence induced by BRCA1
knockdown or oncogenic RAS is accompanied by the accumula-
tion of DNA damage (see Fig. S1C in the supplemental material)
(14), we next examined the expression of �H2AX, a marker of
DNA damage, in cells expressing wild-type BRG1 or mutant
BRG1 (BRG1 K798R). Interestingly, the expression of �H2AX was
not upregulated by the expression of wild-type or mutant BRG1
compared with controls (Fig. 2F). Likewise, the formation of
�H2AX foci was not significantly induced by wild-type BRG1 (see
Fig. S2 in the supplemental material). Further, the expression of
p53 or serine 15 phosphorylated p53 was not upregulated by the
expression of either wild-type or mutant BRG1 (Fig. 2F). We next
directly measured the extent of DNA damage in these cells using
the comet assay. Compared with controls, the extent of DNA
damage was not significantly affected by either wild-type or mu-
tant BRG1 (Fig. 2G and H). Interestingly, both wild-type BRG1
and the BRG1 K798R mutant were able to interact with BRCA1
(Fig. 2I), suggesting that the inability of the BRG1 K798R mutant
to induce SAHF formation and senescence was not due to an im-
paired interaction with BRCA1. In addition, the interaction be-
tween BRG1 and pRB was not disrupted by the BRG1 K798R
mutant, suggesting that the observed effects were not due to a
complete misfolding of the mutant protein (Fig. 2J). Notably, ec-
topically expressed BRG1 did not dissociate BRCA1 from chro-
matin (Fig. 2K), suggesting that BRG1 acts downstream of BRCA1
chromatin dissociation. We previously showed that oncogene-
induced BRCA1 chromatin dissociation contributes to both
SAHF formation and DNA damage accumulation (14). Likewise,
BRCA1 knockdown triggers SAHF formation and DNA damage
response (14). Here we showed that ectopic BRG1 drove SAHF
formation but not the DNA damage response and that BRG1 did
not dissociate BRCA1 from chromatin (Fig. 2B, C, F to H, and K).
Together, these data support the premise that BRG1 acts down-
stream of BRCA1 chromatin dissociation to promote SAHF for-
mation during senescence.

Next, we sought to determine the importance of the interac-
tion between BRG1 and pRB in formation of SAHF induced by
BRG1. Toward this goal, we generated a mutant BRG1 that no
longer binds to pRB (deletion of aa 1357 to 1361; BRG1 �RB) (22,
35, 36) and confirmed the disruption of the interaction between
BRG1 �RB and pRB by co-IP analysis (Fig. 2L). Notably, the
BRG1 �RB mutant retained its ability to interact with BRCA1
(Fig. 2L). This result suggests that the effects observed in the BRG1
�RB mutant were not due to a complete misfolding of the protein.
Indeed, compared with wild-type BRG1, the BRG1 �RB mutant
was significantly impaired in its ability to drive SAHF formation
(Fig. 2M and N). Interestingly, compared with wild-type BRG1,
there was no overt difference in induction of p16INK4a and p21CIP1

by the BRG1 �RB mutant (Fig. 2O). Given that the BRG1 chro-
matin-remodeling-activity-deficient mutant (BRG1 K798R)
failed to upregulate p16INK4a and p21CIP1 (Fig. 2F), this result
suggests that upregulation of p16INK4a and p21CIP1 expression in-
duced by BRG1 functions upstream of pRB, which is independent
of the interaction between BRG1 and pRB and dependent on
BRG1’s chromatin-remodeling activity. Consistently, compared

with wild-type BRG1, levels of other markers of senescence
such as SA-�-gal activity were decreased in BRG1 �RB mutant-
expressing cells, albeit to a much lesser extent than that seen
SAHF formation in wild-type BRG1-expressing cells (Fig. 2P
and Q). Based on these results, we conclude that the interaction
between BRG1 and pRB is enhanced in cells undergoing senes-
cence and that SAHF formation induced by BRG1 requires its
interaction with pRB.

Knockdown of BRG1 suppresses SAHF formation and senes-
cence induced by oncogenic RAS. We next sought to determine
whether BRG1 is required for the SAHF formation and senescence
that is associated with BRCA1 chromatin dissociation induced by
oncogenic RAS. To do so, we obtained two individual shRNAs
corresponding to the human BRG1 gene (shBRG1) that can effi-
ciently knock down BRG1 expression (e.g., see Fig. 3D). We in-
fected IMR90 cells with oncogenic RAS to induce BRCA1 chro-
matin dissociation, SAHF formation, and senescence together
with shBRG1 or the control. Compared with RAS-alone cells,
knockdown of BRG1 significantly suppressed the RAS-induced
SA-�-gal activity and SAHF formation (Fig. 3A to C). However,
BRG1 knockdown itself had no effects on expression of markers of
senescence such as SA-�-gal activity or SAHF formation (see Fig.
S3 in the supplemental material). Interestingly, BRG1 knockdown
in mesenchymal stem cells induces the senescence phenotype
(27). The discrepancy may be explained by differences in the ex-
perimental systems. Notably, the expression of both p16INK4a and
p21CIP1 was significantly downregulated by shBRG1 compared
with RAS-alone controls (Fig. 3D). This was not due to a lower
level of RAS expression in BRG1 knockdown cells, as the RAS
expression was comparable (Fig. 3D). Interestingly, BRG1 knock-
down had no effects on BRCA1 chromatin dissociation induced
by oncogenic RAS (Fig. 3E). This result further supports the
premise that BRG1 functions downstream of RAS-induced
BRCA1 chromatin dissociation. Consistently, BRG1 knockdown
did not overtly affect RAS-induced DNA damage accumulation.
For example, RAS-induced upregulation of �H2AX expression or
formation of �H2AX foci was not significantly affected by shBRG1
compared with controls (Fig. 3F; see also Fig. S4 in the supplemen-
tal material). Based on these results, we conclude that knockdown
of BRG1 suppresses RAS-induced SAHF formation and senes-
cence, which is independent of the DNA damage response.

Our results suggest that BRG1 contributes to SAHF formation
and senescence induced by oncogenic RAS by promoting p16INK4a

and p21CIP1 expression, which depends upon BRG1’s chromatin-
remodeling activity (Fig. 2). Thus, we examined the association of
BRG1 with the promoters of the CDKN2A (encoding p16INK4a)
and CDKN1A (encoding p21CIP1) genes in IMR90 cells infected
with oncogenic RAS by ChIP using an anti-BRG1 antibody. An
isotype-matched IgG was used a negative control for ChIP analy-
sis. Compared with controls, BRG1’s association with the promot-
ers of both CDKN2A and CDKN1A genes was significantly en-
hanced in RAS-infected cells (Fig. 3G to J). In contrast, compared
with controls, there was no overt change in BRCA1’s association
with the promoters of either the CDKN2A or CDKN1A gene in
RAS-infected cells (see Fig. S5 in the supplemental material).

BRG1 enhances senescence induced by BRCA1 knockdown,
and knockdown of BRG1 suppresses SAHF formation and se-
nescence induced by BRCA1 knockdown. We next sought to de-
termine whether ectopic expression of BRG1 enhances the senes-
cence phenotype induced by BRCA1 knockdown. Toward this
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FIG 3 Knockdown of BRG1 suppresses SAHF formation and senescence induced by oncogenic RAS. (A) IMR90 cells were infected with retrovirus encoding
oncogenic H-RASG12V together with lentivirus encoding the indicated shBRG1 or the control. Drug-selected cells were stained for SA-�-gal activity or DAPI to
visualize SAHF formation. (B and C) Quantitation of the results shown in panel A. A total of 200 cells from each of the indicated group were examined for
SA-�-gal activity or SAHF formation. Data represent the means of the results of three independent experiments with SD. *, P � 0.05 (compared with cells with
RAS alone). (D) Same as described for panel A except that cells were examined for expression of p16INK4a, p21CIP1, BRG1, and RAS by immunoblotting.
Expression of �-actin was used as a loading control. (E) Same as described for panel A except that the cells were subjected to fractionation to prepare chromatin
and the expression of BRCA1 and BRG1 in the chromatin fraction of the indicated cells was examined by immunoblotting. Expression of histone H3 was used
as a loading control. (F) Same as described for panel A except that cells were examined for expression of �H2AX by immunoblotting. Expression of �-actin was
used as a loading control. (G) IMR90 cells were infected with retrovirus encoding oncogenic H-RASG12V or the control. Drug-selected cells were used to perform
chromatin immunoprecipitation (ChIP) using an anti-BRG1 antibody. An isotype-matched IgG was used as a negative control for ChIP analysis. The immu-
noprecipitated DNA was subjected to PCR analysis using primers that amplify the promoter region of the human CDKN2A gene. (H) Same as described for panel
G except that the immunoprecipitated DNA was subjected to quantitative PCR analysis. Data represent the means of the results of three independent experiments
with SD. (I and J) Same as described for panels H and G except that the human CDKN1A gene promoter was analyzed.
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goal, we infected IMR90 fibroblasts with a lentivirus encoding
shBRCA1 together with a retrovirus encoding the wild type or the
chromatin-remodeling-activity-deficient BRG1 mutant (BRG1
K798R). Compared with shBRCA1-alone cells, expression of
wild-type BRG1 but not mutant BRG1 induced a more pro-
nounced senescence phenotype, as indicated by a significant in-
crease in SAHF formation and expression of SA-�-gal activity
(Fig. 4A to C). Notably, this correlated with an increased induc-
tion of p16INK4a and p21CIP1 but not �H2AX expression (Fig. 4D).
Based on these results, we conclude that ectopic BRG1 enhances
the senescence phenotype induced by BRCA1 knockdown, which
correlates with enhanced expression of p16INK4a and p21CIP1.

Our evidence supports the hypothesis that BRG1 acts down-
stream of BRCA1 chromatin dissociation to promote SAHF for-
mation during RAS-induced senescence. We next wanted to di-
rectly test the effects of BRG1 knockdown on SAHF formation and
senescence induced by BRCA1 knockdown. To do this, we in-
fected IMR90 cells with a lentivirus encoding shBRCA1 together
with a lentivirus encoding shBRG1 or the control. Compared with
shBRCA1-alone cells, BRG1 knockdown significantly suppressed
the expression of SA-�-gal activity and SAHF formation induced
by BRCA1 knockdown (Fig. 4E to G). This was accompanied by
a notable downregulation of p16INK4a and p21CIP1 in shBRCA1/
shBRG1-expressing cells compared with shBRCA1-alone cells
(Fig. 4H). Taken together, these data indicate that BRG1 con-
tributes to SAHF formation and senescence induced by BRCA
knockdown and that this correlates with its effects on the ex-
pression of p16INK4a and p21CIP1.

We next sought to determine the effects of BRG1 knockdown
on the DNA damage induced by BRCA1 knockdown by examin-
ing �H2AX expression and directly measuring the extent of DNA
damage in these cells using the comet assay. Notably, BRG1
knockdown did not overtly affect BRCA1 knockdown-induced
�H2AX expression (Fig. 4H). Likewise, BRG1 knockdown did not
significantly affect the extent of DNA damage induced by BRCA1
knockdown as measured by the comet assay (Fig. 4I and J). Taking
these results together, we conclude that BRG1 knockdown does
not suppress the DNA damage response induced by BRCA1
knockdown.

Notably, chromatin-associated BRG1 levels were increased in
BRCA1 knockdown cells (Fig. 4K), further supporting the notion
that BRCA1 functions upstream of BRG1. This was not due to an
increase in the total BRG1 protein level in BRCA1 knockdown
cells (Fig. 4K). Since BRCA1 knockdown induces the expression of
p21CIP1 and p16INK4a, we next examined the association of BRG1
with the promoters of CDKN2A and CDKN1A genes in BRCA1
knockdown cells. Similar to what we observed in cells expressing
oncogenic RAS, which induces dissociation of BRCA1 from chro-
matin, we observed that BRG1’s association with the promoters of
CDKN2A and CDKN1A genes was significantly enhanced in
BRCA1 knockdown cells compared with controls (Fig. 4L to O).
Together, these results further support the premise that BRG1
contributes to SAHF formation and senescence induced by
BRCA1 chromatin dissociation or BRCA1 knockdown through
promoting p16INK4a and p21CIP1 expression.

Knockdown of pRB, p16INK4a, and p21CIP1, but not p53, in-
hibits SAHF formation induced by ectopic BRG1 expression.
We showed that p16INK4a and p21CIP1 expression is induced by
BRG1 (Fig. 2F). In addition, a mutant BRG1 (BRG1 K798R) that is
deficient in chromatin-remodeling activity is also impaired in

SAHF formation (Fig. 2B and C). Further, we showed that the
interaction between BRG1 and pRB is required for SAHF forma-
tion induced by BRG1 (Fig. 2M and N). However, we failed to
observe an increase in p53 expression in BRG1-expressing cells
(Fig. 2F). We next sought to directly determine the effects of
knockdown of pRB, p16INK4a, p21CIP1, or p53 on SAHF formation
induced by ectopic BRG1. To do so, we developed two individual
shRNAs corresponding to the human CDKN2A, CDKN1A, pRB,
or p53 gene. The knockdown efficacy of these shRNAs was con-
firmed by immunoblotting using antibodies specific to pRB,
p16INK4a, p21CIP1, and p53 (Fig. 5A to D). Interestingly, knock-
down of pRB, p16INK4a, or p21CIP1 inhibited SAHF formation in-
duced by ectopic BRG1 expression (Fig. 5E and F). In contrast,
knockdown of p53 had no significant effects on SAHF formation
induced by ectopic BRG1 expression (Fig. 5E and F). Based on
these results, we conclude that knockdown of pRB, p16INK4a, or
p21CIP1, but not p53, inhibits SAHF formation induced by ectopic
BRG1 expression.

BRCA1 knockdown induces both SAHF formation and the
DNA damage response (14), and suppression of the DNA damage
response impairs SAHF formation (37). We next sought to deter-
mine the effects of knockdown of pRB, p16INK4a, p21CIP1, or p53
on SAHF formation induced by BRCA1 knockdown. Notably,
knockdown of pRB, p16INK4a, p21CIP1, or p53 inhibited SAHF
formation (Fig. 5G to I). Since knockdown of p53 suppresses
SAHF formation induced by knockdown of BRCA1 but not ecto-
pic BRG1 (Fig. 5), these data further support the premise that
BRG1 functions downstream of BRCA1 knockdown to drive
SAHF formation.

DISCUSSION
The role of BRG1 in SAHF formation induced by BRCA1 knock-
down or BRCA1 chromatin dissociation. Here we demonstrated
that the interaction between BRG1 and BRCA1 was regulated dur-
ing RAS-induced senescence (Fig. 1C and D). In addition, chro-
matin-associated BRG1 levels were increased in cells undergoing
senescence induced by oncogenic RAS or BRCA1 knockdown
(Fig. 1D and 4K). Consistently, ectopic BRG1 expression drove
formation of SAHF and senescence (Fig. 2). Conversely, knock-
down of BRG1 inhibited the formation of SAHF induced by on-
cogenic RAS or BRCA1 knockdown (Fig. 3 and 4). Further, we
demonstrated that ectopic BRG1 enhanced SAHF formation in-
duced by BRCA1 knockdown, which resulted in a more pro-
nounced senescence phenotype (Fig. 4). However, BRG1 did not
dissociate BRCA1 from chromatin (Fig. 2). Interestingly, BRG1’s
role in promoting SAHF formation is independent of the DNA
damage response (Fig. 2F to H, 3F, and 4D to F; see also Fig. S2 and
S4 in the supplemental material), while BRCA1 chromatin disso-
ciation or knockdown induces both SAHF formation and DNA
damage response (14). Consistently, knockdown of p53 inhibited
SAHF formation induced by BRCA1 knockdown but not by ecto-
pic BRG1 (Fig. 5). Together, these results support the premise that
BRG1 acts downstream of BRCA1 to promote SAHF formation
during senescence (Fig. 6). In addition, they suggest that onco-
gene-induced BRCA1 chromatin dissociation contributes to the
accumulation of DNA damage observed in senescent cells through
BRG1-independent mechanisms (Fig. 6). In agreement with this
conclusion, we have previously shown that BRCA1-mediated
DNA repair is impaired during RAS-induced senescence (14).

We show that the interaction between BRCA1 and BRG1 is
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disrupted during senescence, which correlates with the dissocia-
tion of BRCA1 from chromatin and an enhanced association of
BRG1 with chromatin (Fig. 1). Consistently, the colocalization
between BRG1 and BRCA1 was decreased in the nuclei of senes-
cent cells (Fig. 1E). BRCA1 knockdown, which mimics BRCA1

chromatin dissociation and the disruption of the interaction be-
tween BRCA1 and BRG1, increased the levels of chromatin-asso-
ciated BRG1 (Fig. 4K). In contrast, BRG1 overexpression did not
affect BRCA1 chromatin association (Fig. 2K). Together, these
results suggest that BRCA1 chromatin dissociation and disruption

FIG 4 Knockdown of BRG1 suppresses SAHF formation and senescence induced by BRCA1 knockdown. (A) IMR90 cells were infected with lentivirus encoding
shBRCA1 (#3) together with retrovirus encoding wild-type BRG1 (BRG1 WT) or a mutant BRG1 that is defective in chromatin remodeling (BRG1 K/R).
Drug-selected cells were stained for SA-�-gal activity or with DAPI to visualize SAHF formation. (B and C) Quantitation of the results shown in panel A. A total
of 200 cells from each of the indicated groups were examined for SA-�-gal activity or SAHF formation. Data represent the means of the results of three
independent experiments with SD. *, P � 0.05 (compared with controls); #, P � 0.05 (compared with controls); **, P � 0.05 (compared with either shBRCA1
alone or BRG1 WT alone); ##, P � 0.05 (compared with shBRCA1 alone). (D) Same as described for panel A but examined for expression of BRCA1, BRG1,
�H2AX, p21CIP1, and p16INK4a by immunoblotting. Expression of �-actin was used as a loading control. (E) IMR90 cells were infected with retrovirus encoding
shBRCA1 (#3) together with indicated shBRG1 or the control. Drug-selected cells were stained for SA-�-gal activity or with DAPI to visualize SAHF formation.
(F and G) Quantitation of the results shown in panel E. A total of 200 cells from each of the indicated groups were examined for SA-�-gal activity or SAHF
formation. Data represent the means of the results of three independent experiments with SD. *, P � 0.05 (compared with shBRCA1-alone cells). (H) Same as
described for panel E except that cells were examined for expression of BRCA1, BRG1, �H2AX, p16INK4a, and p21CIP1 by immunoblotting. Expression of �-actin
was used as a loading control. (I) Same as described for panel E except that measurements to determine the extent of DNA damage were performed using the
comet assay. (J) Quantification of the results shown in panel I. The extent of DNA damage measured by the comet assay was calculated in artificial Olive Moment
units as described in Materials and Methods. Olive Moment levels in 100 cells from each group were measured. Means of the data representing Olive Moment
units with standard errors of the means (SEM) are shown in blue. (K) IMR90 cells were infected with lentivirus encoding the indicated shBRCA1 or the control.
Drug-selected cells were subjected to fractionation to prepare chromatin, and the expression of BRG1 in the total cell lysates and the chromatin fraction of the
indicated cells was examined by immunoblotting. Expression of �-actin and histone H3 was used as a loading control. Please see Fig. 1A for the shBRCA1
knockdown efficacy. (L) IMR90 cells were infected with lentivirus encoding shBRCA1 (#3) or the control. Drug-selected cells were used to perform ChIP analysis
using an anti-BRG1 antibody. An isotype-matched IgG was used as a negative control for ChIP analysis. The immunoprecipitated DNA was subjected to PCR
analysis using primers that amplify the promoter region of the human CDKN2A gene. (M) Same as described for panel L except that the immunoprecipitated
DNA was subjected to quantitative PCR analysis. Data represent the means of the results of three independent experiments with SD. (N and O) Same as described
for panels L and M except that the human CDKN1A gene promoter was analyzed.

FIG 5 Knockdown of pRB, p21CIP1, or p16INK4a, but not p53, inhibits SAHF formation induced by ectopic BRG1 expression. (A) IMR90 cells were infected with
retrovirus encoding BRG1 together with lentivirus encoding the indicated shpRB or the control. Drug-selected cells were examined for expression of pRB, BRG1,
and �-actin by immunoblotting using the indicated antibodies. (B) Same as described for panel A except that cells were examined for expression of shp53. (C)
Same as described for panel A except that cells were examined for expression of shp21. (D) Same as described for panel A except that cells were examined for
expression of shp16. (E) Same as described for panels A to D except that cells were stained with DAPI to visualize SAHF formation. (F) Quantification of the
results shown in panel E. A total of 200 cells from each of the indicated groups were examined for SAHF formation. Data represent the means of the results of three
independent experiments with SD. *, P � 0.05 (compared with BRG1-expressing cells); #, P � 0.05 (compared with BRG1-expressing cells). (G) IMR90 cells were
infected with lentivirus encoding shBRCA1 (#3) together with lentivirus encoding the indicated shpRB (#1), shp53 (#2), shp21 (#1), shp16 (#2), or the control.
Drug-selected cells were examined for expression of BRCA1 and �-actin by immunoblotting using the indicated antibodies. Please see panel A for the knockdown
efficacy of the indicated shRNAs. (H) Same as described for panel G except that cells were stained with DAPI to visualize SAHF formation. (I) Quantification of
the results shown in panel H. A total of 200 cells from each of the indicated groups were examined for SAHF formation. Data represent the means of the results
of three independent experiments with SD. *, P � 0.05 (compared with cells expressing only shBRCA1).
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of the BRCA1 and BRG1 interaction, which act upstream of BRG1
during senescence, are associated (Fig. 6). Our data also show that
the interaction between BRCA1 and BRG1 was present in the sol-
uble fractions (Fig. 1C). These data are consistent with a model
whereby soluble BRCA1 sequesters BRG1 away from chromatin
and disruption of the interaction between BRCA1 and BRG1
causes an enhanced association of BRG1 with chromatin during
senescence.

Molecular mechanisms by which BRG1 promote SAHF for-
mation. BRG1 is known to regulate heterochromatin structure.
Indeed, BRG1 interacts with pRB, which is known to play a key
role in regulating SAHF formation (7, 22). Here we show that the
interaction between BRG1 and pRB was enhanced during senes-
cence and that formation of SAHF induced by ectopic BRG1 re-
quired its interaction with pRB (Fig. 1F and 2L to N). Consis-
tently, knockdown of pRB suppressed SAHF formation induced
by ectopic BRG1 expression (Fig. 5). However, the BRG1 �RB mu-
tant did not affect upregulation of p16INK4a and p21CIP1 (Fig. 2O). In
contrast, a chromatin-remodeling-activity-deficient BRG1 mutant
(BRG1 K798R) that failed to induce p16INK4a and p21CIP1 expression
was unable to drive SAHF formation (Fig. 2B and C). These data
suggest that the BRG1 and pRB complex acts downstream of p16INK4a

and p21CIP1, whose expression requires BRG1’s chromatin-remodel-
ing activity (Fig. 6). Indeed, both p16INK4a and p21CIP1 are known
regulators of pRB (38). Together, these data support the notion that
the complex of BRG1 and pRB functions downstream of p16INK4a

and p21CIP1 to promote SAHF formation (Fig. 6).
It has been demonstrated that p16INK4a and pRB are necessary

for SAHF formation during senescence induced by oncogenic
RAS (7). However, p53 and p21CIP1 are not necessary for SAHF
formation in this context (7). In contrast, both p53 and p21CIP1

are required for SAHF formation induced by knockdown of ade-
novirus E1A-associated p400 protein (9). Here we show that ec-

topic BRG1 induced the expression of p21CIP1 and p16INK4a but
had no effects on p53 expression (Fig. 2F). This is consistent with
a previous report showing that BRG1-induced upregulation of
p21CIP1 is independent of p53 (24). Notably, the association of
BRG1 with the promoters of the CDKN2A and CDKN1A genes,
which encode pRB regulators p16INK4a and p21CIP1, was enhanced
during senescence induced by oncogenic RAS or BRCA1 knock-
down (Fig. 3G to J and 4L to O). In addition, we demonstrated that
knockdown of BRG1 suppressed SAHF formation, which corre-
lates with suppression of expression of both p16INK4a and p21CIP1

induced by BRCA1 knockdown or oncogenic RAS (Fig. 3 and 4).
Further, knockdown of p16INK4a, p21CIP1, or pRB, but not p53,
inhibited SAHF formation induced by ectopic BRG1 expression
(Fig. 5). Together, these data support a model whereby BRG1
promotes SAHF formation via its interaction with pRB, which is
regulated by the upregulation of p16INK4a and p21CIP1 through its
chromatin-remodeling activity (Fig. 6).

BRG1, DNA damage, and SAHF. Here we showed that ectopic
BRG1 drives SAHF formation and that this is independent of the
DNA damage response by multiple markers (Fig. 2F to H; see also
Fig. S2 in the supplemental material). These DNA damage mark-
ers include expression of �H2AX, p53, and serine 15-phosphory-
lated p53 (Fig. 2F). Consistently, BRG1 did not affect the extent of
DNA damage in these cells, as measured by the comet assay (Fig.
2G and H). Conversely, knockdown of BRG1 inhibited SAHF for-
mation induced by oncogenic RAS or BRCA1 knockdown with no
overt effects on the DNA damage response (Fig. 3F and 4H to J; see
also Fig. S4 in the supplemental material). Interestingly, previous
evidence suggests that formation of SAHF limits the extent of
DNA damage induced by oncogenic RAS (37). Likewise, it has
been demonstrated that ectopic p16INK4a drives SAHF formation.
However, p16INK4a-induced senescence displays little DNA dam-
age response (39). Together, our data suggest that DNA damage is
not necessary for SAHF formation.

In summary, we showed that the interaction between BRG1
and BRCA1 is regulated during senescence. BRG1 is required for
SAHF formation and senescence induced by BRCA1 knockdown
or oncogenic RAS, which triggers BRCA1 chromatin dissociation.
This correlates with an increase in chromatin-associated BRG1
levels. The association of BRG1 with the promoters of CDKN2A
and CDKN1A genes is enhanced during senescence and correlates
with the upregulation of p16INK4a and p21CIP1 in a chromatin-
remodeling-activity-dependent manner. In addition, the interac-
tion between BRG1 and pRB is enhanced during senescence and
SAHF formation induced by ectopic BRG1 requires its interaction
with pRB. Further, p16INK4a and p21CIP1 act upstream of pRB to
mediate SAHF formation induced by ectopic BRG1 (Fig. 6). Thus,
our current report sheds new light on how BRG1 regulates SAHF
formation and senescence downstream of BRCA1 loss or onco-
genic RAS that triggers BRCA1 chromatin dissociation.
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Chromatin, Gene, and RNA Regulation

NF-YA Underlies EZH2 Upregulation and Is Essential for
Proliferation of Human Epithelial Ovarian Cancer Cells

Azat Garipov1,4, Hua Li1, Benjamin G. Bitler1, Roshan J. Thapa2, Siddharth Balachandran2, and
Rugang Zhang1,3

Abstract
Epithelial ovarian cancer (EOC) accounts for the most gynecologic malignancy–associated deaths in the United

States. Enhancer of zeste homolog 2 (EZH2), which silences gene expression through generating trimethylation on
lysine 27 residue of histone H3 (H3K27Me3), is often overexpressed in EOCs and has been suggested as a
therapeutic target. However, the mechanism underlying EZH2 overexpression in EOCs is unknown. Here, we
show that EZH2 is upregulated at the transcription level, and two CCAAT boxes in the proximal regions of the
humanEZH2 gene promoter are critical for its transcription inEOCcells. Indeed,NF-YA, the regulatory subunit of
the CCAAT-binding transcription factor NF-Y, is expressed at higher levels in human EOCs than in primary
human ovarian surface epithelial (HOSE) cells. In addition, there is a positive correlation between expression of
NF-YA and EZH2 in EOCs. Notably, high NF-YA expression predicts shorter overall survival in patients with
EOCs. The association of NF-YA with the promoter of the human EZH2 gene is enhanced in human EOC cells
compared with primary HOSE cells. Significantly, knockdown of NF-YA downregulates EZH2, decreases
H3K27Me3 levels, and suppresses the growth of human EOC cells both in vitro and in a xenograft mouse
model. Notably, NF-YA knockdown induces apoptosis of EOC cells and ectopic EZH2 expression partially rescues
apoptosis induced by NF-YA knockdown. Together, these data reveal that NF-Y is a key regulator of EZH2
expression and is required for EOC cell proliferation, thus representing a novel target for developing EOC
therapeutics. Mol Cancer Res; 11(4); 360–9. �2013 AACR.

Introduction
Epithelial ovarian cancer (EOC) accounts for more deaths

than any other gynecologic malignancy in the United States
(1). EOCs are classified into distinct histologic types includ-
ing serous, mucinous, endometrioid, and clear cell. The
most common histology of EOC is serous (�60% of all
cancers; ref. 2). Recently, an alternative classification has
been proposed, in which EOC is broadly divided into 2 types
(3). Type I EOC includes mucinous, low-grade serous, low-
grade endometrioid, and clear cell carcinomas, and type II
EOC includes high-grade serous carcinomas, which is the
most lethal histosubtype (3).
Enhancer of zeste homolog 2 (EZH2) is a histone methyl-

transferase that mediates gene silencing by catalyzing tri-
methylation of lysine 27 residue of histone H3 (H3K27Me3;

ref. 4). EZH2 is often expressed at higher levels in human
EOCs, and its expression positively correlates with cell pro-
liferation (5). Further underscoring the importance of EZH2
in EOCs, EZH2 knockdown triggers apoptosis of human
EOC cells (5). These findings identify EZH2 as a putative
target for developing EOC therapeutics. Thus, it is important
to elucidate themechanismunderlyingEZH2upregulation in
EOCs to gain insights into the biology of the disease.
Gene amplification contributes to EZH2 upregulation in

several types of cancers, including malignancies of the breast
and prostate (6). However, on the basis of the newly released
the cancer genome atlas (TCGA) ovarian database (http://
tcga-data.nci.nih.gov/; ref. 7), EZH2 gene amplification
(>4 copy) is rare (�2%) in EOCs, suggesting that additional
mechanisms make more significant contributions to EZH2
upregulation in EOC cells.
NF-Y is a transcription factor that specifically binds to the

CCAAT consensus site (8). NF-Y is a heterotrimer, con-
sisting of 3 subunits NF-YA, NF-YB, andNF-YC. NF-YA is
the regulatory subunit that is differentially expressed, where-
as NF-YB and NF-YC are constitutively expressed (9–11).
As a result of differential splicing, NF-YA has 2 isoforms,
namely short and long (12). Both isoforms bind DNA and
are equivalently active in transcriptional activation (9).NF-Y
acts as a transcriptional activator by recruiting p300 histone
acetyltransferase, which promotes gene expression by
generating acetylation epigenetic marker on histone H3
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(13, 14). Clinically, upregulated NF-Y target genes convey a
poor prognosis in multiple cancers including those of the
breast and lung (15). However, the role of NF-Y in EOCs
has never been investigated.
Here, we show that EZH2 is upregulated at the tran-

scriptional level, and 2 CCAAT sites at the proximal region
of the human EZH2 gene promoter play a key role in
regulating its transcription. NF-YA, the regulatory subunit
of NF-Y transcription factor that binds to CCAAT sites, is
upregulated in human EOCs compared with normal human
ovarian surface epithelial (HOSE) cells. In addition, ectopic
NF-YA upregulates EZH2 in normal HOSE cells. Impor-
tantly, there is a positive correlation between expression of
NF-YA and EZH2 in human EOCs, and a high level of NF-
YA predicts poor overall survival in patients with EOCs.
Chromatin immunoprecipitation (ChIP) analysis revealed
that the interaction between NF-YA and the promoter of
human EZH2 gene is enhanced in human EOC cells com-
pared with normal HOSE cells. Knockdown of NF-YA
downregulates EZH2, decreases the levels of H3K27Me3,
and suppresses the growth of human EOC cells both in vitro
and in a xenograftmousemodel.Mechanistically, wefind that
NF-YA knockdown triggers apoptosis of human EOC cells
and ectopic EZH2 expression partially rescues the apoptosis
induced by NF-YA knockdown. Together, these data show
that NF-Y plays a key role in regulating EZH2 transcription
and is essential for proliferation of human EOC cells.

Material and Methods
Cell culture
Normal HOSE cells were cultured as previously described

(5). Human EOC cell lines (PEO1, SKOV3, andOVCAR5)
were culturedaccording toAmericanTypeCultureCollection
in RPMI-1640 media supplemented with 10% FBS and as
previously described (5). EOC cell line identification was
further confirmed by DNA Diagnostic Center (Fairfield,
OH).

Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) and immunoblotting
RNA from cultured normal HOSE cells or human EOC

cell lines was isolated using TRIzol (Invitrogen) according to
the manufacturer's instructions. For qRT-PCR, TRIzol-
isolated RNA was further purified using the RNeasy Kit
(Qiagen) following the manufacturer's instructions. Primers
used for qRT-PCR were purchased from Applied Biosys-
tems. Expression of the housekeeping gene b2-microglobu-
lin mRNA was used to normalize mRNA expression. The
antibodies used for immunoblotting analysis were from the
indicated suppliers as following: anti-NF-YA (Santa Cruz),
anti-EZH2 (BD Bioscience), anti-H3K27Me3 (Cell Signal-
ing), anti-H3K9Me3 (Abcam), anti-cleaved PARP p85
fragment (Promega), anti-cleaved caspase-3 (Cell signaling),
and anti-histone H3 (Millipore).

Luciferase promoter activity and mutagenesis analysis
Indicated fragments of the proximal human EZH2 pro-

moter were generated by PCR and cloned into the pGL2

basic luciferase reporter plasmid (Promega) following stan-
dard molecular cloning protocols. The NF-YA–binding site
single basepair substitution mutant was generated by PCR
using standard molecular cloning protocols. Luciferase
reporter plasmids were transfected into SKOV3, PEO1,
and OVCAR5 EOC cells or normal HOSE cells using
Lipofectamine2000 (Invitrogen) following the manufac-
turer's instructions. A luminescent b-galactosidase plasmid
(Clontech) was included as an internal control to normalize
the variation in transfection efficiency.

Chromatin immunoprecipitation (ChIP) analysis
ChIP was conducted using a kit fromMillipore following

the manufacturer's instructions. Briefly, SKOV3, PEO1,
OVCAR5 EOC cells. and normal HOSE cells were fixed
with 1% formaldehyde. After cell lysis, gDNA was sheared
into 300 to 500 bp fragments by sonication. Sheared
chromatin was incubated with anti-NF-YA (Santa Cruz),
anti-p300 (Santa Cruz), anti-histone H3 (Millipore), or
anti-acetylated histone H3 (Millipore) antibodies overnight
at 4�C. After reversing the cross-link, DNA was extracted
using the phenol–chloroform method. The immunopreci-
pitated DNA was then amplified by PCR. The primers used
for PCR amplification were: for distal EZH2 gene promoter:
forward primer: 50-GTCGGGAGTTCGAGAC-30 and
reverse primer: 50-GTCGGCTCAGCTGTG-30; and for
proximal EZH2 gene promoter: forward primer: 50-
CTGTGATTGGACGGGC-30 and reverse primer: 50-
ACTCGCGTTGTTCCC-30.

Inducible EZH2 overexpression, short hairpin RNA,
lentivirus packaging, and infection
Inducible EZH2 expression was achieved by using

the Retro-X Tet-On Advanced Inducible Expression Sys-
tem (Invitrogen) following the manufacturer's instruc-
tions. Lentivirus packaging was conducted using the
Virapower Kit (Invitrogen) according to the manu-
facturer's instructions. Briefly, cells at 40% to 50%
confluence were infected with lentivirus-expressing short
hairpin RNA (shRNA) to the human NF-YA gene (shNF-
YA) or vector control. The infected cells were drug-
selected with 3 mg/mL puromycin. The mature sense
sequences of the 3 individual shNF-YA are: 50-CCAT-
CATGCAAGTACCTGTTT-30, 50-TTCTGTCCTGT-
AGTAAAGGGC-30, and 50-CGAGCTAAACTAGAGG-
CAGAA-30. pLV-CMV-H4-puro lentiviral vector (kindly
provided by Dr. Alexey Ivanov, West Virginia University,
Morgantown, WV) was used to produce the lentivirus-
expressing NF-YA.

Anchorage-independent soft agar assay
Soft agar assays were conducted as previously described

(5). Briefly, 2,500 cells were resuspended in 0.35% low
melting point agarose dissolved in RPMI-1640 medium
supplemented with 10%FBS and inoculated on top of 0.6%
lowmelting point agarose base in 6-well plates. After 2 weeks
in culture, the plates were stained with 0.005% crystal violet,
and the number of colonies was counted.
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Annexin V staining for detecting apoptotic cells (Guava
assay)
Phosphatidylserine externalization was detected using an

Annexin V staining kit (Millipore) following the manufac-
turer's instructions. Annexin V–positive cells were detected
using the Guava System and analyzed with the Guava Nexin
software Module (Millipore).

Xenograft tumorigenesis assay
The protocol was approved by the Institutional Animal

Care and Use Committee (IACUC). A total of 6� 105 cells
in PBS (pH 7.3) were injected subcutaneously into 6-week-
old female nude athymic mice. The mice were sacrificed 30
days postinoculation. Tumor size was measured, and the
tumor volume (mm3) was calculated using the following
formula: tumor volume (mm3) ¼ a2 � b/2, where a is the
smaller diameter and b is the larger diameter.

Data sets
Gene expression microarray data sets for 53 cases of laser

capture and microdissected high-grade serous EOCs and 10
individual isolations of normal HOSE cells were obtained
from Gene Expression Omnibus (GEO; http://www.ncbi.
nlm.nih.gov/geo/; GEO accession number: GSE18521).
Gene expression data from 24 cases of laser capture micro-
dissected primary nonmalignant fallopian tube epithelium
and 13 cases of high-grade serous EOCs (GEO accession
number: GSE10971) is also used in our analysis.

Statistical analysis
Quantitative data are expressed as mean � SD unless

otherwise stated. ANOVA with Fisher least significant
difference (LSD) was used to identify significant differences
in multiple comparisons. Spearman test was used to measure
statistical dependence between EZH2 mRNA levels and
NF-YA mRNA levels. For all statistical analyses, the level
of significance was set at 0.05.

Results
EZH2 is upregulated at the transcriptional level, and two
CCAAT sites in the proximal region of the human EZH2
gene promoter are critical for its transcription in human
EOC cells
It has been shown that EZH2 protein is overexpressed in

EOC cells (5). To determine whether the upregulation
occurs at the transcriptional level, we examined the mRNA
level of EZH2 in human EOC cell lines and in normal
HOSE cells by qRT-PCR. Compared with normal HOSE
cells, the EZH2 mRNA level was significantly higher in
human EOC cell lines (Fig. 1A). This suggests that EZH2 is
upregulated at the transcriptional level in human EOC cells.
In agreement, a luciferase reporter driven by a 1,152 bp
(�1,011 to þ141 bp) proximal fragment of the human
EZH2 gene promoter was highly active in human EOC cell
lines than in normal HOSE cells (Supplementary Fig. S1A).
E2F transcriptional factor is known to play a role in regu-
lating the transcription of the human EZH2 gene in human

EOC cells (6). In addition, Elk-1 transcription factor has also
been implicated in regulating EZH2 gene transcription (16).
Notably, deletion of both E2F- and Elk-1–binding sites only
caused an approximate 2-fold decrease in EZH2 gene pro-
moter activity in human EOC cells (Fig. 1B and Supple-
mentary Fig. S1B and S1C). However, the EZH2 mRNA
levels are 30 to 50 times higher in human EOC cell lines than
in normal HOSE cells (Fig. 1A), and the EZH2 gene
promoter activity shows the similar fold changes in these
cells (Supplementary Fig. S1A). These data suggest that
mechanisms in addition to E2F and Elk-1 play a more
important role in regulating the transcription of the human
EZH2 gene in EOC cells.
Systematic promoter serial deletion analysis revealed that 2

CCAAT sites in the proximal promoter of the human EZH2
gene are critical for its promoter activity (Fig. 1B). We
observed similar effects in multiple human EOC cell lines
(Fig. 1B and Supplementary Fig. S1B and S1C), showing
that this is not a cell line–specific effect. Strikingly, a single
basepair change in each of the CCAAT-binding sites (chan-
ged to CCAAC) severely impaired the activity of the EZH2
gene promoter in human EOC cells (Fig. 1C andD).On the
basis of these findings, we conclude that 2 CCAAT sites in
the proximal region of the human EZH2 gene promoter play
a key role in regulating the transcriptional activity of the
human EZH2 gene in EOC cells.

NF-YA is expressed at higher levels in human EOC cells
and ectopic NF-YA expression drives EZH2 expression in
normal HOSE cells
NF-Y is a transcription factor that binds specifically to

the CCAAT consensus site (17). We thus sought to
determine whether NF-YA, the regulatory subunit of
NF-Y (8), is upregulated in human EOC cells. Indeed,
NF-YA is expressed at higher levels in human EOC cells
than in normal HOSE cells (Fig. 2A and Supplementary
Fig. S2). The anti-NF-YA antibody we used here can
recognize both short and long isoforms of the NF-YA
(Fig. 2A and Supplementary Fig. S2). Consistently, both
EZH2 and H3K27Me3 are expressed at higher levels
in human EOC cells than in normal HOSE cells (Fig.
2A). However, NF-YA upregulation is not a consequence
of cell transformation, as NF-YA is not upregulated in
normal HOSE cells expressing hTERT, SV40 early region
(s/L antigen) and oncogenic H-RASG12V (Supplementary
Fig. S3), which has previously been shown to be sufficient
for transforming normal HOSE cells (18). We next sought
to determine whether NF-YA is sufficient to upregulate
EZH2 in normal HOSE cells. Toward this goal, 2 inde-
pendent isolates of normal HOSE cells were infected
with a lentivirus encoding NF-YA, and EZH2 expression
was examined by immunoblotting analysis. Indeed, ecto-
pic NF-YA expression induced EZH2 expression in nor-
mal HOSE cells (Fig. 2B). On the basis of these results,
we conclude that NF-YA is expressed at higher levels in
human EOC cells than in normal HOSE cells, and ecto-
pic NF-YA is sufficient to upregulate EZH2 in normal
HOSE cells.

Garipov et al.

Mol Cancer Res; 11(4) April 2013 Molecular Cancer Research362

on November 14, 2013. © 2013 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst January 29, 2013; DOI: 10.1158/1541-7786.MCR-12-0661 

85

http://mcr.aacrjournals.org/
http://mcr.aacrjournals.org/


NF-YA expression positively correlates with the
expression of EZH2 in human EOC cells and a high level
of NF-YA predicts shorter overall survival in EOC
patients
We next examined whether expression of NF-YA and

EZH2 is positively correlated in human EOCs. In addition
to EOC cells, EZH2 is also upregulated in ovarian tumor–
associated stromal cells such as endothelial cells (19). To
limit the confounding effects of EOC-associated stromal
cells, we sought to correlate the expression of NF-YA and
EZH2 in specimens from laser capture and microdissected
(LCM) high-grade serous tumors, which account for a
majority of EOC-associated mortalities (3). Toward this
goal, we examined the expression of NF-YA and EZH2 in a
published microarray database, which compares the gene
expression profile in 53 cases of LCM high-grade serous
EOC and 10 individual isolations of normal HOSE cells
(20). Notably, NF-YA expression is significantly higher in
human EOCs than in normal HOSE cells (Fig. 2C).
Consistent with previous reports (5, 19), EZH2 was
expressed at significantly higher levels in human EOCs
than in normal HOSE cells (Fig. 2D). Indeed, there was a
significant positive correlation between expression of NF-

YA and EZH2 in a Spearman statistical analysis of the cases
including EOC alone or both EOC and primary HOSE
cells (Fig. 2E, P < 0.001). Next, we determined whether
there is an association between NF-YA expression and the
survival of patients with EOCs. Upon dividing EOC cases
into NF-YA high or low based on the median NF-YA
expression, we found that a high level of NF-YA expression
was significantly associated with shorter overall survival
(Fig. 2F, P¼ 0.0388). Notably, there is recent evidence to
suggest that a proportion of serous histosubtype EOCs
may arise from distant fallopian tube epithelium (21, 22).
Using a published microarray analysis (23), we found that
NF-YA is also expressed at higher levels in serous ovarian
carcinomas than in primary nonmalignant fallopian tube
epithelial cells (Fig. 2G, P< 0.001). Together, we conclude
that NF-YA is expressed at higher levels in human EOC
cells than in normal HOSE cells or nonmalignant fallopian
tube epithelial cells, and ectopic NF-YA is sufficient to
drive EZH2 expression in normal HOSE cells. Signifi-
cantly, expression of NF-YA positively correlates with
expression of EZH2 in high-grade serous EOCs, and high
levels of NF-YA predict shorter overall survival in patients
with EOCs.

Figure 1. EZH2 is upregulated at the transcriptional level, and 2 CCAAT sites within proximal region of the human EZH2 gene promoter are critical for its
transcriptional activation in EOC cells. A, EZH2 mRNA level was determined by qRT-PCR in normal HOSE cells and indicated EOC cell lines. Mean of
3 independent experiments with SD. B, SKOV3 EOC cells were transfected with a luciferase reporter driven by the indicated proximal promoter
fragment of the human EZH2 gene. Twelve hours posttransfection, luciferase reporter activity was determined. A luminescent b-gal reporter
(Clontech) was used to normalize the transfection efficacy. Mean of 3 independent experiments with SD. C, two CCAAT sites in proximal region of the
human EZH2 gene promoter were mutated to CCAAC, which is known to be sufficient to inhibit the binding of the CCAAT-binding transcription factor,
NF-Y (36). Note that the first CCAAT site is inverted. D, luciferase activity of wild-type EZH2 (WT) gene promoter compared with CCAAT sites mutated
EZH2 (MT) gene promoter as diagramed in (C). Mean of 3 independent experiments with SD.
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The association of NF-YA with the proximal promoter of
the human EZH2 gene is enhanced in human EOC cells
Next, we determined whether the association of NF-YA

with the human EZH2 gene promoter is enhanced in human
EOC cells compared with normal HOSE cells by ChIP
analysis using an anti-NF-YA antibody. An isotype-matched
IgGwas used as a negative control and an antibody to the core
histoneH3was used as a positive control in ChIP analysis. To
further limit potential nonspecific effects, we chose a distal
region of the human EZH2 gene promoter that does not have
NF-YA–binding sites as a genomic region negative control
(Fig. 3A). There is evidence to suggest thatNF-YA activates its
target gene expression by recruiting p300 histone acetyltrans-
ferase (24, 25). Thus, we also examined the association of
p300 with the human EZH2 gene promoter using an anti-
p300 antibody. Indeed, both NF-YA and p300 showed an
enhanced association with the proximal region of the human
EZH2 gene promoter in human EOC cells compared with
normal HOSE cells (Fig. 3B). In contrast, NF-YA and p300
did not associate with the distal region of the human EZH2
promoter that lacks NF-YA–binding sites (Fig. 3B). Notably,
NF-YA is associated with a known NF-YA target gene

CCNA2 that has NF-YA–binding sites (CCAAT) in its
promoter but not with negative control genes such as a-
tubulin, RPS19, and YBL1 that do not have NF-YA–binding
sites in their promoters, showing the specificity of NF-YA
antibody in ChIP analysis (Supplementary Fig. S4; refs. 26–
28). It has previously been reported that p300 binds NF-Y
target genepromoters topromote the expression of these genes
by generating acetylation epigenetic marker on histone H3
(25, 29, 30). Indeed, there was an increase in acetylated
histone H3 in the proximal promoter of the human EZH2
gene where NF-YA and p300 bind in human EOC cells
compared with normal HOSE cells (Fig. 3C). On the basis of
these results, we conclude that there is an association of NF-
YA and p300 with the proximal promoter of the human
EZH2 gene in human EOC cells, and this association corre-
lates with increased levels of acetylated histone H3.

NF-YA knockdown suppresses EZH2 expression and
inhibits the growth of human EOC cells in vitro and in a
xenograft EOC model
We next sought to determine the effects of NF-YA

knockdown on expression of EZH2 in human EOC cells.

Figure 2. NF-YA expression positively correlates with EZH2 expression in human EOC cells, and a high level of NF-YA predicts shorter overall survival in
patients with EOCs. A, expression of NF-YA, EZH2, H3K27Me3, and histone H3 in indicated human EOC cell lines and normal HOSE cells determined by
immunoblotting. Note that the arrow points to the long NF-YA isoform and the arrowhead points to the short NF-YA isoform. B, normal HOSE cells were
infected with a lentivirus encoding NF-YA or control. Drug-selected cells were examined for expression of NF-YA, EZH2, and b-actin by immunoblotting. C,
NF-YA is expressed at higher levels in human EOCs than in normal HOSE cells. Relative expression of NF-YAmRNA in LCM high-grade serous EOC (n¼ 53)
and normal HOSE cells (n ¼ 10). D, same as (C) but for expression of EZH2 mRNA. E, NF-YA expression positively correlates with EZH2 expression.
Correlation between expression of NF-YA and EZH2 was determined by Spearman statistical analysis. F, high NF-YA expression predicts a shorter overall
survival in patientswith EOCs.Kaplan–Meier survival curve for patientswith EOCswith lowor highNF-YAexpression.G,NF-YA is expressedat higher levels in
human EOCs than in primary nonmalignant human fallopian tube epithelial (FTE) cells. Relative expression of NF-YAmRNA in high-grade serous EOC (n¼ 13)
and LCM primary nonmalignant FTE cells (n ¼ 24).
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To this end, we used 3 individual shRNAs to the humanNF-
YA gene (shNF-YA). The knockdown efficacy of shNF-YAs
was examined by immunoblotting (Fig. 4A and Supplemen-
tary Fig. S2A and S2B) and two shNF-YAs (#1 and #2) were
found to efficiently reduce NF-YA levels, whereas a third
(#3) was largely ineffective and used as a non-silencing
negative control. Notably, shNF-YA that efficiently knocked
down NF-YA also suppressed the expression of EZH2 (Fig.
4A and Supplementary Fig. S2A and S2B). Consistently, the
levels of H3K27Me3, the product of EZH20s methyltrans-
ferase activity, were also decreased by shNF-YA that knocks
downNF-YA (Fig. 4A and Supplementary Fig. S5 and S6A–
B). In addition, similar observations were made in lung
cancer cell line H1299 and breast cancer cell line MCF7,
suggesting that this is not unique in EOC cells (Supple-
mentary Fig. S5). We observed the same effects using 2
individual shNF-YAs (Fig. 4A and Supplementary Fig. S5
and S6A–B), suggesting that this is not due to off-target
effects. In contrast, levels of H3K9Me3, which are generated
by different histone methyltransferases such as Suv39H1
and SETDB1 (31), were not affected byNF-YA knockdown
(Fig. 4A). As a negative control, the shNF-YA #3 that does
not efficiently knockdown NF-YA also failed to overtly
decrease the EZH2 and H3K27Me3 levels in human EOC
cells (Fig. 4A).
Expression of EZH2 positively correlates with expression

of markers of cell proliferation (5), and NF-YA knockdown
suppresses the expression of EZH2 (Fig. 4A). Thus, we
wanted to determine the effects of NF-YA knockdown on
the growth of human EOC cells. Compared with controls, 2
individual shNF-YAs that efficiently knocked down NF-YA
suppressed both the anchorage-dependent and -independent
growth of human EOC cells (Fig. 4B and C). In contrast,
one shNF-YA (#3) that does not efficiently knockdown
NF-YA failed to suppress the growth of human EOC cells

(Fig. 4B and C). Similar effects of NF-YA knockdown on
cell growth were observed in multiple EOC cells (Fig. 4 and
Supplementary Fig. S6), showing that this is not cell line–
specific. On the basis of these results, we conclude that
NF-YA knockdown suppresses the growth of human EOC
cells in vitro in both an anchorage-dependent and -indepen-
dent conditions.
Next, we examined the effects of NF-YA knockdown on

the growth of human EOC cells in vivo in a xenograft
mouse model. We subcutaneously injected control or
shNF-YA–expressing human EOC cells into the immu-
nocompromised (athymic nude) mice. Consistent with our
in vitro findings, we found that compared with controls,
shNF-YAs that efficiently knocked down NF-YA expres-
sion suppressed the growth of xenografted human EOC
cells (Fig. 4D and E). In contrast, the shNF-YA #3 that
does not efficiently knockdown NF-YA also failed to
significantly suppress the growth of implanted human
EOC cells (Fig. 4D and E). Thus, we conclude that
NF-YA knockdown suppresses the growth of human EOC
cells in vivo in a xenograft EOC mouse model.

NF-YA knockdown triggers apoptosis of human EOC
cells
We next determined the mechanism by which NF-YA

knockdown suppresses the growth of human EOC cells. As
NF-YA regulates EZH2 expression (Fig. 2) and knockdown
of EZH2 induces apoptosis of EOC cells (5), we examined
the effects of NF-YA on apoptosis of human EOC cells. We
observed a significant increase of apoptosis markers in NF-
YA knockdown cells. These markers include an increase in
Annexin V detection as measured by the Guava Nexin assay
(Fig. 5A and B) and an increase of cleaved caspase-3 and
cleaved PARPp85 (Fig. 5C).HRK, a pro-apoptotic gene, has
recently been shown as anH3K27Me3 target gene and plays

Figure 3. The association of NF-YA and its co-activator p300 with the human EZH2 gene promoter is enhanced in human EOC cells compared with normal
HOSEcells. A, diagramof the humanEZH2gene promoter with indicated positions of primers used for proximal (�64/þ141) and distal (�875/�568) regions of
the human EZH2 gene promoter in ChIP analysis. B, normal HOSE cells or indicated EOC cell lines were subjected to ChIP analysis using antibodies
specific toNF-YA or p300, respectively. An isotype-matched IgGwas used as a negative control, and antibody against core histoneH3was used as a positive
control. After ChIP analysis, the distal and proximal regions of the human EZH2 gene promoter were subjected to PCR amplification using primers detailed in
materials and methods and as diagramed in (A). C, same as (B) but using an antibody against acetylated histone H3.
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a key role in mediating apoptosis induced by decreasing
H3K27Me3 levels (32). As NF-YA knockdown suppresses
EZH2 expression and decreasing H3K27Me3 levels, we
sought to determine the effects ofNF-YA knockdown on the
expression of HRK. Indeed, HRK expression is significantly
upregulated in NF-YA knockdown cells (Fig. 5D). Togeth-
er, we conclude that NF-YA knockdown induces apoptosis
of human EOC cells.
As NF-YA knockdown suppresses the expression of

EZH2, we examined whether downregulation of EZH2
contributes to apoptosis induced by NF-YA knockdown.
Toward this goal, we ectopically expressed an inducible
EZH2 in EOC cells.We examined the expression ofmarkers
of apoptosis in cells expressing shNF-YA with or without
inducible EZH2 expression. Compared with shNF-YA only
cells, in which EZH2 is downregulated, ectopic EZH2
induction partially rescued the apoptosis induced by NF-
YA knockdown as evidenced by decreased levels of apoptotic
markers such as cleaved PARP p85 and cleaved caspase-3
(Fig. 5E). Together, we conclude that apoptosis induced by
NF-YA knockdown is, at least in part, due to suppression of
EZH2 expression.

Discussion

We showed that ectopic NF-YA expression is sufficient to
drive EZH2 upregulation in normal HOSE cells (Fig. 2B).
Interestingly, we observed cell death in normal HOSE cells
with NF-YA ectopic expression (data not shown), which
prevented us from further analyzing these cells. Consistent
with our observation, a previous report showed that ectopic
NF-YA promotes p53-mediated apoptosis in normal mouse
embryonic fibroblasts and inactivation of p53 partially
suppresses the apoptosis induced by NF-YA expression
(33). Indeed, we also found that p53 is activated upon
NF-YA expression in normal HOSE cells (data not shown).
These data suggest that p53 inactivation is necessary for the
survival of NF-YA–expressing cells. Notably, p53 is often
inactivated in EOCs. For example, p53 is inactivated in
virtually all high-grade serous EOCs (7). Thus, it is possible
that inactivation of p53may cooperate with NF-YA in EOC
cells. In addition, recent evidence suggests that a proportion
of high-grade serous EOCs may arise from the distal fallo-
pian tube epithelial cells (21, 22). Thus, it will be interesting
to examinewhether ectopicNF-YA expression is sufficient to

Figure 4. NF-YA knockdown suppresses the expression of EZH2 and inhibits the growth of human EOC cells in vitro and in a xenograft EOCmouse model. A,
SKOV3 EOC cells were infected with lentivirus encoding the indicated shNF-YAs or control. Drug-selected cells were examined for expression of NF-YA,
EZH2, H3K27Me3, and H3K9Me3 by immunoblotting. Expression of core histone H3 was used as a loading control. B, same as (A), but equal number of
drug-selected cells was seeded and counted at indicated time points. �, P < 0.05 compared with either control or shNF-YA #3. Mean of 3 independent
experiments with SD and linear regression. C, same as (A), but equal number of drug-selected cells were assayed for anchorage-independent growth in soft
agar. Mean of 3 independent experiments with SD. �, P < 0.05 compared with either control or shNF-YA #3. D, same as (A), but equal number of the
indicated cells were subcutaneously injected in immunocompromised nude mice (n ¼ 5). Four weeks postinjection, tumors were removed from mice. E,
quantification of (D), the size of tumors was measured. Error bars represent SD. �, P < 0.05 compared with either control or shNF-YA #3.
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drive EZH2 expression in fallopian tube epithelial cells once
these cells become more accessible.
We showed that NF-YA is upregulated in EOCs. How-

ever, TCGA gene copy number analysis indicates that NF-
YA gene (6p21.3) amplification occurs rare in EOCs (�1%
specimens show >4 copy of NF-YA gene; http://cancergen-
ome.nih.gov/). This suggests that additional mechanisms
contribute to NF-YA upregulation in human EOCs. In the
future, we will elucidate additional mechanisms that con-
tribute to NF-YA upregulation in EOCs. In addition, it will
critical to further validate the correlation between NF-YA
expression and survival of patients with EOCs in indepen-
dent cohorts.
We discovered that the expression of NF-YA and EZH2

positively correlates in human EOCs (Fig. 2C–E), further
supporting the premise that NF-YA plays a key role in
regulating EZH2 expression. However, the Spearman
coefficient r was 0.56 for EOC only and 0.64 for EOCs
plus normal HOSE cells (Fig. 2E). This result is consistent
with the idea that other factors, such as E2F and Elk-1
(Fig. 1B; refs. 6, 16), also play a role in the expression of
EZH2.

We showed that EZH2 is a direct NF-YA target
gene (Fig. 3). EZH2 knockdown induces apoptosis in
human EOC cells (5). Consistently, knockdown of NF-
YA also triggers apoptosis of human EOC cells (Fig. 5).
However, ectopic EZH2 expression can only partially
rescue the apoptosis induced by NF-YA knockdown and
these cells will ultimately undergo apoptosis (Fig. 5E and
data not shown). These results suggest that other NF-YA
target genes also contribute to the apoptosis induced by
NF-YA knockdown. Indeed, the anti-apoptotic genes
such as Bcl-xl and Bcl2 are also directly controlled by
NF-Y transcription factor (34). Further studies are war-
ranted to identify additional NF-YA target genes that
contribute to the apoptosis of human EOC cells in-
duced by NF-YA knockdown. In addition, these findings
indicate that inhibiting NF-YA could be an alternative
strategy for suppressing EZH2 in EOC cells and NF-YA
represents a putative target for developing novel EOC
therapeutics. Thus, it will be interesting to examine in-
hibitors of NF-YA transcription factor such as GWL-78
(35) on the malignant phenotypes of human EOC
cells.

Figure 5. NF-YA knockdown induces apoptosis of human EOC cells. A, SKOV3 EOC cells were infected with lentivirus encoding the indicated shNF-YAs or
control. Guava Nexin assay was conducted at the indicated time points. B, quantification of (A). Mean of 3 independent experiments with SD. �, P < 0.05
compared with either control or shNF-YA #3. C, same as (A) but examined for expression of apoptosis markers, cleaved caspase-3, and cleaved PARP
p85 by immunoblotting. D, same as (A) but examined for HRK gene expression by qRT-PCR. �, P < 0.05 compared with either control or shNF-YA #3. E,
SKOV3 EOC cells were engineered to express a Tet-inducible EZH2. These cells were infected with a lentivirus shNF-YA with or without simultaneous
induction of EZH2 expression. Drug-selected cells were examined for expression of NF-YA, EZH2 and indicated apoptosis markers by immunoblotting.
Expression of core histone H3 was used a loading control.
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In summary, we show that 2 NF-Y–binding CCAAT
sites within the proximal region of the human EZH2
gene promoter play a key role in regulating EZH2 expres-
sion in human EOC cells. NF-YA, the regulatory subunit
of NF-Y transcription factor, is upregulated in human
EOC cells compared with normal HOSE cells. In addi-
tion, ectopic NF-YA drives EZH2 expression in normal
HOSE cells. The expression of NF-YA positively corre-
lates with the expression of EZH2 in primary EOCs, and a
high level of NF-YA expression predicts shorter overall
survival in patients with EOCs. Consistently, NF-YA
knockdown suppresses EZH2 expression and inhibits the
growth of human EOC cells in vitro and in a xenograft
mouse model. NF-YA knockdown triggers apoptosis of
human EOC cells, and downregulation of EZH2, at least
in part, contributes to apoptosis induced by NF-YA
knockdown in these cells. These results establish that
NF-YA underlies EZH2 upregulation and is essential for
proliferation of human EOC cells. We believe that these
studies provided important insights into the biology of
EOC and identified NF-YA as a potential target for
intervention of EOCs.
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Abstract

The most cancer-specific biomarkers in blood are likely to be proteins shed directly by the tumor rather than less specific
inflammatory or other host responses. The use of xenograft mouse models together with in-depth proteome analysis for
identification of human proteins in the mouse blood is an under-utilized strategy that can clearly identify proteins shed by
the tumor. In the current study, 268 human proteins shed into mouse blood from human OVCAR-3 serous tumors were
identified based upon human vs. mouse species differences using a four-dimensional plasma proteome fractionation
strategy. A multi-step prioritization and verification strategy was subsequently developed to efficiently select some of the
most promising biomarkers from this large number of candidates. A key step was parallel analysis of human proteins
detected in the tumor supernatant, because substantially greater sequence coverage for many of the human proteins
initially detected in the xenograft mouse plasma confirmed assignments as tumor-derived human proteins. Verification of
candidate biomarkers in patient sera was facilitated by in-depth, label-free quantitative comparisons of serum pools from
patients with ovarian cancer and benign ovarian tumors. The only proteins that advanced to multiple reaction monitoring
(MRM) assay development were those that exhibited increases in ovarian cancer patients compared with benign tumor
controls. MRM assays were facilely developed for all 11 novel biomarker candidates selected by this process and analysis of
larger pools of patient sera suggested that all 11 proteins are promising candidate biomarkers that should be further
evaluated on individual patient blood samples.
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Introduction

Epithelial ovarian cancer (EOC) is the fifth-leading cause of

cancer-related deaths in women, with a higher fatality-to-case ratio

than any other gynecologic malignancy in the United States.

[1,2,3] A major problem is that greater than two-thirds of EOC

cases are diagnosed at advanced stages (Stages 3 or 4), when five-

year survival is about 33%. In contrast, when the disease is

diagnosed at Stage 1, five-year survival is approximately 90%. [2]

CA125 is the best known EOC biomarker; however, 50–60% of

early-stage EOC does not express CA125. In addition, while

greater than 80% of advanced EOC has elevated CA125, this is

not a sufficient diagnosis, as CA125 levels are also elevated in

a number of other conditions. [1,4,5,6] Due to the low incidence

of ovarian cancer in the general population, the specificity and

sensitivity requirements for early screening are quite high, and

achieving suitable performance is likely to require a panel of

biomarkers superior to most existing biomarkers. [2,7,8,9]

Additional biomarkers, either instead of or in conjunction with

CA125, are needed for predicting clinical outcome, stratifying

therapeutic options, monitoring response to therapy, and detecting

reoccurrence of the disease.

Although proteomic technologies have improved dramatically,

discovering novel blood biomarkers for cancers remains formida-

ble due to the vast complexity of the plasma proteome and the

likelihood that any tumor-specific proteins will be present at very

low abundance. In addition, comparison of patient and control

serum or plasma to discover biomarkers is complicated by the fact

that cancers and other conditions induce inflammatory responses

involving changes in abundance of multiple blood proteins, and

these changes are not very specific to a single disease. [10]

Identifying cancer-specific changes in the context of this great

complexity and inflammation-induced variability is very difficult

when patient serum samples are directly analyzed to discover new

biomarkers using proteomics. For this reason, many investigators

have turned to alternative strategies for initial discovery of
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candidate biomarkers, including proteome analysis of: EOC cell

lines, cell surface proteins in EOC cell lines, proteins shed by these

cells into the media (the secretome), and patient ascites.

[11,12,13,14,15,16] While all of these methods identify many

proteins associated with EOC, a critical missing factor is that it is

not apparent which of these proteins will migrate into the blood

and be potential EOC serum/plasma biomarkers. Furthermore,

changes in abundance levels of a protein in the tumor tissue do not

necessarily correlate with their abundance levels in the blood.

The primary experimental systems where migration into the

blood is assured are mouse models. Hence, one approach is to

identity quantitative differences in plasma or serum of genetically

engineered mice bearing murine ovarian tumors compared with

appropriate controls. [17] While this model provides more

consistent genetic and environmental backgrounds compared with

patients, the complication of sorting protein changes caused by

inflammatory host responses from proteins shed by the tumor

persists. An important under-utilized alternative that circumvents

the host response problem is xenograft mouse models, where in-

depth proteome analysis can identify human proteins shed by the

tumor into the murine blood based upon species differences in

peptide sequences found in serum or plasma. Another advantage

of the xenograft mouse model system, like genetically engineered

mice, is a higher tumor-to-blood-volume ratio compared with

patients, as well as homogeneous genetic backgrounds, environ-

ment, and diet to minimize confounding factors.

We recently identified 106 human proteins shed by a human

endometrial ovarian cancer cell line (TOV-112D) into the blood of

SCID mice using an in-depth 4D proteome analysis of this

xenografted mouse serum. Specifically, serum was depleted of the

three most abundant serum proteins followed by microscale

solution isoelectrofocusing (MicroSol IEF), SDS-PAGE, and LC-

MS/MS. [18] Furthermore, pilot validation of selected candidate

biomarkers demonstrated that some of these proteins could be

detected in human serum using multiple reaction monitoring

(MRM) analysis–and three tested biomarkers were shown to be

significantly elevated in cancer patients compared with normal

donors. [18] Although that study identified several new bio-

markers, the verification and initial validation steps were not very

efficient. The success rate of establishing MRM assays for targeted

candidate biomarkers using advanced EOC patient serum pools

was less than 50%, and only about half of the proteins quantified

using these MRM assays exhibited elevated levels in pilot analyses

of advanced EOC patients using pools of patient sera ( [18] and

data not shown). Hence, overall, only about 20% of the TOV-

112D candidate biomarkers selected for verification and initial

validation in patients resulted in successful MRM assays that

exhibited elevated levels in EOC in a small pilot analysis.

The current study was designed to improve ovarian cancer

biomarker discovery using the xenograft mouse model system,

improve the efficiency of MRM assay development and pre-

liminary verification of biomarker candidates, and identify

candidates that may include biomarkers with some degree of

specificity for the serous ovarian cancer subtype. High grade

serous ovarian cancers are very aggressive and account for most

deaths from EOC, although they only constitute approximately

half of EOC cases. Plasma from SCID mice bearing OVCAR-3

serous ovarian tumors was analyzed using an optimized 4-D

plasma proteome analysis method, which resulted in identification

of 268 human proteins based on two or more peptides. Parallel

analysis of supernatants from the serous tumor excised from the

SCID mice and incubated briefly in cell culture media increased

the sequence coverage for many of the human proteins, thereby

both confirming these proteins were human and providing more

proteotypic peptides for MRM assay development. Selected high-

priority candidate biomarkers were then compared to a dataset

from a label-free quantitative comparison of serum pools from

cancer patients with advanced-stage EOC and benign controls.

Finally, candidate biomarkers observed to be elevated in pooled

sera from advanced EOC cancer patients in the label-free analysis

were selected for multiplexed assay development using targeted

mass spectrometry analysis with the multiple reaction monitoring

(MRM) method. MRM analysis is an alternative mass spectrom-

etry approach utilizing the discriminating power of triple

quadropole mass spectrometers, or their equivalent, to select and

quantify a series of specific analytes and associated fragment ions.

MRM enables rapid, quantitative measures of proteins in complex

mixtures such as plasma and serum, without a dependency on the

generation of antibodies or immunoassays. [19,20] Overall, the

strategy used in this study proved to be highly efficient, as 100% of

the proteins selected for MRM assay development resulted in

successful assay development and showed elevated levels in serum

pools of advanced EOC patients compared with an approximately

20% success rate in earlier studies that attempted to quantify and

verify TOV-112D candidate biomarkers.

Materials and Methods

Reagents
Molecular-biology-grade ethanol (200 proof); LC-MS-grade

formic acid; sodium phosphate monobasic; N,N-dimethylacryla-

mide (DMA), ammonium bicarbonate; and iodoacetamide were

purchased from Sigma-Aldrich (St. Louis, MO). Sodium dodecyl

sulfate (SDS), 2-mercaptoethanol, and Tris were purchased from

Bio-Rad (Hercules, CA). ZOOM focusing buffers and thiourea

were obtained from Invitrogen (Carlsbad, CA). PlusOne reagents

dithiothreitol (DTT), 3-[(3-cholamidopropyl)dimethylammonio]-

1-propanesulfonate (CHAPS), and urea were purchased from GE

Healthcare (Piscataway, NJ). HPLC-grade acetonitrile was pur-

chased from Thomas Scientific (Swedesboro, NJ). Tris(2-carbox-

yethyl)phosphine (TCEP) was obtained from Pierce (Rockford, IL),

and sequencing-grade modified trypsin was purchased from

Promega (Madison, WI).

Cell Culture
The human EOC serous cell line OVCAR-3 was obtained from

the American Type Culture Collection (ATCC, Manassas, VA).

The cells were maintained in a 37uC incubator with a 5% CO2–

95% air atmosphere in RPMI-1640 medium (ATCC) supplemen-

ted with 10% fetal calf serum.

Ovarian Cancer Growth in vivo
This study was carried out in accordance with the recommen-

dations in the Guide for the Care and use of Laboratory Animals

of the National Institutes of Health under protocol #111959 using

severe combined immunodeficiency (SCID) mice. The study

protocol was reviewed and approved by The Wistar Institute’s

Institutional Animal Care and Use Committee (IACUC). All

efforts were made to minimize suffering.

Nine SCID mice were injected subcutaneously in the flank with

50 ml of OVCAR-3 cells (26106) mixed 1:1 with 50 mL Matrigel

(BD Biosciences, San Jose, CA). Tumors were allowed to grow

until final tumor size was estimated to be at least 1 cm3 using

calipers, but less than 10% of body weight. Blood was collected,

mice were euthanized, and tumors were removed at 12 weeks post-

injection. Necrosis of tumor tissue was assessed by microscopic

inspection of hematoxylin and eosin (H&E) stained, paraffin-

embedded sections (5 mm).
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SCID Mouse Plasma
Blood was collected from SCID mice containing visible

OVCAR-3 tumors (see above section) by cardiac puncture under

anesthesia into Microtainer 0.5 mL K2 EDTA Blood Collection

Tubes (Becton Dickinson, Franklin Lakes, NJ). The tubes were

centrifuged for 3 min at room temperature, and aliquots of plasma

from individual mice were snap-frozen and stored at 280uC.
Plasma from the four mice that contained the largest, minimally

neurotic tumors were subsequently thawed and pooled to average

variations among individual mice. The pooled plasma was re-

aliquoted, snap-frozen, and stored at 280uC until analysis using

the 4-D fractionation method (immunoaffinity depletion/MicroSol

IEF/SDS gel and trypsin digestion/LC-MS/MS). Total protein

concentration of the pooled plasma was measured using a BCA

Protein Assay (Pierce).

Tumor Supernatant Isolation
Immediately after removing tumors from eight of the nine

SCID mice bearing the largest OVCAR-3 tumors, a section of

fresh ovarian tumor tissue from each mouse was cut into small

pieces (2–3 mm3), placed in the upper chamber of a 5 mm
PVDF microcentrifuge filter (Millipore, Billerica, MA), and

washed three times with 400 mL of PBS for 1 min each. The

tissue sections were then transferred to the upper chamber of

a 0.22 mm PVDF microcentrifuge filter and incubated in

400 mL of serum-free RPMI-1640 medium for 2 h in 5%

CO2, 95% air at 37uC. After incubation, the supernatant

(conditioned media) was recovered by centrifugation, then

frozen and stored at 280uC until needed. For tumor

supernatant analysis, 500 mL aliquots of conditioned media

from tumors from four mice were thawed, pooled, and

concentrated to ,30 mL by ultrafiltration using a 10 K MWCO

concentration unit. Membrane rinses using 1% SDS, 50 mM

Tris, pH 8.5 were combined with the concentrated sample to

maximize protein recovery.

Human Serum
Human sera from normal subjects and patients with benign

ovarian tumors, early-stage ovarian cancer, and late-stage

ovarian cancer were collected before clinical treatment at

approximately the time of diagnosis and prior to surgery as

previously described. [18] Descriptions of the patients, healthy

controls, and pooling strategies are summarized in Table S2.
All research in this study involving human specimens was

conducted under The Wistar Institute’s Institutional Review

Board (IRB) approved protocols, #2109171, #EX2110012, and

#2602221 and in accordance with Health Insurance Portability

and Accountability Act (HIPAA) requirements. All human

samples were derived from subjects with informed written

consent. Data were analyzed anonymously.

Immunoaffinity Removal of Major Blood Proteins
The pooled mouse plasma was depleted using a 4.66100 mm

MARS Mouse-3 HPLC column (Agilent Technologies, Wilming-

ton, DE), essentially as previously described, [18] with the

exception that a total of 400 mL of pooled plasma was diluted

five-fold with equilibration buffer, filtered through a 0.22 mm
microcentrifuge filter, and applied to the antibody column in eight

serial injections of 250 mL per depletion.

Human serum samples (typically 30–60 mL) were depleted of

the 20-most-abundant serum proteins using a ProteoPrep20

Immunodepletion Column (Sigma), as described previously. [21].

MicroSol IEF Fractionation
Immunodepleted and concentrated mouse plasma (2.2 mg) was

fractionated by MicroSol IEF as previously described, [18,22,23]

using a ZOOM-IEF fractionator (Invitrogen) where the separation

chambers were defined by immobilized gel membranes having pH

values of 3.0, 4.6, 5.4, 6.2, and 12.0, respectively.

SDS-PAGE/in-gel Trypsin Digestion
After evaluation of the MicroSol IEF separation on analytical

SDS gels, concentrated samples were loaded onto multiple lanes of

pre-cast 12% Bis-Tris NuPAGE gels (Invitrogen) and separated for

discrete distances (1 or 4 cm). The concentrated tumor super-

natants from both pools were loaded onto multiple lanes of pre-

cast 12% Bis-Tris NuPAGE gels (Invitrogen) and separated for

6 cm. Gels were stained with Colloidal Blue (Invitrogen), each gel

lane was sliced into uniform 1 mm slices, and corresponding slices

from triplicate lanes were combined in a single well of a 96-well

pierced digestion plate (Bio-Machines, Inc., Carrboro, NC) and

digested overnight with 0.02 mg/mL of modified trypsin, as

previously described. [21,24].

LC-MS/MS
Tryptic digests were analyzed using an LTQ-Orbitrap XL mass

spectrometer (Thermo Scientific, Waltham, MA) interfaced with

a Nano-ACQUITY UPLC system (Waters, Milford, MA), as

described previously. [21] For each tryptic digest, 8 mL was

injected onto a UPLC Symmetry trap column (180 mm i.d. 6
2 cm packed with 5 mm C18 resin; Waters), and tryptic peptides

were separated by RP-HPLC on a BEH C18 nanocapillary

analytical column (75 mm i.d. 6 25 cm, 1.7 mm particle size;

Waters). The mass spectrometer was set to scan m/z from 400 to

2000. The full MS scan was collected at 60,000 resolution in the

Orbitrap in profile mode followed by data-dependant MS/MS

scans on the six most abundant ions exceeding a minimum

threshold of 1000 collected in the linear trap. Monoisotopic

precursor selection was enabled and charge-state screening was

enabled to reject z = 1 ions. Ions subjected to MS/MS were

excluded from repeated analysis for 60 s.

Data Processing
MS/MS spectra were extracted and searched using the

SEQUEST algorithm (v. 28, rev. 13, University of Washington,

Seattle, WA) in Bioworks (v. 3.3.1, Thermo Scientific) against

a combined human and mouse UniRef100 protein sequence

database (v. June 20,2011) to which commonly observed

‘‘contaminants’’ (trypsin, keratins, etc.) were added. A decoy

database was produced by reversing the protein sequence of each

database entry, and the entire reversed database was appended in

front of the forward human and mouse databases, respectively.

Spectra were searched with a partial tryptic constraint of up to two

missed cleavages, 100 ppm precursor mass tolerance, 1 Da

fragment ion mass tolerance, static modification of cys

(+99.06840 for samples alkylated with DMA or +57.0215 Da for

samples alkylated with IAM), and variable modification of

methionine (+15.9949). The use of a partial tryptic constraint

and 100 ppm precursor tolerance for the database search had

recently been shown to enhance depth of analysis for serum and

plasma proteomes. [25] Consensus protein lists were created using

DTASelect (v. 2,0, licensed from Scripps Research Institute, La

Jolla, CA) and the following filters were applied: full tryptic

constraint, mass accuracy #10 ppm, and DCn $0.05. [25] FDR

was estimated from the ratio of unique peptides matching reverse

sequences to the number of unique peptides matching forward
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sequences. Non-redundant peptide totals derived from DTASelect

and used for FDR calculations include variable modifications and

different charge states as separate peptides. Different charge states

and variable modifications of methionine oxidation were collapsed

into a single unique peptide count, and peptides shared among

multiple proteins were assigned to the protein having the highest

sequence coverage, as previously described. [18].

Proteins identified in the database search were sorted into

‘‘human,’’ ‘‘mouse,’’ or ‘‘indistinguishable’’ based upon their

species-specific sequences, as previously described. [18] To

confirm species-specific assignments, putative uniquely human

and mouse sequences were searched against the mouse and

human UniRef100 databases (v. 6/20/11), respectively, using

BLAST. Keratins and other presumed contaminants were re-

moved from the entire dataset.

Label-free Quantitation of Patient Serum Pools
To determine whether candidate biomarkers could be detected

in ovarian cancer patient sera, in-depth discovery mode analyses

of patient serum pools were conducted followed by global label-

free quantitative comparisons. One pool of serum from benign

patients and three pools of advanced ovarian cancer patient serum

samples were made as described in Table S2. Pools were

immunodepleted and separated on a 1 D SDS gel, each serum

proteome was separated into 40 fractions, and each slice was

digested with trypsin and analyzed by LC-MS/MS using a 4 h

gradient at 200 nL/min consisting of 5–28% B over 168 min, 28–

50% B over 51.5 min, 50–80% B over 5 min, and 80% B for

4.5 min, before returning to 5% B over 0.5 min. A short blank

gradient was run in between samples to minimize carryover. Full-

MS and LC-MS/MS data from fractions 17–32, which encom-

passed the 8–50 kDa region of the gel, were analyzed using

Rosetta Elucidator software (version 3.3, Rosetta Biosoftware,

Seattle, WA) to compare peptide signal intensities in full MS scans.

Based on peptide elution profiles and ion signal density, data for

this label-free comparison was trimmed to 16–200 min. Retention

time (RT) alignment, feature identification (discrete ion signals),

feature extraction, and protein identifications were performed by

the Elucidator system as previously described. [21,26].

Label-free Multiple Reaction Monitoring
MRM experiments were performed on a 5500 QTRAP hybrid

triple quadrupole/linear ion trap mass spectrometer (AB Sciex,

Foster City, CA) interfaced with a Nano-ACQUITY UPLC

system with the column heater maintained at 45uC. Tryptic digests
were injected using the partial loop injection mode onto a UPLC

Symmetry trap column (180 mm i.d. 6 2 cm packed with 5 mm
C18 resin), and then separated by RP-HPLC on a BEH C18

nanocapillary analytical column (75 mm i.d. 6 25 cm, 1.7 mm

particle size; Waters). Chromatography was performed with

solvent A, consisting of Milli-Q water with 0.1% formic acid,

and solvent B, as acetonitrile with 0.1% formic acid. Peptides and

transitions used for quantitation were selected from discovery

results (typically the mouse tumor supernatant) and further verified

by MRM-initiated detection and sequencing (MIDAS) using the

5500 QTRAP mass spectrometer. MIDAS experiments were

performed at 200 nL/min with a 77-min gradient consisting of 5–

28% B over 42 min, 28–50% B over 25.5 min, 50–80% B over

5 min, and 80% B for 4.5 min, before returning to 5% B over

0.5 min. To increase throughput, after optimal peptides and

transitions were established, label-free MRM assays were per-

formed with a 41-min gradient, in which peptides were eluted at

400 nL/min for 5–35% B over 38 min and 35% B for 3 min,

before returning to 5% B over 0.5 min.

MRM data were acquired with a spray voltage of 3300 V,

curtain gas of 20 p.s.i., nebulizer gas of 10 p.s.i., interface heater

temperature of 150uC, and a pause time of 3 ms. Multiple MRM

transitions were monitored per peptide at unit resolution in both

Q1 and Q3 quadrupoles to maximize specificity. Scheduled MRM

was used to reduce the number of concurrent transitions and

maximize the dwell time for each transition. The detection

window was set at 2 min, and the target scan time was set at 1.8 s.

Data analysis was performed using Skyline v.1.2. [27] The

transition with the strongest signal for each peptide was used for

quantification unless interference from the matrix was observed. In

these cases, another transition free of interference was chosen for

quantification.

Results and Discussion

Overview of Discovery, Prioritization and Verification of
EOC Biomarkers Using a Xenograft Serous EOC Mouse
Model
The strategies used to improve ovarian cancer biomarker

discovery using the xenograft mouse model system, select high

priority candidate biomarkers, and improve the efficiency of

MRM assay development and biomarker verification are outlined

in Figure 1. In the discovery phase, OVCAR-3, an established

human serous cell line, was grown in SCID mice. Xenograft

mouse plasma pooled from four mice with the largest tumors was

subjected to extensive fractionation (180 fractions) using a 4 D

plasma proteome separation method developed in our laboratory

which consists of immunoaffinity depletion of major serum

proteins, MicroSol IEF, 1D SDS-PAGE, and LC-MS/MS. [24]

Representative analytical and preparative 1D SDS gels showing

MicroSol IEF fractions prior to LC-MS/MS analysis can be found

in Figure S1 B and C, respectively. Human proteins identified in

the plasma by at least two peptides, at least one of which was

uniquely human, were prioritized and verified as illustrated and

described in further detail below. Although this biomarker

candidate discovery study used a cell line representative of a late

stage tumor, our working hypothesis is that the best cancer

biomarkers will be shed by the tumor into the blood and will

correlate with tumor size. These biomarkers will ideally be

detectable in serum or plasma at higher levels than in control

subjects, even when the tumors are small, and the levels of these

biomarkers will increase as the tumor grows. By utilizing the

xenograft mouse model and identifying human proteins, we are

assured that the candidate biomarkers are derived from the tumor

and shed into the blood, at least in this model system.

Analyses of the Xenograft Mouse Plasma Proteome and
Corresponding Tumor Supernatants
Plasma from four mice containing OVCAR-3 tumors that were

at least 1 cm3 was pooled and analyzed using the 4D method

described above. Fractionation using MicroSol IEF and 1D SDS

gels yielded 180 fractions and subsequent analysis of these

fractions by LC-MS/MS produced more than 1.1 million spectra,

which were searched against a combined human and mouse

database. A total of 3647 non-redundant human and mouse

proteins were initially identified by 22,890 peptides at a peptide

FDR of 5.7% for all proteins, and a 0.5% FDR for protein

identifications with two or more peptides. After species classifica-

tion, 268 human proteins were identified by two or more peptides

and an additional 550 by a single peptide (Figure 2). Because the
FDR was considerably lower for proteins with $2 peptides in both

the plasma and tumor supernatant samples, we only considered
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Figure 1. Scheme for ovarian cancer biomarker discovery and efficient verification using a xenograft mouse model. Candidate
biomarkers were discovered in the xenograft mouse plasma using a 4D plasma proteome profiling method. Parallel analysis of the tumor supernatant
was used to confirm human protein identifications and expand sequence coverage. A multi-step prioritization method ensured that only those
proteins detectable in advanced EOC patient sera at elevated levels advanced to MRM assay development and verification in larger pools of patient
sera.
doi:10.1371/journal.pone.0060129.g001
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proteins having two or more peptide identifications for down-

stream analyses.

Due to the difficulty of detecting low abundance human

proteins in the mouse plasma, tumor supernatants from the same

batch of SCID mice with OVCAR-3 tumors were analyzed to

attempt to achieve more extensive sequence coverage of human

proteins detected in the mouse plasma. Concentrated tumor

supernatants were separated on 1D SDS gels, each lane was sliced

into 60 uniform fractions (Figure S1A), and each sample was

digested with trypsin followed by LC-MS/MS analysis resulting in

487,076 MS/MS spectra, which were searched against a combined

mouse and human database. A total of 6066 unique proteins were

identified from 46,111 peptides at a peptide FDR of 0.9%.

Eliminating single peptide proteins resulted in 4619 unique protein

entries, with a peptide FDR of 0.03%. This list of high-confidence

proteins ($2 peptides) identified from the combined human and

mouse dataset is listed in Table S1. This complete dataset was

divided into ‘‘human’’ and ‘‘mouse’’ based upon the presence of at

least one peptide unique to that species, while ‘‘indistinguishable’’

proteins contained only peptides common to both species. A total

of 2843 human proteins were identified by two or more peptides,

and an additional 727 human proteins were identified by single

peptides (Figure 2).

Interestingly, the tumor supernatant dataset provided a much

greater depth of analysis both in terms of total proteins identified

and sequence coverage of most proteins, despite the less extensive

fractionation used. Also, the proportion of total identified proteins

that could be assigned as human was far higher in the tumor

supernatant. In part, this was expected because the plasma analysis

was dominated by detection of high and medium abundance

mouse plasma proteins. However, it also indicates that the

contribution of mouse cells in the tumor, including fibroblasts

and vascular cells, was relatively minor compared to shedding of

proteins by the human tumor cells.

The Tumor Supernatant Increases Sequence Coverage of
Human Proteins Detected in the Xenograft Mouse
Plasma
Over 2800 human proteins from the tumor were identified in

the supernatant and this dataset is a possible source of additional

plasma biomarkers for ovarian cancer. However, unless the

proteins were also detected in the mouse plasma, there is no

assurance that proteins observed in the supernatant would be shed

into and be detectable in the blood. Furthermore, the plasma

analysis had already identified nearly 300 human proteins, which

exceeds the number of proteins that could be feasibly tested in

human serum. Hence, in this study, the larger tumor supernatant

dataset was only used to confirm the ‘‘human’’ assignment of

proteins identified in the mouse plasma, although this large dataset

almost certainly contains additional potential plasma biomarkers

that could be explored in future studies. Confirmation of apparent

human proteins in the mouse plasma is important because many

proteins were assigned as human based upon the detection of one

human peptide and one or more peptides with sequences common

to both species. A few of these apparent human proteins may be

false positives while others could represent unreported mouse

polymorphisms, mouse sequences not reported in the database,

etc. Also, some identified proteins represent a protein family but

Figure 2. Proteins identified in the xenograft plasma and tumor supernatant. The numbers of unique (nonredundant) proteins identified in
the OVCAR-3 xenograft tumor supernatant and mouse plasma are shown after sorting proteins based on species classification where at least one
peptide was uniquely human, uniquely mouse, or indistinguishable (Indist.), that is, all detected peptides were common to human and mouse
homologs.
doi:10.1371/journal.pone.0060129.g002
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the peptides identified in the plasma do not unambiguously define

a unique isoform. Therefore, for most of the human proteins

identified in the plasma, the tumor supernatant dataset improved

the confidence of species assignment and in some cases more

clearly defined family member(s) present in the xenograft plasma

samples by confirming the original peptide and protein identifica-

tions and, in most cases, providing more extensive peptide

coverage.

Examples of using the tumor supernatant data to expand the

utility of data from the xenograft plasma are shown in Figure 3.
PSMA1 (Figure 3A) was identified by a total of 10 peptides in the

mouse plasma, but only a single one of these was a uniquely

human peptide. This protein could have been de-prioritized

because of its high homology to a mouse counterpart and the

possibility that the single uniquely human peptide in the plasma

might have been a false positive identification or unknown mouse

sequence variant. However, the tumor supernatant identified an

additional five peptides that were uniquely human, thus increasing

the confidence of the species assignment for the original plasma

identification. Figure 3B shows PSME2, a protein identified by

two uniquely human peptides in the plasma dataset, and therefore

the species assignment as human is well supported. But, the tumor

supernatant analysis identified six additional human peptides,

thereby providing more proteotypic peptides for setting up MRM

assays.

The tumor supernatant and plasma datasets were compared to

a study by Pitteri et al. that identified candidate biomarkers by

comparing a genetically engineered mouse model and secretomes

of ovarian cancer cells. [17] That study validated eight proteins

found to be at higher abundance levels in ovarian cancer patients’

plasma, and they also described identification of an additional nine

proteins previously identified as ovarian cancer plasma bio-

markers. Of the 17 candidate markers described by Pitteri et al.,

we identified eight proteins (CTSB, FASN, IGFBP2, LCN2, MIF,

THBS1, WFDC2, and NRCAM) in our tumor supernatant

analysis, and three proteins (FASN, IGFBP2, and LCN1) in the

high-confidence xenograft plasma dataset.

We also compared the results from the current study using

OVCAR-3 cells, a serous EOC cell line to an earlier xenograft

mouse study using an endometrioid EOC cell line (TOV-112D)

where we identified three new biomarkers of ovarian cancer that

could distinguish cancer patients from normal individuals. [18]

These three biomarkers, CLIC1, CTSD, and PRDX6, were all

identified in the current study.

Overall, these comparisons show that different biomarker

discovery strategies result in detection of overlapping, but non-

identical sets of biomarkers. These data also demonstrate that

analysis of the tumor supernatant in parallel with xenograft mouse

plasma is useful for confirming candidate biomarkers detected in

xenograft mouse plasma.

Prioritization and Selection of Candidate Biomarkers for
Verification Using Patient Sera
Efficient methods for selecting the best candidate biomarkers

and economically verifying them in serum or plasma of EOC

patients are needed because, some, but not all proteins shed by

Figure 3. Sequence coverage for selected human proteins from the xenograft plasma and tumor supernatants. Examples of candidate
biomarkers, PSMA1 and PSME2, where increased sequence coverage is obtained from analysis of the tumor supernatant (underlined peptides)
compared to the xenograft plasma (grey highlight). Tryptic sites (K or R) are indicated in red.
doi:10.1371/journal.pone.0060129.g003
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EOC tumors into blood are expected to be good biomarkers of the

disease. Furthermore, some proteins detected in the xenograft

mouse model may not be detectable in human blood using current

methods either because the concentration in human blood is below

detection limits of available assays or because in some cases the

shedding may be unique to the mouse model. As noted above,

when we evaluated a panel of candidate biomarkers from the

TOV-112D xenograft mice tumors, the overall success in setting

up MRM assays and demonstrating elevated levels of the targeted

biomarker in EOC patient sera was only about 20%. Hence, an

important challenge is to develop appropriate methods for more

efficient triaging of candidate biomarkers and evaluating them in

serum of EOC patients.

The xenograft plasma proteome was prioritized starting with

the 268 human proteins identified by two or more peptides

(Figure 2). This dataset was further refined by removing a few

trypsin and keratin contaminants that were missed at the initial

contaminant-removal step due to ambiguous protein descriptions

or isoform differences. In addition, proteins known to be in normal

human plasma at medium- to high-abundant levels (.100 ng/mL

[28,29]) and hemoglobins were removed. Such proteins were not

considered to be viable candidate biomarkers because the

contribution of shedding from a small tumor is unlikely to be

discernible above the normal variation of that protein in the

general population. For example, if a protein is normally in the

plasma of unaffected individuals in the 1–5 mg/mL range and the

protein is also shed by a typical ovarian tumor, which contributes

Figure 4. Quantitative comparisons of candidate biomarkers using label-free discovery mode LC-MS/MS analysis of patient serum
pools. Summed protein intensities from a Rosetta Elucidator label-free analysis are shown for benign (B, n = 9) and three different late-stage ovarian
cancer pools (C1, n = 9; C2, n = 9; C3, n = 5). (A) Representative proteins that failed this screen because intensities were lower or showed no difference
in cancer pools compared with benign disease. (B) Four different isoforms of the proteasome complex selected for further validation because they
showed elevated levels in all cancer pools compared with benign sera. (C) Additional representative proteins selected for further validation because
they showed elevated levels in all cancer pools compared with benign sera. (D) Three biomarkers previously reported by others and re-discovered in
the current study (see Table 1).
doi:10.1371/journal.pone.0060129.g004
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another 50 ng/mL of that protein into the plasma, the contribu-

tion from the tumor is not detectable above normal variation.

Verification of Candidate Biomarkers in the 15–50 kDa
Region Using the Tumor Supernatant and Label-free
Discovery Proteomics Analysis of Patient Pools
Candidate biomarkers in the 15–50 kDa region of the gel were

selected for further prioritization and verification because this was

the region of the gel that contained the largest density of human

proteins in the xenograft plasma analysis. By focusing on a discrete

region of the gel we could increase the subsequent throughput of

MRM assays by minimizing the number of fractions that need to

be analyzed to quantitate the targeted group of candidate

biomarkers. Candidates in this region that were identified with

at least the same number of peptides in the tumor supernatant

were considered further (Figure 1 and Table 1). These candidate
biomarkers were then compared to data from an in-depth label-

free quantitative comparison of pools of patient sera using a 4 h

gradient for the LC-MS/MS runs. One serum pool from patients

with benign tumors (pool B, n= 9), was compared to three serum

pools from patients with advanced ovarian cancer (pool C1: stage

3, n= 9; pool C2: stage 3, n= 9; pool C3: stage 4, n = 5).

Descriptions of the patients and the sample pooling strategy are

provided in Table S2. Acquisition of full MS and data-dependent

MS/MS scans were identical to those described for the xenograft

proteome analyses, with the exception that ions subjected to MS/

MS were excluded from repeated analysis for 180 s. Xenograft

plasma candidate biomarkers that could be detected in these

human serum pools were quantitatively compared across pools

using peptide ion signal intensities from the Rosetta Elucidator

System’s peptide report results. Peptides were grouped into

consensus proteins by protein description and peptide intensities

were summed for each protein. The criteria for selecting

candidates for further validation were proteins that showed

increases in all three cancer pools compared with the benign

serum, and where the average intensity of the three cancer pools

was at least 1.7 times that of the benign serum pool (Figure 4).
Candidates whose protein intensities did not increase in cancer

were not considered to be good biomarkers (Figure 4A). For

example, ARG1 and AZGP1 failed because they showed decreases

in cancer relative to benign disease–a trend that does not correlate

with cancer burden, and DSC1 and SBSN were not further

considered because the benign and cancer pools exhibited similar

levels of these proteins. Figure 4B shows a number of proteasome

subunits that exhibited increases in ovarian cancer. The protea-

some complex is responsible for degradation of proteins crucial to

cell cycle regulation and apoptosis and has been recognized as

a potential target for cancer therapy. [30] Specific proteasome

subunits, including PSMB2 and PSMB4, have been identified as

upregulated in gene expression profiles of ovarian carcinomas.

[31,32] Interestingly, circulating intact proteasomes have recently

been reported to correlate with EOC, [33] but the assay used in

that study did not distinguish specific isoforms or quantify subunits

that may not have been in intact proteasomes. Figure 4C shows

representative additional promising candidates. One candidate,

AGRN, is a 215 kDa protein previously identified as being

upregulated in ovarian cancer tissue samples compared with

normal and non-ovarian tissue samples, [34] but it has not

previously been reported to be a serum biomarker for EOC. In

this study, it was identified by SDS-PAGE as both the intact

215 kDa protein and as a 43 kDa fragment from the C-terminal

region of the protein in the tumor supernatant. In contrast, only

the 43 kDa fragment which is presumably a proteolytic fragment

produced by proteolysis either in the tumor or in the blood was

detected in the xenograft plasma. The peptides quantitated in

Figure 4C belong to the fragment and correlate with ovarian

cancer in this experiment. Additionally, six proteins, including

ANXA1, FABP5, PSMB3, PSMB6, PSMB8, and PSMB9 were

deprioritized because they were either closely related to other

selected biomarkers, or based on biology were considered unlikely

to be specific to ovarian cancer. Finally, three biomarkers

previously reported by others were detected in either the xenograft

Table 1. Candidate biomarkers for validation in patient serum pools.

Gene Name Protein Description
# Peptidesa

(Supernatant)
# Peptidesa

(Plasma)

B. Previously reported biomarkers re-identified in this study

IGFBP2 Insulin-like growth factor-binding protein 2 [38] 9/5 5/4

WFDC2 (HE4) WAP four-disulfide core domain protein 2 [39] 2/0 0

LRG1 Leucine-rich alpha-2-glycoprotein [40] 0 1/1

A. Novel candidates identified from xenograft mouse plasma and verified in tumor supernatant

AGRN Agrin and agrin fragments 61/9 5/1

PSME2 Proteasome activator complex subunit 2 8/11 2/8

TPI1 Triosephosphate isomerase 7/18 4/10

DDAH2 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 7/8 1/4

GM2A GM2 ganglioside activator protein (GM2A), mRNA 3/0 3/0

YWHAB 14-3-3 protein beta/alpha 2/8 1/12

YWHAH 14-3-3 protein eta 2/9 1/7

PSMA1 Proteasome subunit alpha type-1 6/14 1/10

PSMB1 Proteasome subunit beta type-1 3/9 1/6

PSMB2 Proteasome subunit beta type-2 1/10 1/6

PSMB4 Proteasome subunit beta type-4 3/5 2/5

aNumber of peptides that are uniquely human/number of peptides common to mouse and human homolog.
doi:10.1371/journal.pone.0060129.t001
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mouse plasma or tumor supernatant or both (Table 1) and were

within the targeted 15–50 kDa region of the gel. These known

biomarkers, which included HE4 (WFDC2) one of the two FDA

approved ovarian cancer biomarkers, were included in our

prioritization and verification analyses as known biomarker

references. As expected, these three proteins exhibited increased

levels in the cancer pools compared with the benign pool

(Figure 4D). CA125 was not identified in the xenograft plasma,

presumably due to its extensive glycosylation and low concentra-

tion as well as the high complexity of plasma; however, it was

identified in the tumor supernatant by its alternative protein name

‘Mucin-169 (Table S2).

Potential Correlation of Biomarkers with Gene Expression
To evaluate whether gene expression in ovarian tumor tissues

could be a useful indicator of whether a protein is promising serum

biomarker, we queried our candidate biomarkers from Table 1
against published microarray hybridization data using BioGPS,

a centralized gene portal of combined gene annotation resources.

[35] Specifically, gene expression levels for normal ovarian tissue

(n = 4) and papillary serous ovarian carcinoma primary tumor

samples (n = 14) [36,37] were extracted for each of the candidate

markers listed in Table 1. Figure 5 shows examples of gene

expression patterns for some of our novel and two known ovarian

cancer biomarkers. These gene expression levels can be compared

with the observed levels of these same proteins in the benign and

EOC patient serum pools (Figure 4). Some proteins show similar

trends; that is, elevated levels in both the serum and tumor tissue

levels for EOC, including AGRN, TPI1, and HE4. However,

other proteins do not exhibit much similarity between tissue

expression and serum levels. For proteins such as YWHAH and

PSME2, gene expression levels overlap extensively between

normal and cancer tissue, but the serum levels of these proteins

show similar patterns to those for AGRN and TPI1. Also, PSMA1

exhibits similar expression levels between normal and EOC tumor

samples but much higher levels in the serum of EOC patients

compared with benign tumor controls. Interestingly, at the gene

expression level, each of the four illustrated proteasome subunits

exhibits differing expression patterns at the cancer tissue level but

all four subunits show elevated serum levels in all cancer patient

pools compared with the benign sera.

Overall, these comparisons suggest that gene expression levels

are not reliable indicators of blood levels of a given protein, and

use of gene expression levels to predict blood biomarkers is likely

to be of limited value. This is not surprising because: 1) gene

expression levels do not always correlate with protein abundance

within cells; 2) shedding of proteins into the extracellular space

and, more specifically, into the vascular system, does not

necessarily depend upon the tissue levels of that protein; and 3)

changes in proteolytic processing, PTM levels, or other processing

Figure 5. Gene expression of candidate biomarkers in ovarian tissues. Gene expression levels for normal ovary tissue (N; n = 4) and papillary
serous ovarian carcinoma primary tumor samples (C, n = 14) are shown. (A) Representative candidate proteasome proteins. (B) Representative novel
proteins identified in the xenograft mouse plasma. (C) Two previously reported ovarian cancer biomarkers that were identified in the current dataset.
Microarray hybridization data were processed and scaled as previously described. [36,37] Data were extracted from www.BioGPS.org.
doi:10.1371/journal.pone.0060129.g005
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of proteins that might affect their blood concentration may differ

between normal and cancer states.

MRM Assays and Quantitation of Normal, Benign, Early
Stage EOC and Late Stage EOC Serum Pools
We subsequently attempted to set up MRM assays for the 11

novel and three known biomarkers shown in Table 1 as described

in Methods. MRM assays achieve high selectivity by monitoring

the combination of the specific mass/charge of a parent ion and

a unique fragment ion produced after collision to quantify the

targeted peptide in a complex mixture. MRM assays targeting at

least two peptides per protein were successfully established for all

targeted proteins. The methods were integrated into a single

multiplexed MRM assay that was subsequently used to quantitate

the levels of these proteins in four serum pools, including: a normal

serum pool (pool N; n= 9), a benign ovarian tumor pool (pool B,

n = 10), an early-stage ovarian cancer pool (pool E: stage 1 and 2,

n = 18), and a late-stage cancer pool (pool L: stage 3, n= 29). The

cancer pools included serum from patients with different EOC

histotypes, although the majority of tumors were the serous

subtype as is typically the case in groups of EOC patients. Details

of the patients and samples used to prepare these pools are

summarized in Table S2. The peptides and transitions used in the

integrated multiplex MRM assay, as well as the resulting relative

quantitative data for the four pools, are shown in Table S3.
Resulting relative protein quantities for the four pools are

summarized in Figure 6A for the 11 novel candidates. The levels

in the same serum pools of the three previously reported

biomarkers are shown for reference in Figure 6B.

These results confirm that quantitative MRM assays were

established for all 11 targeted proteins and that all targeted

proteins showed elevated levels in initial analysis of sera from

advanced EOC. This 100% success using these two criteria is

dramatically better than the 20% success rate achieved for setting

up MRM assays for TOV-112D derived candidate biomarkers

showing elevated levels in initial screens of sera from advanced

EOC. This more efficient selection of candidate biomarkers was

achieved because the current strategy utilized additional criteria

prior to attempting to set up MRM assays. The key advantages of

the current approach include analysis of the tumor supernatant to

extend sequence coverage for putative human plasma proteins in

Figure 6. Verification of promising candidate biomarkers using a label-free MRM assay. Normalized relative protein amounts are shown
for serum pools of normal (N; n = 9), benign (B; n = 10), early-stage ovarian cancer (E; stages 1 and 2; n = 18), and late-stage ovarian cancer (L; stage 3;
n = 29). Ratios of late-stage cancer to benign disease and normal donors are shown above the histograms. (A) The 11 novel high priority biomarkers
from the 15–50 kDa region of the gel. (B)Three previously reported biomarkers included as references and analyzed in parallel with the novel
biomarkers.
doi:10.1371/journal.pone.0060129.g006
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the xenograft mouse plasma and comparison of remaining high

priority candidate biomarkers to an in-depth discovery mode

quantitative comparison of serum pools from benign and

advanced EOC patients. This latter analysis identified those

proteins detectable in patient serum as well as those proteins

exhibiting elevated levels in EOC patient sera. Interestingly,

approximately two-thirds of the high priority candidates from the

xenograft mouse plasma both expected to be in the 15–50 kDa

region and verified in the tumor supernatant, were detected in the

patient pools and half of these met the criteria used above for

elevated levels in EOC serum. This 20% success rate is very

similar to that obtained with the TOV-112D candidate bio-

markers. The major difference in the current study is that time and

expenses were not invested in attempting to set up MRM assays

for the 75–80% of biomarkers that would ultimately fail to be

detected in patient plasma or that would not show elevated levels

in advanced EOC patient serum. Although substantial mass

spectrometer and analysis time was invested in conducting the in-

depth discovery mode quantitative comparison of serum pools

from benign and advanced EOC patients, these analyses do not

need to be repeated as the same dataset can be used to screen

future candidate biomarkers. Additionally, this study includes

pools of mixed histotypes that approximate the mixtures of cancer

subtypes typically seen clinically because the numbers of available

samples and the assay throughput were too low to distinguish

potential subtype specific biomarkers. One goal of future studies

using higher throughput assays such as sandwich ELISA will be to

carefully evaluate potential relationships between EOC subtypes

and these biomarker candidates.

Conclusions
In the current study, improved strategies for both discovery and

triaging novel blood biomarkers for EOC have been developed.

The utility of analyzing xenograft mouse plasma and the

corresponding tumor supernatant in parallel was demonstrated.

The presence of human proteins in the plasma demonstrated these

proteins were produced by the tumor and shed into the blood, but

many of these assignments were based upon only a few peptides.

Analysis of the tumor supernatant produced far more extensive

sequence coverage for human proteins and confirmed many of the

proteins identified in the plasma as human. In most cases an

increased sequence coverage provided additional peptide candi-

dates for potential MRM assays. A second key step in the

prioritization and verification strategy was to compare candidate

plasma biomarkers to an in-depth, label-free comparison of benign

disease and advanced cancer patient serum pools to prescreen

candidate biomarkers prior to setting up MRM assays. By

extending reverse-phase gradients for the discovery mode analysis

of these samples to four hours, the detection sensitivity is similar to

that of MRM assays using shorter gradients. That is, if a protein

cannot be detected in this dataset, it will probably not be feasible

to set up an MRM assay and, therefore, effort is not wasted in

assay development. Furthermore, by comparing candidate bio-

marker levels in the benign and advanced cancer patient pools,

only those proteins showing elevated levels in the cancer sera

advance to MRM assay development. This new approach reduces

the effort invested in setting up MRM assays by about four-fold

relative to the biomarkers detected in advanced EOC patient sera

at elevated levels. Based upon initial screening of large pools of

normal, benign, early, and advanced ovarian cancer sera, all of the

biomarkers selected for MRM assay development in the current

study should move forward and be further evaluated using serum

or plasma from individual patients and controls. Although the fold

changes observed in the pooled samples for most of these

candidate biomarkers are not as large as HE4, the ranges of

values for these biomarkers in individual EOC and control sera

need to be determined in order to compare their diagnostic

capacities to HE4 and CA125. While it is unlikely that most

individual biomarkers will prove to be superior to HE4 or CA125,

it is more likely that combinations with each other or with CA125

and HE4 could outperform the use CA125 or HE4 alone. Finally,

the strategies developed in this study demonstrate that in-depth

analysis of xenograft mouse plasma with efficient pilot verification

using multiplexed assays can efficiently identify multiple promising

candidate EOC biomarkers. This approach can be readily applied

to further in-depth analysis of the OVCAR-3 cell line, as well as

other EOC cell lines to identify additional EOC plasma bio-

markers.

Supporting Information

Figure S1 Analysis of OVCAR-3 xenograft plasma and tumor

supernatant. (A) SDS-PAGE of concentrated media from the

OVCAR-3 tumor supernatant. The sample was separated for

6 cm, the gel lane was sliced into 60 uniform fractions, digested

with trypsin and analyzed by LC-MS/MS. (B) Analytical SDS-

PAGE of unfractionated, depleted mouse plasma (DP), and

MicroSol IEF fractions (F1–F4) and membrane extractions (M1–

M5). (C) Representative preparative SDS-PAGE of the samples

shown in panel B. Distances samples were separated are indicated

and gel lanes were cut into 1 mm slices for trypsin digestion and

subsequent LC-MS/MS analysis.

(PDF)

Table S1 Proteins identified in the OVCAR-3 tumor superna-

tant by two or more unique peptides.

(PDF)

Table S2 Sample classification for ovarian cancer patient sera.

(PDF)

Table S3 Peptide transitions monitored by MRM.

(PDF)
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    Chapter 12   

 Detection of Senescence-Associated Heterochromatin 
Foci (SAHF)       

     Katherine   M.   Aird    and    Rugang   Zhang        

  Abstract 

 One of the most prominent features of cellular senescence, a stress response that prevents the propagation 
of cells that have accumulated potentially oncogenic alterations, is a permanent loss of proliferative potential. 
Thus, at odds with quiescent cells, which resume proliferation when stimulated to do so, senescent cells 
cannot proceed through the cell cycle even in the presence of mitogenic factors. Here, we describe a set of 
cyto fl uorometric techniques for studying how chemical and/or physical stimuli alter the cell cycle in vitro, 
in both qualitative and quantitative terms. Taken together, these methods allow for the identi fi cation of 
 bona  fi de  cytostatic effects as well as for a re fi ned characterization of cell cycle distributions, providing 
information on proliferation, DNA content, as well as the presence of cell cycle phase-speci fi c markers. At 
the end of the chapter, a set of guidelines is offered to assist researchers that approach the study of the cell 
cycle with the interpretation of results.  

  Key words:   Cancer ,  Cyclin B1 ,  HCT 116 ,  Histone H3 ,  Mitosis    

 

 Cellular senescence is a state of irreversible cell growth arrest. Cellular 
senescence can be triggered by a variety of stimuli such as critically 
shortened telomeres, which occur after extensive cell division, or 
activation of certain oncogenes (such as H-RAS G12V  or BRAF V600E ) 
 (  1–  3  ) . By de fi nition, senescent cells are irreversibly growth arrested, 
and one of the necessary steps towards this irreversible cell cycle exit 
is the suppression of E2F target genes  (  4  ) , which are mainly involved 
in promoting cell proliferation and S phase cell cycle progression 
 (  5  ) . Promoters of E2F target genes typically acquire heterochro-
matic features during senescence  (  4  ) . The heterochromatin associ-
ated with this process is specialized domains of facultative 
heterochromatin that often form in senescent human cells, senescence-
associated heterochromatin foci (SAHF)  (  4,   6–  12  ) . 

  1.  Introduction
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 SAHF were  fi rst described in 2003 by Narita et al. who 
observed that the nuclei of senescent cells contain 30–50 bright, 
punctate DNA-stained dense foci that can be readily distinguished 
from chromatin in normal cells  (  4  ) . Importantly, SAHF are not 
associated with cells undergoing quiescence, indicating that SAHF 
formation is not associated with reversible cell cycle exit  (  4  ) . In 
addition, SAHF have also been shown to be distinct from constitu-
tive heterochromatin because centromeres, telomeres, and other 
constitutive heterochromatin regions are not included in SAHF  (  4, 
  12,   13  ) . Further, SAHF are also different from other facultative 
heterochromatin such as inactivated X chromosomes (Xi) in female 
human cells. For example, histone modi fi cations such as lysine 27 
trimethylated histone H3 (H3K27Me3) are associated with Xi but 
not SAHF  (  4  ) . 

 SAHF play a role in sequestering proliferation-promoting 
genes  (  4  ) , including E2F target genes such as cyclin A  (  12  ) , which 
is required for the progression through S phase of the cell cycle 
 (  14  ) . Indeed, SAHF do not contain any active transcription sites 
 (  4  ) , demonstrating their role in contributing to the senescence-
associated cell cycle exit. Signi fi cantly, disruption of SAHF forma-
tion can cause cell transformation  (  15  ) , which infers that SAHF 
contribute to the tumor-suppressive function of senescence. 
Recently, there is evidence to suggest that SAHF may limit the 
extent of DNA damage signaling which may prevent senescent 
cells from undergoing apoptosis induced by high DNA damage 
signaling, thereby maintaining the viability of senescent cells  (  11  ) . 
Finally, there is emerging evidence to suggest that SAHF may play 
a role in the senescence phenotype in vivo  (  16–  19  ) . 

 A number of different inducers of senescence cause the forma-
tion of SAHF, including activated oncogenes such as H-RAS G12V  
and BRAF V600E   (  4,   20,   21  ) , extensive passaging  (  4  ) , chemothera-
peutics such as etoposide  (  4  )  and hydroxyurea  (  9  ) , and bacterial 
toxins  (  9  ) . However, SAHF formation and senescence are not 
always coupled. Indeed, a number of studies have shown that 
senescence can occur in the absence of SAHF formation. For 
instance, activation of AKT and knockdown of PTEN do not cause 
SAHF formation  (  22,   23  ) . It is also important to note that SAHF 
formation is cell-line dependent  (  9  ) . For example, senescence 
induced by extensive passaging in the primary human embryonic 
 fi broblast cell lines IMR90 and WI38 cells is associated with SAHF, 
while senescence triggered by extensive passaging in BJ cells 
(primary human foreskin  fi broblasts) is not associated with SAHF 
formation  (  4  ) . The difference between these cell lines correlates 
with a variation in activation of the p16/pRb pathway after exten-
sive passaging  (  9  ) . Indeed, senescence induced by activated onco-
genes (such as H-RAS G12V  and BRAF V600E ) in BJ cells triggers 
SAHF formation, which is associated with activation of the p16/
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pRb pathway  (  24,   25  ) . Notably, mouse cells do not form robust 
SAHF, although they do display a marked increase in staining of 
certain components of SAHF such as macroH2A  (  26  ) . 

 To date, a number of molecular markers of SAHF have been 
described (reviewed in ref.  6,   10,   27 ) including macroH2A  (  8  ) , a 
histone variant known to contribute to X chromosome inactivation 
and gene silencing  (  28  ) ; high mobility group A (HMGA) proteins, 
which coordinate with p16 INK4a  to induce SAHF formation and are 
required for maintaining SAHF  (  15  ) ; and di- or tri-methylated 
lysine 9 histone H3 (H3K9Me2/3) and bound HP1 proteins  (  4,   12  ) , 
two common markers of heterochromatin  (  29  ) . Together with 
DAPI, co-staining for these markers is a simple and reliable method 
to determine the presence of SAHF in senescent cells. Here, using 
oncogenic-RAS (H-RAS G12V ) as an inducer of senescence and 
SAHF, we describe a method for the immuno fl uorescent detection 
of SAHF using DAPI and speci fi c antibodies to components of 
SAHF such as macroH2A, H3K9Me2/3, and HP1 proteins.  

 

  ●     pBABE-puro and pBABE-puro-H-RAS G12V  constructs 
(Addgene) (see  Note 1 ).  
  2.5 M CaCl  ●

2 .  
  2× BBS: 50 mM   ● N , N - bis (2-hydroxyethyl)-2-aminoethanesulfonic 
acid (BES), 280 mM NaCl, 1.5 mM Na 2 HPO 4 , pH 6.95 
( see    Note 2 ).  
  Laemmli sample buffer: 50 mM Tris–HCl, 2% (w/v) sodium  ●

dodecyl sulfate (SDS), 100 mM dithiothreitol, 10% (v/v) glyc-
erol, and 0.05% (w/v) bromophenol blue (pH 6.8).  
  Equipment and reagents for SDS-polyacrylamide gel electro- ●

phoresis (PAGE).  
  Bradford reagent (Bio-Rad) and 1 mg/mL bovine serum albu- ●

min (BSA) as standard.  
  PVDF transfer membrane.   ●

  Towbin transfer buffer: 170 mM glycine, 22 mM Tris–HCl,  ●

and 0.01% (w/v) SDS (pH 8.3).  
  Anti-RAS antibody (BD Transduction Laboratories).   ●

  0.45   ● µ m  fi lter.  
  Sterile- fi ltered ddH  ●

2 O.  
  Phoenix cells (a gift from Gary Nolan) growing in Dulbecco’s  ●

modi fi ed Eagle’s medium supplemented with 10% (v/v) fetal 
bovine serum, 1% (w/v) penicillin–streptomycin, and 1% (w/v) 

  2.  Materials

  2.1.  Cell Culture 
for Expression 
of Oncogenic RAS
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 L -glutamine in a humidi fi ed 37°C, 5% (v/v) CO 2  incubator 
( see   Note 3 ).  
  IMR90 cells (ATCC) growing in DMEM supplemented with  ●

20% (v/v) FBS, 1% (w/v)  L -glutamine, 1% (v/v) nonessential 
amino acid solution, 2% (v/v) essential amino acids, 1% (v/v) 
vitamins, and 1% (w/v) penicillin–streptomycin in a humidi fi ed 
37°C, 5% (v/v) CO 2  incubator ( see   Notes 4  and  5 ).  
  0.25% (w/v) Trypsin + 1 mM EDTA.   ●

  Sterile- fi ltered Dulbecco’s phosphate-buffered saline (PBS),  ●

pH 7.3.  
  Sterile- fi ltered, 1 mg/mL puromycin in PBS, pH 7.3.   ●

  Sterile- fi ltered, 8 mg/mL (w/v) polybrene in ddH  ●

2 O (Sigma-
Aldrich, St. Louis, MO, USA).  
  10-cm cell culture dishes and 6-well cell culture plates.   ●

  Clean and sterile glass coverslips.      ●

  ●     4% (w/v) paraformaldehyde ( see   Note 6 ).  
  PBS, pH 7.3.   ●

  0.2% (v/v) and 1% (v/v) Triton-X in PBS, pH 7.3.   ●

  3% (w/v) BSA in PBS, pH 7.3 ( see   Note 7 ).   ●

  Primary antibodies to macroH2A, H3K9Me2, H3K9Me3,  ●

HP-1 α , HP-1 β , or HP-1 γ  (Table  1 ) ( see   Note 8 ).   
  Appropriate secondary antibodies (Table   ● 2 ) ( see   Note 9 ).   
  5 mg/mL 4  ● ¢ ,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) in ddH 2 O.  
  Clean microscope slides.   ●

  2.2.  Fluorescent 
Staining of SAHF 
and Microscopic 
Examination of SAHF

   Table 1 
  Primary antibodies used to identify SAHF by immuno fl uorescence   

 Protein  Source  Dilution  References 

 MacroH2A  Drs. Rugang Zhang (The Wistar 
Institute) and Peter D. Adams 
(University of Glasgow) 

 1:2,000   (  7  )  

 HP-1 α   Dr. William Earnshaw (University 
of Edinburgh) 

 1:200   (  8  )  

 HP-1 β   Millipore (MAB3448)  1:20,000   (  9  )  

 HP-1 γ   Millipore (MAB3450)  1:2,000   (  7  )  

 H3K9Me3  Abcam (ab8898)  1:500–1:1,000   (  9  )  

 H3K9Me2  Abcam (ab7312)  1:500–1:1,000   (  9  )  
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  Anti-fade  fl uorescence mounting media: 0.25 g   ● p -phenylene-
diamine (Sigma-Aldrich) dissolved in 25 mL 1× PBS (pH 9.0) 
mixed with 225 mL glycerol ( see   Note 10 ).  
  Fluorescent microscope with the ability to view blue, green,  ●

and red channels (e.g., Nikon 80 i ).      

 

  The infectious retrovirus is generated by transfecting the plasmid 
DNA into a packaging cell line, for example, Phoenix cells (  http://
www.standford.edu/group/nolan/protocols/pro_helper_dep.
html    ). Transfection-quality DNA of the retrovirus plasmid is made 
using a Qia fi lter Plasmid Maxi kit, according to the manufacturer’s 
instructions. After transfection, the Phoenix cells reverse transcribe 
the plasmid DNA into an RNA that is packaged into infectious 
virus and expelled from the cells. Then, the tissue culture superna-
tant containing the virus is applied to the cells of interest to deliver 
the activated oncogenes (e.g., H-RAS G12V ) to the target cells. The 
infected cells can be selected in puromycin to enrich for cells that 
have been infected. To assess the ef fi ciency of puromycin to kill 
uninfected cells, perform a mock virus infection. To assess the 
ef fi ciency of infection, infect one plate with a virus known to have 
a high titer (e.g., pBABE-puro vector, Addgene).

    1.    Split the Phoenix cells to 5 × 10 6  cells per 10-cm dish in 10 mL 
medium 24 h before transfection ( see   Note 11 ). Culture in a 
37°C, 5% (v/v) CO 2  incubator overnight.  

    2.    Twenty-four hours later, and 4 h prior to transfection, change 
the medium to 9 mL of pre-warmed, fresh growth media.  

    3.    Dilute the required amount of 2.5 M CaCl 2  to 250 mM in 
sterile ddH 2 O and aliquot 0.5 mL per transfection to separate, 
sterile 15 mL polystyrene tubes.  

    4.    Add 30  µ g of the supercoiled plasmid DNA of the intended 
virus to each tube.  

  3.  Methods

  3.1.  Cell Culture 
for Expression 
of Oncogenic RAS

   Table 2 
  Fluorescent secondary antibodies used to visualize SAHF 
components   

 Antibody  Catalog numbers  Dilution 

 Cy3 goat anti-mouse  115-165-003  1:5,000 

 FITC goat anti-rabbit  111-095-003  1:1,000 
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    5.    Add 0.5 mL of 2× BBS by dripping slowly from a 1 mL pipette 
vertically down the center of the tube (1–2 drops per second). 
Do not mix. Incubate the mixture for 15 min. At this time, the 
precipitate should be barely visible to the naked eye.  

    6.    Use a 1 mL pipette to blow air bubbles through the solution 
to mix the precipitate. Evenly distribute the mixture drop-wise 
into the medium of the plate of Phoenix cells.  

    7.    Rock the plates back and forth very gently to mix the calcium 
phosphate precipitate and then place in a humidi fi ed 37°C 
incubator with 5% (v/v) CO 2  overnight.  

    8.    Change the medium to 6 mL fresh, pre-warmed growth media 
approximately 24 h later ( see   Note 12 ).  

    9.    On the same day as  step 8 , prepare the target IMR90 primary 
human embryonic  fi broblast cells for infection. A con fl uent 
10 cm dish of cells should be split 1:4 in regular growth media 
so that cells are 50–60% con fl uent on the next day (i.e., the 
 fi rst day of infection).  

    10.    Twenty-four hours later, collect the supernatant from the 
Phoenix cells after  step 8  and put through a 0.45  µ m  fi lter. 
Add 6 mL of fresh, pre-warmed growth media to the Phoenix 
cells ( see   Note 12 ).  

    11.    Infect the target cells. Aspirate the IMR90 media from the 
dish. For a 10 cm dish of target cells, add 3 mL fresh media 
and 3 mL of virus-containing supernatant harvested from the 
Phoenix cells drop-wise onto the IMR90 cells.  

    12.    Add 6  µ L of 8 mg/mL (w/v) polybrene to make a  fi nal con-
centration of 8  µ g/mL, and swirl the dishes to mix. Put the 
cell dish back into a 5% (v/v) CO 2 -containing incubator.  

    13.    Culture the infected cells for 24 h. Repeat the infection 
(Subheading  3.1 ,  steps 10 – 12 ) to increase ef fi ciency.  

    14.    Remove the medium from the IMR90 cells 24 h post infection 
and replace with 10 mL of fresh, pre-warmed IMR90 growth 
media that contains puromycin at a  fi nal concentration of 
1  µ g/mL.  

    15.    Typically, 3 days after addition of puromycin, all of the nonin-
fected cells should be dead. At this time, there should be no 
surviving cells left in the mock virus-infected dish.  

    16.    At the desired time point ( see   Note 13 ), split the IMR90 cells 
into 6-well plates containing clean, sterile glass coverslips.  

    17.    At the same time, harvest an aliquot of the infected cells for 
Western blot analysis ( see   Note 14 ).      

  To visualize SAHF, DAPI is used to stain for DNA, while speci fi c anti-
bodies to components of SAHF (e.g., macroH2A, H3K9Me2/3, and 
HP1 proteins) should be used for indirect immuno fl uorescence 

  3.2.  Fluorescent 
Staining of SAHF
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 staining. To assess the speci fi city of the antibody staining pattern, 
an  isotype-matched control primary antibody and/or omission of 
the primary antibody should be included as negative controls for 
immunofluorescence staining. In addition, IMR90 cells infected 
with vector control-encoding retrovirus should be included as a 
negative control.

    1.    Gently wash the coverslips three times with PBS, pH 7.3 to 
remove all culture media ( see   Note 15 ).  

    2.    Fix cells in freshly prepared 4% (w/v) paraformaldehyde for 
10 min at room temperature ( see   Note 16 ).  

    3.    Wash the coverslips three times with PBS, pH 7.3 to remove 
 fi xing solution ( see   Note 17 ).  

    4.    Permeabilize the cells by incubating the coverslips in 0.2% 
(v/v) Triton X-100 in PBS (pH 7.3) for 5 min at room 
temperature.  

    5.    Block the coverslips with 3% (w/v) BSA in PBS, pH 7.3 for 
5 min at room temperature.  

    6.    Incubate the coverslips with the primary antibodies diluted in 
3% (w/v) BSA in PBS, pH 7.3 by inverting the coverslip onto 
200  µ L of diluted antibody spotted on para fi lm. Incubate for 
1–2 h at room temperature.  

    7.    Put the coverslips back into the 6-well plates with the cell side 
face up. Wash the coverslips three times with 1% (v/v) Triton 
X-100 in PBS, pH 7.3.  

    8.    Dilute the appropriate secondary antibodies (Table  2 ) in 3% 
(w/v) BSA in PBS, pH 7.3. Incubate the coverslips with 2 mL 
secondary antibody solution in each well for 1 h at room tem-
perature in the dark.  

    9.    Stain SAHF by incubating the coverslips with 0.15  µ g/mL 
 fi nal concentration of DAPI diluted in 3% (w/v) BSA in PBS, 
pH 7.3 for 3 min at room temperature ( see   Note 18 ).  

    10.    Wash the slide three times with PBS, pH 7.3.  
    11.    Mount the inverted coverslips (cells facing the microscope 

slide) into one drop of mounting media (approximately 20  µ L). 
Aspirate the excess liquid, and seal the coverslips using nail 
polish ( see   Note 19 ).  

    12.    After the slides have dried, observe SAHF using a  fl uorescent 
microscope ( see   Notes 20  and  21 ).      

      1.    After immuno fl uorescence staining, the processed slides can be 
examined under a  fl uorescent microscope.  

    2.    DAPI staining should reveal punctate staining in oncogenic 
H-RAS G12V -infected cells, while vector control cells should 
display diffuse staining across the cell nuclei (Fig.  1 ).   

  3.3.  Microscopic 
Examination of SAHF
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    3.    The number of cells with SAHF staining depends upon the 
duration of RAS expression. For example, ~50% of RAS-
infected cells display SAHF by DAPI staining 7–9 days post 
drug selection.  

    4.    Components of SAHF such as macroH2A, HP1 proteins, and 
H3K9Me2/3 form foci that co-localize with DAPI-stained 
SAHF in RAS-infected cells. In vector control cells, HP1 pro-
tein and H3K9Me2/3 staining is largely diffuse. MacroH2A 
staining marks the single foci in female mammalian cells (such 
as IMR90 and WI38 primary human  fi broblast cells) that is the 
inactivated X chromosome (Fig .1 ).  

    5.    As negative controls, staining using isotype-matched IgG con-
trols as the primary antibody or using the secondary antibody 
only (without the primary antibody) should not show foci that 
co-localize with DAPI-stained SAHF. The controls herein will 
obviously be speci fi c to each component of SAHF.  

    6.    Importantly, regardless of the speci fi c components, not all cells 
with DAPI-stained SAHF-positive cells will display foci for 
components of SAHF. This is because relocalization of compo-
nents of SAHF into DAPI-stained foci is typically a later event 
compared with formation of DAPI foci  (  8  ) .       

  Fig. 1.    IMR90 cells were infected with a puromycin-resistant retrovirus encoding oncogenic H-RAS G12V  or vector control. 
Drug-selected cells were stained with antibodies to H3K9Me2 and histone H2A variant macroH2A. DAPI counterstaining 
was used to visualize SAHF. Note the robust punctate DAPI foci in the H-RAS G12V -infected cells, which co-localize with both 
macroH2A and H3K9Me2.  Arrows  point to inactivated X chromosome in control IMR90 female  fi broblast cells. Chicken 
anti-macroH2A1.2 primary antibody was obtained from Dr. John R. Pehrson (University of Pennsylvania)  (  28  ) . Rabbit anti-
H3K9Me3 is from AbCam (ab8898) and was used at 1:500. Secondary antibodies were FITC-labeled goat anti-chicken 
(1:2,500) and Cy3-labeled goat anti-rabbit (1:5,000), which were both obtained from Jackson Immunolabs.       
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     1.    As discussed in the introduction, other oncogenes (BRAF/
MEK/ERK) and other cellular stressors can cause the forma-
tion of SAHF. We recommend using H-RAS G12V  as a positive 
control because activation of RAS induces distinct SAHF for-
mation in a variety of cell types.  

    2.    Correct pH of the 2× BBS solution is necessary for ef fi cient 
plasmid transfection using this method.  

    3.    Never let cells reach con fl uence as this may decrease transfec-
tion ef fi ciency. Passage Phoenix cells in 300  µ g/mL hygromy-
cin (Roche) and 1  µ g/mL diptheria toxin (Sigma) for 1 week 
every month to maintain transfection ef fi ciency. For more 
information, please visit Gary Nolan’s Web site (  http://www.
stanford.edu/group/nolan/retroviral_systems/retsys.html    ).  

    4.    For oncogene-induced SAHF formation (or to study other 
types of stressors), low population doubling (PD) IMR90 cells 
should be used (PD < 35). However, if you wish to study repli-
cative senescence-induced SAHF, high PD IMR90 cells (e.g., 
PD65) should be used instead.  

    5.    Other cell lines and cell types form SAHF  (  9  ) ; however, this must 
be determined on a cell type-by-cell type basis. It is important to 
note that mouse cells do not form distinct SAHF structures that 
are visible by DAPI staining alone. Instead, macroH2A may 
server as a marker for SAHF in senescent mouse cells  (  26  ) .  

    6.    To make 4% paraformaldehyde, weigh 2 g of paraformalde-
hyde (Sigma) and add 25 mL of ddH 2 O, 25 mL 2× PBS, pH 
7.3, and 100  µ L 1 N NaOH. Vortex and incubate this mixture 
at 65°C for 10–15 min to dissolve the paraformaldehyde (vor-
tex the tube every 5 min). Cool the solution to room tempera-
ture before use.  

    7.    Adding 0.02% (w/v) sodium azide to the 3% (w/v) BSA in PBS 
will decrease potential contamination and increase the shelf life.  

    8.    Any of these markers can be used in addition to DAPI staining 
to identify SAHF.  See  Table  11  for antibody catalog numbers, 
dilutions, and references.  

    9.    Secondary antibodies to the appropriate species can be pur-
chased from Jackson Immunolabs.  See  Table  2  for details.  

    10.    Mounting media should be aliquoted and stored at −80°C. 
Once the media changes to an orange color, replace with a 
fresh batch.  

    11.    Although the Phoenix cells are easy to remove from the plate, 
use 0.25% (w/v) trypsin + 1 mM EDTA to fully separate the 
cells and avoid cell aggregation.  

  4.  Notes
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    12.    Be very gentle when adding fresh media as Phoenix cells do 
not adhere very well to the plate. It is typical that Phoenix cells 
change shape after changing them into fresh medium. They 
will fully recover after 6–8 h of culture in the newly changed 
medium.  

    13.    SAHF should start to appear approximately 3–4 days after 
starting selection and typically reach the highest percentage 
with ~50% RAS-infected cells positive for DAPI-stained SAHF 
around 7–9 days after staring drug selection.  

    14.    Protein lysates can be made by directly adding 1× Laemmli 
sample buffer followed by boiling for 5 min. Samples can be 
stored at −80°C. Ectopically expressed oncogenic-RAS should 
be con fi rmed by Western blotting. Cell extracts should be frac-
tionated by SDS-PAGE, transferred to a PVDF membrane, 
and then Western blotted with antibody to RAS (BD 
Biosciences, 610001). An antibody to a housekeeping gene 
(e.g.,  β  actin) should be used as a loading control.  

    15.    Senescent cells do not adhere very well to coverslips; therefore, 
rinsing coverslips with PBS before  fi xation should be done very 
carefully. In instances where rinsing coverslips with PBS may lead 
to loss of cells, this step can be skipped, and coverslips can be 
directly immersed in 4% (w/v) paraformaldehyde for 10 min.  

    16.    At this step, soluble proteins can be removed to only retain 
tightly bound chromatin proteins. To do so, cells can be pre-
extracted with 5 mM MgCl 2  in 0.2% (v/v) Triton-X in PBS for 
5 min to preserve SAHF while removing the soluble proteins. 
Extra care should be taken when performing pre-extraction 
and the following steps of washing and  fi xation as these pre-
extracted cells can be easily washed off the coverslips.  

    17.    After  fi xation, coverslips can be washed 3× with PBS and stored 
at 4°C for up to 2 weeks before processing.  

    18.    Higher DAPI concentrations and longer incubation periods 
will make it harder to distinguish DAPI-stained SAHF.  

    19.    Avoid air bubbles when mounting coverslips.  
    20.    Slides can be stored at −20°C for up to a month. However, it 

is important to note that the  fl uorescent signal may fade over 
time.  

    21.    The same methods can be applied to other cell lines/cell types 
to determine SAHF formation. As not all cell lines or all 
causes of cellular senescence induce SAHF formation (see 
Subheading  1  for details), we recommend the use of IMR90 
cells expressing oncogenic H-RAS G12V  as a positive control.          
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SUZ12 Promotes Human Epithelial Ovarian Cancer by
Suppressing Apoptosis via Silencing HRK

Hua Li1, Qi Cai2, Hong Wu3, Vinod Vathipadiekal7, Zachary C. Dobbin8, Tianyu Li4, Xiang Hua5,
Charles N. Landen8, Michael J. Birrer7, Margarita S�anchez-Beato9, and Rugang Zhang1,6

Abstract
Epithelial ovarian cancer (EOC) ranks first as the cause of death for gynecological cancers in the United States.

SUZ12 is a component of the polycomb repressive complex 2 (PRC2) and is essential for PRC2-mediated gene
silencing by generating trimethylation on lysine 27 residue of histone H3 (H3K27Me3). The role of SUZ12 in
EOC has never been investigated. Here, we show that SUZ12 is expressed at significantly higher levels in human
EOC (n¼ 117) compared with either normal human ovarian surface epithelium (n¼ 35, P < 0.001) or fallopian
tube epithelium (n ¼ 15, P < 0.001). There is a positive correlation between expression of SUZ12 and EZH2 in
human EOC (P < 0.001). In addition, expression of SUZ12 positively correlates with Ki67, a marker of cell
proliferation (P < 0.001), and predicts shorter overall survival (P ¼ 0.0078). Notably, knockdown of SUZ12
suppresses the growth of human EOC cells in vitro and in vivo in both orthotopic and subcutaneous xenograft EOC
models. In addition, SUZ12 knockdown decreases the levels of H3K27Me3 and triggers apoptosis of human EOC
cells. Mechanistically, we identified Harakiri (HRK), a proapoptotic gene, as a novel SUZ12 target gene, and
showed that HRK upregulation mediates apoptosis induced by SUZ12 knockdown in human EOC cells. In
summary, we show that SUZ12 promotes the proliferation of human EOC cells by inhibiting apoptosis and HRK
is a novel SUZ12 target gene whose upregulation contributes to apoptosis induced by SUZ12 knockdown.
Mol Cancer Res; 10(11); 1462–72. �2012 AACR.

Introduction
More than 85% of ovarian cancers are of epithelial origin

(1). Epithelial ovarian cancers (EOC) are classified into
distinct histologic types including serous, mucinous, endo-
metrioid, and clear cell (1). The most common histology of
EOC is serous (�60% of all cancers) and less common
histologies include endometrioid, clear cell, and mucinous
(2). Recently, an alternative classification has been proposed,
in which EOC is broadly divided into 2 types (3). Type I
EOC includes mucinous, low-grade serous, low-grade endo-
metrioid, and clear cell carcinomas, and type II EOC
includes high-grade serous and high-grade endometrioid

carcinomas (3). EOC remains the most lethal gynecological
malignancy in the United States (4). Thus, there is an urgent
need to better understand the etiology of EOC to develop
novel therapeutics for this disease.
SUZ12 is essential for polycomb repressive complex 2

(PRC2)–mediated gene silencing (5–8). In addition to
SUZ12, PRC2 also contains the catalytic subunit EZH2
(9). PRC2 epigenetically silences gene transcription by
generating trimethylation on lysine 27 residue of histone
H3 (H3K27Me3). EZH2 lacks methyltransferase enzyme
activity on its own, and has to complex with SUZ12 to attain
histone methyltransferase activity (9, 10).
EZH2 is overexpressed in several types of cancers, includ-

ing prostate and breast cancers (11–15). Its overexpression
correlates with the aggressiveness and poor prognosis in
breast and prostate cancers (11–13). Indeed, EZH2 is often
overexpressed in human EOC and its knockdown triggers
apoptosis of human EOC cells (16, 17). In contrast, the role
SUZ12 in EOC remains poorly understood.
Here, we examined the expression of SUZ12 in human

EOC specimens and discovered that SUZ12 is expressed at
significantly higher levels in human EOCs compared with
either normal human ovarian surface epithelium or fallopian
tube epithelium. In addition, we showed that SUZ12
expression positively correlates with expression of EZH2
and Ki67, a cell proliferation marker. Conversely, SUZ12
knockdown suppresses the growth of human EOC cells in
vitro and in vivo in xenograft EOC models. Consistently,
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SUZ12 knockdown induces apoptosis of human EOC cells.
Mechanistically, we identified Harakiri (HRK), a proapop-
totic gene, as a novel SUZ12 target gene whose upregulation
contributes to apoptosis induced by SUZ12 knockdown in
human EOC cells.

Materials and Methods
Cell culture
Human EOC cell lines SKOV3, PEO1, and OVCAR10

were cultured according to American Type Culture Collec-
tion and as we have previously described (16, 18). The cell
line identification was confirmed by DNA Diagnostic Cen-
ter (www.dnacenter.com).

FACS, immunoflurescence staining, and immunoblot
analysis
Fluorescence-activated cell sorting (FACS) and indirect

immunoflurescence staining were conducted as described
previously (19). The following antibodies were used for
immunoflurescence: rabbit anti-H3K27Me3 (Cell Signaling,
1:1,000), and rabbit anti-H3K9Me2 (Abcam, 1:500). The
antibodies used for immunoblot were from indicated suppli-
ers: rabbit anti-H3K27Me3 (Cell signaling, 1:1,000), rabbit
anti-H3K9Me3 (Abcam, 1:2,000), mouse antihistone H3
(Millipore, 1:10,000), mouse anti–glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; Millipore, 1:10,000), rabbit
anti-PARP p85 fragment (Promega, 1:1,000), rabbit antic-
leaved caspase 3 (Cell Signaling, 1:1,000), and rabbit antic-
leaved Lamin A (Cell signaling, 1:1,000), andmouse anti-HA
(Cell signaling, 1:1,000). Mouse anti-SUZ12 (220A) was as
described previously (20).

siRNA, shRNA, lentivirus packaging, and infection
The sense sequences of 2 individual short hairpin RNA

(shRNA) to the human SUZ12 gene (shSUZ12) are: 50-
GCTTACGTTTACTGGTTTCTT-30 and 50-CGGAAT-
CTCATAGCACCAATA-30, respectively. Lentivirus pack-
aging was conducted using virapower system (Invitrogen)
according tomanufacturer's instruction. PEO1 and SKOV3
at 40% to 50% confluence were infected with lentivirus
expressing shSUZ12 or vector control. The infected cells
were selected with 1 mg/mL (for PEO1) or 3 mg/mL (for
SKOV3) of puromycin, respectively. siHRK was purchased
from Dharmacon (Cat: L-008216–00-0005) and transfec-
tion was conducted following the manufacturer's instruc-
tion. A siRNA to luciferase (siGL2) was used as a negative
control.

Inducible expression of shRNA resistant SUZ12
To generate shRNA resistant SUZ12 expression construct

that do not affect the protein sequence, but resistant to the
shSUZ12 #1, 3 rounds of mutagenesis were carried out to
mutate every third base of the coding region in SUZ12 open
reading frame (ORF) targeted by shSUZ12 #1 using Quik-
change II XLSite-DirectedMutagenesis kit (Stratagene,Cat.
No: 200521). Mutagenic primers are as the following:
Round 1: forward: 50-GTCAGCTCATTTGCAACTCA-

CATTCACGGGTTTCTTCCAC-30 and reverse: 50-
GTGGAAGAAACCCGTGAATGTGAGTTGCAAATG-
AGCTGAC-30; Round 2 forward: 50-CTCACATTCA-
CGGGCTTTTTCCACAAAAATGATAAGC-30 and rev-
erse: 50-GCTTATCATTTTTGTGGAAAAAGCCCGT-
GAATGTGAG-30; and Round 3 forward: 50-GTCAG-
CTCATTTGCAATTGACATTCACGGGCTTTTTCC-
30 and reverse: 50-GGAAAAAGCCCGTGAATGTC-
AATTGCAAATGAGCTGAC-30. The shRNA resistant
SUZ12 was then subcloned into an inducible retroviral
vector pRetroXTight-Pur (Retro-XTet-On, Invitrogen) and
the inducible SUZ12 SKOV3 cell line was generated fol-
lowing manufacturer's instruction. Twenty-four hours after
infection with shSUZ12 #1 virus, shRNA resistant SUZ12
was induced by DOX (Clontech, 500 ng/mL) following
manufacturer's instruction.

Human ovarian tissue microarrays and specimens
Tissue microarrays, including core samples from 117

primary human EOCs, 35 cases of normal ovary tissues
and 15 cases of fallopian tube tissues were obtained from
FCCC Biosample Repository Core Facility. Use of these
human specimens was approved by the Institutional Review
Board.

Immunohistochemical staining and scoring
The expression of SUZ12 was detected using avidin–

biotin–peroxidasemethods and as previously described (18).
Briefly, tissue sections were subjected to antigen retrieval by
steaming in 0.01mol/L of sodium citrate buffer (pH 6.0) for
30minutes. After quenching endogenous peroxidase activity
with 3% hydrogen peroxide and blocking nonspecific pro-
tein binding with 1% bovine serum albumin, sections were
incubated overnight with primary monoclonal SUZ12 anti-
body (220A 1:40) at 4�C, followed by biotinylated goat anti-
mouse IgG (DAKO, 1:400) for 1 hour, detecting the
antibody complexes with the labeled streptavidin-biotin
system, and visualizing them with the chromogen 3,30-
diaminobenzidine. Sections were lightly counterstainedwith
hematoxylin. In addition, anti-EZH2 (Millipore; 1:100)
and anti-Ki67 (Dako, 1:100) antibodies were used on
consecutive sections as we have previously described (16).

RNA isolation, qRT-PCR, and PCR array
RNA was isolated using Trizol (Invitrogen) according to

manufacturer's instruction. For quantitative real-time PCR
(qRT-PCR), Trizol-isolated RNAwas further purified using
an RNeasy kit (Qiagen) following manufacture's instruc-
tion. The primers for HRK genes used for qRT-PCR are:
forward: 50-GCAACAGGTTGGTGAAAACCCT-30 and
reverse: 50-ATTGGGGTGTCTGTTTCTGCAGC-30.
Expression of the housekeeping gene b-2-microglobulin
was used to normalize mRNA expression. Apoptosis genes
PCR array was purchased from SABiosciences (Cat: PAHS-
012A) and the analysis was conducted following the man-
ufacturer's instruction. The RT-PCR data was analyzed by
using RT2Profiler PCRArrayData Analysis version 3.4. For
survival analysis, RNA was isolated and amplified from
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microdissected high-grade serous primary ovarian tumor
specimens as described previously (21). All specimens and
their corresponding clinical information were obtained
under Institutional Review Board-approved protocols.
qRT-PCR for SUZ12 was conducted using the following
primers: forward: 50-CCGAGCACTGTGGTTGAGTA-
30; and reverse: 50-AACTGCATCTGATGGTGGTG-30
using a SYBR Green 1-Step qRT-PCR kit accordingly to
the manufacturer's instructions (Invitrogen). Expression of
the housekeeping gene GAPDH was used to normalize
mRNA expression.

Soft agar colony formation assay
A total of 5,000 cells were inoculated in a 6-well plate in

1.5 mL of RPMI 1640 medium supplemented with 10%
FBS and 0.35% agar on a base layer of 1.5 mL of the same
mediumcontaining 0.6%agar as previously described.Three
weeks after plating, the cells were stainedwith 0.005%crystal
violet (Sigma) in PBS to visualize the colonies.

Annexin V staining for detecting apoptotic cells
Phosphatidylserine externalization was detected using an

Annexin V staining kit (Millipore) following manufacture's
instruction. Annexin V positive cells were detected byGuava
system and analyzed with Guava Nexin software Module
(Millipore).

In vivo tumorigenicity assay
The protocol was approved by Institutional Animal Care

and Use Committee. For orthotopic transplantation,
SKOV3 cells were infected with a luciferase encoding
retrovirus (hygro-pWZL-Luciferase) and infected cells were
selected with 50 mg/mL hygromycin as previously described
(18). Drug-selected cells were then infected with control
or shSUZ12 encoding lentivirus and subsequently selected
with 3 mg/mL puromycin and 50 mg/mL hygromycin. 3 �
105 drug-selected cells were unilaterally injected into
ovarian bursa sac of immunocompromised mice with 9mice
in each group. From week 2 postinfection, tumors were
visualized by injecting luciferin (i.p.; 4 mg/mice) resus-
pended in PBS and imaged with an IVIS Spectrum imaging
system every 2 weeks until week 8. Images were analyzed
using Live Imaging 4.0 software. At week 8, tumors were
surgically dissected and fixed in 10% formalin. For subcu-
taneous (s.c.) transplantation, SKOV3 cells were infected
with control or shSUZ12 encoding lentivirus and subse-
quently selected with 3 mg/mL puromycin. 1 � 106 drug-
selected cells were subcutanously injected into flank of
immunocompromised mice with 5 mice in each group
(16). Tumor growth was monitored every 2 weeks. Tumor
volume was calculated by the equation V (mm3)¼ (axb2)/2,
where a is the largest diameter and b is the perpendicular
diameter. At week 5, tumors were surgically dissected and
fixed in 10% formalin.

Chromatin Immunoprecipitation (ChIP)
SKOV3 cells were fixedwith 1% formaldehyde for 15min

and quenched with 0.125M glycine at room temperature as

we have previously described (22). Chromatin was isolated
by adding cell lysis buffer (1% SDS, 10 mmol/L EDTA, 50
mmol/L Tris-HCl, pH 8.1, 1 mmol/L phenylmethylsulfo-
nylfluoride) followed by sonication to shear the DNA to an
average length of 300–500 bp. Lysates were precleared with
Salmon Sperm DNA/Protein A Agarose (Millipore, Cat.
No:16–157) for 1 to 2 hours. The following antibodies were
used to conduct chromatin Immunoprecipitation (ChIP):
anti-H3K27Me3 (C36B11, Cell signaling), anti-histoneH3
(05–928, Millipore), or anti-SUZ12 (220A). An isotype
matched IgG was used a negative control. ChIP DNA was
purified by phenol-chloroform extraction and ethanol pre-
cipitation and analyzed with PCR against the genomic locus
of the humanHRK gene (forward: 50-GAA ACA AAA ACC
CAAGACTAAG-30 and reverse: 50-TGACTACCTTGG
GAA AGA ATG ATA G-30). PCR products were visualized
on a 2% agarose gel.

Statistical analysis
Quantitative data were expressed as mean � SD, unless

otherwise stated. ANOVA with Fisher's Least Significant
Difference was used to identify significant differences in
multiple comparisons. The c2 test was used to analyze the
relationship between categorical variables. Overall survival
was defined as the time elapsed from the date of diagnosis
and the date of death from ovarian cancer, otherwise were
considered as censored observations. Kaplan–Meier survival
plots were generated and comparisons made using the log-
rank statistic. For all statistical analyses, the level of signi-
ficance was set at 0.05.

Results
SUZ12 is expressed at significantly higher levels in
human EOCs compared with either normal human
ovarian surface epithelium or fallopian tube epithelium
We sought to determine the expression of SUZ12 protein

in human EOCs by immunohistochemistry (IHC). The
specificity of the anti-SUZ12 antibody was confirmed in our
study. A single band at the predicted molecular weight (�83
kDa) was detected in human SKOV3 cells and was absent
after expression of a shRNA to the human SUZ12 gene
(shSUZ12) that effectively knocked down SUZ12 mRNA
expression (Supplementary Fig. S1A and data not shown). In
addition, SUZ12 staining was lost when primary anti-
SUZ12 antibody was replaced with an isotype-matched IgG
control (Supplementary Fig. S1B).
We next examined SUZ12 expression in 117 cases of

human EOCs and 35 cases of normal human ovary with
surface epithelium. Notably, there is recent evidence to
suggest that a proportion of EOC may arise from distant
fallopian tube epithelium (23, 24). Thus, we also included
15 cases of normal human fallopian tube specimens in our
study. As shown in Fig. 1A and Supplementary Fig. S1C, in
all 4 major histosubtypes of human EOCs, the nuclei was
positive for SUZ12 IHC staining. In contrast, SUZ12
staining in normal human ovarian surface epithelial cells or
fallopian tube epithelial cells was markedly weaker (Fig. 1A).
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We scored expression of SUZ12 as high (H score � 50) or
low (H score < 50) based on a histologic score as previously
described (25, 26). SUZ12 was scored as high in 76.9% (90/
117) of human EOCs. In contrast, SUZ12 was scored high
in 20% (7/35) and 13.3% (2/15) of normal human ovarian
surface epithelium and fallopian tube epithelium, respec-
tively (Table 1). Statistical analysis revealed that SUZ12 was
expressed at significantly higher levels in human EOCs
compared with either normal human ovarian surface epi-
thelium (P < 0.001) or fallopian tube epithelium (P <
0.001; Table 1). Consistently, SUZ12 was expressed at
higher levels in human EOC cell lines compared with
normal human ovarian surface epithelial cells (Supplemen-
tary Fig. S1D). On the basis of these studies, we conclude
that SUZ12 is expressed at significantly higher level in
human EOCs compared with either normal human ovarian
surface epithelium or fallopian tube epithelium.

SUZ12 expression positively correlates with expression
of EZH2 and Ki67, and predicts shorter overall survival
We next sought to determine the correlation between

expression of SUZ12 and EZH2, or Ki67, a marker of cell
proliferation. We examined the expression of EZH2 and
Ki67 by IHC in the same set of human EOC specimens (Fig.
1B and Table 1). There was a significant, positive cor-
relation between expression of SUZ12 and EZH2 (P <
0.001) or Ki67 (P < 0.001; Table 1). We next examined
the correlation between SUZ12 expression and clinical and
pathological features of human EOCs. There is a trend
toward significance between expression of SUZ12 and
tumor stage (P ¼ 0.122; Table 1). Notably, the majority

of the examined EOC cases are type II high-grade serous
subtypes that are typically of stage III/IV (Table 1). Fur-
thermore, we assessed the correlation between SUZ12
expression and prognosis of EOC patients (n ¼ 50), for
which long-term follow-up data were available. There was a
significant correlation between expression of SUZ12 and
overall survival in EOC patients (P¼ 0.0078; Fig. 1C). On
the basis of these results, we conclude that SUZ12 expression
positively correlates with expression of EZH2 and Ki67, and
predicts poor overall survival in EOC patients.

SUZ12 knockdown suppresses the growth of human
EOC cells in vitro and in vivo
As SUZ12 expression correlates with expression of a cell

proliferation marker Ki67, we sough to determine the effects
of SUZ12 knockdown on proliferation of human EOC cells.
Toward this goal, we used 2 individual shRNAs to the
human SUZ12 gene (shSUZ12). The knockdown efficacy
of shSUZ12 in SKOV3 human cells was confirmed by
immunoblot (Fig. 2A). Notably, the level of H3K27Me3
was significantly reduced in shSUZ12 expressing SKOV3
cells as determined by both immunoblot and immunoflu-
orescence staining (Fig. 2A andB). In contrast, shSUZ12 has
no effects on the level of trimethylated lysine 9 histone H3
(H3K9Me3) that is generated by the histone methyltrans-
ferases such as Suv39H1, Suv39H2, and SETDB1 (Fig. 2A
and B; ref. 27). Together, these data support the premise that
SUZ12 is necessary for H3K27Me3 epigenetic modification
in human EOC cells.
Compared with controls, SUZ12 knockdown significant-

ly inhibited both anchorage-dependent and independent

Figure 1. SUZ12 is expressed at significantly higher levels in human EOCs compared with normal human ovarian surface epithelium or fallopian tube
epithelium, and predicts poor overall survival in EOC patients. A, examples of SUZ12 IHC staining in normal human ovarian surface epithelium, fallopian tube
epithelium, and human EOC (shown is an example of high-grade serous histosubtype EOC specimen). Bar ¼ 100 mm. B, representative images from
consecutive, serial sections of the same EOC specimen depicting the positive correlation between expression of SUZ12 and expression of EZH2 and Ki67, a
cell proliferation marker. Bar¼ 100 mm. C, a higher SUZ12 expression correlates with a shorter overall survival in EOC patients. The univariate overall survival
curve (Kaplan–Meiermethod) for EOCpatientswith high (n¼22) or low (n¼28) SUZ12expressionbasedonmedian levels ofmRNAexpression determined by
qRT-PCR in a cohort of 50 EOC patients (P ¼ 0.0078). The p value was calculated based on Log-rank (Mantel-Cox) test using GraphPad Prism version 5.0
software.
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growth in soft agar in SKOV3 cells (P <0.001; ref. Fig. 2C
and D). In addition, SUZ12 knockdown also decreased the
expression levels of H3K27Me3 and suppressed both
anchorage-dependent and independent growth in PEO1
cells (Supplementary Fig. S2), suggesting that the observed
growth inhibitory effects are not cell line specific.
We next sought to determine the effects of SUZ12

knockdown on the growth of SKOV3 cells in vivo in
immunocompromised mice. Toward this goal, a luciferase
gene was retrovirally transduced into control or shSUZ12-
expressing SKOV3 cells tomonitor the cell growth in vivo via
noninvasive imaging as previously described (18). These cells
were injected unilaterally into the bursa sac covering the

ovary in female immunocompromised mice (n¼ 9 for each
of the groups). Tumor growth was monitored by measuring
luciferase activity every 2 weeks starting at week 2 after
injection, and the tumor growth was followed for a total of 8
weeks. Indeed, SUZ12 knockdown significantly suppressed
the orthotopically xenografted SKOV3 human EOC cells
compared with controls (Fig. 3A and B). In addition, we also
examined the growth of control and shSUZ12-expressing
SKOV3 cells in a s.c. xenograft model in immunocompro-
misedmice. The same growth inhibitory effects of shSUZ12
were also observed in the s.c. xenograft EOCmodel (Fig. 3C
and D). SUZ12 knockdown in the surgically dissected
xenografted tumors was confirmed by IHC staining (Fig.

Table 1. SUZ12 expression in human EOCs and its correlation with clinicopathological variables or
expression of EZH2 and Ki67

SUZ12 protein expression

Patient characteristics Low (n) High (n) Total (n) High (%) p

Normal tissue
Normal ovary epithelial 28 7 35 20.0% <0.001a

Fallopian tube 13 2 15 13.3% <0.001b

Epithelial ovarian cancer 27 90 117 76.9%
Type I 7 17 24 70.8%
Low-grade serous 4 1 5
Mucinous 1 2 3
Low grade Endometrioid 2 5 7
Clear cell 0 8 8
Other 0 1 1

Type II 20 73 93 78.5%
High-grade serous 16 71 87
Other (high-grade endometrioid) 4 2 6

Age
�55 11 33 44 75.0%
>55 16 57 73 78.1% 0.701

Laterality
Left 8 25 33 75.8%
Right 5 17 22 77.3%
Bilaterality 14 47 61 77.1% 0.988
Undetermined 0 1 1

Ki67c

0%–10% 16 9 25 36.0%
10%–40% 6 18 24 75.0%
40%–100% 5 63 68 92.7% <0.001

EZH2 expressiond

Low 19 22 41 53.7%
High 8 68 76 89.5% <0.001

Tumor stage
Stage 1/2 10 20 30 66.7%
Stage 3/4 17 70 87 80.5% 0.122

aCompared with epithelial ovarian cancer, P < 0.001.
bCompared with serous epithelial ovarian cancer, P < 0.001.
cSpearman's Rank Order Correlation also showed SUZ12 positively correlated with Ki67 (P < 0.001), and rs is 0.465.
dSpearman's Rank Order Correlation also showed SUZ12 positively correlated with EZH2 (P < 0.001), and rs is 0.515.
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3E). On the basis of these results, we conclude that SUZ12
knockdown suppresses the growth of human EOC cells in
vivo in both orthotopic and s.c. xenograft EOC models.

SUZ12 knockdown triggers apoptosis of human EOC
cells
Next, we sought to determine the cellular mechanism by

which SUZ12 knockdown inhibits the growth of human
EOC cells. DNA content analysis determined by FACS
showed that there was an increase in the percentage of the
sub-G1 phase in SUZ12 knockdown cells compared with
controls (Fig. 4A and B), suggesting that these cells may
undergo apoptosis. Indeed, markers of apoptosis were sig-
nificantly induced in SUZ12 knockdown cells compared
with controls. Those markers include increased percentage
of Annexin V positively stained cells as measured by Guava
Nexin assay and upregulation of cleaved Lamin A, PARP
p85, and caspase 3 as determined by immunoblot (Fig. 4C–
E). The degree of apoptosis induced by shSUZ12 correlated
with the level of SUZ12 knockdown by 2 individual
shSUZ12 (Fig. 4), suggesting that the observed apoptosis
in SUZ12 knockdown EOC cells was not because of off-
target effects.
To further limit the potential off-target effect, we con-

ducted the rescue experiments. Toward this goal, we gener-
ated a shSUZ12 #1 resistant HA-tagged SUZ12-expressing
construct that expresses the wild-type protein. Expression of

shSUZ12 efficiently knocked down the expression of endog-
enous SUZ12 mRNA as reflected by semiquantitative RT-
PCR using primers targeting the 30 end untranslated region
(UTR; Fig. 5A). The expression of shSUZ12 #1 resistant
HA-tagged SUZ12 was confirmed at both the mRNA level
by semiquantitative RT-PCR using primers targeting the
ORF and at the protein level by immunblot using an anti-HA
antibody (Fig. 5A and B). Indeed, expression of HA-tagged
shSUZ12-resistant wild-type SUZ12 protein partially res-
cued the decrease of H3K27Me3 level and suppressed the
expression of markers of apoptosis such as expression of
cleaved Lamin A, PARP p85, and caspase 3 in SUZ12
knockdown SKOV3 cells (Fig. 5B). Notably, the ectopic
HA-tagged shSUZ12 #1 resistant wild-type SUZ12 protein
is expressed at a level lower than the endogenous SUZ12 level
observed in SKOV3 cells (Fig. 5A and B), suggesting that the
observed effects are not because of supraphysiologic levels of
ectopic SUZ12 expression.

HRK is a SUZ12 target gene that contributes to apoptosis
induced by SUZ12 knockdown
Next, we sought to determine the molecular mechanism

by which SUZ12 knockdown induces apoptosis of human
EOC cells. Toward this goal, we sought to identify the direct
SUZ12 target genes that are implicated in promoting apo-
ptosis observed in SUZ12 knockdown EOC cells. We
compared the expression of apoptosis-regulating genes

Figure 2. SUZ12 knockdown
inhibits the growth of human EOC
cells in vitro. A, SKOV3 cells were
infected with 2 individual lentivirus
encoded shSUZ12 or control. Three
days post drug selection, cells were
examined for expression of SUZ12,
H3K27Me3, H3K9Me3, and histone
H3 by immunoblot. B, same as A, but
examined for expression of
H3K27Me3 and H3K9Me2 by
immunofluorescence staining.
40, 6-diamidino-2-phenylindole
counterstaining was used to
visualize the cell nuclei. C, sameasA,
but equal number of drug-selected
cells were seeded and counted at
indicated time points using trypan
blue exclusion assay that only counts
for the viable cells. In addition, the
cells were ensured to be in log phase
throughout the experiments by
splitting them before they reached
confluence. Mean of 3 independent
experiments with SD. �, P ¼ 0.001
and ��, P < 0.001 compared with
controls. D, same as A, 5,000 drug-
selected cells were seeded in soft
agar and thenumberof colonieswere
counted after 3 weeks of culture.
Mean of 3 independent experiments
with SD. �, P < 0.001 compared with
controls.
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between control and SUZ12 knockdown SKOV3 cells using
a qRT-PCR array that consists of 84 apoptosis-regulating
genes (Supplementary Table S1 and Fig. S3). We hypoth-
esized that apoptosis-promoting genes are epigenetically
silenced by SUZ12 in EOC cells via H3K27Me3 and
SUZ12 knockdown induces apoptosis of EOC cells by
upregulating the expression of these genes. Thus, we
cross-examined the apoptosis-regulating qRT-PCR array
data in SKOV3 cells with a H3K27Me3 ChIP followed by
next generation sequencing (ChIP-seq) dataset in SKOV3
cells (28). This analysis revealed 2 H3K27Me3 direct
target genes that are upregulated more than 2-fold in
SUZ12 knockdown SKOV3 cells, namely, HRK and
TNFRSF9.
BH3-only Bcl-2 family member HRK is a proapoptotic

gene (29). Notably, HRK has been implicated in regulating
apoptosis of human ovarian cancer cells and murine ovarian
reserve (30, 31). Thus, we tested the role of HRK in
mediating apoptosis induced by SUZ12 knockdown. We
confirmed the upregulation of HRK in SUZ12 knockdown

SKOV3 cells by qRT-PCR (Fig. 6A). Significantly, we
showed that SUZ12 directly binds to the HRK genomic
locus by ChIP analysis (Fig. 6B). Likewise, we showed
that H3K27Me3 epigenetic marker is present in the HRK
genomic locus (Fig. 6B). Importantly, knockdown of
SUZ12 severely diminished the association of SUZ12 and
H3K27Me3 with the HRK genomic locus (Fig. 6B). This
result suggests that the presence of H3K27Me3 in HRK
genomic locus is dependent upon SUZ12 and the associa-
tion of SUZ12 to the HRK genomic locus is specific. It has
previously been shown that DNA methylation contributes
to HRK downregulation in certain types of cancers such as
prostate (32). Thus, we treated EOC cells with 5-azacytidine
(5-AzaC), a DNA demethylation drug (33), and examined
the expression of HRK in these cells. 5-AzaC failed to
upregulate HRK expression in EOC cells (Supplementary
Fig. S4). This result suggests that HRK expression is not
regulated by DNA methylation in human EOC cells.
Consistent with our findings, based on the newly released
the Cancer Genome Atlas (TCGA) ovarian cancer database

Figure 3. SUZ12 knockdown
inhibits the growth of human EOC
cells in vivo. A, SKOV3 cells were
transduced with luciferase-
encoding hygromycin-resistant
retrovirus together with a
puromycin-resistant shSUZ12
encoding lentivirus or control.
3 � 105 drug-selected cells were
unilaterally injected into the
periovarian bursa sac of the female
immunocompromised mice
(n ¼ 9 for each of the groups).
The radiance of luciferase
bioluminescence, an indicator of
the rate of tumor growth, was
measured every other week from
week 2 until week 8 by using the
IVIS imaging system. Shown are
images taken at week 2 and week
8, respectively. B, quantification of
tumor growth from the indicated
cells. �, P ¼ 0.009 compared with
controls. C, 1 � 106 drug-selected
control and indicated shSUZ12-
expressing SKOV3 cells were
injected subcutaneously into
immunocompromised mice
(n ¼ 5 for each of the groups).
5weekspostinjection, tumorswere
surgically removed from mice.
D, quantitation of C, the size of
tumors was measured. Mean of
tumor sizes with SEM. P < 0.001
compared with controls.
E, xenografted tumors formed
by control or indicated shSUZ12-
expressing SKOV3 cells were
sectioned and stained for SUZ12
expression. Bar ¼ 100 mm.
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(34),HRK gene promoter methylation is very rare in human
ovarian cancer (<1% cases show >50% of promoter meth-
ylation in human HRK gene promoter; http://cancergen-
ome.nih.gov/; ref. 34).
Next, we sought to determine whether apoptosis induced

by SUZ12 knockdown is mediated, in part, by upregulation
of HRK. Toward this goal, we knocked down the HRK
expression in SUZ12 knockdown cells. HRK knockdown
was confirmed by qRT-PCR (Supplementary Fig. S5).
Indeed,HRK knockdown notably suppressed the expression
of markers of apoptosis such as the percentage of sub-G1
phase cells and expression of cleaved lamin A, PARP p85,
and caspase 3, in SUZ12 knockdown cells (Fig. 6C and D
and Supplementary Fig. S6). Similar results were also
obtained in OVCAR10 human EOC cell line (Supplemen-
tary Fig. S7), showing that the observed effects are not cell
line specific. On the basis of these results, we conclude that
HRK is a novel SUZ12 target gene whose upregulation
contributes to apoptosis induced by SUZ12 knockdown in
human EOC cells.

Discussion
Herein, we showed that SUZ12 is expressed at signifi-

cantly higher levels in human EOCs compared with either
normal human ovarian surface epithelium or fallopian tube
epithelium. SUZ12 is located at 17q21 and gene amplifi-
cation has been shown to contribute to SUZ12 upregulation
in a number of cancer types (20). However, based on the
newly released TCGA ovarian cancer database (34), SUZ12
gene amplification is very rare in human ovarian cancer
(<1% cases show >3 copy of SUZ12 gene; http://cancer-
genome.nih.gov/), suggesting that gene amplification is not a
major mechanism that underlies SUZ12 upregulation in
human EOCs. Recently, microRNA has also been

Figure 4. SUZ12 knockdown triggers apoptosis of humanEOCcells. A, control and shSUZ12 expressingSKOV3cellswere examined for cell-cycle distribution
byFACS. Thepercentage of sub-G1cellswas indicated.B, quantitationofA.Meanof 3 independent experimentswithSD. �,P<0.001 comparedwith controls.
C, control and indicated shSUZ12-expressing SKOV3 cells were stained for Annexin V, a cell surface marker of apoptosis. Annexin V-positive cells were
measured byGuavaNexin assay. The percentage of Annexin V positive cells was indicated. D, quantitation of C.Mean of 3 independent experimentswith SD.
�, P < 0.001 compared with controls. E, same as A and C, but examined for expression of cleaved lamin A, caspase 3 and PARP p85, in control and indicated
shEZH2-expressing cells.

Figure 5. shSUZ12 resistant HA-tagged SUZ12 rescues apoptosis
induced by SUZ12 knockdown. A, SKOV3 cells were infected with a
lentivirus encoding shSUZ12 (#1) together with control or an shSUZ12
resistant SUZ12 that expresses wild type SUZ12 protein. Expression of
SUZ12 mRNA was determined by RT-PCR using primers designed
to its 30 UTR (only amplifies endogenousbut not ectopicSUZ12mRNA) or
its ORF, amplifies both endogenous and ectopic SUZ12mRNA). B, same
as A, but examined for expression of HA, SUZ12, H3K27Me3, GAPDH,
and markers of apoptosis including cleaved lamin A, caspase 3, and
PARP p85.
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implicated in regulating the expression of SUZ12 (35).
Nevertheless, future studies are warranted to elucidate the
mechanisms by which SUZ12 is upregulated in human
EOCs.
We showed that SUZ12 expression positively correlates

with expression of EZH2 in human EOCs (Fig. 1B
and Table 1). However, we cannot rule out the possibility
that SUZ12 may also have additional EZH2-independent
functions in EOC cells. Interestingly, it has previously been
reported that H3K27Me3 levels do not correlate with the
EZH2 levels in human EOC specimens (36). It is possible
that additional factors such as H3K27Me3 demethylase
JMJD3 and UTX may also regulate H3K27Me3 levels in
EOC cells (37). In addition, SUZ12 expression correlates
with expression of a cell proliferation marker, Ki67 (Fig. 1B
and Table 1). EZH2 has been shown as a poor prognosis
marker in a number of cancer types (38). Similarly, we found
that a higher level of SUZ12 expression positively correlates
with a poor overall survival in human EOC patients.
Collectively, PRC2 could serve as independent prognosis
biomarkers for EOCs.
The proapoptotic HRK gene is located at 12q13.1 and is

transcriptionally regulated in several cancer cell types

(29, 39, 40). Interestingly, we discovered that HRK is a
novel target of SUZ12-mediated gene silencing via
H3K27Me3, and showed that its upregulation contributes
to apoptosis induced by SUZ12 knockdown in human EOC
cells (Fig. 6). Notably, SUZ12 knockdown severely dimin-
ished the H3K27Me3 level (Fig. 2A). Thus, inhibition of
SUZ12 by shRNA might affect pathways in addition to
HRK in these cells. Consistently, it has been shown that
SUZ12 also regulates the expression of genes implicated in
cell-cycle progression and DNA damage and repair (20). In
the future, it will be interesting to investigate additional
SUZ12 target genes that contribute to growth inhibition
observed in SUZ12 knockdown EOC cells.
We showed that knockdown of SUZ12 is sufficient to

decrease the levels of H3K27Me3 in human EOC cells (Fig.
2). This is consistent with the premise that SUZ12 is
required for PRC2 complex–mediated gene silencing via
H3K27Me3 epigenetic modification. Indeed, SUZ12
expression positively correlates with the expression of EZH2
(Fig. 1B and Table 1). These results suggest that the
interaction between SUZ12 and EZH2 may be an alterna-
tive target for inactivating PRC2 in addition to the methyl-
transferase activity of EZH2. Consistently with this idea,

Figure 6. HRK is a novel SUZ12 target gene whose upregulation contributes to apoptosis induced by SUZ12 knockdown. A, HRK mRNA expression was
determined in SKOV3 cells expressing indicated shSUZ12 or control by qRT-PCR. Expression of the housekeeping gene b-2-microglobulin was
used to normalizemRNAexpression. �,P<0.001 comparedwith controls. B, SKOV3cells expressing shSUZ12 (#1) or control were subjected toChIP analysis
using antibodies against H3K27Me3 or SUZ12 using primers targeted to HRK genomic locus. A isotype matched IgG was used as a negative control
and an anti-HRKore histone H3 antibody was used as a positive control for ChIP analysis. C, SKOV3 cells express shSUZ12 (#1) with or without transfection
with siRNA to the human HRK gene (siHRK). Expression of HRKmRNA in the indicated cells was determined by qRT-PCR. Expression of the housekeeping
gene b-2-microglobulin was used to normalize mRNA expression. D, same as A, but examined for expression of SUZ12, H3K27Me3, H3K9Me3,
GAPDH, and markers of apoptosis including cleaved lamin A, caspase 3, and PARP p85.
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phosphorylation of EZH2 by CDK1 kinase at Thr487 is
thought to decrease H3K27Me3 levels by disrupting the
interaction between SUZ12 and EZH2 (41).
In summary, the data reported here show that SUZ12 is

often overexpressed in human EOCs and its expression
positively correlates with EZH2, a high proliferation index,
and a poor overall survival in EOC patients. Knockdown of
SUZ12 suppresses the growth of human EOC cells in vitro
and in vivo in both orthotopic and s.c xenograft EOC
models. Indeed, knockdown of SUZ12 triggers apoptosis
of human EOC cells. Furthermore, these observed effects
correlate with a decrease in H3K27Me3 level, suggesting
that SUZ12 functions via PRC2 to suppress apoptosis of
human EOC cells. Mechanistically, we identified the proa-
poptotic HRK gene as a novel SUZ12 target gene whose
upregulation contributes to apoptosis induced by SUZ12
knockdown in human EOC cells.
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The definition of an oncogene is a 
gene that actively promotes tumori-

genesis. For example, activation of RAS 
oncogene promotes cell transforma-
tion and cancer. Paradoxically, in pri-
mary mammalian cells, oncogenic RAS 
typically triggers cellular senescence, a 
state of irreversible cell growth arrest. 
Oncogene-induced senescence is an 
important tumor suppression mecha-
nism in vivo. Here, we discuss our recent 
evidence that RAS-induced suppression 
of DNA repair response via dissociation 
of BRCA1 from chromatin promotes 
senescence while predisposing cells to 
senescence bypass and transformation by 
allowing for secondary hits. The molecu-
lar mechanism we uncovered helps rec-
oncile the tumor-promoting nature of 
oncogenic RAS with the tumor-suppress-
ing role of oncogene-induced senescence.

Oncogenic mutations in the RAS gene 
are present in ~30% of human cancers.1 
Oncogenic RAS proteins promote cell 
transformation through the engagement 
of downstream pathways such as phos-
phatidylinositol-3-kinase (PI3K)/AKT 
and the RAF family of serine/threonine 
kinases such as BRAF.2-4 Paradoxically, 
activation of the RAS oncogene in pri-
mary mammalian cells typically induces 
a status of irreversible cell growth arrest, 
known as cellular senescence.5 By driv-
ing irreversible growth arrest of cancer 
progenitor cells harboring the initial 
oncogenic hit, oncogene-induced senes-
cence is an important tumor suppression 
mechanism in vivo.5 Further under-
scoring the importance of senescence 

RAS, cellular senescence and transformation
The BRCA1 DNA repair pathway at the crossroads

Zhigang Tu, Katherine M. Aird and Rugang Zhang†,*
Women’s Cancer Program and Epigenetics and Progenitor Cell Keystone Program; Fox Chase Cancer Center; Philadelphia, PA USA
†Current affiliation: Gene Expression and Regulation Program; The Wistar Institute; Philadelphia, PA USA

in tumor suppression, reactivation of 
tumor suppressors such as p53 trig-
gers cellular senescence and associated 
tumor regression due to activation of the 
innate immune response in mouse mod-
els.6 Recently, the senescence-associated 
secretory phenotype has been proposed 
to be a cell non-autonomous mechanism 
by which senescent cells promote trans-
formation of neighboring premalignant 
cells.5,7 Here, we discuss our recent dis-
covery of a novel cell-intrinsic mechanism 
by which oncogenic RAS drives cellular 
senescence while predisposing cells to sec-
ondary hits, which ultimately promotes 
senescence bypass in RAS-expressing pri-
mary human cells.8

Downstream effectors of RAS such as 
BRAF and AKT all possess the ability to 
induce senescence on their own in pri-
mary mammalian cells.9,10 Likewise, inac-
tivation of PTEN, a negative regulator of 
AKT, also triggers senescence in primary 
mammalian cells.11 Notably, there are dif-
ferences in the senescence induced by dif-
ferent oncogenes. For example, it has been 
demonstrated that the senescence induced 
by RAS or BRAF is associated with acti-
vation of the DNA damage response.12 
However, senescence induced by AKT 
or loss of PTEN is independent of the 
DNA damage response.13,14 Accordingly, 
it has been proposed that DNA damage-
independent senescence could be utilized 
as a novel mechanism for developing can-
cer therapeutics.13,15 Aberrant DNA repli-
cation is thought to be the trigger of the 
DNA damage response during senescence 
induced by oncogenic RAS mutants.12 
Consistently, RAS-induced senescence is 

15129



164 Small GTPases Volume 3 Issue 3

are essential for the tumor suppressive 
function of BRCA1.21 Notably, we dis-
covered that the C-terminus of BRCA1, 
which contains two BRCT repeats, is suf-
ficient to be dissociated from chromatin 
in response to oncogenic RAS.8 BRCT 
repeats of BRCA1 bind to phosphory-
lated partners such as BRIP1, Abbarax/
RAP80 and CtIP to form three distinct 
complexes in a mutually exclusive man-
ner.22 These distinct complexes regulate 
activation of checkpoints in response to 
DNA damage.22 We found that BRIP1, 
but not RAP80 or CtIP, is downregulated 
prior to BRCA1 chromatin dissociation. 
In addition, BRIP1 knockdown dissoci-
ates BRCA1 from chromatin, induces 
the DNA damage response and triggers 
cellular senescence. Conversely, ectopic 
BRIP1 suppresses BRCA1 chromatin dis-
sociation, the DNA damage response and 
cellular senescence induced by oncogenic 
RAS.8 Together, these findings suggest 
a key role of BRIP1 in regulating RAS-
induced senescence.

BRIP1 was first described as a member 
of the DEAH helicase family that binds 
to the BRCT repeats of BRCA1.23 The 
interaction between BRIP1 and BRCA1 
depends upon the phosphorylation of 
BRIP1 at residue serine 990, which is 
regulated in a cell cycle-dependent man-
ner.24 The BRIP1-containing BRCA1 
complex is implicated in regulating activa-
tion of S phase checkpoint.25 For example, 
it has been demonstrated that BRIP1 is 
required for timely S phase progression.25 
In addition, BRIP1 and BRCA1 facilitate 
DNA replication during the S phase of 
the cell cycle by mediating the loading of 
CDC45L, the replication-licensing fac-
tor.26 Thus, RAS-induced suppression of 
BRIP1 may promote senescence by driving 
aberrant DNA replication and activating 
S phase checkpoints during RAS-induced 
senescence.

The interaction between BRIP1 and 
BRCA1 suggests that BRIP1 might be 
linked to increased cancer risk. Indeed, it 
has been shown that germline mutations 
that alter its helicase function or disrupt 
its interaction with BRCA1 are associated 
with early-onset breast cancer.27,28 Counter 
intuitively, the levels of BRIP1 are elevated 
in breast carcinoma, and higher levels of 
BRIP1 are associated with higher tumor 

accumulation of DNA damage during 
RAS-induced senescence.

It is important to note that the levels 
of activated RAS oncogene determine the 
outcome of RAS expression. For example, 
in an inducible H-RASG12V transgenic 
mouse model, low levels of oncogenic 
RAS promote cell proliferation, while 
high levels of oncogenic RAS drive cell 
senescence.17 Interestingly, tumorigenesis 
is associated with enrichment of high RAS 
induction, senescence and senescence 
bypass.17 Notably, the levels of oncogenic 
H-RASG12V observed in T24, a human 
bladder cancer cell line, is sufficient to 
trigger BRCA1 chromatin dissociation in 
primary human cells.8 This suggests that 
physiological level of RAS observed in 
human cancer cells is sufficient to trigger 
BRCA1 chromatin dissociation.

As stated previously, oncogene-induced 
BRCA1 chromatin dissociation well pre-
cedes the cell cycle exit during senescence. 
In addition, oncogenic RAS impairs 
BRCA1-mediated DNA repair response in 
cycling RAS-infected cells at a very early 
stage of senescence.8 Together, a large time 
window is created for cells to accumulate 
secondary oncogenic hits prior to the 
senescence-associated cell cycle exit, which 
ultimately leads to senescence bypass in a 
minority of cells while the vast majority of 
cells eventually exit from the cell cycle and 
become senescent. Consistent with this 
model, RAS-expressing cells accumulate 
significantly greater DNA damage after 
IR treatment, and IR treatment promotes 
senescence bypass in RAS-infected cells.8 
In mouse models, activated oncogenes 
(such as RAS or BRAF) have been shown 
to initially induce senescence and forma-
tion of benign lesions. However, these 
lesions ultimately lead to the development 
of invasive cancer.17-19 This is consistent 
with our model whereby oncogenic RAS 
induces senescence in the vast majority of 
cells while promoting senescence bypass 
in a minority of cells, which ultimately 
outgrow the majority of senescent cells 
and become transformed.

Interestingly, cells from BRCA1 exon 
11 knockout mice display signs of cel-
lular senescence.20 Exon 11 of the mouse 
BRCA1 gene encodes for the two BRCT 
repeats of the BRCA1 protein. Recently, it 
has been demonstrated that BRCT repeats 

dependent upon S phase progression, and 
inhibition of S phase progression by treat-
ing cells with Aphidicolin or contact inhi-
bition blocks RAS-induced senescence.13 
In contrast, senescence induced by loss of 
PTEN is independent of S phase progres-
sion and can occur in quiescent cells.13 
Thus, the difference in DNA damage 
response observed in senescence induced 
by different oncogenes is likely due to 
their ability to trigger aberrant DNA 
replication.

Aberrant DNA replication induced by 
oncogenic RAS is transient and occurs 
only at the very early stages of senescence.12 
However, DNA damage accumulates 
in fully senescent cells days after aber-
rant DNA replication in primary human 
cells, which supposedly have intact DNA 
repair machinery.12,14 This evidence sug-
gests that the impairment of DNA repair 
might contribute to the accumulation of 
DNA damage during RAS-induced senes-
cence. In support of this idea, we discov-
ered that BRCA1 becomes dissociated 
from chromatin in RAS-infected primary 
human cells, and BRCA1-mediated DNA 
repair response is impaired in these cells.8 
This observation is unique in that other 
markers of DNA damage that have been 
reported in the literature, such as ATM, 
ATR, Chk1, Chk2, γH2A and 53BP1, are 
all activated during senescence induced by 
oncogenic RAS.12,16 Importantly, BRCA1 
chromatin dissociation occurs well before 
the RAS-induced cell cycle exit,8 sug-
gesting that this is not a consequence of 
the senescence-associated cell cycle exit. 
Moreover, senescence induced by AKT 
or loss of PTEN is not associated with 
BRCA1 chromatin dissociation, correlat-
ing with a lack in DNA damage response 
in these cells.8 This observation further 
supports the hypothesis that BRCA1 
chromatin dissociation is not merely a 
consequence of senescence. Additionally, 
BRCA1 chromatin dissociation displays 
the same kinetics as DNA damage accu-
mulation, and suppression of BRCA1 
chromatin dissociation is sufficient to 
inhibit DNA damage accumulation.8 
Further, BRCA1 knockdown triggers 
DNA damage and senescence in primary 
human cells.8 Together, these findings 
further support the premise that BRCA1 
chromatin dissociation contributes to the 

16130



www.landesbioscience.com Small GTPases 165

DNA damage treatment.8 The forma-
tion of these colonies may reflect the rare 
senescence-bypassed cells that are associ-
ated with endogenous DNA damage trig-
gered by oncogenic RAS. Thus, it will 
be interesting to examine the levels of 
BRIP1 expression and chromatin-associ-
ated BRCA1 levels in these cells. Because 
restoration of BRIP1 expression and sup-
pression of BRCA1 chromatin dissocia-
tion inhibits RAS-induced senescence,8 
it is plausible that the senescence bypass 
observed in these rare colonies is due to 
restoration of BRIP1 expression and, con-
sequently, rescuing BRCA1 chromatin 
dissociation. Our model would predict 

remains dissociated from chromatin.8 
This is likely due to selection pressure 
imposed by exogenous DNA damage 
treatment. In addition, we observed the 
accumulation of DNA damage in these 
senescence-bypassed cells compared with 
controls.8 This suggests that DNA repair 
remains impaired in these RAS-expressing 
senescence-bypassed cells induced by 
IR-treatment. Consistently, it has previ-
ously been demonstrated that the DNA 
damage response is attenuated in RAS-
expressing transformed cells.31

Interestingly, we observed rare colonies 
that bypassed RAS-induced senescence 
after extended culture without exogenous 

grade.29 In addition, high levels of BRIP1 
positively correlate with HER2 status and 
expression of Ki67, a marker of cell pro-
liferation.29 It has been demonstrated that 
HER2 overexpression drives senescence 
in primary human mammary epithelial 
cells.30 Thus, overexpression of BRIP1 
may contribute to breast cancer by pro-
moting proliferation of mammary epithe-
lial cells through suppressing senescence 
induced by HER2 overexpression.

As discussed above, IR-treatment in 
RAS-infected cells promotes senescence 
bypass.8 In IR-treatment-induced senes-
cence bypassed cells, we show that BRIP1 
remains downregulated and BRCA1 

Figure 1. B-Myb knockdown suppresses the expression of BRIP1 and induces senescence. (A) IMR90 primary human fibroblasts were infected with 
lentivirus encoding two individual short hairpin RNAs to the human B-Myb gene (shB-Myb) or a control. The sense sequences for the shB-Myb are: 
5'-GCT AAC AAC AAA GTT CCA CTT-3' and 5'-CCC AGA TCA GAA GTA CTC CAT-3'. Expression of B-Myb mRNA in the drug-selected cells was determined 
by qRT-PCR. (B) Same as (A), but examined for BRIP1 and β-actin expression by immunoblot. (C) Same as (A), but equal number of cells (1 x 104) were 
loaded in 6-well plates for 12 d and stained with 0.05% crystal violet for colony formation. (D) Same as (A), but labeled for 1 h with 10 μM BrdU, and the 
percentage of the BrdU positive cells was quantified by immunofluorescence staining. (E) Same as (A), but stained for SA-β-gal activity, a marker of cel-
lular senescence. (F) Quantitation of (D). 100 cells from each of the indicated groups were examined for SA-β-gal activity. Mean of three independent 
experiments with SD.

17131



166 Small GTPases Volume 3 Issue 3

10. Krizhanovsky V, Xue W, Zender L, Yon M, Hernando 
E, Lowe SW. Implications of cellular senescence in 
tissue damage response, tumor suppression and stem 
cell biology. Cold Spring Harb Symp Quant Biol 
2008; 73:513-22; PMID:19150958; http://dx.doi.
org/10.1101/sqb.2008.73.048.

11. Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, 
Niki M, et al. Crucial role of p53-dependent cellular 
senescence in suppression of Pten-deficient tumori-
genesis. Nature 2005; 436:725-30; PMID:16079851; 
http://dx.doi.org/10.1038/nature03918.

12. Di Micco R, Fumagalli M, Cicalese A, Piccinin 
S, Gasparini P, Luise C, et al. Oncogene-induced 
senescence is a DNA damage response triggered by 
DNA hyper-replication. Nature 2006; 444:638-
42; PMID:17136094; http://dx.doi.org/10.1038/
nature05327.

13. Alimonti A, Nardella C, Chen Z, Clohessy JG, 
Carracedo A, Trotman LC, et al. A novel type of 
cellular senescence that can be enhanced in mouse 
models and human tumor xenografts to suppress 
prostate tumorigenesis. J Clin Invest 2010; 120:681-
93; PMID:20197621; http://dx.doi.org/10.1172/
JCI40535.

14. Kennedy AL, Morton JP, Manoharan I, Nelson 
DM, Jamieson NB, Pawlikowski JS, et al. Activation 
of the PIK3CA/AKT pathway suppresses senes-
cence induced by an activated RAS oncogene to 
promote tumorigenesis. Mol Cell 2011; 42:36-49; 
PMID:21474066; http://dx.doi.org/10.1016/j.mol-
cel.2011.02.020.

15. Nardella C, Clohessy JG, Alimonti A, Pandolfi PP. 
Pro-senescence therapy for cancer treatment. Nat Rev 
Cancer 2011; 11:503-11; PMID:21701512; http://
dx.doi.org/10.1038/nrc3057.

16. Di Micco R, Sulli G, Dobreva M, Liontos M, 
Botrugno OA, Gargiulo G, et al. Interplay between 
oncogene-induced DNA damage response and het-
erochromatin in senescence and cancer. Nat Cell Biol 
2011; 13:292-302; PMID:21336312; http://dx.doi.
org/10.1038/ncb2170.

17. Sarkisian CJ, Keister BA, Stairs DB, Boxer RB, 
Moody SE, Chodosh LA. Dose-dependent oncogene-
induced senescence in vivo and its evasion during 
mammary tumorigenesis. Nat Cell Biol 2007; 9:493-
505; PMID:17450133; http://dx.doi.org/10.1038/
ncb1567.

18. Dankort D, Filenova E, Collado M, Serrano M, Jones 
K, McMahon M. A new mouse model to explore the 
initiation, progression and therapy of BRAF

V600E
-

induced lung tumors. Genes Dev 2007; 21:379-
84; PMID:17299132; http://dx.doi.org/10.1101/
gad.1516407.

19. Dhomen N, Reis-Filho JS, da Rocha Dias S, Hayward 
R, Savage K, Delmas V, et al. Oncogenic Braf induc-
es melanocyte senescence and melanoma in mice. 
Cancer Cell 2009; 15:294-303; PMID:19345328; 
http://dx.doi.org/10.1016/j.ccr.2009.02.022.

20. Cao L, Li W, Kim S, Brodie SG, Deng CX. Senescence, 
aging and malignant transformation mediated by p53 
in mice lacking the Brca1 full-length isoform. Genes 
Dev 2003; 17:201-13; PMID:12533509; http://
dx.doi.org/10.1101/gad.1050003.

21. Shakya R, Reid LJ, Reczek CR, Cole F, Egli D, Lin 
CS, et al. BRCA1 tumor suppression depends on 
BRCT phosphoprotein binding, but not its E3 ligase 
activity. Science 2011; 334:525-8; PMID:22034435; 
http://dx.doi.org/10.1126/science.1209909.

22. Huen MS, Sy SM, Chen J. BRCA1 and its toolbox for 
the maintenance of genome integrity. Nat Rev Mol 
Cell Biol 2010; 11:138-48; PMID:20029420; http://
dx.doi.org/10.1038/nrm2831.

23. Cantor SB, Bell DW, Ganesan S, Kass EM, Drapkin 
R, Grossman S, et al. BACH1, a novel helicase-like 
protein, interacts directly with BRCA1 and contrib-
utes to its DNA repair function. Cell 2001; 105:149-
60; PMID:11301010; http://dx.doi.org/10.1016/
S0092-8674(01)00304-X.

This promotes cellular senescence and 
senescence-associated accumulation of 
DNA damage while also allowing for 
subsequent secondary hits that may pre-
dispose rare clones of cells to escape senes-
cence and ultimately contribute to cell 
transformation. Therefore, this newly dis-
covered cell-intrinsic pathway reconciles 
the tumor-promoting nature of oncogenic 
RAS with the tumor-suppressing role of 
RAS-induced senescence.
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SUMMARY

Here, we report a cell-intrinsic mechanism by which
oncogenic RAS promotes senescence while predis-
posing cells to senescence bypass by allowing
for secondary hits. We show that oncogenic RAS
inactivates the BRCA1 DNA repair complex by
dissociating BRCA1 from chromatin. This event
precedes senescence-associated cell cycle exit
and coincides with the accumulation of DNA
damage. Downregulation of BRIP1, a physiological
partner of BRCA1 in the DNA repair pathway, triggers
BRCA1 chromatin dissociation. Conversely, ectopic
BRIP1 rescues BRCA1 chromatin dissociation and
suppresses RAS-induced senescence and the DNA
damage response. Significantly, cells undergoing
senescence do not exhibit a BRCA1-dependent
DNA repair response when exposed to DNA damage.
Overall, our study provides a molecular basis by
which oncogenic RAS promotes senescence.
Because DNA damage has the potential to produce
additional ‘‘hits’’ that promote senescence bypass,
our findings may also suggest one way a small
minority of cells might bypass senescence and
contribute to cancer development.

INTRODUCTION

Activation of oncogenes (such as RAS) in primary mammalian

cells typically triggers a cascade of molecular and cellular

events, which ultimately culminates in a state of irreversible

cell growth arrest (Campisi, 2005). This process is termed

oncogene-induced senescence and is an important tumor

suppression mechanism in vivo (Campisi, 2005). Paradoxically,

the definition of an oncogene is a gene that actively promotes

tumorigenesis. The mechanism underlying this paradox remains

poorly understood.
Developmenta
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Senescent cells display several hallmark morphological and

molecular characteristics. These cells are positive for senes-

cence-associated b-galactosidase (SA-b-gal) activity (Dimri

et al., 1995). In addition, chromatin in the nuclei of senescent

human cells often reorganizes to form specialized domains of

facultative heterochromatin called senescence-associated

heterochromatin foci (SAHF) (Braig et al., 2005; Narita et al.,

2003, 2006; Zhang et al., 2005, 2007a). SAHF contain markers

of heterochromatin, including di- and tri-methylated lysine 9

histone H3 (H3K9Me2/H3K9Me3), histone H2A variant mH2A,

and HMGA (Narita et al., 2003, 2006; Zhang et al., 2005). SAHF

formation contributes to senescence-induced cell cycle exit by

directly sequestering and silencing proliferation-promoting

genes (Narita et al., 2003; Zhang et al., 2007a).

Oncogene-induced senescence is often characterized by the

accumulation of DNA damage; in particular, DNA double-strand

breaks (DSBs) (Bartkova et al., 2006; Di Micco et al., 2006). For

example, oncogenic RAS mutants induce DNA damage by

triggering aberrant DNA replication (Di Micco et al., 2006).

However, it remains to be determined whether impaired DNA

repair contributes to the accumulation of DNA damage observed

during oncogene-induced senescence.

BRCA1 plays an important role in DNA DSB repair (Scully and

Livingston, 2000). Germline mutations in the BRCA1 gene

predispose women to breast and ovarian cancer (Scully and

Livingston, 2000), and inactivation of BRCA1 contributes to

cancer development by causing genomic instability (Turner

et al., 2004). BRCA1 interacts with various DNA damage repair

proteins through its two C terminus BRCA1 C-terminal (BRCT)

repeats. The BRCT repeats of BRCA1 recognize cognate part-

ners by binding to their phosphoserine residues (Manke et al.,

2003; Yu et al., 2003), and their binding partners include

BRCA1-interacting protein 1 (BRIP1), CtIP, and RAP80/Abraxas

(Wang et al., 2007; Yu et al., 1998, 2003). In addition, BRCA1

interacts with partner and localizer of BRCA2 (PALB2), which is

necessary for localization of BRCA2 to DNA DSBs (Xia et al.,

2006). Functional BRCA1 is required for localizing/sustaining

PALB2 at sites of DNA DSBs and error-free homologous recom-

bination repair (Livingston, 2009; Sy et al., 2009; Zhang et al.,

2009). A role for BRCA1 in senescence is implied by findings

from the BRCA1 exon 11 knockout mouse whose cells exhibit
l Cell 21, 1077–1091, December 13, 2011 ª2011 Elsevier Inc. 1077
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Figure 1. Oncogene-Induced Dissociation of BRCA1 from Chromatin Occurs prior to the Oncogene-Induced Cell Cycle Exit and Coincides

with the Accumulation of DNA Damage during Senescence

(A) IMR90 cells were infected with retrovirus-encoding control or oncogenic RAS to induce senescence. Drug-selected cells were stained with DAPI to visualize

SAHF and an anti-BRCA1 antibody at day 5. Arrows point to an example of BRCA1-excluded SAHF in senescent IMR90 cells.

(B) Same as (A) but examined for expression of BRCA1, b-actin, and histone H3 in soluble (cytoplasmic soluble fraction SN1 and nuclear soluble fraction SN2) and

chromatin fractions of control (C) or RAS (R)-infected IMR90 cells by western blot. Note that equal amounts of total proteins were loaded for total cell lysates, SN1,

SN2, and chromatin fractions.

(C) Same as (A). At days 1 and 6, control and RAS-infected cells were labeledwith BrdU for 1 hr (left) or stained with DAPI to visualize SAHF and antibodies against

mH2A and H3K9Me2 that form foci that colocalize with SAHF in senescent human cells (right).

(D and E) Time course of BrdU labeling (D) and formation of SAHF, mH2A, and H3K9Me2 foci (E) in control and RAS-infected IMR90 cells. Mean of three

independent experiments with SD.

(F) Same as (D) but examined for expression of BRCA1, gH2AX, and histone H3 in the chromatin fractions of control and RAS-infected cells at the indicated time

points by western blot.
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signs of senescence (Cao et al., 2003). These observations

suggest that senescence and tumorigenesis pathways may

converge on BRCA1-associated DNA damage responses.

Here, we report a cell-intrinsic mechanism by which onco-

genic RAS promotes senescence but at the same time predis-

poses cells to secondary hits, which ultimately leads to senes-

cence bypass.

RESULTS

BRCA1 Becomes Dissociated from Chromatin during
Oncogenic RAS-Induced Senescence
Senescent cells are characterized by the accumulation of DNA

DSBs (Bartkova et al., 2006; Di Micco et al., 2006; Halazonetis

et al., 2008), and one of the critical players in DSB repair is

BRCA1 (Scully and Livingston, 2000). To test the hypothesis

that changes in BRCA1 function occur during oncogene-

induced senescence, we first examined changes in the subcel-

lular distribution of BRCA1 during RAS-induced senescence of

IMR90 primary human fibroblasts (see Figure S1A available on-

line). BRCA1 immunofluorescence (IF) staining was performed

in proliferating (control) and senescent IMR90 primary human

fibroblasts induced by RAS. Notably, BRCA1 was excluded

from SAHF in senescent cells (Figure 1A). In addition, similar

results were obtained using multiple anti-BRCA1 antibodies

(one rabbit polyclonal and two individual mouse monoclonal

antibodies) (data not shown). We next fractionated protein

from proliferating (control) and senescent IMR90 cells into

soluble and chromatin fractions (Méndez and Stillman, 2000;

Narita et al., 2006) and tested each for the presence of

BRCA1. Compared with control cells, BRCA1 levels were

dramatically decreased in the chromatin fractions of senescent

IMR90 cells (Figure 1B; Figure S1B).

We next sought to exclude the possibility that BRCA1

chromatin dissociation was caused by supra-physiological

levels of RAS. To do so, we titrated RAS expression in IMR90

cells to levels lower than those in the classic bladder cancer

cell line T24 that harbors an oncogenic RAS mutation (H-

RASG12V, the same RASmutant used in the current study) (Hurlin

et al., 1989) (Figure S1C). Importantly, we observed a decrease

in BRCA1 levels in the chromatin fractions of RAS-infected

IMR90 cells with lower RAS expression than the T24 cells (Fig-

ure S1C). Interestingly, BRCA1 levels in the chromatin fractions

of T24 cells were also notably lower when compared to IMR90

cells, albeit similar levels of total BRCA1 levels were observed

(Figure S1C). Together, our data show that the physiological

levels of oncogenic RAS observed in cancerous cells are suffi-

cient to dissociate BRCA1 from chromatin in primary cells.

Next, we asked whether BRCA1 chromatin dissociation is

unique to IMR90 cells induced to senesce by RAS. To answer
(G and H) Same as (D) but stained for cyclin A expression (using a mouse anti-c

(I and J) At day 2, control and RAS-infected cells were labeled with BrdU for 1 h

details). Pre-extracted cells were stained with antibodies against BRCA1 and Brd

cells was quantified using MetaMorph software (J) (n = 30).

(K) Same as (D) but examined for cell cycle distribution by flow cytometry.

(L and M) Same as (D) but examined for expression of gH2AX (L) or 53BP1 (M) e

were examined for formation of gH2AX or 53BP1 foci. Mean of three independe

See also Figure S1.
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this question, primary WI38 and BJ human fibroblasts, which

both senesce after oncogenic RAS is expressed (Ye et al.,

2007; Zhang et al., 2005) (data not shown), were infected with

control or RAS-encoding retrovirus. Compared with controls,

BRCA1 levels were dramatically decreased in the chromatin

fractions of RAS-infected WI38 and BJ cells (Figure S1D). Taken

together, these data demonstrate that BRCA1 becomes dis-

sociated from chromatin during RAS-induced senescence.

BRCA1 Chromatin Dissociation Precedes the Cell Cycle
Exit during RAS-Induced Senescence
We next sought to determine whether BRCA1 chromatin disso-

ciation occurs early or late during RAS-induced senescence.

Toward this goal, we conducted a detailed time course analysis

of chromatin-associated BRCA1, senescence-associated cell

cycle exit (determined by BrdU incorporation or expression of

cyclin A or serine 10 phosphorylated histone H3 [pH3S10]),

and other markers of senescence (such as formation of SAHF,

mH2A foci, and H3K9Me2 foci) in control and RAS-infected

IMR90 cells (Figures 1C–1H). Strikingly, as early as day 1 (Fig-

ure S1A), BRCA1 was largely dissociated from chromatin (Fig-

ure 1F; Figure S1K), which is well before the senescence-

associated cell cycle exit and accumulation of markers of

senescence (Figures 1C–1H).

BRCA1 forms discrete nuclear foci during the S/G2 phases of

the cell cycle in normal cycling cells (Durant and Nickoloff,

2005; Scully et al., 1997a; Xu et al., 2001). Therefore, we sought

to determine whether RAS expression impairs BRCA1 foci

formation in cycling cells. Toward this goal, at day 2, control

and RAS-infected IMR90 cells were labeled with BrdU to iden-

tify S phase cells. We next pre-extracted soluble proteins from

control and RAS-infected cells and stained these cells with

antibodies against BRCA1 and BrdU. Indeed, the intensity of

BRCA1 foci in BrdU-positive cells was significantly weaker in

RAS-infected IMR90 cells compared with controls (p = 0.009)

(Figures 1I and 1J). This is not simply a consequence of DNA

damage because this did not occur in ionizing radiation

(IR)-treated cells (Figures S1E and S1F). Furthermore, control

and RAS-infected IMR90 cells were stained with antibodies

against BRCA1 and cyclin A, a marker of the S/G2 phases of

the cell cycle (Erlandsson et al., 2000; Sartori et al., 2007).

Consistently, BRCA1 foci were either negative or notably

weaker in cyclin A-positive RAS-infected cells compared with

controls (Figures S1G and S1H). Finally, FACS analysis re-

vealed that RAS-infected cells accumulated at the S and G2/

M phases of the cell cycle compared with controls at this stage

(day 2) (Figure 1K; Figures S1I and S1J). From these results,

we conclude that oncogene-induced dissociation of BRCA1

from chromatin precedes the oncogene-induced cell cycle

exit during senescence.
yclin A antibody) (G) or pH3S10 (H) by IF at the indicated time points.

r, and soluble proteins were pre-extracted (see Experimental Procedures for

U. The intensity of BRCA1 staining in BrdU-positive control and RAS-infected

xpression by IF staining. A total of 200 cells from each of the indicated groups

nt experiments with SD.
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BRCA1 Chromatin Dissociation Coincides with the
Accumulation of DNA Damage
We next asked whether BRCA1 chromatin dissociation plays

a role in the DNA damage accumulation observed during RAS-

induced senescence. Strikingly, accumulation of markers of

DNA damage, including formation of gH2AX and 53BP1 foci,

accumulation of gH2AX in chromatin fractions, and upregulation

of p53 displayed the identical kinetics as dissociation of BRCA1

from chromatin in RAS-infected IMR90 cells (Figures 1F, 1L, 1M;

Figures S1K–S1O). For example, as early as day 1, gH2AX

had already accumulated in chromatin fractions (Figure 1F; Fig-

ure S1K), gH2AX and 53BP1 foci were increased, and the p53

expression levels were upregulated in RAS-infected IMR90 cells

compared with controls (Figures 1L and 1M; Figures S1L–S1O).

We conclude that RAS expression results in concomitant

BRCA1 chromatin dissociation and DNA damage accumulation.

To determine whether BRCA1 chromatin dissociation is a

RAS-specific effect, IMR90 cells were infected with control,

RAS, BRAF, or myristylated AKT1 (myr-AKT1)-encoding retro-

virus. Ectopic expression of RAS, BRAF, and myr-AKT1 was

confirmed by western blot (data not shown). Notably, expression

of RAS, BRAF, and myr-AKT1 all induced expression of markers

of senescence in IMR90 cells (Figure S2A) (Krizhanovsky et al.,

2008; Michaloglou et al., 2005; Xue et al., 2007; Zhang et al.,

2005). Next, we examined BRCA1 protein levels in total cell

lysates and chromatin fractions of control, RAS, BRAF, and

myr-AKT1-infected IMR90 cells by western blot. Strikingly,

compared with controls, BRCA1 levels decreased dramatically

in the chromatin fractions of RAS and BRAF-infected IMR90

cells, but not in myr-AKT1-infected IMR90 cells (Figure 2A).

These results suggest that BRCA1 chromatin dissociation is

dependent upon specific oncogenic pathways and is not simply

a consequence of senescence.

We next sought to determine whether BRCA1 chromatin

dissociation coincides with DNA damage accumulation or is

associated with SAHF formation. Toward this goal, control,

RAS, BRAF, and myr-AKT1-infected IMR90 cells were stained

with DAPI to visualize SAHF and with an antibody to mH2A,

which is a component of SAHF (Zhang et al., 2005). Both RAS

and BRAF, but not myr-AKT1, induced formation of SAHF and

mH2A foci (Figure 2B). Additionally, compared with controls,

both RAS and BRAF expression induced formation of gH2AX

and 53BP1 foci and increased levels of chromatin-associated

gH2AX and 53BP1 (Figures 2C–2E). In contrast, myr-AKT1,

which did not induce BRCA1 chromatin dissociation, failed to

induce formation of gH2AX and 53BP1 foci or increase the levels

of chromatin-associated gH2AX and 53BP1 (Figures 2C–2E).

Consistently, it has been recently reported that cell senescence

induced by myr-AKT1 is not associated with SAHF formation or

the DNA damage response (Kennedy et al., 2011). Similarly,

PTEN knockdown induced expression ofmarkers of senescence

but had no effects on BRCA1 chromatin association and also

failed to trigger formation of gH2AX foci or SAHF (Figures

S2B–S2G). Likewise, it has been previously shown that senes-

cence induced by loss of PTEN is not associated with the accu-

mulation of DNA damage (Alimonti et al., 2010). The lack of both

DNA damage and BRCA1 chromatin dissociation in the PTEN

knockdown cells is consistent with the idea that BRCA1 chro-

matin dissociation contributes to DNA damage accumulation.
1080 Developmental Cell 21, 1077–1091, December 13, 2011 ª2011
23137
We next directly measured the extent of DNA damage in

control, RAS, BRAF, and myr-AKT1-infected IMR90 cells using

the comet assay.Comparedwith controls, therewas a significant

increase in DNA damage in RAS and BRAF-infected IMR90

cells (p < 0.05), whereas the difference between control and

myr-AKT1-infected IMR90 cells was not significant (p > 0.05)

(Figures 2F and 2G). The combined data suggest that dissocia-

tion of BRCA1 from chromatin coincides with DNA damage

accumulation, correlates with SAHF formation, and is indepen-

dent of PI3K/AKT signaling.

BRCA1 Knockdown Induces Senescence
We next sought to test whether BRCA1 knockdown is sufficient

to drive SAHF formation and senescence in IMR90 cells. Toward

this goal, three individual short hairpin RNA to the human

BRCA1 (shBRCA1) genes with different degrees of BRCA1

knockdown efficacy were utilized. BRCA1 knockdown efficiency

was confirmed by IF staining and western blot (Figures 3A and

3B). Two individual shBRCA1s (#2 and #3), which efficiently

knocked downBRCA1, induced SAHF formation and expression

of SA-b-gal activity (Figures 3C–3F). Notably, an shBRCA1 (#1)

that knocked down BRCA1 with �40% efficacy at the total

protein level had no effect on SAHF formation or expression of

SA-b-gal activity (Figures 3A–3F). Interestingly, similar to the hy-

perproliferation observed in RAS-infected IMR90 cells prior to

cell cycle exit (e.g., Figures 1G and 1H; Figure S5) (Di Micco

et al., 2006), knockdown of BRCA1 in IMR90 cells also triggers

a minor but statistically significant hyperproliferation prior to

the cell cycle exit as demonstrated by increased BrdU incorpo-

ration (Figure S3A). Consistent with a previous report (Krum

et al., 2010), we observed an increase in expression of gH2AX

as well as formation of gH2AX foci following BRCA1 knockdown

(Figures S3B and S3C). We conclude that knockdown of BRCA1

is sufficient to drive senescence.

Downregulation of BRIP1 Expression Triggers BRCA1
Chromatin Dissociation
Next, we investigated the molecular mechanism underlying

BRCA1 chromatin dissociation. Notably, a fragment of the C

terminus of BRCA1 (aa 1314–1863) containing two BRCT

repeats was sufficient to be dissociated from chromatin in

IMR90 cells infected with RAS (Figure S4A), suggesting that

factors that interact with the BRCT repeats of BRCA1may trigger

BRCA1 chromatin dissociation.

BRCT repeats of BRCA1 bind to BRIP1, CtIP, and RAP80/

Abraxas (Wang et al., 2007; Yu et al., 1998, 2003). Compared

with controls, BRIP1 levels in both total cell lysates and the chro-

matin fractions of RAS-infected cells were dramatically

decreased (Figures 4A and 4B; Figure S4B). In contrast, expres-

sion levels of CtIP and RAP80 did not overtly change in RAS-in-

fected cells at the same time (Figure 4A). Notably, RAS-induced

downregulation of BRIP1 occurred prior to the cell cycle exit, as

reflected by the kinetics of cyclin A and pH3S10 expression (Fig-

ure 4B). Together, these results suggest that downregulation of

BRIP1 may trigger BRCA1 chromatin dissociation in RAS-in-

fected cells.

BRIP1 was first identified as a BRCA1 physiological

binding partner (Cantor et al., 2001). We next sought to deter-

mine whether BRIP1 is downregulated at the mRNA level in
Elsevier Inc.



Figure 2. Oncogene-Induced BRCA1 Chromatin Dissociation Correlates with DNA Damage Accumulation and SAHF Formation

(A) IMR90 cells were infected with control or the indicated activated oncogene-encoding retrovirus. Expression of BRCA1, histone H3, and b-actin in the

chromatin fractions and total cell lysates of indicated cells was assayed by western blot at day 4.

(B) Same as (A) but stained with DAPI and an antibody to mH2A, which is a component of SAHF. Percentage of SAHF-positive cells is indicated. Mean of three

independent experiments with SD. Arrows point to mH2A-stained inactivated X chromosome (Costanzi and Pehrson, 1998).

(C) Same as (A) but stained with DAPI or antibodies against gH2AX or 53BP1.

(D) Quantitation of (C). A total of 200 cells were examined for formation of gH2AX foci and 53BP1 foci. Cells with more than five nuclear foci for gH2AX or 53BP1

were counted as positive. Mean of three independent experiments with SD. *p < 0.05 and #p > 0.05 as compared to controls.

(E) Expression of gH2AX, 53BP1, and histone H3 in the chromatin fractions of IMR90 cells infected with vector control or indicated activated oncogenes as

determined by western blot.

(F) Same as (A). At day 2, drug-selected indicated cells were assayed for DNA damage by the comet assay. White bars indicate the examples of comet tails that

resulted from damaged DNA.

(G) Quantitation of (F). DNA damage from the comet assay is calculated as artificial Olive Moment unit as described in Experimental Procedures. The Olive

Moment in 100 cells from each group was measured. Mean of Olive Moment with SEM is shown in blue. *p < 0.05 and #p > 0.05 as compared to control.

See also Figure S2.
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RAS-infected IMR90 cells. Expression of BRIP1 and BRCA1

mRNA in control and RAS-infected IMR90 cells was examined

by quantitative reverse transcriptase-polymerase chain reaction

(qRT-PCR). Compared with controls, BRIP1 mRNA levels were

significantly decreased as early as day 1 in RAS-infected cells

(Figure 4C). However, the BRCA1 mRNA expression level did

not statistically change at the same time (Figure 4C). This is

consistent with the idea that RAS-induced BRIP1 repression

triggers BRCA1 chromatin dissociation prior to RAS-induced

cell cycle exit.

We next sought to determine the mechanism underlying

BRIP1 downregulation in RAS-infected cells. BRIP1 mRNA

expression is downregulated in RAS-infected cells (Figure 4C),
Developmenta
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but the stability of BRIP1 mRNA is not decreased by RAS

expression (data not shown), suggesting that BRIP1 may be

regulated at the transcriptional level. Consistently, the activity

of a 400 bp (�300 bp – +100 bp) fragment of the proximal human

BRIP1 gene promoter was significantly suppressed in RAS-

infected cells (Figure S4C). Notably, deletion of a critical

B-Myb binding site from the BRIP1 promoter blocked the RAS-

mediated suppression of promoter activity, suggesting that

B-Myb plays a critical role in suppressing BRIP1 expression in

response to RAS (Figure S4C). Interestingly, it has previously

been demonstrated that B-Myb suppresses oncogenic RAS

induced senescence (Masselink et al., 2001). Consistently, we

observed downregulation of B-Myb in RAS-infected cells prior
l Cell 21, 1077–1091, December 13, 2011 ª2011 Elsevier Inc. 1081
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Figure 3. BRCA1 Knockdown Induces

Senescence

(A) IMR90 cells were infected with lentivirus en-

coding three individual shRNAs to the human

BRCA1 gene or a vector control and stained with

an anti-BRCA1 antibody. Note that the BRCA1

nuclear foci in control cells are associated with the

S/G2 phases of the cell cycle (Scully et al., 1997b),

indicating that the BRCA1 staining is specific.

(B) Same as (A) but assayed for BRCA1 and b-actin

expression by western blot. The levels of BRCA1

expression were quantified using the LI-COR

Odyssey imaging system (normalized using

b-actin as a loading control). Cont, control.

(C) Same as (A) but stained for SA-b-gal activity at

day 5.

(D) Quantitation of (C). A total of 100 cells were

examined for expression of SA-b-gal activity.

Mean of three independent experiments with SD.

*p < 0.03.

(E) Same as (C) but stained with DAPI to visualize

SAHF and an antibody against mH2A.

(F) Quantitation of (E). A total of 100 cells were

examined for SAHF and mH2A foci formation.

Mean of three independent experiments with SD.

*p < 0.02.

See also Figure S3.
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to the RAS-induced cells cycle exit (i.e., as early as 12 hr)

compared with controls (Figure S4D). Significantly, using an

anti-B-Myb antibody, chromatin immunoprecipitation studies

demonstrated that the binding of B-Myb to the promoter of the

human BRIP1 gene was significantly reduced in RAS-infected

cells compared with controls (Figure 4D). Additionally, it has

recently been demonstrated that B-Myb expression is sup-

pressed by upregulation of microRNA 29 (mir29) during senes-

cence (Lafferty-Whyte et al., 2009; Martinez et al., 2011). Consis-

tently, expression of mir29 was upregulated in RAS-infected

cells as early as 6 hr compared with controls (Figure S4E). We

conclude that RAS-mediated inhibition of B-Myb contributes to

the downregulation of BRIP1 during RAS-induced senescence.

Next, we asked whether knockdown of BRIP1 drives BRCA1

chromatin dissociation and senescence. Three individual

shRNAs to the human BRIP1 gene (shBRIP1) were developed,

and the efficacy of BRIP1 knockdown was confirmed by western

blot (Figure 4E). BRCA1 levels in the chromatin fractions of

shBRIP1-expressing cells were greatly reduced when compared

to controls (Figure 4E). In addition, we observed an increase in

expression of gH2AX in shBRIP1-expressing cells (Figure S4F).

Notably, BRIP1 knockdown induced expression of markers of

senescence, including SA-b-gal activity and SAHF formation

(Figures 4F and 4G). Consistent with this, BRIP1 knockdown
1082 Developmental Cell 21, 1077–1091, December 13, 2011 ª2011 Elsevier Inc.
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increased levels of p16, p21, p53, and hy-

pophosphorylated pRB, demonstrating

activation of both the p53 and the pRB

pathways (Figure S4G). To limit off-target

effects, we sought to determine whether

BRIP1 restoration in shBRIP1-expressing

cells could prevent senescence induced

by BRIP1 knockdown. Indeed, ectopic
expression of an shBRIP1-resistant wild-type BRIP1 significantly

reduced the expression of markers of senescence induced by

shBRIP1 (Figures 4H–4J), indicating the specificity of the senes-

cence phenotype induced by BRIP1 knockdown. We conclude

that BRIP1 knockdown is sufficient to dissociate BRCA1 from

chromatin and induce senescence.

The interaction between BRIP1 and the BRCT repeats of

BRCA1 depends on phosphorylation of BRIP1 at serine 990

(S990) (Yu et al., 2003). Thus, we determined whether rescuing

of senescence by BRIP1 depends on the phosphorylation of

BRIP1 at S990. For this purpose, we made a serine to alanine

mutant (S990A) that mimics the nonphosphorylated state of

BRIP1 (Yu et al., 2003). Compared with wild-type BRIP1,

BRIP1 S990A failed to rescue the senescence induced by

BRIP1 knockdown (Figures 4H–4J). This result suggests that

the interaction between BRCA1 and BRIP1 plays a critical role

in regulating senescence.

Ectopic BRIP1 Rescues BRCA1 Chromatin Dissociation
and Suppresses RAS-Induced Senescence
We next asked whether ectopic BRIP1 might rescue BRCA1

chromatin dissociation and suppress oncogene-induced senes-

cence. Toward this goal, IMR90 cells were cotransduced with

a retrovirus encoding RAS to induce senescence and a retrovirus



Figure 4. BRIP1 Repression Triggers BRCA1 Chromatin Dissociation

(A) IMR90 cells were infected with control (Cont) or RAS-encoding retrovirus. Expression of BRIP1, BRCA1, RAP80, CtIP, and histone H3 in the chromatin

fractions of control and RAS-infected IMR90 cells was determined by western blot at the indicated time points.

(B) Same as (A). Expression of BRIP1, BRCA1, pH3S10, cyclin A, and b-actin was determined by western blot at the indicated time points in total cell lysates of

control and RAS-infected IMR90 cells.

(C) Same as (A). Expression of BRCA1 and BRIP1 mRNA was determined by qRT-PCR at indicated time points in control and RAS-infected IMR90 cells. Mean of

three independent experiments with SD. #p > 0.05 and *p < 0.01 versus controls.

(D) Same as (A). Control and RAS-infected cells were subjected to chromatin immunoprecipitation using an anti-B-Myb antibody as detailed in Experimental

Procedures. The immunoprecipitated DNA was subjected to quantitative PCR analysis using primers that cover the B-Myb binding site in the promoter of human

BRIP1 gene.

(E) IMR90 cells were infected with lentivirus-encoding shBRIP1 or control. Expression of BRIP1, BRCA1, histone H3, and b-actin in total cell lysates and in

chromatin fractions was determined by western blot.

(F) Same as (E) but stained for SA-b-gal activity or with DAPI to visualize SAHF.

(G) Quantitation of (F). Mean of four independent experiments with SEM. *p < 0.05.

(H) IMR90 cells were infected with a lentivirus-encoding shBRIP1 (#3) together with control, an shBRIP1-resistant wild-type BRIP1 (BRIP1 WT), or an shBRIP1-

resistant S990Amutant as detailed in the Experimental Procedures. Expression of BRIP1 and b-actin in drug-selected cells was determined by western blot (top).

In addition, expression of BRIP1 mRNA was determined by RT-PCR using primers designed to its 50 UTR region (only amplifies endogenous but not ectopic

BRIP1 mRNA) or its open reading frame (amplifies both endogenous and ectopic BRIP1 mRNA) (bottom).

(I) Same as (H) but stained for SA-b-gal activity or with DAPI to visualize SAHF.

(J) Quantitation of (I). Mean of three independent experiments with SD. *p < 0.05 and #p > 0.05 compared with only shBRIP1-expressing cells.

See also Figure S4.
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Figure 5. Ectopic BRIP1 Rescues BRCA1 Chromatin Dissociation and Suppresses Oncogene-Induced Senescence and DNA Damage

Response

(A) IMR90 cells were infected with retroviruses encoding RAS together with control (Cont), Myc-tagged wild type (WT) BRIP1, or BRIP1 S990A mutant. At day 4,

drug-selected cells were examined for expression of BRCA1, BRIP1, and histone H3 in the chromatin fractions and for expression of Myc-tagged ectopic BRIP1,

BRCA1, RAS, and b-actin in total cell lysates.

(B) Same as (A) but stained with antibodies against BRCA1 and cyclin A.

(C) Quantitation of (B). A total of 100 cyclin A-positive cells were examined for BRCA1 foci formation. Mean of three independent experiments with SD. *p < 0.05

and #p > 0.05 compared with RAS-infected controls.

(D) Same as (A) but stained for SA-b-gal activity or DAPI to visualize SAHF or an antibody against gH2AX to detect DNA damage.

(E) Quantitation of (D). Mean of four independent experiments with SD. *p < 0.015 and #p > 0.12 versus RAS-infected control cells.

(F) Same as (A) but equal numbers of cells (3 3 103 cells/well) were plated in 6-well plates in triplicate for focus formation assays. After 2 weeks in culture, the

plates were stained with 0.05% crystal violet in PBS to visualize foci. Shown are representative images of four independent experiments. Number of foci is

indicated as mean with SD.

(G) Same as (F), but the number of cells was counted at indicated time points. Mean of three independent experiments with SD.

(H) Control and the senescence-bypassed cells isolated from (G) were examined for RAS and b-actin expression by western blot.

See also Figure S5.
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encoding a Myc-tagged wild-type BRIP1 or control. Compared

with controls, BRIP1 expression notably rescued the levels of

BRCA1 in thechromatin fractionsofRAS-infectedcells (Figure5A,

lane 2 versus lane 3). This was not due to a lower RAS expression

level because RAS was expressed at a higher level in ectopic
1084 Developmental Cell 21, 1077–1091, December 13, 2011 ª2011
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BRIP1-expressing cells compared to controls (Figure 5A, lane 2

versus lane 3). In addition, the total BRCA1 protein level was

not increased by ectopic BRIP1 (Figure 5A, lane 2 versus lane

3), implying that the increased level of chromatin-associated

BRCA1 was not due to increased levels of total BRCA1.
Elsevier Inc.
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Notably, ectopic BRIP1 restored BRCA1 foci formation in

cyclin A-positive RAS-infected cells (Figures 5B and 5C). Inter-

estingly, ectopic BRIP1 did not affect RAS-induced hyperprolif-

eration (Figure S5), a trigger of the DNA damage response

(Di Micco et al., 2006), suggesting that ectopic BRIP1 may

instead affect DNA repair. In addition, expression of ectopic

BRIP1 in RAS-infected cells suppressed expression of markers

of senescence including SA-b-gal activity, SAHF formation,

and senescence-induced cell growth arrest, and inhibited

DNA damage response revealed by decreased gH2AX foci

formation when compared to controls (Figures 5D–5H). These

data further support the conclusion that BRIP1 plays a major

role in BRCA1 chromatin association during RAS-induced

senescence.

We next sought to determine whether suppression of BRCA1

chromatin dissociation by BRIP1 depends on the phosphoryla-

tion of BRIP1 at S990. Compared with wild-type BRIP1, the

BRIP1 S990A mutant failed to rescue BRCA1 chromatin dissoci-

ation in RAS-infected cells (Figure 5A, lane 3 versus lane 4) and

was also impaired in restoring BRCA1 foci in cyclin A-positive

RAS-infected cells (Figures 5B and 5C). These results imply

that the interaction between BRIP1 and BRCA1 is necessary

for suppression of BRCA1 chromatin dissociation by BRIP1.

Notably, the BRIP1 S990A mutant failed to suppress senes-

cence and its associated DNA damage accumulation in RAS-in-

fected IMR90 cells (Figures 5D–5G). We conclude that suppres-

sion of senescence by ectopic BRIP1 is dependent on its

interaction with BRCA1.

Oncogenic RAS Impairs the BRCA1-Mediated DNA
Repair Response prior to RAS-Induced Cell Cycle Exit
during Senescence
We next asked whether oncogene-induced BRCA1 chromatin

dissociation inactivates the BRCA1-mediated DNA repair

response. Upon DNA damage BRCA1 foci largely disappear in

normal cycling cells, although new damage-induced foci form

hours after DNA damage during the S/G2 phase of the cell cycle

(Chen et al., 1998; Durant and Nickoloff, 2005; Scully et al.,

1997a; Xu et al., 2001). To determine the effects of oncogenic

RAS expression on the BRCA1-mediated DNA repair response,

at day 2, control and RAS-infected IMR90 cells were treated with

2 Gy of IR to induce DNA DSBs. Notably, IR did not prevent

BRCA1 chromatin dissociation in RAS-infected cells (Figure 6A).

This was not due to a lack of DNA damage induction by IR in

RAS-infected cells because nearly 100% of both control and

RAS-infected cells were positive for gH2AX foci (Figure 6B).

We next examined formation of damage-induced BRCA1 foci

in the S/G2 phases of cycling cells by costaining cells with anti-

bodies against BRCA1 and cyclin A 5 hr after IR treatment (Peng

et al., 2006; Zhang et al., 2009). As expected, BRCA1 foci were

significantly induced upon IR treatment in controls (Figures 6C

and 6D). However, formation of damage-induced BRCA1 foci

was severely impaired in RAS-infected IMR90 cells when

exposed to IR (Figures 6C and 6D).

Functional BRCA1 is required for relocating/sustaining BRCA2

and its partner protein PALB2 at damage-induced foci (Sy et al.,

2009; Zhang et al., 2009), which are critical for BRCA1-mediated

DNA DSB repair (Huen et al., 2010). Consistently, formation of

damage-induced BRCA2 and PALB2 foci was also significantly
Developmenta
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impaired in RAS-infected cells upon IR treatment compared to

controls (Figures 6E–6G). Based on these results, we conclude

that oncogenic RAS impairs the BRCA1-mediated DNA repair

response prior to the RAS-induced cell cycle exit during

senescence.

DNA Damage Promotes Senescence Bypass
in RAS-Infected Cells
The impaired ability of BRCA1 to repair DNA damage promotes

genomic instability, facilitates acquisition of oncogenic alter-

ations, and ultimately drives tumorigenesis (Turner et al., 2004).

Thus, we anticipated that impaired BRCA1-mediated DNA repair

might lead to DNA damage accumulation and allow for accumu-

lation of secondary hits that might promote senescence bypass.

Consistently, we reproducibly observed rare foci of senescence-

bypassed cells in RAS-infected IMR90 cells (Figure S6A). RAS

remains overexpressed in those cells (Figure S6B), suggesting

that senescence bypass is not due to loss of ectopic RAS

expression. To directly test our hypothesis, control and RAS-

infected IMR90 cells were treated with 2 Gy IR at day 2, and

the extent of DNA damage was measured by the comet assay.

At this time point, BRCA1 was largely dissociated from

chromatin in RAS-infected proliferative cells (Figure 1F). There

was increased DNA damage in IR-treated RAS-infected cells,

which was significantly greater than either IR-treated control

cells or RAS-infected cells without IR treatment (p < 0.05)

(Figures 7A and 7B). Notably, ectopic expression of wild-type

BRIP1, but not the BRIP1 S990A mutant, suppressed the DNA

damage accumulation in IR-treated RAS-infected cells (Figures

7C and 7D).

We next sought to determine whether this decreased ability

to repair DNA might lead to senescence bypass. We tested

this by focus formation and cell growth assays. Indeed, IR

treatment consistently induced senescence bypass as evi-

denced by both focus formation and apparent cell growth in

IR-treated cells compared to controls (Figures 7E and 7F).

Notably, senescence-bypassed cells formed colonies under

anchorage-independent growth condition in soft agar (Figures

7G and 7H). As a negative control, IR did not promote the

proliferation of control cells (Figure 7E; Figures S6D and S6E).

To eliminate the possibility that senescence bypass observed

in IR-treated cells was due to loss of ectopic RAS, these cells

were isolated and analyzed by western blot for exogenous RAS

expression. Compared with controls, RAS remained greatly

overexpressed in the senescence-bypassed cells (Figure 7I).

In addition, pRB was hyperphosphorylated, and p53 expres-

sion was reduced in the senescence-bypassed cells (Figure 7J),

suggesting that inactivation of the key senescence-promoting

pRB and p53 pathways contributes to the senescence bypass

induced by IR treatment. Notably, IR treatment has no effect on

senescence-associated cell growth arrest once RAS-infected

cells have exited from cell cycle (e.g., at day 7) (Figures S6C–

S6E). This result suggests that the senescence bypass

observed in IR-treated RAS-infected cells is not due to the

preexistence of senescence-resistant cells. Ectopic BRIP1

suppresses senescence (Figures 5D–5H), which prevented us

from determining whether rescuing BRCA1 chromatin dissocia-

tion by ectopic BRIP1 inhibits IR treatment-induced senes-

cence bypass in RAS-infected cells.
l Cell 21, 1077–1091, December 13, 2011 ª2011 Elsevier Inc. 1085
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Figure 6. BRCA1-Mediated DNA Repair Response Is Impaired prior to the Oncogene-Induced Cell Cycle Exit

(A) IMR90 cells were infected with control (C) or RAS (R)-encoding retrovirus. At day 2, drug-selected cells were treated with or without 2 Gy IR. After 5 hr of

recovery, expression of BRCA1, histone H3, and b-actin in total cell lysates and in the chromatin fractions was determined by western blot.

(B) Same as (A) but quantified for gH2AX foci formation in the indicated groups. Mean of three independent experiments with SD.

(C) Same as (A) but stained with antibodies against BRCA1 and cyclin A (using a rabbit anti-cyclin A antibody). Percentage of cyclin A-positive cells is indicated as

mean of three independent experiments with SD.

(D) Quantitation of (C). A total of 100 cyclin A-positive cells from each of the indicated groupswere examined for BRCA1 foci formation.Mean of three independent

experiments with SD.
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If senescence bypass in IR-treated cells is achieved through

accumulation of DNA damage and acquisition of secondary

hits due to BRCA1 chromatin dissociation induced by BRIP1

repression, we anticipated that BRIP1 might remain downregu-

lated, and BRCA1 might remain dissociated from chromatin

in the senescence-bypassed cells. Indeed, compared with

controls, BRIP1 remained downregulated, and BRCA1 remained

dissociated from chromatin in the senescence-bypassed cells

(Figure 7K). These results further support the idea that BRCA1

chromatin dissociation is not merely a consequence of senes-

cence-associated cell cycle exit because the senescence-

bypassed cells are highly proliferative. In addition, markers of

DNA damage (such as gH2AX and 53BP1 foci) were expressed

at higher levels in the senescence-bypassed cells compared to

controls (Figures 7L–7N). This is consistent with the idea that

BRCA1 chromatin dissociation contributes to DNA damage

accumulation in those cells. Together, these results suggest

that the loss of BRCA1-mediated DNA repair may also allow

for subsequent hits that ultimately enable a small fraction of

Ras-induced cells to bypass senescence.

DISCUSSION

Our study reveals that oncogenic RAS induces dissociation of

BRCA1 from chromatin prior to the cell cycle exit during RAS-

induced senescence. This dissociation of BRCA1 from chro-

matin coincides with DNA damage accumulation. Downregula-

tion of BRIP1, a BRCA1-binding partner, contributes to BRCA1

chromatin dissociation. Conversely, ectopic BRIP1 rescues

BRCA1 chromatin dissociation and suppresses RAS-induced

senescence. Significantly, the BRCA1-mediated DNA repair

response is impaired prior to the RAS-induced cell cycle exit,

which renders cells susceptible to the accumulation of

secondary hits. In some instances this may ultimately allow for

senescence bypass.

The Role of BRCA1 Chromatin Dissociation during
Oncogene-Induced Senescence
DNA damage persists in senescent cells (Rodier et al., 2009),

suggesting that defects in DNA repair may contribute to the

accumulation of DNA damage observed during senescence.

Our data reveal that BRCA1 chromatin dissociation coincides

with DNA damage accumulation, which occurs as early as the

hyperproliferation phase in RAS-infected cells (Figures 1F–1H,

1L, and 1M). A previous report by Di Micco et al. (2006) showed

that the accumulation of DNA damage closely follows the hyper-

proliferation phase in RAS-infected cells during senescence. The

basis for this minor discrepancy between these two reports

remains to be determined. It could be due to quantitative

approaches used in the current study, which make it easier to

reveal subtle differences at early stages (Figures 1L and 1M).

We showed that BRCA1 chromatin dissociation correlates with

the DNA damage response in both RAS and BRAF-infected cells
(E) Same as (C) but stained with antibodies against BRCA1 and BRCA2.

(F) Same as (C) but stained with antibodies against BRCA1 and PALB2.

(G) Quantitation of results from (E) and (F). A total of 100 cells from each of the in

Mean of three independent experiments with SD. *p < 0.02 versus control IR-tre
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(Figure 2). Furthermore, BRCA1 knockdown in primary human

cells triggers the DNA damage response and induces senes-

cence (Figure 3; Figure S3B and S3C). Finally, suppression of

BRCA1 chromatin dissociation by ectopic BRIP1 suppresses

the DNA damage induced by oncogenic RAS (Figures 5B–5E).

Together, these results support the notion that BRCA1 chro-

matin dissociation contributes to the accumulation of DNA

damage during oncogene-induced senescence.

Herein, we demonstrated that RAS-induced dissociation of

BRCA1 from chromatin precedes SAHF formation (Figures 1C–

1F), and BRCA1 knockdown drives SAHF formation (Figure 3).

Furthermore, BRCA1 chromatin dissociation correlates with

SAHF formation in IMR90 cells expressing RAS and BRAF onco-

genes (Figures 2A and 2B). Consistent with this idea that BRCA1

antagonizes heterochromatin formation and/or maintenance, it

has been previously demonstrated that targeting BRCA1 to an

amplified lac operator-containing chromosome region in the

mammalian genome results in large-scale chromatin unfolding

(Ye et al., 2001). We were unable to ectopically express wild-

type BRCA1 in primary human cells (data not shown), which

prevented us from determining whether ectopically expressed

BRCA1 might suppress SAHF formation. However, ectopic

BRIP1 was able to rescue BRCA1 chromatin dissociation and

suppress SAHF formation (Figures 5D and 5E). Together, these

findings support the idea that BRCA1 chromatin dissociation

promotes senescence by contributing to SAHF formation.

Suppression of the DNA damage response by ectopic BRIP1

inhibits SAHF formation (Figures 5B–5E). Conversely, knock-

down of BRCA1, which induces DNA damage, drives SAHF

formation (Figure 3; Figure S3). In addition, AKT or shPTEN,

neither of which dissociates BRCA1 from chromatin, also fails

to induce a DNA damage response or SAHF formation (Figure 2;

Figure S2). Together, these data suggest that DNA damage

response triggered by BRCA1 chromatin dissociation is required

for SAHF formation. Indeed, there is evidence to suggest that

formation of SAHF limits the degree of DNA damage response

during oncogene-induced senescence (Di Micco et al., 2011).

However, the DNA damage response is not sufficient for SAHF

formation, which also requires activation of p16/pRB and

HIRA/PML pathways (Narita et al., 2003; Ye et al., 2007; Zhang

et al., 2005, 2007a). Overall, these results support the notion

that DNA damage is necessary but not sufficient for SAHF

formation.

The Role of BRIP1 Repression during
Oncogene-Induced Senescence
Stable BRIP1 knockdown reduces damage-induced BRCA1 foci

formation, and BRIP1-deficient cells demonstrate defects in the

number and intensity of BRCA1 foci (Peng et al., 2006). This

suggests that BRIP1 plays an important role in BRCA1-mediated

DNA repair. BRIP1 has been shown to be significantly downre-

gulated in response to RAS expression in primary human fibro-

blasts based on gene expression microarray analysis, while
dicated group were examined for BRCA1, BRCA2, and PALB2 foci formation.

ated cells. Cont, control.
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Figure 7. DNA Damage Promotes Senescence Bypass

(A) IMR90 cells were infected with control or RAS-encoding retrovirus, and drug-selected cells were treated with or without 2 Gy IR at day 2. After 5 hr of recovery,

comet assays were performed to detect DNA damage. Shown are representative images of six independent experiments. The white bar indicates an example of

the comet tails that reflect the extent of DNA damage. Note that a shorter exposure time was used here compared with Figure 2F to avoid saturation of comet tail

signal in IR-treated RAS-infected cells.

(B) Quantitation of results from (A). A total of 120 cells from each of the indicated groups were measured for Olive Moment. Means of Olive Moment with SEM are

indicated in blue. Note that there was a significant increase in DNA damage in RAS-infected cells without IR treatment compared with controls (p < 0.05).

(C) Same as (A). Comet assayswere performed to detect DNA damage in the indicated cells. Shown are representative images of three independent experiments.

Cont, control.

(D) Quantitation of results from (C). A total of 100 cells from each of the indicated groups were measured for Olive Moment. Means of Olive Moment with SEM are

indicated in blue.

(E) At day 2, control and RAS-infected BJ-hTERT cells were treated with or without 2 Gy IR. Equal numbers of the indicated cells (33 103 cells/well) were plated in

6-well plates for focus formation assays. After 2 weeks of culture, the plates were stained with 0.05% crystal violet in PBS to visualize foci. Shown are repre-

sentative images of four independent experiments. The number of foci is indicated as mean with SD.
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CtIP and RAP80 are not among the list of genes whose expres-

sion is significantly changed in the same analysis (Mason et al.,

2004). Interestingly, BRIP1, but not CtIP or RAP80/Abraxas,

regulates DNA replication and is required for timely S phase

progression (Huen et al., 2010; Kumaraswamy and Shiekhattar,

2007), implying that the BRCA1/BRIP1 complex may regulate

senescence by altering DNA replication. In support of this idea,

RAS-induced senescence is characterized as a DNA damage

response triggered by aberrant DNA replication (Di Micco

et al., 2006). Furthermore, B-Myb, a key regulator of BRIP1

expression (Figure 4D; Figures S4C and S4D), is critical for

proper DNA replication and regulates the DNAdamage response

(Ahlbory et al., 2005; Lorvellec et al., 2010). Notably, BRIP1 is ex-

pressed at higher levels in advanced breast carcinomas, and its

overexpression correlates with a higher cell proliferation index

(Eelen et al., 2008), supporting the notion that high levels of

BRIP1may contribute to cell proliferation by suppressing senes-

cence (Figure 5). Taken together, these data imply a key role for

BRIP1 in accumulation of DNA damage during oncogene-

induced senescence.

The Role of BRCA1 Chromatin Dissociation in
Senescence Bypass
Oncogene-induced BRCA1 chromatin dissociation precedes

the cell cycle exit during senescence (Figure 1). Significantly,

oncogenic RAS impairs BRCA1-mediated DNA repair response

prior to the cell cycle exit during senescence (Figures 6 and 7).

This allows for the creation of a large time window for cells to

accumulate secondary oncogenic hits prior to the senescence-

associated cell cycle exit, which ultimately leads to senescence

bypass in a minority of cells while the vast majority of cells

eventually exit from the cell cycle and become senescent.

Consistent with this model, RAS-expressing cells accumulate

significantly greater DNA damage after IR treatment, and IR

treatment promotes senescence bypass in RAS-infected cells

(Figure 7). The mechanism we uncovered here may help explain

the paradox of why activation of oncogenes (such as RAS)

promotes senescence but at the same time predisposes cells

to transformation.

EXPERIMENTAL PROCEDURES

Chromatin Isolation and Chromatin Immunoprecipitation

Chromatin was prepared according to published methods (Méndez and

Stillman, 2000; Narita et al., 2006). Soluble proteins in supernatant 1 (SN1,

cytoplasmic) and 2 (SN2, nuclear) and chromatin-bound proteins in the chro-

matin fraction were detected by western blot.
(F) Same as (E), but an equal number (13 104) of indicated cells were inoculated an

points. Mean of three independent experiments with SD.

(G) Equal numbers of parental and senescence-bypassed cells were grown under

colonies formed by the senescence-bypassed cells.

(H) Quantitation of (G). Mean of three independent experiments with SD.

(I) Expression of RAS and b-actin in control (C) and the senescence-bypassed (S

(J) Same as (I) but assayed for pRB, p53, and b-actin expression by western blo

(K) Same as (I) but examined for expression of BRIP1, BRCA1, and histone H3 in

(L) Same as (I) but stained with an anti-gH2AX antibody.

(M) Same as (L) but stained with an anti-53BP1 antibody. Arrows point to examp

(N) Quantitation of (L) and (M). A total of 100 cells from each indicated group we

experiments with SD.

See also Figure S6.
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Chromatin immunoprecipitation in control and RAS-infected IMR90 cells

was performed at day 6 as previously described (Zhang et al., 2007b) using

a monoclonal anti-B-Myb antibody (Santa Cruz Biotechnology) or an iso-

type-matched IgG control. Immunoprecipitated DNA was analyzed using

SYBR Green quantitative PCR (SABiosciences) against the human BRIP1

gene promoter region containing the B-Myb binding site using the following

primers: forward, 50-ATAAAGCGGAGCCCTGGAAGAGAA-30; reverse, 50-
ATTCGTCTCGGGTTGTGTG-GTTGA-30.

Comet Assay

The comet assay was performed with the CometAssay (Trevigen) kit following

the manufacturer’s instructions. DNA damage was measured as the artificial

Olive Moment using CometScore software downloaded from http://www.

tritekcorp.com. To determine significance, the t test was performed using

GraphPad Prism software (http://www.graphpad.com).

Anchorage-Independent Growth in Soft Agar and Focus Formation

Assay

Anchorage-independent growth in soft agar was performed as previously

described (Li et al., 2010). For focus formation, 4 days after initial infection,

control or oncogenic H-RASG12V-encoding retrovirus-infected BJ-hTERT cells

were treated with 2 Gy IR. Cells were cultured for 6 days to eliminate the

apoptotic cells induced by IR. Then, control and H-RASG12V-expressing cells

with or without IR treatment were seeded into 6-well plates at a density of

3000 cells/well in triplicate. Two weeks later, the plates were stained with

0.05% crystal violet in PBS (Kuilman et al., 2008).

Retrovirus and Lentivirus Infections

Retrovirus production and transduction were performed as described previ-

ously (Ye et al., 2007; Zhang et al., 2005) using Phoenix cells to package the

infection viruses (Dr. Gary Nolan, Stanford University). Lentivirus was pack-

aged using the ViraPower Kit from Invitrogen following the manufacturer’s

instructions and as described previously (Li et al., 2010; Ye et al., 2007). Cells

infectedwith viruses encoding a drug-resistant gene to puromycin or neomycin

were selected in 1 and 500 mg/ml, respectively, of the corresponding agent.

Immunofluorescence, BrdU Labeling, FACS, and SA-b-gal Staining

Immunofluorescence staining and BrdU labeling for cultured cells were per-

formed as described previously using antibodies described above (Zhang

et al., 2005, 2007a, 2007b). Soluble protein pre-extraction with detergent

was carried out as described previously (Taddei et al., 2001). Briefly, cells

were incubated with PBS supplemented with 0.5% Triton X-100 for 5 min at

room temperature, followed by fixation in 4% paraformaldehyde (Sigma-

Aldrich) for 10 min. Fixed cells were incubated with a rabbit anti-BRCA1

antibody for 1 hr at room temperature and visualized by incubating the cells

with goat anti-rabbit Cy3 (Jackson ImmunoResearch; 1:5000) secondary

antibody followed by detection of BrdU using a FITC-labeled anti-BrdU anti-

body (BD Biosciences). FACS was performed as previously described (Ye

et al., 2007), and FlowJo software was used to analyze cell cycle distribution.

SA-b-gal staining was performed as previously described (Dimri et al., 1995).

For additional information about cell culture methods, RT-PCR, and lucif-

erase assays, as well as antibodies and plasmids used in this study, please

see the Supplemental Experimental Procedures.
d cultured. The number of cells from each group was counted at indicated time

anchorage-independent conditions in soft agar. Arrow points to an example of

B) cells isolated from (F) was determined by western blot.

t.

total cell lysates and in the chromatin fractions by western blot.

les of 53BP1 foci-positive cells.

re examined for gH2AX and 53BP1 foci formation. Mean of three independent
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Research Article

ALDH1A1 Is a Novel EZH2 Target Gene in Epithelial Ovarian
Cancer Identified by Genome-Wide Approaches

Hua Li1, Benjamin G. Bitler1, Vinod Vathipadiekal4, Marie E. Maradeo2, Michael Slifker3, Caretha L. Creasy5,
Peter J. Tummino5, Paul Cairns2, Michael J. Birrer4, and Rugang Zhang1

Abstract
Epithelial ovarian cancer (EOC) remains the most lethal gynecologic malignancy in the United States.

EZH2 silences gene expression through trimethylating lysine 27 on histoneH3 (H3K27Me3). EZH2 is often

overexpressed in EOC and has been suggested as a target for EOC intervention. However, EZH2 target genes

in EOC remain poorly understood.Here, wemapped the genomic loci occupied by EZH2/H3K27Me3using

chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq) and globally profiled

gene expression in EZH2-knockdown EOC cells. Cross-examination of gene expression and ChIP-seq

revealed a list of 60 EZH2 direct target genes whose expression was upregulated more than 1.5-fold upon

EZH2 knockdown. For three selected genes (ALDH1A1, SSTR1, and DACT3), we validated their upregula-

tion upon EZH2 knockdown and confirmed the binding of EZH2/H3K27Me3 to their genomic loci.

Furthermore, the presence of H3K27Me3 at the genomic loci of these EZH2 target genes was dependent

upon EZH2. Interestingly, expression of ALDH1A1, a putative marker for EOC stem cells, was significantly

downregulated in high-grade serous EOC (n ¼ 53) compared with ovarian surface epithelial cells (n ¼ 10,

P < 0.001). Notably, expression of ALDH1A1 negatively correlated with expression of EZH2 (n ¼ 63,

Spearman r ¼ �0.41, P < 0.001). Thus, we identified a list of 60 EZH2 target genes and established that

ALDH1A1 is a novel EZH2 target gene in EOC cells. Our results suggest a role for EZH2 in regulating EOC

stem cell equilibrium via regulation of ALDH1A1 expression. Cancer Prev Res; 5(3); 484–91.�2011 AACR.

Introduction
Epithelial ovarian cancer (EOC) accounts formoredeaths

than anyother gynecologicmalignancy in theUnited States.
EOCs are classified into distinct histologic types including
serous, mucinous, endometrioid, and clear cell (1). The
most common histology of EOC is serous (�60% of all
cancers) and less common histologies include endome-
trioid, clear cell, andmucinous (1). Recently, an alternative
classification has been proposed, in which EOC is broadly
divided into 2 types (2). Type I EOC includes mucinous,
low-grade serous, low-grade endometrioid, and clear cell
carcinomas, and type II EOC includes high-grade serous
carcinomas, which is the most lethal histosubtype (2).

Enhancer of zeste homology 2 (EZH2) is a histone
methyltransferase that mediates gene silencing by catalyz-
ing the trimethylation on lysine 27 of histone H3
(H3K27Me3; ref. 3). EZH2 is often expressed at higher
levels in human EOC cells, and its expression positively
correlates with cell proliferation in these cells (4). Further
underscoring the importance of EZH2 in EOC, EZH2
knockdown triggers apoptosis and inhibits the invasion of
human EOC cells (4). In addition, EZH2 is overexpressed in
ovarian tumor–associated endothelial cells, which pro-
motes angiogenesis (5). Finally, there is evidence to suggest
that EZH2 is overexpressed in ovarian cancer stem cell–like
populations enriched by chemotherapy (6). Accordingly,
EZH2 has been suggested as a putative target for developing
EOC therapeutics. Thus, it is important to identify EZH2
target genes in EOC to gain insights into the biology of the
disease and to facilitate translational EOC research related
to EZH2. Although a number of EZH2 target genes have
been characterized in a few cancer types, including prostate
and breast, using chromatin immunoprecipitation (ChIP)-
on-chip analysis (7, 8), studies that aim to globally identify
EZH2 target genes in EOC cells have yet to be conducted.

Here, we report the identification of direct EZH2 target
genes in human EOC cells using a combination of genome-
wide approaches. Specifically, we identified the genomic
loci occupied by EZH2/H3K27Me3 using ChIP followed by
next-generation sequencing (ChIP-seq). In addition, we
discovered a list of genes whose expression was upregulated
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more than 1.5-fold in EZH2-knockdown EOC cells com-
pared with controls using gene expression microarray anal-
ysis. Cross-examination of gene expression profiling and
ChIP-seq analysis revealed a list of 60 genes that are direct
EZH2/H3K27Me3 target genes, including 56 novel putative
EZH2 target genes. For validation, we selected 3 genes that
are implicated in regulating stem cells, apoptosis, cell
growth, or invasion. We validated their upregulation upon
EZH2 knockdown in EOC cells and confirmed the binding
of EZH2/H3K27Me3byChIP analysis. Interestingly, expres-
sion of ALDH1A1, a putative marker for EOC stem cells (9–
11), was expressed at significantly lower levels in high-grade
serous EOC than in normal human ovarian surface epithe-
lial (HOSE) cells and negatively correlated with expression
of EZH2.

Materials and Methods
Cell culture, short hairpin RNA, lentivirus packaging
and infection
The SKOV3 human EOC cell line was cultured according

to the American Type Culture Collection and as previously
described (4, 12). SKOV3 cell line identification was further
confirmed by DNADiagnostic Center. The sense sequences
of 2 individual short hairpin RNAs (shRNA) to the human
EZH2 genes are as we have previously published (4). Len-
tivirus packaging was conducted using ViraPower system
(Invitrogen) according to the manufacturer’s instruction
and as previously described (4). Briefly, SKOV3 cells at
40% to 50% confluency were infected with lentivirus
expressing shRNA to EZH2 or vector control. The infected
cells were drug selected with 3 mg/mL of puromycin to
eliminate noninfected cells.

Antibodies, Western blot analysis, RNA isolation, and
quantitative reverse-transcriptase PCR
The following antibodies were used for Western blot

analysis:mouse anti-EZH2 (1:2,500; BDBioscience), rabbit
anti-H3K27Me3 (1:1,000; Cell Signaling), and mouse anti-
GAPDH (1:10,000; Millipore). RNA from cultured human
SKOV3 EOC cells was isolated using TRIzol (Invitrogen)
according to the manufacturer’s instruction. For quantita-
tive reverse-transcriptase PCR (qRT-PCR), TRIzol-isolated
RNA was further purified using an RNeasy kit (Qiagen)
following the manufacturer’s instruction. The primers for
ALDH1A1, SSTR1, and DACT3 genes used for qRT-PCR
were purchased from Applied Biosystems. Expression of
the housekeeping gene b-2-microglobulin was used to nor-
malize mRNA expression.

ChIP-seq analysis and ChIP validation for selected
EZH2 target genes
Briefly, SKOV3 cells were fixedwith 1% formaldehyde for

15 minutes and quenched with 0.125 mol/L glycine. Chro-
matin was isolated by adding lysis buffer (1% SDS, 10
mmol/L EDTA, 50 mmol/L Tris-HCl, pH 8.1, 1 mmol/L
phenylmethylsulfonylfluoride) followed by disruption
with a Dounce homogenizer. Lysates were sonicated using

a Misonix Sonicator 3000 to shear the DNA to an average
length of 300 to 500 bp. Lysates were cleared by centrifu-
gation to collect chromatin suspensions. Prior to their use in
the ChIP protocol, protein A agarose beads (Invitrogen)
were preblocked using blocking proteins and nucleic acids
for 3 hours. For eachChIP reaction, an aliquot of chromatin
(20–30 mg) was precleared with 30 mL preblocked protein A
agarose beads for 1 to 2 hours. ChIP reactions were set up
using precleared chromatin and antibody (anti-
H3K27Me3, Millipore 07-449; anti-EZH2, Millipore 07-
689) and incubated overnight at 4�C. Preblocked protein
A agarose beads were added and incubation at 4�C was
continued for another 3 hours. Agarose beads containing
the immune complexes were washed, and the immune
complexes eluted from the beads were subjected to RNase
treatment at 37�C for 20 minutes and proteinase K treat-
ment at 37�C for 3 hours. Cross-links were reversed, and
ChIPDNAswere purified by phenol–chloroform extraction
and ethanol precipitation.

ChIP DNA was amplified using the Illumina ChIP-Seq
DNA Sample Prep Kit. In brief, DNA was resonicated and
ends were polished and 50-phosphorylated using T4 DNA
polymerase, Klenow polymerase, and T4 polynucleotide
kinase. After addition of 30-A to the ends using Klenow
fragment (30–50 exo minus), Illumina genomic adapters
were ligated and the sample was size-fractionated (300–
400 bp) on a 2% agarose gel. After a final PCR amplification
step (18 cycles, Phusion polymerase), the resulting DNA
libraries were quantified and tested by qPCR at the same
specific genomic regions as the original ChIP DNA to assess
quality of the amplification reactions. DNA libraries were
sequenced on a Genome Analyzer II. Sequences (36-nucle-
otide reads) were aligned to the human genome (NCBI
Build 37.1/hg19) using Eland software (Illumina). Aligned
sequences were extended in silico at their 30-ends to a length
of 240 bp, which is the average genomic fragment length in
the size-selected library, and assigned to 32-nucleotide bins
along the genome. The resulting histograms were stored in
BAR (Binary Analysis Results) files. Peak locations were
determined using the MACS algorithm.

For validation of binding of EZH2/H3K27Me3 to the
genomic loci of the selected EZH2/H3K27Me3 target genes,
SKOV3 EOC cells were transduced with lentivirus encoding
control or shEZH2. Drug-selected cells were subjected to
ChIP analysis as previously described (13, 14). The follow-
ing antibodies were used to conduct ChIP: anti-EZH2 (C11,
BD Biosciences), anti-H3K27Me3 (C36B11, Cell Signal-
ling), and anti-histone H3 (05-928, Millipore). An iso-
type-matched IgG was used a negative control. Immuno-
precipitated DNA was analyzed with PCR against the geno-
mic regions ofALDH1A1 (forward: 50-TGGCACTGGTTATT-
CAACGTGGTC-30 and reverse: 50-GAGGGTGGAAGCT-
CTTGTAGGTTT-30), DACT3 (forward: 50-CACACACACA-
CACAAACAGTGCCT-30 and reverse: 50-TTCCTCCAAC-
TAGGCTGGCAGTTT-30) and SSTR1 (forward: 50-TAGCC-
TAAGCTGCCTGCTGTGTTA-30 and reverse: 50-AAAGTG-
CATGTGCGGTCTGTTAGC-30). PCR products were visual-
ized on a 2% agarose gel.

EZH2 Targets ALDH1A1 in EOC
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Gene expression microarray analysis
For gene expression microarray analysis in SKOV3 cells,

500ng of total RNAwas amplified and labeled usingAgilent
QuickAmp labeling kit following the manufacturer’s pro-
tocol. A total of 1.65 mg of Cy-3–labeled cRNA targets were
hybridized onto Agilent 4 � 44 k whole genome arrays for
17 hours at 65�C and washed according to procedure
described by Agilent. The hybridized slides were scanned
at 5-mm resolution on an Agilent scanner (Agilent), and
fluorescent intensities of hybridization signals are extracted
using Agilent Feature Extraction software.

Data sets
Gene expression microarray data sets for 53 cases of laser

capture and microdissected (LCM) high-grade serous EOC
and 10 individual isolations of normal HOSE cells were
obtained from Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/; GEO accession number:
GSE18521).

Statistical analysis
Quantitative data are expressed as mean � SD unless

otherwise stated. ANOVA with Fisher least significant dif-
ference (LSD) was used to identify significant differences in
multiple comparisons. Spearman test was used to measure
statistical dependence between EZH2 mRNA levels and
ALDH1A1mRNA levels. For all statistical analyses, the level
of significance was set at 0.05.

Results and Discussion
Genome-wide mapping of EZH2/H3K27Me3 direct
target genes in human EOC cells

To identify genes whose expression was suppressed by
EZH2, we conducted gene expressionmicroarray analysis in
control and EZH2-knockdown SKOV3 human EOC cells.
Two individual shRNAs to the human EZH2 gene (shEZH2)
were used to limit potential off-target effects. Knockdown
efficacy was confirmed by immunoblotting analysis
(Fig. 1A). EZH2 knockdown notably decreased the levels
of H3K27Me3, which is consistent with the idea that EZH2
plays a major role in regulating the levels of H3K27Me3 in
humanEOCcells (Fig. 1A). A list of 148 genes and501genes
were upregulated more than 1.5-fold by shEZH2#1 and
shEZH2#2, respectively, whereas 128 genes overlapped
between the 2 different shEZH2s (Fig. 1B). Further data
can be found at GEO database upon publication (GEO
access number:GSE31433). Thedifference in the number of
the genes altered by 2 individual shEZH2s may be due to
different degrees of EZH2 knockdown. Consistent with this
possibility, shEZH2#2, which decreases EZH2 levels with
better efficacy than shEZH2#1, resulted in a greater number
of upregulated genes (Fig. 1A and B). Alternatively, the
differences in gene upregulation observed with individual
EZH2 shRNAsmay be due to off-target effects. To avoid this
potential issue, we chose to analyze the genes that are
upregulated by both shEZH2s. Of note, some of the known
EZH2 target genes were approaching the 1.5-fold upregula-

tion cutoff point but were not included in further analysis,
including VASH1 (5) and E-cadherin (ref. 15; data not
shown). Although the conservative approach we imple-
mented may lead to missing certain EZH2 target genes, we
felt these rigorous methods allowed us to minimize false-
positive EZH2 target genes in human EOCs.

We next sought to identify genomic loci that are directly
bound by EZH2/H3K27Me3. Toward this goal, we con-
ducted ChIP-seq analysis in SKOV3 human EOC cells using
antibodies specific to EZH2 or H3K27Me3. EZH2 and
H3K27Me3 occupancy was mapped to the genomic loci of

Figure 1. Identification of EZH2 target genes in human SKOV3 EOC cells.
A, SKOV3 cells were infected with indicated lentivirus encoding shEZH2
or control. Drug-selected cells were examined for expression of EZH2,
H3K27Me3, and GAPDH by immunoblotting analysis using indicated
antibodies. B, schematic of experimental strategies used to identify EZH2
target genes. Genes whose expression was upregulated more than 1.5-
fold upon EZH2 knockdown by 2 individual shEZH2 were identified by
global gene expression microarray analysis. Genomic loci occupied by
EZH2/H3K27Me3 were profiled by ChIP-seq analysis. C, cross-
examination of gene expression profiling and ChIP-seq analysis as
illustrated in (B) revealed a list of 60 putative EZH2 target genes in human
SKOV3 EOC cells. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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3,223 and 5,922 genes, respectively, and 2,678 genes were
associated with both EZH2 and H3K27Me3 (Fig. 1B and
Supplementary Table S1). The difference between the num-
ber of genes whose locus was occupied by EZH2 and
H3K27Me3 may reflect the difference in affinity of the
antibodies used for ChIP. Alternatively, formethylated sites
not bound by EZH2, it is possible that other epigenetic
regulators in addition to EZH2 can also generate
H3K27Me3. Consistently, EZH1, a homolog of EZH2 in
human cells, is also capable of catalyzing H3K27Me3 epi-
geneticmodifications, albeit at a lower rate than EZH2 (16).
Furthermore, genes bound by EZH2, but not H3K27Me3,
may reflect an H3K27Me3-independent function for EZH2
as previous reports have suggested (for example, see ref. 17).
To identify the genes that are directly silenced by EZH2,

we cross-examined the gene expression and ChIP-seq data.
As a result, we identified a list of 60 EZH2/H3K27Me3 target
geneswhose expressionwasupregulatedmore than1.5-fold
upon EZH2 knockdown in SKOV3 human EOC cells (Fig.
1C). Further confirming our approach, 4 of the 60 identified
genes have previously been shown as EZH2/H3K27Me3
target genes, namely, SNAC (18), H19 (19), DIRAS3 (20),
and DACT3 (21). Notably, Ingenuity networks analysis
revealed that the networks enriched by the identified genes
included (i) cell death, growth, andproliferation (e.g.,BMF,
DAPK2, NLRP1, and DIRAS3) and (ii) reproductive system
development and cancer (e.g., EAF2,ALDH1A1, SSTR1, and
MAGEH1; data not shown). This is consistent with the
proliferation-promoting and apoptosis-suppressing func-
tion of EZH2, which we have previously reported in human
EOC cells (4).
Interestingly, thenumber of genes upregulatedmore than

1.5-fold upon EZH2 knockdown is notably lower than the
number of genes whose genomic loci are directly occupied
by EZH2/H3K27Me3 (Fig. 1B). This result suggests that
additional mechanisms may cooperate with EZH2/
H3K27Me3 in silencing or reactivating EZH2 target genes.
Consistent with this idea, previous reports have shown that
EZH2 target genes are also subject to epigenetic silencing by
H3K9Me3 (22) or histone deacetylase (23). This implies
that to achieve maximum reactivation of EZH2/
H3K27Me3-silenced target genes in human EOC cells,
additional epigenetic gene silencing mechanisms may be
considered for simultaneous targeting together with EZH2

inhibition. Alternatively, this result may be due to the
bivalent modification (i.e., H3K27Me3 and H3K4Me3) at
the genomic loci of those upregulated genes, which primes
those genes for activationwhile keeping them silenced (24).
Further studies are warranted to differentiate these
possibilities.

Validation of the selected EZH2 target genes in human
EOC cells

The list of upregulated genes was prioritized for valida-
tion by examining their expression in the newly released the
Cancer Genomics Atlas (TCGA) ovarian database (25). We
first chose those genes whose expression was downregu-
lated more than 2-fold in more than 75% of EOC cases in
TCGA ovarian database. In addition, known imprinted
genes such as H19 (19) and DIRAS3 (20) or poorly anno-
tated genes were excluded. Given that EZH2 promotes
proliferation and invasion, suppresses apoptosis, and reg-
ulates stem cell–like population in human EOCs (4, 6), we
selected 3 identified EZH2/H3K27Me3 target genes with
one or more of these roles for validation studies. Those
genes are ALDH1A1 (11), SSTR1 (26), and DACT3
(ref. 21; Table 1).

We first validated the upregulation of the selected 3 genes
in EZH2-knockdown SKOV3 human EOC cells by qRT-
PCR. Indeed, all 3 selected genes were significantly upre-
gulated in shEZH2-expressing SKOV3 cells compared with
controls (Fig. 2, P < 0.05 vs. controls.). In addition, all 3
genes were upregulated by both shEZH2s, and there was a
correlation between the degree of EZH2 knockdown and
the levels of upregulationof these genes (Figs. 1A and2).We
conclude that EZH2 knockdown upregulates the expression
of ALDH1A1, SSTR1, and DACT3 in SKOV3 human EOC
cells.

Next, we sought to validate the binding of EZH2/
H3K27Me3 to the genomic loci of the selected genes.
Toward this goal, we conducted ChIP analysis using anti-
bodies specific to EZH2 or H3K27Me3, respectively. An
isotype-matched IgG was used as a negative control, and
an antibody to the core histone H3 was used as a positive
control for ChIP analysis. Indeed, we observed the binding
of both EZH2 and H3K27Me3 to the genomic loci of the
selected EZH2 target genes in SKOV3 human EOC cells as
determined by ChIP analysis (Fig. 3).

Table 1. Three putative EZH2 target genes identified by genome-wide approaches selected for further
validation

Gene name Location Function
% TCGA cases
downregulated >2-fold

NM_000689 ALDH1A1 9q21.13 Cancer stem cell marker 96
NM_001049 SSTR1 14q13 Proliferation and invasion inhibitor,

cell signaling
95

NM_145056 DACT3 19q13.32 Apoptosis inducer, Wnt signaling
antagonist
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We next sought to determine whether the occupancy of
H3K27Me3 on the genomic loci of EZH2 target genes
depends upon EZH2. Toward this goal, we conducted the
ChIP analysis in EZH2-knockdown SKOV3 EOC cells.
Indeed, knockdown of EZH2 severely weakened the asso-
ciation of both EZH2 andH3K27Me3 to the genomic loci of
the selected EZH2 target genes (Fig. 3). This result suggests
that EZH2 plays a major role in regulating H3K27Me3
modification on the genomic loci of these genes in human
EOC cells. This result also implies that the binding of EZH2/
H3K27Me3 to the genomic loci of these genes we observed
here is specific.

Expression of EZH2 inversely correlates with
expression of ALDH1A1

We next sought to determine whether there is an inverse
correlation between expression of EZH2 and expression of
the EZH2 target genes that we have identified and validated
in this study. In addition to EOC cells, EZH2 is upregulated

in ovarian tumor–associated endothelial cells (5). To limit
the confounding effects of EOC-associated stromal cells
(including EOC-associated endothelial cells), we chose to
analyze the correlation between expression of EZH2 and its
target genes in specimens from LCM high-grade serous
subtype EOC, which accounts for the majority of EOC-
associated mortalities (27).

EZH2 is expressed at higher levels in human EOC cells
than in normal HOSE cells (4). Therefore, we hypothesized
that EZH2 target genes that are silenced by EZH2 would be
expressed at lower levels in human EOC cells. Toward
testing this hypothesis, we examined the expression of
EZH2 and the 3 validated EZH2 target genes in a published
microarray database, which compares the gene expression
profile in 53 cases of LCM high-grade serous EOCs and 10
individual isolations of primary HOSE cells (28). Consis-
tent with our previous report (4), EZH2 was expressed at
significantly higher levels in human EOCs than in primary
HOSE cells (P < 0.001; Fig. 4A and B). Notably, the EZH2
target gene ALDH1A1 was expressed at significantly lower
levels in human EOCs than in normal HOSE cells (P <
0.001; Fig. 4C and D). Indeed, there was a negative corre-
lation between expression of EZH2 and its target gene
ALDH1A1 in a Spearman statistical analysis of the cases
including both EOCand primaryHOSE cells (P < 0.001 and
r ¼ �0.41; Fig. 4E, including both open circles and solid
dots). However, the coefficiency Spearman r is 0.41. This
result indicates that other factors may also play a role in the
expression relation. Consistently, there is evidence to sug-
gest that Notch signaling also regulates ALDH1A1 expres-
sion (29). In addition, the correlation between expression
of EZH2 and ALDH1A1 is not significant among EOC cases
(P ¼ 0.81; Fig. 4E, solid dots only). This may be due to the
fact the ALDH1A1 is expressed at very low levels in the vast
majority of EOC cases, and thus, the variation in expression
may simply be a reflection of experimental variations.

Comparing EOCs with normal HOSE cells, ALDH1A1
showed a high fold change in expression (>8-fold), whereas
SSTR1 (�3.5-fold) or DACT3 (<1.5-fold) only showed a
moderate to minimal fold change in expression (Fig. 4D
and Supplementary Fig. S1). It is possible that EZH2 is the

Figure 2. Validation of upregulation
of the selected EZH2-silenced
target genes inSKOV3humanEOC
cells upon EZH2 knockdown by
qRT-PCR. SKOV3 cells were
infected with lentivirus encoding
the indicated shEZH2s or control.
After drug selection, mRNA was
extracted and examined for
expression of (A)ALDH1A1mRNA,
(B) SSTR1 mRNA, and (C) DACT3
mRNA by qRT-PCR. Expression of
b-2-microglobulin was used to
normalize the expression of
ALDH1A1, SSTR1 and DACT3
mRNA. �, P < 0.05 compared with
controls.

Figure3. Validationof occupancyof thegenomic loci of the selectedEZH2
target genes by EZH2 and H3K27Me3 in SKOV3 human EOC cells using
ChIP analysis. Control and shEZH2#2-expressing SKOV3 cells were
subjected to ChIP analysis using antibodies specific to EZH2 or
H3K27Me3, respectively. An isotype-matched IgG was used as a
negative control, and an antibody specific to core histoneH3wasused as
a positive control. After ChIP analysis, the genomic loci of the indicated
genes were subjected to PCR amplification using primers detailed in
Materials and Methods. Please see Fig. 1A for shEZH2 knockdown
efficacy. Shown are representative images of 3 independent
experiments. Note that for H3K27Me3ChIP, a low number of PCR cycles
were used compared with EZH2 or histone H3 ChIP to avoid
oversaturation of signals.
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major epigenetic regulator of ALDH1A1, whereas addition-
al epigenetic silencing mechanisms may contribute to sup-
pression of the other 2 validated EZH2 target genes. In
support of this possibility, EZH2 knockdown induced
much greater levels of upregulation for ALDH1A1 (up to
22-fold) than the other 2 EZH2 target genes (Fig. 2).
Next, we sought to examine the correlation between

expression of EZH2 or ALDH1A1 and survival of patients
with high-grade serous EOC. Consistent with our previous
report (4), the difference in overall survival between high
and lowEZH2 expression inpatientswith high-grade serous
EOC was not significant (P ¼ 0.1684; Supplementary Fig.
S2). In addition, the difference in survival between low
ALDH1A1 expression group and high ALDH1A1 group was
not significant (P ¼ 0.7789; Supplementary Fig. S2). In
contrast to our results, high ALDH1A has previously been
reported to be associated with poor prognosis in patients
with EOC (10, 30). The basis for this discrepancy remains to
be determined. However, the discrepancy could be due to
different methods that were used in this study (microarray)
versus the other 2 studies (immunohistochemical staining).
ALDH1A1 has been reported as a marker of cancer stem

cells in certain types of cancers including breast and ovarian
(10, 29, 31–33). Likewise, EZH2 plays an important role in
stem cell biology (34). Our data suggest that EZH2 directly
regulates the levels of ALDH1A1 in EOC cells, implying that
EZH2 may regulate the EOC stem cell population by con-
trolling the levels of ALDH1A1 expression. Similarly, it has
been shown that EZH2 directly regulates the epigenetic
status of Nanog, an important factor for both embryonic

stem cell and induced pluripotent stem cells, to balance the
equilibrium between self-renewal and differentiation of
stem cells (35). Similarly, other putative markers of cancer
stem cells [such as CD133 (ref. 36) and TACSTD2 (ref. 37)]
have been also reported to behypermethylated in cancerous
cells. While the expression in stem cells will be masked by
the vastly more abundant non–stem cell population in our
or any similar analysis, it is nevertheless intriguing that
differential expression of ALDH1A1 has been described as a
marker of stemness in cancer, including in EOC (10, 33).
Together, our data suggest that EZH2may regulate the EOC
stem cell population by controlling the levels of ALDH1A1
expression. Our future work will test this hypothesis.

In the present study, using a combination of global
gene expression profiling and genome-wide ChIP-seq
analysis, we identified a list of 60 EZH2 direct target
genes, whose expression was upregulated more than
1.5-fold upon EZH2 knockdown in human EOC cells.
These genes include 56 novel putative EZH2 target genes
and 4 known EZH2 target genes. We validated 3 selected
EZH2 target genes that are implicated in regulating cancer
stem cells, cell proliferation, apoptosis, and cell invasion.
We showed that ALDH1A1, a putative marker of EOC
stem cells (11), was expressed at lower levels in high-
grade serous EOCs than in normal HOSE cells, and there
was a negative correlation between expression of EZH2
and expression of ALDH1A1. Further studies are war-
ranted to mine the data presented here as well as func-
tional characterization of the identified EZH2 target
genes. These studies should provide important insights

Figure 4. EZH2 targets ALDH1A1 in high-grade serous subtype EOC. A, relative expression of EZH2mRNA in 53 cases of LCMhigh-grade serous EOCand 10
individual isolations of normal HOSE cells. B, quantitation of (A). �,P < 0.001 comparedwith high-grade serous EOC.C, same as (A), but for relative expression
of ALDH1A1mRNA. D, quantitation of (C). �, P < 0.001 compared with high-grade serous EOC. E, correlation between expression of ALDH1A1 and EZH2 as
determined by Spearman statistical analysis using GraphPad Prism version 5.0 software.
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into the biology of EOC development and the identifi-
cation of potential candidate targets for prevention and
intervention of EOC.
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Molecular and Cellular Pathobiology

Wnt5a Suppresses Epithelial Ovarian Cancer by Promoting
Cellular Senescence

Benjamin G. Bitler1, Jasmine P. Nicodemus1, Hua Li1, Qi Cai2, Hong Wu3, Xiang Hua4, Tianyu Li5,
Michael J. Birrer7, Andrew K. Godwin8, Paul Cairns6, and Rugang Zhang1

Abstract
Epithelial ovarian cancer (EOC) remains the most lethal gynecologic malignancy in the United States. Thus,

there is an urgent need to develop novel therapeutics for this disease. Cellular senescence is an important tumor
suppression mechanism that has recently been suggested as a novel mechanism to target for developing cancer
therapeutics.Wnt5a is a noncanonicalWnt ligand that plays a context-dependent role in human cancers. Here, we
investigate the role of Wnt5a in regulating senescence of EOC cells. We show that Wnt5a is expressed at
significantly lower levels in human EOC cell lines and in primary human EOCs (n ¼ 130) compared with either
normal ovarian surface epithelium (n¼ 31; P¼ 0.039) or fallopian tube epithelium (n¼ 28; P < 0.001). Notably, a
lower level of Wnt5a expression correlates with tumor stage (P ¼ 0.003) and predicts shorter overall survival in
EOC patients (P¼ 0.003). Significantly, restoration of Wnt5a expression inhibits the proliferation of human EOC
cells both in vitro and in vivo in an orthotopic EOC mouse model. Mechanistically, Wnt5a antagonizes canonical
Wnt/b-catenin signaling and induces cellular senescence by activating the histone repressor A/promyelocytic
leukemia senescence pathway. In summary, we show that loss of Wnt5a predicts poor outcome in EOC patients
and Wnt5a suppresses the growth of EOC cells by triggering cellular senescence. We suggest that strategies to
drive senescence in EOC cells by reconstituting Wnt5a signaling may offer an effective new strategy for EOC
therapy. Cancer Res; 71(19); 6184–94. �2011 AACR.

Introduction

Cellular senescence is an important tumor suppression
mechanism in vivo (1). In primary mammalian cells, cellular
senescence can be triggered by various inducers including
critically shortened telomeres and activated oncogenes (such
as oncogenic RAS; ref. 1). Senescent cells are viable but non-
dividing (2). Senescent cells also exhibit several distinctive
morphologic characteristics andmolecular markers, including
a large flat cellular morphology and expression of senescence-
associated b-galactosidase (SA-b-gal) activity (3). In murine
liver carcinoma and sarcomamodels, reactivation of the tumor
suppressor p53 induces senescence and is associated with
tumor regression (4, 5). Hence, driving cancer cells to undergo

cellular senescence represents a novel mechanism for devel-
oping cancer therapeutics (6, 7).

More than 85% of ovarian cancers are of epithelial origin (8).
Epithelial ovarian cancers (EOC) are classified into distinct
histologic types including serous, mucinous, endometrioid,
and clear cell (9). Themost common histology of EOC is serous
(�60% of all cancers) and less common histologies include
endometrioid, clear cell, and mucinous (9). Recently, an alter-
native classification has been proposed, in which EOC is
broadly divided into 2 types (10). Type I EOC includes endo-
metrioid, mucinous, low-grade serous, and clear-cell carcino-
mas, and type II EOC includes high-grade serous carcinomas
(10). EOC remains the most lethal gynecologic malignancy in
the United States (8). Thus, there is an urgent need to better
understand the etiology of EOC to develop novel therapeutics
for this devastating disease.

Wnt signaling is initiated by binding of the Wnt ligand to its
cognate frizzled receptor (11). Canonical Wnt signaling results
in stabilization of the key transcription factor b-catenin, which
then translocates into the nucleus and drives expression of its
target genes, such as CCND1 (cyclin D1), FOSL1, and c-MYC
(12, 13). Canonical Wnt signaling is active in the putative
somatic stem/progenitor cells of the coelomic epithelium of
the mouse ovary (14). Underscoring the importance of Wnt
signaling in EOC, in a murine ovarian cancer model, activation
of canonical Wnt signaling cooperates with inactivation of the
tumor suppressor PTEN in driving ovarian carcinogenesis (15).
However, the role of Wnt signaling in EOC is not fully
understood.
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Wnt5a is a noncanonical Wnt ligand that plays opposing
roles in different types of cancer and has variable expression
dependent on the cancer context (16). Specifically, in EOC the
role of Wnt5a remains unclear. Thus, in this study, we inves-
tigated Wnt5a expression and its potential function in human
EOC cells. We discovered that Wnt5a was expressed at signif-
icantly lower levels in primary human EOC compared with
either primary human ovarian surface epithelium or fallopian
tube epithelium. Notably, loss of Wnt5a expression was asso-
ciated with tumor stage and predicted shorter overall survival
in EOC patients. Significantly, Wnt5a reconstitution inhibited
the growth of EOCcells both in vitro and in vivo in an orthotopic
EOC mouse model by promoting cellular senescence. These
studies show, for the first time, a functional role of the
noncanonical Wnt ligand, Wnt5a, in promoting senescence.
Importantly, they also suggest that promoting EOC cells to
undergo senescence represents a potential novel strategy for
developing urgently needed EOC therapeutics.

Materials and Methods

Cells and culture conditions
Primary human ovarian surface epithelial (HOSE) cells were

isolated and cultured as previously described (17). Human EOC
cell lines were obtained from American Type Culture Collec-
tion (ATCC) and were passaged for less than 6 months. EOC
cell line identification was further confirmed by DNA Diag-
nostic Center (www.dnacenter.com). EOC cell lines were cul-
tured according toATCC inRPMI-1640medium supplemented
with 10% FBS. 5-Aza-cytidine (Aza-C; Sigma) was used at
working concentration of 5 mmol/L (18).

Human ovarian specimens and immunohistochemistry
The protocol to evaluate deidentified human tissue speci-

mens was approved by Fox Chase Cancer Center (FCCC)
institutional review board. Ovarian tumor microarray and
normal human ovary and fallopian tube specimens were
obtained from the FCCC Biosample Repository Core Facility
(BRCF). Histopathology of the selected specimens on the
tumor microarrays was provided by BRCF. Immunohis-
tochemistry (IHC) was conducted by using goat anti-Wnt5a
polyclonal antibody (R&D Systems) and mouse anti–Ki-67
(Dako) with a DAKO EnVision System and the Peroxidase
(DAB) kit (DAKO Corporation) following the manufacturer's
instructions and as previously described (17). Wnt5a staining
was scored in a double-blinded manner by Dr. Qi Cai at the
BRCF, and a proportion of the cases were independently
confirmed by Dr. Hong Wu, a board-certified pathologist, at
the FCCC Department of Pathology.

Anchorage-independent soft agar colony formation
assay
Soft agar assay were carried out as previously described (17).

Briefly, 3,500 cells were resuspended in 0.35% lowmelt agarose
dissolved in RPMI-1640 medium supplemented with 10% FBS
and inoculated on top of 0.6% low melt agarose base in 6-well
plates. After 2 weeks in culture, the plates were stained with

0.005% crystal violet, and the number of colonies was counted
by using a dissecting microscope.

Retrovirus production, infection, and drug selection
The following retrovirus constructs were used: pBABE-puro

was obtained from Addgene, hygro-pWZL-luciferase was a
kind gift of Dr. Denise Connolly, and pBABE-Wnt5a was
generated by using standard cloning protocol. Retrovirus
packaging was done as previously described by using Phoenix
packaging cells (19, 20). To increase infection efficacy, double
virus infection was carried out. For drug selection, 3 mg/mL of
puromycin was used for the OVCAR5 human EOC cell line.

Reverse transcriptase PCR, quantitative reverse
transcriptase PCR, and immunoblotting

RNA from cultured primary HOSE cells or human EOC cell
lines was isolated by using TRIzol (Invitrogen) according to
manufacturer's instruction. For quantitative reverse transcrip-
tase PCR (qRT-PCR), TRIzol-isolated RNA was further purified
by using an RNeasy kit (QIAGEN) following manufacture's
instruction. The Wnt5a, CCND1, FOSL1, and c-MYC primers
used for qRT-PCR were purchased from SABiosciences. mRNA
expression of the housekeeping gene b-2-microglobulin (B2M)
was used to normalize mRNA expression. Soluble b-catenin
was extracted, using a buffer that consisting of 10mmol/L Tris-
HCl (pH 7.5), 0.05%NP-40, 10mmol/L NaCl, 3mmol/LMgCl2, 1
mmol/L EDTA, and protease inhibitors (Roche) as previously
described (21, 22). The following antibodies were used for
immunoblotting from the indicated suppliers, goat anti-Wnt5a
(R&D Systems), mouse b-actin (Sigma), mouse anti-GAPDH
(Millipore), mouse anti-b-catenin, mouse anti-Rb (BD Bios-
ciences), and rabbit anti-pRBpS780 (Cell Signaling).

Immunofluorescence and SA-b-gal staining
Indirect immunofluorescence staining was carried out as

previously described (19, 20, 22). The following antibodies were
used for immunofluorescence: a cocktail of mouse anti-HIRA
monoclonal antibodies (WC19, WC117, and WC119; 1:10;
ref. 20) and a rabbit anti-PML antibody (Chemicon, 1:5,000).
Images were captured by a DS-QilMc camera on a Nikon
Eclipse 80i microscope and processed by NIS-Elements BR3.0
software (Nikon). SA-b-gal staining was carried out as
described previously (3, 23). For SA-b-gal staining in sections
from xenografted tumors, 8 separate fields were examined
from 2 individual tumors for each of the groups.

In vivo orthotopic xenograft tumorigenesis study
The protocol was approved by the FCCC Institutional Ani-

mal Care andUseCommittee. OVCAR5 cells were infectedwith
a luciferase-encoding retrovirus (hygro-pWZL-luciferase) and
infected cells were selected with 50 mg/mL hygromycin. Drug-
selected cells were then infected with control orWnt5a-encod-
ing retrovirus and subsequently selected with 3 mg/mL puro-
mycin and 50 mg/mL hygromycin. A total of 3 � 106 drug-
selected cells were unilaterally injected into the ovarian bursa
sac of immunocompromised mice (6 mice per group; ref. 24).
From day 10 postinfection, tumors were visualized by injecting
luciferin (intraperitoneal, 4 mg/mice) resuspended in PBS and
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imaged with an IVIS Spectrum imaging system every 5 days
until day 30. Imageswere analyzedbyLive Imaging 4.0 software.
At day 30, tumors were surgically dissected and either fixed in
10% formalin or fresh-frozen in Optimal Cutting Temperature
compound (Tissue-Tek). Sections of the dissected tumors were
processed by the FCCC Histopathology Core Facility.

Statistical analysis
Quantitative data are expressed as mean � SD, unless

otherwise indicated. ANOVA with Student's t test was used
to identify significant differences inmultiple comparisons. The
Pearson c2 test was used to analyze the relationship between
categorical variables. Overall survival was defined as the time
elapsed from the date of diagnosis and the date of death from
any cause or the date of last follow-up. Kaplan–Meier survival
plots were generated and comparisons weremade by using the
log-rank sum statistic. For all statistical analyses, the level of
significance was set at 0.05.

Results

Wnt5a is expressed at significantly lower levels in human
EOC cell lines and primary human EOCs compared with
normal human ovarian surface epithelium or fallopian
tube epithelium

TodetermineWnt5a expression in humanEOC cell lines and
primary HOSE cells, we examined the relative Wnt5a mRNA
levels by carrying out semiquantitative RT-PCR. We observed
that Wnt5a mRNA levels were greatly diminished in human
EOC cell lines compared with primary HOSE cells (Fig. 1A).
This finding was further confirmed through qRT-PCR analysis
of Wnt5a mRNA in multiple isolations of primary HOSE cells
and human EOC cell lines, showing that the levels of Wnt5a
mRNA were significantly lower in human EOC cell lines
compared with primary HOSE cells (Fig. 1B; P ¼ 0.008).
Consistently, we observed that Wnt5a protein levels were also
lower in human EOC cell lines compared with primary HOSE
cells as determined by immunoblotting (Fig. 1C). On the basis
of these results, we conclude that Wnt5a is expressed at lower
levels in human EOC cell lines compared with primary HOSE
cells.

We next determined whether the loss of Wnt5a expression
found in human EOC cell lines was also observed in primary
human EOCs. We examined Wnt5a expression in 130 cases of
primary human EOC specimens and 31 cases of normal human
ovary with surface epithelium by IHC, using an antibody
against Wnt5a (Table 1). In addition, there is recent evidence
to suggest that a proportion of high-grade serous EOC may
arise from distant fallopian tube epithelium (25). Thus, we also
included 28 cases of normal human fallopian tube specimens in
our IHC analysis (Table 1). The specificity of the anti-Wnt5a
antibody was confirmed in our study (Supplementary Fig. S1).
A single band at predicted molecular weight (�42 kDa) was
detected in OVCAR5 cells with ectopically expressed Wnt5a
and was absent after expression of a short hairpin RNA to the
human Wnt5a gene (shWnt5a), which effectively knocked
down Wnt5a mRNA expression (Supplementary Fig. S1A and
data not shown). In addition, Wnt5a staining was lost when

primary anti-Wnt5a antibody was replaced with an isotype-
matched IgG control (Supplementary Fig. S1B).

As shown in Figure 1D, in normal human ovarian surface
epithelial cells and fallopian tube epithelial cells, both cyto-
plasmand cellmembranewere positive forWnt5a IHC staining
(black arrows, Fig. 1D). In contrast,Wnt5a staining in EOC cells
was dramatically decreased (Fig. 1D). We scored expression of
Wnt5a as high (H-score� 30) or low (H score < 30) on the basis
of a histological score (H score; 26), which considers both
intensity of staining and percentage of positively stained cells,
as previously described (17). Wnt5a expression was scored as
high in 58.1% (18/31) cases of normal human ovarian surface
epithelium and 82.1% (23/28) cases of normal human fallopian
tube epithelium (Table 1). In contrast, Wnt5a expression was
scored as high in 37.7% (49/130) cases of primary human EOCs
(Table 1). Statistical analysis revealed that Wnt5a was
expressed at significantly lower levels in primary human EOCs
compared with either normal human ovarian surface epithe-
lium (P¼ 0.039) or normal human fallopian tube epithelium (P
< 0.001; Table 1). On the basis of these studies, we conclude that
Wnt5a is expressed at significantly lower levels in primary
human EOCs compared with either normal human ovarian
surface epithelium or fallopian tube epithelium.

Wnt5a expression negatively correlates with tumor stage
and lower Wnt5a expression predicts shorter overall
survival

We next examined the correlation between Wnt5a expres-
sion and clinical and pathologic features of human EOCs.
Significantly, there was a negative correlation between Wnt5a
expression and tumor stage (P ¼ 0.003; Table 1). Notably, the
majority of examined cases are high-grade serous subtypes
that are usually of stage 3/4. In addition, we examined the
correlation between expression of Wnt5a and a marker of cell
proliferation, Ki-67 (ref. 27; Fig. 1E). There was a significant
negative correlation betweenWnt5a expression andKi-67 (P¼
0.038; Table 1). We next assessed whether Wnt5a expression
based on H score might predict prognosis of EOC patients
(High,H score� 30; Low,H score < 30; n¼ 123), for which long-
term follow-up data were available. Significantly, lower Wnt5a
expression correlated with shorter overall survival in the
examined EOC patients (P ¼ 0.003; Fig. 1F). Together, we
conclude that a lower level of Wnt5a expression correlates
with tumor stage and predicts shorter overall survival in
human EOC patients.

Wnt5a gene promoter hypermethylation contributes to
its downregulation in human EOC cells

Wnt5a gene promoter hypermethylation has been implicat-
ed as a mechanism underlying its silencing in several types of
human cancers (16). Consistently, we also observed Wnt5a
gene promoter hypermethylation in a number of human EOC
cell lines (Fig. 2A; Supplementary Table S1). Further supporting
a role of promoter hypermethylation in suppression of Wnt5a
expression, treatment with a DNA demethylation drug, Aza-C
(28), in PEO1 EOC cells resulted in a significant increase in
levels of both Wnt5a mRNA and protein (Fig. 2B and C). We
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conclude that Wnt5a gene promoter hypermethylation con-
tributes to its downregulation in human EOC cells.

Wnt5a restoration inhibits the growth of human EOC
cells by antagonizing the canonical Wnt/b-catenin
signaling
We next sought to determine the effects of Wnt5a recon-

stitution in human EOC cells. Wnt5a expression was recon-
stituted in the OVCAR5 EOC cell line via retroviral trans-
duction. Ectopically expressed Wnt5a was confirmed by

both qRT-PCR and immunoblotting in OVCAR5 cells stably
expressing Wnt5a or a vector control (Fig. 3A and B). Of note,
the levels of ectopically expressed Wnt5a in OVCAR5 cells
are comparable with the levels observed in primary HOSE
cells (Fig. 3B). Interestingly, Wnt5a reconstitution in
OVCAR5 human EOC cells significantly inhibited both
anchorage-dependent and anchorage-independent growth
in soft agar compared with vector controls (Fig. 3C and
D). In addition, similar growth inhibition by Wnt5a recon-
stitution was also observed in the PEO1 human EOC cell line

Figure 1. Wnt5a is expressed at significantly lower levels in human EOC cells compared with normal human ovarian surface or fallopian tube epithelial
cells, and a lower level ofWnt5a expression predicts shorter overall survival in human EOCpatients. A, expression ofWnt5amRNA in primary HOSE cells and
the indicated human EOC cell lines was determined by semiquantitative RT-PCR. Expression of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was used as a loading control. B, Wnt5a mRNA levels were quantified by qRT-PCR in 6 individual isolations of primary HOSE cells and 7
different EOC cell lines. Expression of b-2-microglobulin was used to normalize Wnt5a mRNA expression. �, P¼ 0.008 compared with human EOC cells. C,
same as (A), but examined forWnt5a andGAPDHprotein expression by immunoblotting. D, examples ofWnt5a IHC staining in normal human ovarian surface
epithelium, fallopian tube epithelium, and EOC of indicated histologic subtypes. Bar, 50 mm. Arrows point to examples of positively stained human ovarian
surface epithelial cells and fallopian tube epithelial cells. E, representative images from tissue microarray depicting low Wnt5a expression correlated
with highKi-67, a cell proliferationmarker. F, loss ofWnt5a expression is an independent poor prognosismarker in humanEOCpatients. A lower level ofWnt5a
expression correlates with shorter overall survival in human EOC patients. The univariate overall survival curve (Kaplan–Meier method) for EOC patients
(n ¼ 123) with high- or low-Wnt5a expression as determined by immunohistochemical analysis.
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(Supplementary Fig. S2A–C) suggesting that this effect is not
cell line specific. On the basis of these results, we conclude
that Wnt5a reconstitution inhibits the growth of human
EOC cells in vitro.

Canonical Wnt signaling promotes cell proliferation and
Wnt5a has been shown to antagonize the canonical Wnt/
b-catenin signaling in certain cell contexts (16, 29–31). Because
Wnt5a expression inversely correlatedwith expression of Ki-67
(Fig. 1E; Table 1), a cell proliferation marker, we hypothesized
that Wnt5a would suppress the growth of human EOC cells by

antagonizing canonical Wnt/b-catenin signaling. To test our
hypothesis, we examined the effect ofWnt5a reconstitution on
expression of markers of active Wnt/b-catenin signaling
in human EOC cells, namely the levels of "active" soluble
b-catenin (21, 22, 32) and expression of b-catenin target genes
such asCCND1, c-MYC, and FOSL1 (12, 13). Indeed, we observed
a decrease in soluble b-catenin in Wnt5a-reconstituted
OVCAR5 cells compared with vector controls (Fig. 3E). Con-
sistently, we also observed a significant decrease in the levels of
b-catenin target genes in these cells, namely CCND1

Table 1. Wnt5a expression in primary human EOCs and correlation of its expression with clinicopathologic
variables

Patient characteristics Wnt5a protein expression

Low (n) High (n) Total (n) High (%) P

Age (23–85 y; mean 59.2 y)
�55 24 16 40 40.0
>55 52 33 85 38.8 0.900
Unknown 5 0 5

Laterality
Left 22 14 36 38.9
Right 12 9 21 42.9 0.957
Bilaterality 35 24 59 40.7
Undetermined 12 2 14

Histotype
EOC 81 49 130 37.7
Type I 16 21 37 56.8
Low-grade serous 1 1 2 50.0
Endometrioid 4 9 13 69.2
Mucinous 2 3 5 60.0
Clear cell 5 4 9 44.4
Others 4 4 8 50.0

Type II
High-grade serous 65 28 93 30.1 0.005a

Normal epithelium
Ovarian surface 13 18 31 58.1 0.039b

Fallopian tube 5 23 28 82.1 <0.001b

Ki-67
Low 22 23 44 52.3
High 51 24 75 32.0 0.038
Undetermined 7 3 11

Tumor grade
1 3 7 10 70.0
2 12 8 20 40.0
3 64 31 95 32.6
Undetermined 2 3 5

Tumor stage
Stage 1/2 12 18 30 60.0
Stage 3/4 67 29 96 30.2 0.003c

Undetermined 2 2 4

aCompared with type I EOC.
bCompared with EOC.
cCompared with stage 1/2.
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(P ¼ 0.0095), FOSL1 (P ¼ 0.0012), and c-MYC (P ¼ 0.0286; Fig.
3F). Similar effects of Wnt5a reconstitution on expression of
markers of active Wnt/b-catenin signaling (such as decreased
levels of soluble b-catenin) were also observed in PEO1 human
EOC cells (Supplementary Fig. S2D), suggesting that this is not
cell line specific. On the basis of these results, we conclude that
Wnt5a suppresses the growth of human EOC cells by antag-
onizing canonical Wnt/b-catenin signaling in human EOC
cells.

Wnt5a reconstitution drives cellular senescence in
human EOC cells
Next, we sought to determine the cellular mechanism

whereby Wnt5a inhibits the growth of human EOC cells. We
have previously shown that suppression of canonical Wnt
signaling promotes cellular senescence in primary human
fibroblasts by activating the senescence-promoting histone
repressor A (HIRA)/promyelocytic leukemia (PML) pathway
(22). PML bodies are 20 to 30 dot-like structures in the nucleus
of virtually all human cells. PML bodies are sites of poorly
defined tumor suppressor activity and are disrupted in acute
PML (33). PML has been implicated in regulating cellular
senescence. For example, the foci number and size of PML
bodies increase during senescence (33, 34) and inactivation of
PML suppresses senescence (35). Activation of the HIRA/PML
pathway is reflected by the recruitment of HIRA into PML
bodies (36).
To determine whether Wnt5a reconstitution activates the

HIRA/PML senescence pathway and induces senescence in
EOC cells, we first sought to determine whether the HIRA/PML
pathway is conserved in human ovarian epithelial cells. Ectop-

ically expressing activated oncogenes (such as oncogenic RAS)
is a standard approach for inducing senescence in a synchro-
nized manner in primary human cells (1, 2, 19, 20). Indeed,
ectopic expression of oncogenic H-RASG12V induced senes-
cence of primary HOSE cells, as evident by an increase in
SA-b-gal activity, a universal marker of cellular senescence
(Supplementary Fig. S3A and B). Notably, the HIRA/PML
pathway was activated during senescence of primary HOSE
cells induced by oncogenicRAS, as evident by the relocalization
of HIRA into PML bodies (Supplementary Fig. S3C and D). This
result shows that the senescence-promoting HIRA/PML path-
way is conserved in human ovarian epithelial cells. In addition,
primary HOSE cells with HIRA foci displayed a marked
decrease in BrdU incorporation, a marker of cell proliferation,
compared with HIRA foci–negative cells (Supplementary Fig.
S3E and F). This result is consistent with the idea that acti-
vation of the HIRA/PML pathway is directly correlated with
senescence-associated cell growth arrest (37).

We next asked whether Wnt5a expression is regulated
during natural senescence of primary HOSE cells. Indeed, we
observed an increase in the levels ofWnt5amRNA in senescent
primary HOSE cells compared with young cells (Fig. 4A–C). In
addition, we found that ectopic Wnt5a induces senescence of
primary HOSE cells (Fig. 4D–F). Together, we conclude that
Wnt5a plays a role in regulating senescence of primary HOSE
cells.

As Wnt5a antagonizes canonical Wnt signaling in human
EOC cells (Fig. 3E and F), we sought to determine whether
Wnt5a restoration might activate the senescence-promoting
HIRA/PML pathway and induce senescence in human EOC
cells. Toward this goal, we examined the localization ofHIRA in
OVCAR5 EOC cells reconstitutedwithWnt5a or vector control.
Notably, there was a significant increase in the percentage of
cells with HIRA localized to PML bodies in Wnt5a restored
human EOC cells compared with controls (Fig. 5A and B; P ¼
0.004). In addition, we also observed an increase in the number
and size of PML bodies in the Wnt5a restored OVCAR5 EOC
cells (Fig. 5A), which are also established markers of cellular
senescence (35, 38). Similarly, we observed activation of the
HIRA/PML pathway by Wnt5a restoration in PEO1 human
EOC cells (Supplementary Fig. S4A and B), suggesting that the
observed effects are not cell line specific. Together, we con-
clude that Wnt5a reconstitution activates the HIRA/PML
senescence pathway.

The p53 and pRB tumor suppressor pathways play a key role
in regulating senescence (1). Thus, we sought to determine
whether activation of the HIRA/PML pathway depends on the
p53 and pRB pathways. Interestingly, p16INK4a, the upstream
repressor of pRB, is deleted in OVCAR5 human EOC cell line
(39). In addition, the levels of total phosphorylated pRB were
not decreased byWnt5a, whereas the levels of cyclin D1/CKD4-
mediated Serine 780 phosphorylation on pRB (pRBpS780) were
decreased byWnt5a (ref. 40; Fig. 5C andD). Furthermore, p53 is
null in OVCAR5 cells (41). We conclude that activation of the
HIRA/PML pathway is independent of the p53 and p16INK4a.

We next sought to determine whether Wnt5a restoration
induces SA-b-gal activity, a universal marker of cellular senes-
cence (1). Indeed, SA-b-gal activity was notably induced by

Figure 2. Promoter DNA CpG island hypermethylation contributes to
Wnt5a downregulation in human EOC cells. A, schematic structure of the
humanWnt5a gene transcript and its promoter CpG islands. Locations of
exon 1 (open rectangle), CpG sites (vertical lines) and coding exons (filled
rectangle), and the transcription start site (curved arrow) are indicated.
Flat arrows indicate the positions of primers used for PCR amplification,
and the size of PCR product is also indicated. B, PEO1 cells were treated
with 5mmol/LAza-C for 4days, andmRNAwas isolated fromcontrol- and
Aza-C–treated cells and examined forWnt5amRNA expression by qRT-
PCR. Mean of 3 independent experiments with SD. C, same as (B) but
examined for Wnt5a protein expression by immunoblotting.
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Wnt5a reconstitution in both OVCAR5 and PEO1 human EOC
cells compared with controls (Fig. 5E and F; Supplementary
Fig. S4C and D, respectively). On the basis of these results, we
concluded that Wnt5a restoration induced senescence of
human EOC cells by activating the HIRA/PML senescence
pathway.

Wnt5a inhibits the growth of human EOC cells in vivo by
inducing cellular senescence

Wenext sought to determinewhetherWnt5awouldmediate
growth inhibition and induce senescence in vivo in an ortho-
topic EOC model in immunocompromised mice. A luciferase
gene was retrovirally transduced into control or Wnt5a-recon-
stituted OVCAR5 cells to monitor the cell growth in vivo via
noninvasive imaging. These cells were injected unilaterally into
the bursa sac covering the ovary in female immunocompro-
mised mice (n ¼ 6 for each of the groups; Supplementary Fig.
S5). Tumor growth was monitored every 5 days starting at day
10 postinjection by measuring luciferase activity, and the
growth of the tumor was followed for a total of 30 days (Fig.
6A). Wnt5a significantly suppressed the growth of xenografted
OVCAR5 human EOC cells comparedwith controls (Fig. 6B; P<
0.03). Consistently, following general pathologic examination
during surgical dissection at day 30, we observed that tumor

sizes were notably smaller from mice injected with Wnt5a-
reconstituted OVCAR5 cells compared with controls (data not
shown). The expression of ectopic Wnt5a was confirmed by
IHC staining in sections from dissected tumors (Fig. 6C).

We next sought to determine whether cell proliferation was
suppressed by Wnt5a reconstitution in dissected tumors.
Toward this goal, we examined the expression of Ki-67 by
IHC. We observed, there was a significant decrease in the
number of Ki-67–positive cells in tumors formed by Wnt5a-
reconstituted OVCAR5 cells compared with controls (Fig. 6D
and E). In addition, intensity of Ki-67 staining was also notably
weaker in Ki-67–positive Wnt5A-reconstituted OVCAR5 cells
than in control Ki-67–positive cells (Fig. 6D). On the basis of
these results, we conclude that Wnt5a reconstitution inhibits
the proliferation of human EOC cells in vivo in an orthotopic
xenograft EOC model.

We next investigated whether the growth inhibition
observed byWnt5a reconstitution in vivowas due to induction
of cellular senescence. Toward this goal, we examined the
expression of SA-b-gal activity in fresh sections of dissected
tumors formed by OVCAR5 cells reconstituted with Wnt5a or
control cells. Indeed, we observed a significant increase in the
number of cells positive for SA-b-gal activity in OVCAR5
cells reconstituted with Wnt5a compared with control tumors

Figure 3. Wnt5a restoration inhibits the growth of human EOC cells by antagonizing canonical Wnt/b-catenin signaling. A, OVCAR5 cells were
transduced with a control or Wnt5a-encoding puromycin-resistant retrovirus. The infected cells were drug-selected with 3 mg/mL puromycin. Expression of
Wnt5a mRNA in drug-selected cells was determined by qRT-PCR. B, same as (A), but examined for expression of Wnt5a and b-actin in control
or Wnt5a-infected OVCAR5 and primary HOSE cells by immunoblotting. Relative levels of Wnt5a expression was indicated on the basis of the densitometric
analysis, usingNIH ImageJ software. C, same as (A), but equal number (5,000) of drug-selected control (open triangles and dotted line) orWnt5a-infected cells
(open circles and solid line)were cultured onplastic plates for 4 days, and the number of cellswas counted [control�SDorWnt5a�SD (n¼3); Student's t test
was used for calculating P value] at day 1 (6,666� 1,258 vs. 5,000� 1,000; P¼ 0.1469), day 2 (14,583� 954 vs. 9,583� 3,463; P¼ 0.084), day 3 (41,250�
6,538 vs. 14,750� 2,787; �,P¼ 0.0038), and day 4 (83,055� 8,978 vs. 35,416� 2,055; ��,P¼ 0.001). Mean of 3 independent experiments with SD and linear
regression. D, same as (C), but grown under anchorage-independent condition in soft agar. The number of colonies was counted 2 weeks after initial
inoculation. Mean of 3 independent experiments with SD. E, same as (A), but examined for the levels of soluble b-catenin and b-actin expression by
immunoblotting. NT, nontreated. F, same as (A), but examined for expression of indicated b-catenin target genes by qRT-PCR. Expression of b-2-
microglobulin was used to normalize the expression of indicated genes. �, P ¼ 0.0095; ��, P ¼ 0.0012; and ���, P ¼ 0.0286 compared with controls.
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(Fig. 6F and G; P ¼ 0.003). Together, we conclude that Wnt5a
reconstitution inhibits the growth of human EOC cells in vivo
by inducing cellular senescence.

Discussion

Driving cancer cells to undergo cellular senescence has
recently been proposed to be a novel mechanism to target for
developing cancer therapeutics (1, 6). For example, pharma-
cologic inhibitor of PTEN drives senescence and, consequently,
inhibits tumorigenesis in vivo in xenograft models of PTEN

heterozygous prostate cancer cells (42, 43). Compared with
apoptosis, therapeutics that drive cellular senescence are
proposed to have less cytotoxic side effects (6), which makes
prosenescence therapy attractive. Herein, we describe that
restoration of Wnt5a signaling drives senescence of human
EOC cells both in vitro and in vivo in an orthotopic mouse
model of EOC (Figs. 5 and 6). Restoring gene expression by gene
therapy has had limited success. Therefore, restoring Wnt5a
signaling via exogenous ligand could prove to be an alternative
approach. Interestingly, it has been previously reported that a
Wnt5a-derived hexapeptide is sufficient to restore Wnt5a

Figure 4. Wnt5a promotes senescence of primary HOSE cells. A, young proliferating primary HOSE cells were passaged to senescence
(after 7 population doublings). Expression of SA-b-gal activity was measured in young and naturally senescent primary HOSE cells. B, same as
(A). Quantitation of SA-b-gal–positive cells. ��,P <0.001.C, same as (A), butmRNAwas isolated andexamined forWnt5a expressionby qRT-PCR. Expression
of B2M was used as a control. �, P ¼ 0.003. D, young primary HOSE cells were transduced with retrovirus encoding human Wnt5a gene or a control.
Expression of Wnt5a in indicated cells was determined by qRT-PCR. Expression of B2M was used as a control. E, same as (D), but stained for expression of
SA-b-gal activity in drug-selected cells. F, quantitation of (E). Mean of 3 independent experiments with SD. �, P < 0.05.

Figure 5. Wnt5a restoration
triggers cellular senescence in
human EOC cells. A, control and
Wnt5a-expressing OVCAR5 EOC
cells were stained with antibodies
to HIRA and PML. Arrows point to
examples of colocalized HIRA and
PML bodies. Bar, 10 mm. B,
quantitation of (A). A total of 200
cells from control and Wnt5a-
expressing cells were examined for
HIRA and PML colocalization.
Mean of 3 independent
experiments with SD. C, same as
(A), but examined for pRB and
GAPDH expression. D, same as (C),
but examined for pRBpS780 and
GAPDH expression. E, same as (A),
but examined for SA-b-gal activity.
F, quantitation of (E). Mean of 3
independent experiments with SD.
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signaling both in vitro and in vivo in xenograft models of breast
cancer (44). It would be interesting to test whether the Wnt5a-
derived hexapeptide will be sufficient to reconstitute Wnt5a
signaling and drive senescence of EOC cells. Our data suggest
that cellular senescence is a potential target for developing
EOC therapeutics. In addition, these data imply that restora-
tion ofWnt5a signaling represents a potential novel strategy to
drive senescence of EOC cells.

This study is the first to show a role for Wnt5a in regulating
senescence. We showed that Wnt5a activated the senescence-
promoting HIRA/PML pathway in human EOC cells (Fig. 5A;
Supplementary Fig. S4A). In primary human cells, activation of
HIRA/PML pathway is sufficient to drive senescence by facil-
itating epigenetic silencing of proliferation-promoting genes
(such as E2F target genes; ref. 19). Herein, we reported for the
first time that the key HIRA/PML senescence pathway can be
reactivated to drive senescence of human cancer cells. Further
studies are warranted to elucidate the molecular basis by
which Wnt5a restoration and activation of HIRA/PML path-
way drive cellular senescence in human EOC cells.

Interestingly, senescence induced by Wnt5a restoration in
human EOC cells was independent of both the p53 and
p16INK4a tumor suppressors, which implies that EOC cells that
lack p53 and p16INK4a retain the capacity to undergo senes-
cence via HIRA/PML pathway through suppressing the canon-
ical Wnt signaling. This is consistent with previous reports
showing that cancer cells that lack p53 and pRB retain the

capacity to undergo senescence when treated with anticancer
agents or ionizing radiation (6). Notably, although the levels of
total phosphorylated pRB were not decreased by Wnt5a, we
observed a decrease in the levels of pRBpS780 that is mediated
by cyclin D1/CDK4 (Fig. 5C and D). Future studies will deter-
mine whether the decrease in pRBpS780 levels plays a role in
regulating senescence of human EOC cells.

Expression ofWnt5a is altered inmany types of cancers (45).
For example, in melanoma, Wnt5a overexpression correlates
with cancer progression and a higher tumor stage (16). How-
ever, in colorectal and esophageal squamous cell carcinomas,
Wnt5a has been described to be a tumor suppressor and was
frequently silenced by promoter hypermethylation (16, 46).
Consistently, we also observed Wnt5a promoter hypermethy-
lation in a number of human EOC cell lines in which Wnt5a is
downregulated (Fig. 2; Supplementary Table S1). This result is
consistent with the idea that Wnt5a promoter hypermethyla-
tion contributes toWnt5a downregulation in humanEOCcells.

Wnt5a function is highly dependent on cellular context (45).
For example, the cellular Wnt receptor/coreceptor context
dictates the downstream signaling pathways upon the binding
of Wnt5a, which include activating noncanonical Wnt signal-
ing or antagonizing canonical Wnt/b-catenin signaling (47).
These reports illustrate thatWnt5a expression and its resulting
activity are cell type and context dependent. TheWnt receptor/
coreceptor profile in EOC cells is currently unknown, and our
future studies will elucidate the mechanism by which Wnt5a

Figure 6. Wnt5a restoration inhibits tumor growth and promotes senescence of human EOC cells in vivo. A, OVCAR5 cells were transduced
with luciferase-encoding hygromycin-resistant retrovirus together with a control orWnt5a-encoding puromycin-resistant retrovirus. Drug-selected cells were
unilaterally injected into the periovarian bursa sac of the female immunocompromised mice (n ¼ 6 for each of the groups). The radiance of luciferase
bioluminescence, an indicator of the rate for tumor growth, wasmeasured every 5 days from day 10 until day 30 by using the IVIS imaging system. Shown are
images taken at day 10 and day 30, respectively. B, quantitation of tumor growth from injected OVCAR5 cells expressing Wnt5a or control at indicated time
points. �, P ¼ 0.038 compared with controls. C, following tumor dissection, expression of Wnt5a in tumors formed by control or Wnt5a-expressing
OVCAR5 EOC cells was determined by immunohistochemical staining against Wnt5a (magnification, 40�). Bar, 50 mm. D, same as (C), but examined for
expression of Ki-67, amarker of cell proliferation (magnification, 40�). Bar, 50 mm. E, quantitation of (D). �,P¼ 0.008 comparedwith controls. F, expression of
SA-b-gal activitywas examinedon sections of fresh-frozen tumors formedbyOVCAR5cells expressing control orWnt5a (magnification, 40�). Bar, 100mm.G,
quantitation of (F). �, P ¼ 0.003 compared with controls. Arrow points to an example of SA-b-gal positive cells.
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antagonizes Wnt/b-catenin signaling in human EOC cells.
Regardless, our data show that Wnt5a downregulation is an
independent predictor for overall survival in EOC patients. In
contrast, 2 other studies showed that higherWnt5a expression
predicts poor survival in EOC patients (48, 49). The basis for
this discrepancy remains to be elucidated. An explanationmay
be that our study included more cases than the other 2 studies
(130 EOC cases in our study vs. 38 cases in the study by
Badiglian and colleagues or 63 cases in the study by Peng and
colleagues). It may also be due to the difference in the com-
position of type I and type II cases in this study compared with
the other 2 studies. The vastmajority of EOC cases in this study
are of type II high-grade serous subtypes. Consistently, our data
showed that there is a difference inWnt5a expression between
type I and type II EOC (P¼ 0.005; Table 1). Furthermore, it has
been shown in microarray analysis that Wnt5a is expressed at
lower levels in laser capture and microdissected high-grade
serous EOC compared with normal primary HOSE cells (50).
In summary, the data reported here show thatWnt5a is often

expressed at lower levels in human EOCs comparedwith either
normal human ovarian surface epithelium or fallopian tube
epithelium. A lower level of Wnt5a expression correlates with
tumor stage and predicts shorter overall survival in EOC
patients. Reconstitution ofWnt5a signaling inhibits the growth
of human EOC cells both in vitro and in vivo. In addition,Wnt5a
reconstitution suppresses the proliferation-promoting canon-
icalWnt/b-catenin signaling in human EOC cells. Significantly,
Wnt5a reconstitution drives cellular senescence inhumanEOC

cells and this correlates with activation of the senescence-
promoting HIRA/PML pathway. Together, our data imply that
reconstitution of Wnt5a signaling to drive senescence of
human EOC cells is a potential novel strategy for developing
EOC therapeutics.
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Cell Cycle, Cell Death, and Senescence

Enhancer of Zeste Homolog 2 Promotes the Proliferation
and Invasion of Epithelial Ovarian Cancer Cells

Hua Li1, Qi Cai2, Andrew K. Godwin1, and Rugang Zhang1,3

Abstract
Enhancer of zeste homolog 2 (EZH2) is the catalytic subunit of the polycomb repressive complex 2 (PRC2) that

includes noncatalytic subunits suppressor of zeste 12 (SUZ12) and embryonic ectoderm development (EED).
When present in PRC2, EZH2 catalyzes trimethylation on lysine 27 residue of histone H3 (H3K27Me3),
resulting in epigenetic silencing of gene expression. Here, we investigated the expression and function of EZH2 in
epithelial ovarian cancer (EOC). When compared with primary human ovarian surface epithelial (pHOSE) cells,
EZH2, SUZ12, and EED were expressed at higher levels in all 8 human EOC cell lines tested. Consistently,
H3K27Me3 was also overexpressed in human EOC cell lines compared with pHOSE cells. EZH2 was
significantly overexpressed in primary human EOCs (n ¼ 134) when compared with normal ovarian surface
epithelium (n ¼ 46; P < 0.001). EZH2 expression positively correlated with expression of Ki67 (P < 0.001; a
marker of cell proliferation) and tumor grade (P¼ 0.034) but not tumor stage (P¼ 0.908) in EOC. There was no
correlation of EZH2 expression with overall (P ¼ 0.3) or disease-free survival (P ¼ 0.2) in high-grade serous
histotype EOC patients (n ¼ 98). Knockdown of EZH2 expression reduced the level of H3K27Me3 and
suppressed the growth of human EOC cells both in vitro and in vivo in xenograft models. EZH2 knockdown
induced apoptosis of human EOC cells. Finally, we showed that EZH2 knockdown suppressed the invasion of
human EOC cells. Together, these data demonstrate that EZH2 is frequently overexpressed in human EOC cells
and its overexpression promotes the proliferation and invasion of human EOC cells, suggesting that EZH2 is a
potential target for developing EOC therapeutics. Mol Cancer Res; 8(12); 1610–8. �2010 AACR.

Introduction

Enhancer of zeste homolog 2 (EZH2) is the catalytic
subunit of polycomb repressive complex 2 (PRC2; refs.
1–4). In addition to EZH2, PRC2 also contains the non-
catalytic subunits embryonic ectoderm development (EED)
and suppressor of zeste 12 (SUZ12; ref. 5). PRC2 plays an
important role in epigenetic gene silencing via methylation
of lysine 27 residue of histone H3 (H3K27) and can add up
to 3 methyl groups to the lysine side chain. EZH2 lacks
enzyme activity on its own, and has to complex with EED

and SUZ12 to attain robust histone methyltransferase
activity (5, 6). The trimethylated form of H3K27
(H3K27Me3) is thought to be the main form that confers
transcriptional silencing function (7–10).
EZH2 is overexpressed in several types of cancers (11–15)

and is correlated with aggressiveness and poor prognosis in
breast and prostate cancers (11–13). In breast epithelial
cells, EZH2 overexpression causes anchorage-independent
growth and increases cell invasiveness in vitro (11). In
prostate cancer cells, inhibition of EZH2 blocked the
growth of prostate cancer cells (13, 15). In addition,
SUZ12 is also upregulated in certain types of cancer,
including colon, breast, and liver (16–18).
More than 85% of ovarian cancers are of epithelial origin

(19). Epithelial ovarian cancers (EOC) are classified into
distinct histologic subtypes including serous, mucinous,
endometrioid, and clear cell (19). The most common
histology of EOC is serous (50%–60% of all EOCs),
approximately, 75% of which is high-grade and 25% is
low-grade (20–22). Less common histologies include endo-
metrioid (25%), clear cell (4%), and mucinous (4%; ref. 20,
21). Recently, an alternative classification has gained trac-
tion, in which EOC is broadly divided into 2 types (22).
Type I EOC includes endometrioid, mucinous, low-grade
serous, and clear cell carcinomas, and type II EOC includes
high-grade serous carcinomas (22). EOC remains the most
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lethal gynecologic malignancy in the Western world (19).
Thus, there is an urgent need to identify new targets for
developing novel therapeutics for EOC. Although EZH2 is
overexpressed in tumor-associated endothelial cells in inva-
sive EOC (23) and regulates tumor angiogenesis in EOC
(24), its role in pathogenesis of EOC remains poorly
understood. Here, we examined the expression of the
subunits of PRC2 and H3K27Me3 in human EOC cell
lines. In addition, we determined EZH2 expression in
primary human EOCs of different histologic subtypes by
immunohistochemistry (IHC). Further, we investigated the
effects of EZH2 knockdown by short hairpin RNA
(shRNA) on H3K27Me3 expression, cell growth, and
invasion of human EOC cells.

Material and Methods

Cell culture
Primary human ovarian surface epithelial (pHOSE) cells

were isolated and cultured as previously described (25). The
protocol was approved by Fox Chase Cancer Center
(FCCC) institutional review board. Human EOC cell lines
A1847, A2780, OVCAR3, OVCAR5, OVCAR10, PEO1,
SKOV3, and UPN289 were kindly provided by Drs.
Thomas Hamilton and Steve Williams at FCCC and were
maintained in 1640 medium, supplemented with 10%
FBS, 2 mmol/L of L-glutamine, penicillin (100 units/
mL), and streptomycin (100 mg/mL).

shRNA, lentivirus packaging, and infection
The sense sequences of 2 individual shRNA EZH2

are: 50-CCAACACAAGTCATCCCATTA-30 and 50-
CGGAAATCTTAAACCAAGAAT-30, respectively. Lenti-
virus packaging was performed using virapower system
(Invitrogen) according to manufacturer's instruction.
PEO1 and SKOV3 at 40% to 50% confluence were
infected with lentivirus expressing shRNA to the human
EZH2 gene or vector control. The infected cells were drug-
selected with 1 mg/mL (for PEO1) or 3 mg/mL (for SKOV3)
of puromycin, respectively.

Human ovarian tissue microarrays
Tissue microarrays, including core samples from 134

primary human EOCs and 46 cases of normal ovary tissues
were obtained from FCCC Biosample Repository Core
Facility. Use of these human specimens was approved by
the Institutional Review Board.

Immunohistochemical staining and scoring
The expression of EZH2 and Ki67 proteins was detected

using avidin–biotin–peroxidase methods. Briefly, tissue
sections were subjected to antigen retrieval by steaming
in 0.01 mol/L of sodium citrate buffer (pH 6.0) for 30
minutes. After quenching endogenous peroxidase activity
with 3% hydrogen peroxide and blocking nonspecific
protein binding with 1% bovine serum albumin, sections
were incubated overnight with primary monoclonal anti-
body (anti-EZH2: Millipore, 1:100; anti-Ki67: DAKO,

1:100) at 4�C, followed by biotinylated goat anti-mouse
IgG (DAKO, 1:400) for 1 hour, detecting the antibody
complexes with the labeled streptavidin-biotin system
(DAKO), and visualizing them with the chromogen 3,30-
diaminobenzidine. Sections were lightly counterstained
with hematoxylin. Tissues in which nuclei were stained
for EZH2 or Ki67 protein were considered positive. Two 1-
mm cores were examined in each specimen on the tissue
microarray and cells were counted in at least 5 high-power
fields, with approximately 200 cells analyzed per high-
power field.

FACS, immunoflurescence staining, and Western blot
analysis
FACS and indirect immunoflurescence (IF) staining were

performed as described previously (26–28). The following
antibodies were used for IF: rabbit anti-H3K27Me3 (Cell
Signaling, 1:1,000), and rabbit anti-H3K9Me3 (Abcam,
1:500). The antibodies used for Western blotting were from
indicated suppliers: mouse anti-EZH2 (Millipore; 1:2,500),
rabbit anti-H3K27Me3 (Cell signaling, 1:1,000), rabbit
anti-H3K9Me3 (Abcam, 1:2,000), mouse anti-histone
H3 (Millipore, 1:10,000), mouse anti-GAPDH (Millipore,
1:10,000), rabbit anti-PARP p85 fragment (Promega,
1:1,000), rabbit anti-cleaved caspase 3 (Cell Signaling,
1:1,000), and rabbit anti-cleaved Lamin A (Cell signaling,
1:1,000).

Soft agar colony formation assay
A total of 1�104 cells per well were inoculated in a 6-well

plate in 1.5 mL of RPMI 1640 medium supplemented with
10% FBS and 0.35% agar on a base layer of 1.5 mL of the
same medium containing 0.6% agar. Three weeks after
plating, the cells were stained with 1% crystal violet (Sigma)
in PBS to visualize the colonies. Number of colonies that
were larger than 50 mm (approximately 100 cells) in
diameter in each well was counted.

Matrigel invasion assay
BD BioCoat Matrigel Invasion Chamber was used to

measure cell invasion according to manufacturer's instruc-
tion. Cells (1 � 105 cells per well) suspended in 0.5 ml
RPMI 1640mediumwere added to the upper compartment
of 24-well matrigel-coated or noncoated 8 mm membrane,
and RPMI 1640 medium supplemented with 10% FBS was
applied to the lower compartment. After incubating 22
hours at 37�C, 5% CO2, the cells were fixed with 4%
formaldehyde and stained with 1% crystal violet in PBS.
The number of cells that migrated across control membrane
or invaded through Matrigel-coated membrane was deter-
mined in 9 fields across the center and the periphery of the
membrane.

Annexin V staining for detecting apoptotic cells
Phosphatidylserine externalization was detected using an

Annexin V staining kit (Millipore) following manufacture's
instruction. Annexin V positive cells were detected by
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Guava system and analyzed with Guava Nexin software
Module (Millipore).

In vivo tumorigenicity assay
A total of 5�106 cells in PBS (pH 7.3) per mouse were

injected subcutaneously into the flank of 6-week-old female
nude athymic mice. The mice were sacrificed 4 weeks post-
inoculation.Widthandlengthoftumorsizeweremeasuredand
the tumor volume (mm3) was calculated using the following
formula: tumor volume (inmm3)¼ length�width2� 0.52.

Statistical analysis
Quantitative data were expressed as mean � SD, unless

otherwise stated. analysis of variance (ANOVA) with
Student's t test was used to identify significant differences
in multiple comparisons. The c2 test was used to analyze
the relationship between categorical variables. Overall
survival was defined as the time elapsed from the date
of diagnosis and the date of death from any cause or the
date of last follow-up. Disease-free survival was defined as
the time elapsed from the date of surgery and the date of
the first recurrence. Kaplan–Meier survival plots were
generated and comparisons made using the log-rank
statistic. For all statistical analyses, the level of significance
was set at 0.05.

Results

The catalytic and noncatalytic subunits of PRC2
complex and H3K27Me3 are expressed at higher levels
in human EOC cell lines compared with pHOSE cells
Expression of EZH2, EED, and SUZ12 was examined by

Western blotting in cultures of pHOSE cells isolated from
5 different individuals and 8 human EOC cell lines. When
compared with pHOSE cells, EZH2, EED, and SUZ12
were expressed at higher levels in all human EOC cell lines
tested (Fig. 1A). Consistently, the levels of H3K27Me3, the
product of EZH2 histone H3 lysine 27 methyltransferase
activity, was also increased in human EOC cell lines com-
pared with pHOSE cells (Fig. 1A). On the basis of these
results, we conclude that the catalytic and noncatalytic
subunits of PRC2 and H3K27Me3 are expressed at higher
levels in human EOC cell lines compared with pHOSE cells.

EZH2 is overexpressed in primary human EOCs and its
expression positively correlates with expression of Ki67,
a cell proliferation marker
We next sought to examine the expression of EZH2, the

catalytic subunit of PRC complex, in 134 primary human
EOCs and 46 normal ovary tissue specimens by IHC
staining (Table 1; Fig. 1B; Supplementary Fig. S1). The
specificity of the EZH2 antibody used for IHC staining was
confirmed by the following (Supplementary Fig. S1A and
B). First, a single band at right molecule weight (�95KD)
was obtained in Western blotting of human EOC cell line
SKOV3 using the EZH2 antibody, and this band was
absent after expression of shRNA to the human EZH2
gene (shEZH2) that effectively knocked down EZH2

mRNA expression (Supplementary Fig. S1A and data not
shown). In addition, EZH2 staining signal was lost when
primary anti-EZH2 was replaced with an isotype-matched
IgG control (Supplementary Fig. S1B). Importantly, the
nuclei of human EOC cells were strongly stained by the
anti-EZH2 antibody (Fig. 1B; Supplementary Fig. S1C).
By contrast, ovarian surface epithelial cells were negative for
EZH2 staining (Fig. 1B).
We scored expression of EZH2 as low (H-score� 100) or

high (H-score > 100) based on the histochemical score (29,
30), which considers both the intensity of staining and the
percentage of positively stained cells. EZH2 expression in
the surface epithelium of all 46 normal ovaries was scored as
low (in fact, negative EZH2 staining). EZH2 was scored as
low in 34% (46 of 134) and high in 66% (88 of 134) of
primary EOCs tested, respectively. When compared
with normal ovarian surface epithelium, EZH2 was
expressed at significantly higher levels in primary
human EOCs (P < 0.001). Because EZH2 has been
implicated in promoting cell proliferation (12), we stained
the same set of primary human EOC specimens with Ki67,
a cell proliferation marker, and compared the expression of
EZH2 and Ki67 expression in consecutive sections. There

A

B

Figure 1. EZH2 is expressed at higher levels in human EOC cell lines
and primary human EOCs compared with normal ovarian surface
epithelium. A, expression of EZH2, EED, SUZ12, H3K27Me3, and GAPDH
in 5 individual batches of pHOSE cell cultures and indicated human EOC
cell lines was determined by Western blotting. B, examples of EZH2
immunohistochemical staining in normal ovary and primary human
EOC (shown is an example of high-grade serous histotype EOC).
Bar ¼ 50 mm.
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was a significant correlation between EZH2 expression and
Ki67 expression (P < 0.001; Table 1). Together, we con-
clude that EZH2 is significantly overexpressed in primary
human EOCs compared with normal ovarian surface
epithelium and its expression correlates with a high pro-
liferation index revealed by Ki67 staining.

EZH2 expression is positively correlated with tumor
grade but not tumor stage, or overall or disease-free
survival
We next sought to determine the correlation between

EZH2 expression and clinical and pathologic features of
human EOCs. There was a significantly positive correlation
between EZH2 expression and tumor grade (P ¼ 0.034;

Table 1). However, EZH2 expressionwas not associatedwith
tumor stage (P ¼ 0.908; Table 1). Next, we sought to
determine whether EZH2 expression correlates with prog-
nosis of type II high-grade serous histotype EOC patients for
which long-term follow-up data were available (n¼ 98). The
difference inoverall (P¼ 0.3) or disease-free (P¼ 0.2) survival
between low EZH2 expression group (n ¼ 35) and high
EZH2 expression group (n¼ 63) was not significant (Fig. 2).

EZH2 knockdown inhibits the growth of human EOC
cells in vitro and in vivo
Because EZH2 expression positively correlates with Ki67

expression (Table 1), we sought to determine the effects of
EZH2 knockdown on proliferation of human EOC cells. To

Table 1. Correlation between EZH2 expression and tumor cell proliferation (Ki67) or clinicopathologic
variables

EXH2 protein expression

Patient characteristics Low (n) High (n) Total (n) High (%) P

Age (23–85 y, mean 59.6 y)
�55 17 31 48 64.58
>55 29 57 86 66.28 0.843

Laterality
Left 12 25 37 67.57
Right 7 18 25 72.00
Bilaterality 22 39 61 63.93 0.764
Undetermined 5 6 11 54.55

Histotype
Epithelial ovarian cancer 46 88 134 65.67
Type I 11 25 36 69.44
Low-grade serous 2 0 2
Endometrioid 5 8 13
Mucinous 1 4 5
Clear cell 2 6 8
Others 1 7 8

Type II 35 63 98 64.29 0.577a

High-grade serous 35 63 98 64.29
Normal ovarian epithelium 46 0 46 0.00 <0.001b

Ki67
0%–10% 27 2 29 6.90
10%–40% 10 17 27 62.96
40%–100% 9 69 78 88.46 <0.001

Tumor grade
Well differentiation 6 3 9 33.33
Moderate differentiation 10 12 22 54.55
Poor differentiation 29 70 99 70.71 0.034
Undetermined 1 3 4 75.00

Tumor stage
Stage 1/2 12 21 33 63.64
Stage 3/4 33 55 88 62.50 0.908
Undetermined 1 12 13 92.31

aCompared with type l, P ¼ 0.577.
bCompared with epithelial ovarian cancer, P < 0.001.
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knockdown EZH2 expression in SKOV3 cells, we devel-
oped 2 individual lentivirus encoded shEZH2. The knock-
down efficacy of shEZH2 in SKOV3 cells was confirmed by
Western blotting (Fig. 3A). Consistently, the level of
H3K27Me3 level was significantly reduced by shEZH2
expression in SKOV3 cells as determined by both Western
blotting and IF staining (Fig. 3B and C). As a negative
control, shEZH2 expression has no effects on the level of
trimethylated lysine 9 histone H3 (H3K9Me3) that is
generated by histone methyltransferase Suv39H (ref. 31;
Fig. 3B andC). Comparedwith controls, EZH2 knockdown
significantly reduced both anchorage-dependent and -inde-
pendent growth in soft agar in SKOV3 cells (P < 0.001;
Fig. 3D and E). The degree of growth inhibition by shEZH2
correlated with the level of EZH2 knockdown in SKOV3
cells by 2 individual shEZH2 (Fig. 3), suggesting that the
observed growth inhibition by shEZH2 was not because of
off-target effects. In addition, EZH2 knockdown in PEO1
cells has same effects on the expression of H3K27Me3 and
also suppressed both anchorage-dependent and -indepen-
dent cell growth (Supplementary Fig. S2), suggesting that
the observed growth inhibition is not cell line specific.

We next sought to determine the effects of EZH2 knock-
down on the growth of SKOV3 cells in vivo in immuno-
compromised nude mice. Control and shEZH2 expressing
SKOV3 cells were injected subcutaneously into nude mice
with 5 � 106 cells per mice and 5 mice in each group. Four
weeks after injection, the sizes of xenografted tumors were
compared between control and shEZH2 expressing cells
(Fig. 4A and B). EZH2 knockdown by shEZH2 in the
xenograft tumors was confirmed by IHC staining (Fig. 4C).
shEZH2 expression significantly inhibited the growth of
xenografted SKOV3 cells (Fig. 4A and B).

EZH2 knockdown inhibits the invasion of human EOC
cells
EZH2 has been implicated in regulating cell invasion in

several types of cancer cells (11, 15, 32, 33). Thus, we
sought to determine the effects of EZH2 knockdown on
invasion of human EOC cells. Toward this goal, control and
shEZH2 expressing SKOV3 cells were tested for their
ability to migrate through uncoated control membrane
or invade through matrigel-coated membrane. Compared
with controls, EZH2 knockdown significantly inhibited the
invasion of SKOV3 cells as revealed by a decreased invasion
index that is calculated as the ratio between the number of
cells invaded through matrigel-coated membrane and the
number of cells migrated through control membrane
(Fig. 5). Inhibition of invasion was observed by 2 individual
shEZH2 in SKOV3 cells (Fig. 5). In addition, the degree of
invasion inhibition correlated with the degree of EZH2
knockdown (Figs. 3 and 5), suggesting that this is not
because of off-targets effects. On the basis of these results,
we conclude that EZH2 knockdown inhibits the invasion of
human EOC cells.

EZH2 knockdown triggers apoptosis in human EOC
cells
We next sought to determine the mechanisms by which

EZH2 knockdown inhibits the growth of human EOC
cells. DNA content analysis determined by FACS showed
that there was no statistical difference in cell-cycle distribu-
tion between control and shEZH2 expressing cells (Sup-
plementary Fig. S3). We next examined the markers of
apoptosis in control and shEZH2 expressing SKOV3 cells.
When compared with controls, markers of apoptosis were
significantly induced by shEZH2 expression (Fig. 6). Those
apoptotic markers include increased percentage of cells at
sub-G1 phase as measured by FACS analysis (Fig. 6A),
increased percentage of Annexin V positively stained cells as
measured by Guava Nexin assay (Fig. 6B), upregulation of
cleaved Lamin A, PARP p85, and caspase 3 (Fig. 6C; ref.
34). Together, we conclude that EZH2 knockdown induces
apoptosis of human EOC cells.

Discussion

Consistent with our findings, EZH2 mRNA expression
was upregulated 2-fold or more in more than 80% of high-
grade serous human EOC specimens in the newly released

A

B

P = 0.2

P = 0.3

Figure 2. EZH2 expression does not correlate with disease-free or overall
survival in high-grade serous histotype EOC patients. The univariate
disease-free (A) and overall survival (B) curves (Kaplan–Meier method) for
high-grade serous histotype EOC patients with low or high EZH2 protein
levels as assessed by immunohistochemistry analysis.
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the Cancer Genomics Atlas (TCGA) serous ovarian
cystoadenocarcinoma gene expression database (http//
cancergenome.nih.gov/). EZH2 gene is located at chromo-
some 7q36.1. Gene amplification contributes to EZH2
overexpression in several types of cancer (14, 35). However,
TCGA gene copy-number analysis indicates that EZH2
gene amplification occurs only in a very small percentage of
EOCs (<10% specimens show >4 copy of EZH2 gene;
http//cancergenome.nih.gov/), suggesting that gene ampli-
fication is not a major mechanism that leads to EZH2

upregulation in human EOCs. EZH2 is an E2F target gene
(35). A very recent study showed that VEGF stimulates
EZH2 expression in human EOC cells via E2F family
members, E2F1 and E2F3 (24). However, VEGF only
stimulates the expression of EZH2 mRNA up to 3-fold
(24), which is far below the level of increase in EZH2
mRNA or protein in human EOC cells compared with
cultured pHOSE cells (Fig. 1 and data not shown), suggest-
ing additional mechanisms contribute to EZH2 upregula-
tion in human EOC cells. In the future, we will elucidate

A C

B

D
E

Days postinfectionDays postinfection

Figure 3. EZH2 knockdown inhibits the growth of SKOV3 cells in vitro. A, SKOV3 cells were infected with 2 individual lentivirus encoded shEZH2 or
control. Drug-selected cells were examined for expression of EZH2 andGAPDH byWestern blotting. B, same as A, but examined for expression of H3K27Me3
and H3K9Me3 by Western blotting. C, same as A, but examined for expression of H3K27Me3 and H3K9Me3 by immunofluorescence staining. DAPI
counterstaining was used to visualize the cell nuclei. D, same as A, but equal number of drug-selected cells were seeded and counted at indicated time
points. Mean of 3 independent experiments with SD. *, P < 0.001. E, same as A, 1 � 104 cells were seeded in soft agar and the number of colonies
were counted after 3 weeks of culture. Mean of 3 independent experiments with SD. *, P < 0.001.
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additional mechanisms that contribute to EZH2 upregula-
tion in human EOCs.
EZH2 has been demonstrated as a prognostic marker for

breast and prostate cancers and positively correlates with
disease-free survival and overall survival in those patient
populations (11–13). In addition, EZH2 overexpression
correlates with more advanced disease stages of breast and
prostate cancers (11, 13). However, EZH2 expression was
not a prognostic marker in other types of cancers including
renal clear cell carcinoma and hepatocellular carcinomas
(33, 36). We showed that there was no significant correla-
tion between EZH2 expression and disease-free or overall
survival in high-grade serous EOC patients (Fig. 2). Con-
sistent with our findings, low expression of H3K27Me3 has
been demonstrated to be a poor prognostic marker in EOC
(37). In contrast, a very recent study showed that EZH2
expression in either EOC cells or ovarian tumor vasculature
is predictive of poor clinical outcome (24). The basis for the
discrepancy between our study and that of Lu et al.'s is
unclear. A possible reason may be that we correlated EZH2
expression with overall or disease-free survival only in high-
grade serous histotype EOCs (Fig. 2), whereas the study by
Lu et al. includes additional histotypes of EOCs (24).
We showed that EZH2 expression positively correlated

with Ki67 expression in EOCs (Table 1). There are con-
flicting results regarding the prognostic value of Ki67 in
ovarian carcinoma (38–42). A recent study by Kobel et al.

(43) suggests that differences in Ki67 index among different
subtypes of EOCs confound the Ki67 survival analysis
because nearly all high-grade serous EOCs have a high
Ki67 index. In analysis of each individual subtypes, Ki67 is
no longer a prognostic marker. Consistent with this,
although EZH2 correlates with Ki67 expression (Table 1),
EZH2 expression was not a prognostic indicator for either
overall or disease-free survival in the tested high-grade
serous histotype EOC patients (Fig. 2).
Interestingly, when comparedwith normal ovarian surface

epithelium, EZH2 expression is significantly upregulated
(up to 23-fold) in ovarian epithelial inclusion cysts (44),
which are thought to be the precursor lesion of a subset of
EOC (45). This suggests that EZH2 overexpression is an
early event during EOC development. Although ovarian
surface epithelium is thought to be the cell origin of EOC
(46), there are still several histopathology-based theories that
differ in their explanations about the origins of EOC (46–
48). Notably, recent evidence suggests that a proportion of
high-grade serous EOC may arise from distal fallopian tube

A

C

B P = 0.018

P = 0.04

Figure 4. EZH2 knockdown suppresses the growth of SKOV3 cells in vivo
in immunocompromised mice. A, 5 � 106 control or shEZH2 expressing
SKOV3 cells were injected subcutaneously into immunocompromised
nude mice (n ¼ 5). Four weeks postinjection, tumors were removed from
mice. B, quantitation of A, the size of tumors was measured. Mean of
tumor sizes with SEM. C, xenografted tumors formed by control or
shEZH2 expressing SKOV3 cells were sectioned and stained for EZH2
expression. Bar ¼ 50 mm.

A

B C

Figure 5. EZH2 knockdown suppresses the invasion of SKOV3 cells. A,
equal number of control and shEZH2 expressing SKOV3 cells were
assayed for migration through uncoated control membrane or invasion
through matrigel-coated membrane. The cells migrated through control
membrane or invaded through matrigel-coated membrane were stained
with 1% crystal violet in PBS. B, quantitation of A. Relative percentage of
shEZH2 expressing cells migrated through control membrane or invaded
through matrigel-coated membrane compared with controls was
indicated. Mean of 3 independent experiments with SD. *, P < 0.05.
C, invasion index of shEZH2 expressing SKOV3 cells compared with
controls. Invasion index is the ratio between cells invaded through
matrigel-coatedmembrane and cells migrated through control membrane.
Mean of 3 independent experiments with SD. *, P < 0.05.
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(48). Therefore, it will be interesting to examine EZH2
expression in normal fallopian tube epithelium.
Multiple genes have been implicated in EZH2 inhibi-

tion–induced apoptosis. For example, FBXO32 contributes
to EZH2 inhibition induced–apoptosis in breast cancer cells
(45), and Bim expression has been demonstrated to mediate
EZH2 inhibition–induced apoptosis in prostate cancer cells
(49). Likewise, E-cadherin, DAB2IP, and SLIT2 have all
been implicated in mediating increased invasiveness con-
ferred by high levels of EZH2 expression (32, 50–52).

Further studies are warranted to delineate the molecular
mechanisms by which EZH2 overexpression promotes
proliferation and invasion of human EOC cells.
In summary, the data reported here show that EZH2 is

overexpressed in approximately 66% of primary human
EOCs and its overexpression correlates with a high pro-
liferation index and tumor grade in EOCs. Knockdown of
EZH2 inhibits the growth of human EOC cells in vitro and
in vivo. EZH2 knockdown induces apoptosis of human
EOC cells. In addition, EZH2 knockdown suppresses the
invasion of human EOC cells. Further, inhibition of the
growth and invasion of human EOC cells induced by
EZH2 knockdown correlates with a decrease in the levels
of H3K27Me3, suggesting that EZH2 histone methyl-
transferase activity is critical for its function in human
EOC cells. Together, our data imply that EZH2 is a
potential target for developing epigenetic modifying ther-
apeutics for EOC.
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Wnt5a-dependent induction of senescence suppresses epithelial ovarian cancer. 
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Birrer 6, Denise C. Connolly 1, Andrew K. Godwin 2, Paul Cairns 3, Hong Wu 4, Rugang Zhang 1, 
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1 Women’s Cancer Program, 2 Biosample Repository Facility, 3 Department of Surgical 
Oncology, 4 Department of Pathology, 5 Epigenetic and Progenitor Cell Keystone Program, Fox 
Chase Cancer Center; 6 Massachusetts General Hospital Cancer Center, Harvard Medical School. 
 

Epithelial Ovarian Cancer (EOC) remains the most lethal gynecological malignancy in 
US and is the fifth leading cause of cancer deaths among American women. Thus, there is an 
urgent need to understand the etiology of EOC to develop novel therapies for this disease.  Here, 
we demonstrated that a non-canonical Wnt ligand, Wnt5a, is expressed at significantly lower 
levels in human EOC cell lines and in primary human EOC compared with either normal ovarian 
surface epithelial cells or fallopian tube epithelial cells. Importantly, expression of Wnt5a in 
primary human EOC inversely correlates with tumor stage but not tumor grade.  Interestingly, 
Wnt5a expression is significantly lower in Type II high-grade serous EOC compared to Type I 
EOC that includes low-grade serous, mucinous, clear cell and endometrioid subtypes of EOC.  In 
addition, we discovered that hypermethylation of promoter CpG island contributes to Wnt5a 
downregulation in human EOC cells. Significantly, restoration of Wnt5a expression in human 
EOC cells promoted senescence of EOC cells and resulted in a dramatic decrease in cell 
proliferation both in vitro and in vivo in an orthotopic model of EOC in the ovary of SCID mice. 
Mechanistically, Wnt5a inhibited canonical Wnt/β-catenin signaling and resulted in the 
activation of senescence-promoting histone repressor A/PML pathway.  In summary, we show 
that Wnt5a is often expressed at lower levels in primary human EOC and Wnt5a expression 
suppresses the growth of EOC cells by triggering senescence through antagonizing canonical 
Wnt signaling.  These results also suggest that loss of Wnt5a expression is a putative marker of 
EOC and that non-canonical Wnt signaling is a potent target for developing novel EOC 
therapeutics. 
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An abstract presented at the 3rd International Symposium on Ovarian Cancer 

Wnt Signaling, Cellular Senescence and Ovarian Cancer Therapy 

Rugang Zhang, Ph.D. 

Program in Gene Expression and Regulation, The Wistar Institute, Philadelphia, PA 
19104. 

Epithelial ovarian cancer (EOC) remains the most lethal gynecological 
malignancy in the US. Thus, there is an urgent need to develop novel therapeutics for 
this disease. Cellular senescence is a tumor suppression mechanism that has been 
suggested as a novel mechanism for developing cancer therapeutics. Wnt5a is a non-
canonical Wnt ligand that plays a context-dependent role in human cancers. Recently, 
we discovered a lower level of Wnt5a expression predicted shorter overall survival in 
EOC patients. Significantly, Wnt5a restoration inhibited proliferation of EOC cells both in 
vitro and in vivo in an orthotopic mouse model. Mechanistically, Wnt5a antagonizes 
Wnt/β-catenin signaling and induces cellular senescence by activating the epigenetic 
histone repressor A (HIRA)/promyelocytic leukemia (PML) senescence pathway.  These 
data suggest that promoting cells to undergo senescence by reconstituting Wnt5a 
signaling represents a novel strategy for developing urgently needed EOC therapeutics.  
Here we performed preliminary experiments with a Wnt5a-mimetic hexapeptide, Foxy5. 
In EOC cell lines, Foxy5 significantly inhibits the proliferation of EOC cells by 
downregulating β-catenin and its transcriptional target, CCND1 (cyclin D1).  In addition, 
Foxy5 inhibits EOC cell migration in a classical wound-healing assay. In summary, we 
show that loss of Wnt5a predicts poor outcome in EOC patients and Wnt5a suppresses 
the growth of EOC cells by triggering cellular senescence. We suggest that strategies to 
drive senescence in EOC cells by reconstituting Wnt5a signaling via using Foxy5 may 
offer an effective new strategy for EOC therapy. 
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