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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.



Figure 1. FJ9 suppresses the growth of human EOC cells via Wnt/B-catenin
independent mechanisms. (A) Equal number of indicated EOC cell lines were
treated with 100uM FJ9 or vehicle control (dissolved in 0.01% DMSQO). 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 immunoblottina usina indicated antibodies.

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/B-catenin pathway. For example,
the levels of soluble B-catenin, a marker of active canonical Wnt/p-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 2. Wntba restoration inhibits the growth of human EOC cells by
antagonizing canonical Wnt/B-catenin signaling. (A) OVCARS5 cells were
transduced with a control or Wntb5a encoding puromycin resistant retrovirus. The
infected cells were drug-selected with 3 pg/ml puromycin. Expression of Wnt5a
MRNA in drug-selected cells was determined by gRT-PCR. (B) Same as (A), but
examined for expression of Wnt5a and B-actin in control or Wnt5a-infected OVCARS
and primary HOSE cells by immunoblotting. Relative levels of Wntba 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 Wntba-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 B-catenin and p-actin
expression by immunoblotting (NT = non-treated). (F) Same as (A), but examined for
expression of indicated pB—catenin target genes by qRT-PCR. Expression of j-2-
microglobulin was used to normalize the expression of indicated genes. * p = 0.0095,
**p =0.0012 and *** p = 0.0286 compared with controls.

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



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

Figure 3. Wnt5a restoration inhibits the growth
of PEO1 EOC cells by antagonizing canonical
Whnt signaling. (A) PEOL cells were transduced
with a control- or Wnt5a-encoding puromycin
resistant retrovirus. The infected cells were drug-
selected with 1 ug/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 B-catenin expression by immunoblotting.

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
Whntba has been demonstrated to
antagonize the canonical
Whnt/ B-catenin  signaling in
certain cell contexts [2-5]. We
hypothesized that Wnt5a would
suppress the growth of human
EOC cells by antagonizing
canonical Whnt/B-catenin
signaling. To test our
hypothesis, we examined the
effect of Wntba reconstitution
on expression of markers of
active Wnt/B-catenin signaling
in human EOC cells, namely the
levels of *active” soluble pB-
catenin[6-8] and expression of
[-catenin target genes such as
CCND1, c-MYC and FOSL1 [9,
10]. Indeed, we observed a
decrease in soluble B-catenin in
Whntb5a reconstituted OVCARS
cells compared with vector
controls (Figure 2E).
Consistently, we also observed a



significant decrease in the levels of 3-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 Wntba 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
(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/B-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-B-gal activity, a universal marker of cellular senescence [11].
Indeed, SA-B-gal activity was notably induced by Wnt5a reconstitution in both OVCARS5
and PEO1 human EOC cells compared with controls (Figure 4).

Figure 4. Wnt5a restoration triggers cellular senescence in human EOC cells. (A)
Control and Wnt5a expressing OVCARS5 EOC cells were stained for senescence-
associated [3-galactosidase (SA-B-gal) activity. (B) Quantitation of (A). Mean of three
independent experiments with SD. (C-D) Same as (A-B) but for PEO1 human EOC
cdls.

Task 2. Determine the effects of inhibition of Wnt/B-catenin signaling on key
senescence-regulating pathways in human EOC cells. (Month 13-24)

Specifically, we will determine the effects of inhibition of Wnt/B-catenin signaling by
FJ9 treatment or enforced Wnt5a expression on status of p53, pRB and HIRA/PML
pathways.




Progress report: Since FJ9 failed to inhibit canonical Wnt signaling (Figure 1C), we
focused on our study on using Wntba 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. Wntba restoration activates HIRA/PML pathway and decreases the
levels of phosphorylated pRB in human EOC cells. (A) Control and Wnt5a
expressing OVCARS EOC cells were stained with antibodies to HIRA and PML.
Arrows point to examples of co-localized HIRA and PML bodies. Bar = 10 um. (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 OVCARS EOC cells reconstituted with Wnt5a or vector

Figure 6. Wntba 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

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



pathways. Interestingly, p16'™<*? 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 OVCARS cells [19]. We conclude that cellular senescence induced
by Whnt5a restoration is independent of both p53 and p16'™<*2.

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

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-B-gal activity was measured in young and naturally
senescent primary HOSE cells. (B) Same as (A). Quantitation of SA-B-gal positive
cels(**p<0.001). (C) Sameas (A), but mMRNA was isolated and examined for
Wht5a expression by qRT-PCR. Expression of g-2-microglobulin (B2M) was used as
acontrol. (*p = 0.003). (D) Young primary HOSE cells were transduced with
retrovirus encoding human Wnt5a gene or a control. Expression of Wnt5ain indicated
cells was determined by gRT-PCR. Expression of g-2-microglobulin (B2M) was used
asacontrol. (E) Same as (D), but stained for expression of SA-B-gal activity in drug-
selected cells. (F) Quantitation of (E). Mean of three independent experiments with
SD. * n<0.05.

Specific Aim 2. Determine whether loss of Wnt5a contributes to ovarian cancer
development by abrogation of oncogene-induced senescence (O1S) (M onths 25-48).




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 arole in regulating senescence of
primary HOSE cells.

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 gRT-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 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
Wntba 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)




We next determined whether canonical Wnt signaling induced by shWntba
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

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.

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 norma 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 specimensin our IHC analysis (Table 1)

As shown in Figure 10A, in norma human ovarian surface epithelial cells and
fallopian tube epithelia cells, both cytoplasm and cell membrane were positive for
Whnt5a 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



of normal human ovarian surface epithelium and 82.1% (23/28) cases of horma 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
Whnt5a was expressed at significantly lower levels in primary human EOCs compared
with either normal human ovarian surface epithelium (p = 0.039) or norma 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.

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

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




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 surviva 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 overal
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 norma human
ovarian surface epithelium, fallopian tube epithelium, and EOC of indicated
histological subtypes. Bar = 50 um. 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 um. (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 surviva curve (Kaplan-Meier method) for EOC
patients (n = 123) with high or low Wntba expresson as determined by
immunohistochemical anaysis.




Specific Aim 3: Investigate the effects of inhibition of canonical Wnt signaling on
malignant behavior of human EOC cellsin immunodeficient mice. (M onths 48-60)

Task 5. Determine whether inhibition of canonical Wnt signaling in engrafted
human EOC cdls through ectopic Wnt5a expression induces senescence of
engrafted EOC cells, and consequently blocks the further growth of human EOC
cellsin immunodeficient mice. (M onths 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 OV CARS5 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 atotal of 30 days (Figure 11A). Wnt5a
significantly suppressed the growth of xenografted OV CARS human EOC cells
compared with controls (Figure 11B, p < 0.03). Consistently, following genera
pathological examination during surgical dissection at day 30, we observed that tumor
sizes were notably smaller from mice injected with Wnt5a reconstituted OV CARS 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 cellsin tumors formed by Wnt5a reconstituted OV CARS5 cells compared with
controls (Figure 11D-E). In addition, intensity of Ki67 staining was aso notably weaker
in Ki67 positive Wnt5A reconstituted OV CARS 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-B—gal activity in fresh sections of dissected tumors
formed by OV CARS cells reconstituted with Wnt5a or control cells. Indeed, we observed
asignificant increase in the number of cells positive for SA-B-gal activity in OVCARS
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.



Figure 11. Wnt5a restor ation inhibitstumor growth and promotes senescence of
human EOC cdllsin vivo. (A) OVCARS 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 IVISimaging
system. Shown are images taken at day 10 and day 30, respectively. (B) Quantitation
of tumor growth from injected OV CARS cells expressing Wnt5a or control at
indicated time points. * p = 0.038 compared with controls. (C) Following tumor
dissection, expression of Wnt5ain tumors formed by control or Wnt5a expressing

OV CARS EOC cedlls was determined by immunohistochemical staining against Wnt5a
(40X). Bar =50 um. (D) Same as (C), but examined for expression of Ki67, amarker
of cell proliferation (40X). Bar =50 um. (E) Quantitation of (D). * p = 0.008
compared with controls. (F) Expression of SA--gal activity was examined on
sections of fresh-frozen tumors formed by OV CARS cells expressing control or
Whnit5a (40X). Bar = 100 um. (G) Quantitation of (F). * p = 0.003 compared with
controls.

Key Research Accomplishments:

e FJ9 suppresses the growth of human EOC cells but likely through canonical
Whntsignaling independent mechanisms.

e Whntb5a suppresses the growth of human EOC cells.



e Whnt5a inhibits canonical Wnt signaling.
e \Whntb5a induces cellular senescence.

e Cellular senescence induced by Wnt5a restoration is independent of both p53 and
p16.

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

e Cellular senescence induced by Wntba restoration correlates with a decreased
level of serine 780 phosphorylated pRB.

e Whntb5a plays a role in regulating senescence of primary HOSE cells.

e Wntba loss may contribute to transformation of HOSE cells by suppressing
oncogene-induced senescence.

e A lower level of Wnt5a expression correlates with tumor stage and predicts
shorter overall survival in human EOC patients.

e Whnt5a restoration inhibits tumor growth and promotes senescence of human EOC
cellsin vivo.

Reportable Outcomes:
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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 (dANTP) 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-MYC down-
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 (ANTP) 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;

CrossMark

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

Cell Reports 11, 893-901, May 12, 2015 ©2015 The Authors 893


mailto:rzhang@wistar.org
http://dx.doi.org/10.1016/j.celrep.2015.04.014
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.04.014&domain=pdf

OPEN

ACCESS
CellPress

Figure 1. Knockdown of ATM Bypasses Senescence and Suppresses DNA Damage Induced by RRM2 Knockdown
(A) Primary human IMR90 cells were infected with 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 1l). 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 yH2AX
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 YH2AX
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 yH2AX (Groth et al., 2010). shATM
significantly reduced the co-localized BrdU and yH2AX 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

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

(
(
(
(
(
(

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

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

H) Same as (C), but an equal number of cells were seeded in six-well plates and focus formation was determined by crystal violet staining 14 days later.
1) Quantification of (H). The intensity of foci formed was quantified using NIH ImageJ software (n = 3).

J) Same as (C), but cells were examined for 53BP1 and yH2AX foci formation. Scale bars, 5 pm.

K) Quantification of (J). 200 cells from each of the indicated groups were quantified for 53BP1 and YH2AX foci positivity (n = 3).

(M) Quantification of (L). The extent of DNA damage was quantified as Olive Moment using CometScore software (n = 100).
*p < 0.05 shRRM2 versus control; #p < 0.05 shRRM2/shATM versus shRRM2. Error bars represent SEM. Scale bars represent 10 um unless otherwise specified.

See also Figure S1.
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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 PPP metabolites 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
['®Cel-glucose. There was an increase in the fractional propor-
tion of '*C-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 S30). 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
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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 yH2AX
as determined by immunofluorescence using a
confocal microscope. Scale bars, 5 pm.

(D) Quantification of (C). 200 cells from each of the
indicated groups were quantified for BrdU and
YH2AX co-localization-positive cells (n = 3). Note
that more than ten/nuclei of co-localized BrdU
and yH2AX 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.

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 3lI).
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 GEPD
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 IMR9O0 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); ['*Cg]-glucose labeling for 30 min. Shown is the percent of '*C-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 um.
(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 4l 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-p-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 YH2AX foci were observed by immunofluorescence.

(J) Quantification of (l). 200 cells from each of the indicated groups were quantified for 53BP1 and yH2AX 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 um. See also Figure S4 and Table S1.

RRM2, and c-MYC (Figure S4l). These cells showed decreased These results support that increased c-MYC expression cooper-

glucose uptake and glutamine consumption compared to senes-  ates with decreased p53 to induce metabolic reprogramming
cence-bypassed shATM/shRRM2 cells (Figures 4L and S4J). to allow the senescence bypass by shATM.
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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 '*C-labeling of the PPP
metabolite 6-PG after incubation with ['3Cg]-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: 5-CGGAGGAGAGAGTAAGAGAAA-3’; shATM #1:
5'-CGTGTCTTAATGAGACTACAA-3’; shATM #2: 5'-TGATGGTCTTAAGGAA
CATCT-3'; shp53: 5-GAGGGATGTTTGGGAGATGTA-3'; and shc-MYC: 5'-
CCTGAGACAGATCAGCAACAA-3. The following antibodies were obtained
from the indicated suppliers: mouse anti-phospho-ATM (Rockland), goat
anti-ATM (Bethyl), goat anti-RRM2 (Santa Cruz Biotechnology), mouse anti-cy-
clin A (Novocastra), mouse anti-yH2AX (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-p-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 pg/ml puromycin.

Immunofluorescence, BrdU Labeling, Single-Cell Gel
Electrophoresis, also known as Comet Assay, and SA-3-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 yH2AX using a Leica TCS SPIl 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
Imaged 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 1M 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
were measured using a YSI 7100 Bioanalyzer. 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.

C'3-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 x 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 pl of mobile phase A for LC-MS analysis. For labeling
studies, cells were grown in media omitting glucose supplemented with
1 mg/mL ['®Cgl-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 x 2.1 mm I.D., 3 pum). 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 B was 300 mM HFIP and 10 mM DIPEA in methanol. 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 ul 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 I/min. Sheath gas temperature was 400°C, and the sheath
gas flow was set to 10 I/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 MgCl, (pH 8.1), NADP* (100 uM), and G6P (200 pM) or
6-PG (200 uM). 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.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2015.04.014.
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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; A TERT, human telomerase reverse
transcriptase; uUORF, upstream open reading frame; BrdU, bromodeoxyuridine; SA-B-gal, senescence-associated -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 Il complex exists as either a full-length protein or an N-terminus truncated variant (AN). While the full-length
hCAP-H2 associates with mitotic chromosomes, the AN 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-H2AN 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.' These SMC complexes function as connectors
between 2 chromatin fibers.* Recent studies have revealed that
cohesin can mediate interactions between gene promoters and
enhancers.” Condensin is also known to function in higher-order
genome organization in yeast and is involved in the gene regula-
tion in Caenorhabditis elegans.”® Condensin I and I complexes
exist in humans, where the condensin II complex binds to pro-
moters and enhancers, and participates in gene regulation.'®"!
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.'”
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
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overexpression of oncogenic Ras.'>'* Tt is accompanied by
diverse changes in gene expression and is associated with signifi-
cant alterations in the global genome architecture.”'® Senes-
cence-associated heterochromatin foci (SAHF) and senescence-
associated distension of satellites (SADS) are characteristic of
senescent cells.” "’

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.”’”?! Lamin B1, a
structural component of the nuclear lamina, has also been impli-
cated in the senescent processes.”” 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.>® 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-H2AN, accumulates in
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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), U20S (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 (APPase).
(€) 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 LEEO11), 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 +) 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 +), 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.

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 U20S)
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 INCAPH2  transcripts,
indicating that both proteins are
derived from the NCAPH?2 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
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,
OVCARS5, and SKOV3), suggest-
ing that the absence of the bottom

investigated

quiescent and senescent cells. We show that hCAP-H2AN
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.

www.tandfonline.com

band is not necessarily indicative of cancer cells or their prolifer-
ative potential (bottom panels in Fig. 1A). For instance, the
OVCARS5 and OVCARI10 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
HelLa cells, where Rb was absent), indicating that the expression
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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 APPase 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 rc:ported.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/GO 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 stabilicy 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 OVCARS 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 OVCARI0 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
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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 Neaph2 gene is known to produce splicing var-
iants.”® 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.””*® A uORF is present
in the NCAPH2 mRNA and is conserved among mammalian
species (Fig. 2A).%° NetStart software predicts that hCAP-H2
translation initiates from the first (AUG1) and second (AUG2)
start codons (Fig. 2B).” 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 AuAUG mutation
that prevents translation of the uORF inhibited the production
of the smaller protein. The AAUG!I mutation, which removes
the first start codon, resulted in the expression of only the smaller
protein. The AAUG2 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 AUGI 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.”® Tt 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.®' Therefore, it is possible that the uORF in the
NCAPH?2 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 AN
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 AN variant is initiated from the AUGI and
AUG?2 start codons, respectively. We observed that the size of the
exogenous full-length hCAP-H2 was similar to the endogenous
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Figure 2. Role of the uORF in expression of the hCAP-H2AN variant. (A) The nucleotide sequence of the 5’ region of NCAPH2 mRNA. 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, AuAUG, AAUG1, and AAUG2). 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 AAUG2 construct. (E) The full-length NCAPH2 (FL) and AN 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, AN, and AC) and the other components of the condensin complex. hCAP-H2AC 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).

counterpart in Hela cells (Fig. 2E). In addition, the size of the
AN 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 AN variant is initiated from the
AUGTI 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.>**®> 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-H2AN lacks a part of the conserved winged-
helix domain (Fig. S2D), we tested whether the AN protein can
form the condensin complex. We found that both the full-length
hCAP-H2 and AN variant interacted with the other condensin II
subunits such as SMC4 and hCAP-D3 (Fig. 2F). As a negative
control, we expressed the hCAP-H2AC protein, which is known
to be defective in the interaction between hCAP-H2 and SMC4,
and found that AC proteins were completely deficient for the
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interaction (Fig. 2F and $2D).** These results suggest that the
N-terminal region (50 a.a.) missing in hCAP-H2AN 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 Sccl kleisin subunit of cohesin is

important for its binding to the Smcl subunit.”’

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 AN 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.
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Figure 3. Overexpression of hCAP-H2 induces formation of DAPI-dense chromatin foci. (A) hCAP-H and hCAP-H2 (FL and AN) proteins fused to the Flag
epitope were expressed in RPE-1 cells for 2 days and visualized by IF analysis. Scale bar indicates 10 pm. (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 um. (C) hCAP-H2 (FL and AN) 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 Il laser scanning confocal microscope. Scale bar indicates 1 wm. (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 AN). 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 pm. (G) RPE-1 cells were transfected with plasmids encoding EYFP-tagged hCAP-
H2 proteins (FL and AN) 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 pm.

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. $3B).*” In contrast, histone H3
di/tri-methylated Lys4 (euchromatic mark) was present outside
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of the DAPI-dense foci, consistent with the previous observation
(Fig. $3C)."” These results indicate that DAPI-dense chromatin
foci induced by expression of the hCAP-H2 isoforms have chara-
teristics of SAHF.

hCAP-H2AN 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-H2AN 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 AN 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,”®?” while the
complex with the AN 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 AN 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.*®

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,'® 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.'® 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
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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 AN
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-H2AN 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 AN variant likely
participates in the senescent process.

Discussion

While there are the 2 hCAP-H?2 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
uOREF 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 AN variant exists as a component of the insolu-
ble nuclear architecture (Fig. 3D). Only the hCAP-H2AN 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 AN 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-H2AN 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 AN 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 AN 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 pm. 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 AN 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 wm and 5 pum, 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 NCAPH2 mRNA (shH2#1), and assessed for
SA-B-gal activity and SAHF formation 8 days after the infection. Scale bars indicate 50 (left) and 5 pwm (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.”
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 Bl is down-reg-
ulated, and hCAP-H2AN expression is enhanced (Fig. 4F).*?

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.*® 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.*! It has also been
shown that Rb binds to and represses E2F-target genes, thereby
contributing to cellular senescence.’’ 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,
SATBI forms a nuclear architecture in mouse cells and regulates
many genes by tethering those genes to the SATB1 nuclear archi-
tecture.*? Since senescence is accompanied by altered expression
of many genes,'>'® 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 pg/ml streptomycin, and
0.01 mg/ml hygromycin B. HeLa, HCT116, and U20S cells
were cultured in DMEM medium (Mediatech, MT10-013-CV)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/
ml streptomycin. PEO-1, OVCAR5, OVCARI10, and SKOV3
cells were cultured in RPMI1640 medium (Life Technologies,
22400089) supplemented with 10% FBS, 100 U/ml penicillin,
and 100 pg/ml streptomycin. HOSE4 cells were cultured as pre-
viously described.* IMR90 cells were cultured in DMEM
medium supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.15% sodium bicarbonate, 2 mM
L-glutamine, I mM sodium pyruvate, and 1 x MEM non-essen-
tial amino acids (Life Technologies, 11120052).

Expression of hCAP-H2 and its variants

NCAPH2 ¢DNA in pCMV6-Entry vector (OriGene) was
used to generate the NCAPH2AN and AC genes by a PCR-
based method. hCAP-H2 (full length, AN, and AC) proteins
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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
NCAPH? (full length, AN, or AC) and pCMV-Tet3G were co-
transected into cells, and NCAPH2 expression was induced by
1 wg/ml doxycycline for 48 hours. hCAP-H2 (full length and
AN) 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 AN)
fused to the Flag epitope were inserted into pBABE-neo vector.*
pBABE-neo plasmids carrying either H-rasV12, NCAPH2, or
NCAPH2AN were used for retrovirus packaging, and virus infec-
tion was performed as described previously.?® Cells were cultured
with selection medium containing 500 wg/ml G418. pTRIPZ
plasmid containing NCAPH2 shRNA (Thermo Scientific Open
Biosystems) was used for lentivirus production. Doxycycline
(1 pg/ml) was added to culture medium every 48 hours for
shRNA expression. Cells were cultured in medium containing
3 pg/ml puromycin.

Senescence-associated [3-galactosidase (SA-B-gal) and BrdU
assays

SA-B-gal staining was performed as described previously.**
For BrdU incorporation experiments, cells were plated on cover-
slips and labeled with 100 pg/ml 5-Bromo-2'-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 pwg/ml 4,6-diamidino-2-
phenylindole (DAPI) solution for 5 minutes.

Fractionation analysis

Fractionation analysis was performed as previously described
with slight modifications.”® Cells were lysed at 4°C for
30 minutes with 400 pl CSK buffer [10 mM PIPES (pH 6.8),
100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTA,
1 mM DTT, 0.25 mM PMSEF, 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 x g for 10 minutes.
The insoluble fraction was incubated with 100 units of RQI1
RNase-free DNase I at room temperature for 30 minutes. After
centrifugation at 16,000 x g for 10 minutes, the supernatant was
recovered as fraction 2 (DNase-extractable fraction). The pellet
was then suspended in 200 pl 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 x 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 wl
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 KCI, 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 MgCl, (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 pl of
IP buffer 5 times and boiled with 20 pl 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,
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#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 pg/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, 63x, NA 1.4,
Zeiss), unless otherwise indicated. The images were acquired at
0.2 pm 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 bulftfer,
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 and mitochondria,
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 ©2015 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 (Momcilovic 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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(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
mMESCs, we derived three Filia™'~ ESC lines—FK(l), FK(ll), and
FK(lll)—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
(83.3%, [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
with WT 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 YH2AX 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 11). 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 YH2AX, ATM, ATR,
Chk1, Chk2, and p53. Upon etoposide treatment, yH2AX,
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,
YH2AX 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 yH2AX, 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.

Cell Stem Cell 16, 684-698, June 4, 2015 ©2015 Elsevier Inc. 685
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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 100 metaphase 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) YH2AX foci in WT and FK ESCs.

(H) YH2AX 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 um. *p < 0.05, **p < 0.01, **p < 0.001. See also Figures S1 and S2.

686 Cell Stem Cell 16, 684-698, June 4, 2015 ©2015 Elsevier Inc.
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Figure 2. Filia Regulates DNA Damage Signaling
(A) Filia protein expression was upregulated by genotoxic insults.
(B) The induction of YH2AX, 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.

Cell Stem Cell 16, 684-698, June 4, 2015 ©2015 Elsevier Inc. 687
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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 ©2015 Elsevier Inc.

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 yH2AX*
Rad51~ foci. 50 cells were examined in each
sample.

Data are represented as mean + SEM. Scale bars,
10 um. **p < 0.001. See also Figure S3.

et al., 2000). ATM is critical for both
G2/M checkpoint and DNA repair in
ESCs (Momcilovi¢ 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 O hr, 6 hr and 12 hr of recovery. Notably,
WT, FK-Filia, and FK-340 cells displayed a similar competence in
DNA damage 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. In WT as well as
in FK-Filia and FK-340 rescue ESCs treated with etoposide,
most yH2AX foci were co-localized with the Rad51 foci when
examined 12 hr post-damage (Figure 3E). However, in FK
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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 YH2AX 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.

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
modification played a role in modulating Filia’s functions. Accord-
ingly, we mutated 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 to DNA dam-
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,

(C) Nanog was downregulated in WT and FK-Filia but not in FK or FK-340 ESCs after DNA damage.
(D) Clonal competition assay revealed that FK ESCs were less sensitive to DNA damage than WT ESCs. Re-expression of Filia, but not Filia340, restored their
sensitivity to DNA damage. Shown are representative images of mixtures of WT (GFP*) and FK ESC clones. Note that WT ESC clones (white arrow) initiated

differentiation. Data are represented as mean + SEM. **p < 0.01, ***p < 0.001.
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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 FiliaS349D were 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; Loffler 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 y-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; Loffler 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-

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
YH2AX (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
YH2AX 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 in mitochon-
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

(C) Nucleus fractionation documented the presence of Filia in the cytoplasm (C) and nucleus (N) of WT and FLAG-Filia rescued ESCs. However, FiliaS349A and
p-Filia(S349) were exclusively detected in the cytoplasm and nucleus, respectively. LPB as well as etoposide treatment increased the nuclear accumulation of
Filia and p-Filia. Whole lysates of FK-S349A ESCs were used as a control. Ctr, control. Etop, etoposide.

(D) Immunostaining revealed the nuclear localization of Filia but not FiliaS349A proteins. Etoposide treatment stimulated the recruitment of Filia to DNA damage

sites labeled with yH2AX.

(E) In WT ESCs, p-Filia(S349) was detected in the nucleus under normal and DNA damage conditions. Etoposide treatment increased the accumulation of
p-Filia(S349) on DNA damage sites. FK-S349A cells served as a negative control.

(F) Mitochondria fractionation revealed the localization of Filia and FiliaS349A on mitochondria (M) marked by MTCO2. Apoptosis induction by etoposide
treatment evoked their accumulation on mitochondria. However, little Filia340 or FiliaS349D protein was detected on mitochondria under normal or DNA damage
conditions. C represents the fraction of whole-cell lysates depleted of mitochondria.

(G) Immunostaining confirmed the localization of Filia but not p-Filia(S349) on mitochondria marked with VDAC1.

Scale bars, 10 um. See also Figures S5 and S6.
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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 yYH2AX 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
amajor 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 71). 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.

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

(F-H) Inhibition of PARP1 activity in ESCs abolished S phase (F) and G2/M (G) cell-cycle checkpoints and compromised DNA damage repair (H).
(I) Ectopic expression of Filia in NIH/3T3 cells significantly enhanced their DNA damage repair ability. NIH/3T3 cells, NIH/3T3 cells transfected with vectors,

WT ESCs, and FK ESCs were used as controls.
In (H) and (l), cells were recovered for 12 hr.
Data are represented as mean + SEM. **p < 0.001. See also Figure S7.
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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 (Krdmer 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.
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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 4',6-diami-
dino-2-phenylindole, dihydrochloride (DAPI).

Immunoblotting and Immunofluorescent Staining

Immunoblotting and immunofluorescent staining were performed according to
standard procedures (Narva 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.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2015.03.017.
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SUMMARY

The SPOP gene, which encodes an E3 ubiquitin 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 SPOP promotes 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

CrossMark

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
etal.,2012; Berger et al., 2011), suggesting that SPOP mutations
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; Hernandez-Mufioz 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-like modifiers (SUMO) is a dynamic post-trans-
lational protein modification that regulates the function and
subcellular localization of its target proteins (Cubefias-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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through their isopeptidase activity (Mukhopadhyay and Dasso,
2007). Here, we report that SPOP epigenetically 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

Figure 1. SPOP
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 um.

(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
treated with or without 5 M p38 inhibitor SB203580
for 24 hr before harvesting cells forimmunoblotting.
The expression of SPOP, RAS, and phospho-MAP-
kinase-activated protein kinase 2 (p-MAPKAPK?2),
a direct target of p38 kinase, in the indicated cells
was examined by immunoblotting. B-actin expres-
sion was used as a loading control.

Is Upregulated during

or extended cell passaging, but not by DNA damage 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

1184 Cell Reports 713, 1183-1193, November 10, 2015 ©2015 The Authors



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 um.

(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) IMR9O0 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 yH2AX 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 SPOP mutants 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

etal., 2012). Compared with wild-type SPOP, the SPOP mutants
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 um.

(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 ®-7v-S-S/T-S/T (P, non-polar residue; 7, 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-

Khalfe et al., 2012). Notably, only SENP7L, but not SENP7S, con-
tains the SPOP-binding motif (Figure S3C). To validate this anal-
ysis, we performed co-immunoprecipitation analysis in 293T cells
ectopically expressing GFP-SPOP and FLAG-SENP7. Indeed,
ectopic SPOP and SENP7 co-immunoprecipitated with each
other (Figure 4B). In addition, we treated senescent IMR9O0 cells,
in which SPOP expression 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
SENPY7 (Figure 4C). As a negative control, there was 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 4l). 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
SPOP wild-type and 13 SPOP-mutated prostate tumor specimens
(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 SPOP Depends upon
Its Interaction with SPOP

Because there are two SPOP-binding motifs on SENP7 (Fig-
ure 4A), we determined whether the binding between SENP7
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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 uM 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 uM MG132 for 8 hr, and the cells
were subjected to co-immunoprecipitation analysis
using an anti-SPOP antibody or 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, or 1,000 ng GFP-SPOP plasmids. Sixteen hours
post-transfection, cells were treated with control or
20 pM 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 uM 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) IMR9O0 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 yM 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 SPOP mutants 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 uM MG132 for 8 hr, and the cells were subjected to co-immunopre-

cipitation analysis using an anti-FLAG antibody or an isotype-matched IgG control. The IP’d product was analyzed by 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 um.

(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 uM
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 uM 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 pug/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, ubig-
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-

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 SENP7 Promotes 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 IMR9O0 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

1188 Cell Reports 13, 1183-1193, November 10, 2015 ©2015 The Authors



Figure 6. SENP7 Knockdown Induces Senescence, which Correlates with an Increase in HP1o Sumoylation and Its Associated Gene
Silencing

(A) IMR9O 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 um.

(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 Imaged 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 HP1« and SAHF. Arrowheads indicate the co-localized HP1o and PML bodies. The scale bar represents 10 um.
(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 the CCNA2 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. IMRI0 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- Next, we determined the mechanism by which SENP7 down-
itive cells (Figures S5I-S5K). We conclude that SENP7 downre-  regulation promotes senescence. It has previously been demon-
gulation promotes senescence. 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 (Cubenas-
Potts and Matunis, 2013). In addition, localization of HP1¢. 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 6l). Notably, ChlIP 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-

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 the CCNA2 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). The molecular 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 SPOP mutations 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
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Figure 7. The Effects of SPOP on Senescence Correlate with HP1o Sumoylation and Its Associated Gene Silencing

(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
expression of SPOP, RAS, SENP7, HP1qa, 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,, PML bodies, and DAPI 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 um.

(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) IMR9O0 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 gPCR 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) SPOP wild-type, but not its cancer-associated mutants, enhances the interaction between HP1a and the CCNA2 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
SENP?7 loss induces senescence of breast cancer cells, where

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, SPOP mutations 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
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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 gpcr (SABiosciences) against the indicated gene promoters using
primers as detailed in the Supplemental Information.

For ubiquitinated protein analysis, cells were treated with 20 uM 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 KCI, 1.5 mM MgCI2, 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-HCI [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
Schrédinger).

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 ampilification step to enrich the SPOP exons 6 and 7 followed by a

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 the manufacturer’s instructions with minor modifica-
tion. Briefly, the sections were incubated with 3% H,O, for 15 min 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
3'3-diaminobenzidine (DAB-2031; Fuzhou Maixin 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.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
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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 in mouse 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) culture media. cfTERRA is a shorter form (~200 nt)
of cellular TERRA and copurifies with 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 mononudear cells stimu-
lated transcription of several inflammatory cytokine genes, including
TNFa, IL6, and C-X-C chemokine 10 (CXCL70) 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

www.pnas.org/cgi/doi/10.1073/pnas.1505962112

proteins, including hnRNP1, Potl, 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. 14, Left), as well as in de-
veloping embryonic brain (Fig. 14, Right). Many of these foci
were sensitive to RNase treatment, indicating they are mostly
telomeric RNA and not DNA fragments (Fig. 14, 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 4 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.
S24). 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-

E6294 | www.pnas.org/cgi/doi/10.1073/pnas.1505962112

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 A4 and B, Fig. S3, and Dataset
S1). MS revealed histones and ribosomal proteins, as well as
many known exosome components (Fig. S3), including CDS],
CD20, and annexin Al (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. 44). 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 a-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); 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 40x 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
fTERRA 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 pg) were either mock treated (-) or treated with RNase A (100 pg/mL) for 30 min at
37 °C before Northern blot analysis. The blot is hybridized with 32P-labeled probes for TERRA, antisense TERRA, or 185 RNA, or indicated under the blot.
Numbers on the left show the position of RNA markers in base pairs.
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Fig. 2. cfTERRA copurifies with exosomes. (A) Northern blot analysis of total cellular RNA (10 and 5 pg) 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 185 RNA as indicated.

DNA fragments enriched with telomeric and a-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 /L6, TNFa, GMCSF, and C-X-C chemokine 10
(CXCL10) (Fig. 5 A and B and Fig. S54). 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(AN) or TRF1(AN) fused to
the transcription activation domain of VP16 [VP16-TRF1(AN)].
We validated by Northern blot that VP16-TRF1(AN) induced
high levels of cellular and exosome-associated TERRA relative
to vector and TRF1AN only (Fig. 5D), suggesting TERRA was
induced by the VP16 domain instead of ectopic expression of
TRF1(AN). Although some 18S RNA was detected in exosomes
from vector control samples, no 18S was detected in TRF1(AN)
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or VP16-TRF1(AN), and Ul 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-TRF1AN containing the highest levels of
cfTERRA induced the highest levels of cytokine mRNA, in-
cluding /L6, TNFa, and CXCL10 while having no significant effect
on control GUSB mRNA levels (Fig. SF 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. Sa4) or IMR90
fibroblasts (Fig. 5 G and H). We found that synthetic TERRA-
containing liposomes selectively stimulated /L6, CXCLI0, and
TNFa in IMR90 cells (Fig. 5H) and to a lesser extent in PBMCs
(Fig. S64). 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.

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505962112/-/DCSupplemental/pnas.201505962SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1505962112

L T

/

1\

BN AS  PNAS D)

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.

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 cf TERRA 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

Wang et al.

found that synthetic TERRA could induce a similar inflamma-
tory response in human fibroblasts. We conclude that f TERRA
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
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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.

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 TNFa (53). Perhaps related is the finding that
telomere shortening in aged human macrophages resulted in im-
paired STATS 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
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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. TRF1AN (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 some modifications
(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.
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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, 185 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 /L6, TNFa, 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(AN) activation of TERRA. (D) RNA dot blot for TERRA,
18S, or U1 RNA from HCT116 cells (Left) or exosomes (Right) transduced with vector, TRF1(AN), or VP16-TRF1(AN). (E) HCT116 cells transduced as in D were
assayed by Western blot for CD63, TRF1, FLAG, and Actin. (F) gRT-PCR for expression of IL6, TNFa, CXCL10, or control GUSB mRNA for PBMCs treated with
exosomes derived from HCT116 cells transduced with vector control (green), TRF1(AN) (red), VP16-TRF1(AN) (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 /L6, TNFa, CXCL10, or control GUSB mRNA. Bar graphs
represent qRT-PCR values relative to gapdh mRNA (mean + SD) from three independent experiments.
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ATM Iin 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 ANTP 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

www.impactjournals.com/oncotarget
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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,

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.

Oncotarget



ATM inactivation suppresses replication stress and the
associated senescence by restoring cellular ANTP 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
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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: elF2 signaling, elF4/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 (elF2C2, elF2B4, elF3l, elF3L, elF4A1) 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.’ In
primary mammalian cells, activation of oncogenes such as RAS
typically induces senescence.” Oncogene-induced senescence
(OIS) prevents primary cells from uncontrolled proliferation and
malignant transformation. 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.s’6
In addition, senescent cells display an increase in senescence-asso-
ciated B-galactosidase (SA-B-Gal) activity.” 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.®
The extensive functional and structural remodelling of the cell

during OIS is reflected by profound changes in the proteome.”
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 (monoubgqiquitination) 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,'® while monoubiquitination can alter protein function.''
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.'” In con-
trast, ubiquitin can be removed from proteins by deubiquitinat-
ing enzymes (DUBs)." 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 018,214

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-RAS“'?" to induce senescence. Consistent with previous
studies,"” 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 pl6 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) '® was performed in primary
IMRI0 fibroblasts starting at population doubling 20 (PD20).
Cells were passaged in culture medium labeled with heavy >Cg-
lysine and "*Cg-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-RASS!2Y (Fig. 2A). In
parallel, control retrovirus-infected cells at the same passage were
cultured in regular culture medium with light labeled '*Cg-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 pM) 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)."” 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-
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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(g) 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 EIF4Al) 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 = 7.00),
cell cycle control of chromosomal replication (—logp = 6.79),
hepatic fibrosis (—logp = 6.76), including several cytokines typi-
cally secreted during senescence (IL8, ILla, and ILIB)
(Table S2). The pathways identified from analyzing our dataset
are consistent with previously published OIS-dependent prote-
ome changes. ’

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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were examined for the expression of cyclin A and p16 by immunoblotting.

Figure 1. Senescence-induction by overexpression of oncogenic RAS. (A) Primary human fibroblasts (IMR90) were infected with a retrovirus encoding for
oncogenic H-RAS®™?Y 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 = 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 = SEM). *P < 0.05. (E) At day 6 post infection, drug-selected cells

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 elF2 signaling (—logp = 9.90), elF4 and
p70S6K signaling (—logp = 8.00), and mTOR signaling (—logp
= 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.'® It is also activated by
oncogenic RAS signaling.19 Downstream of mTOR, S6Kinase
activates ribosome biogenesis and protein synthesis.”® eIF2 is a
regulator of translation initiation, the rate-limiting step of pro-
tein synthesis.”"** The 3 affected canonical pathways converge
on their effector molecules, which are ribosomal proteins and

1542 Cell Cycle

translation factors (Fig. 5). The translation initiation factors elF-
2B4, eIF3L, and elF4A1 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 S$4). In addi-

tion, we observed enriched ubiquitination of isoleucyl-,
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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.”*** The main signaling pathways
affected were elF2, S6Kinase and mTOR
signaling. All of these pathways regulate

cell growth and proliferation.”” They also

affinity purification prior to MS/MS.

Figure 2. Experimental setup for analysis of the OlS-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-
RAS®'? or control retrovirus and selected by puromycin (1 wg/ml). Samples for mass spectrometry
were collected at day 6 after a 5 h treatment with the proteasome inhibitor MG132 (5 wM). (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 &-G-G residues at ubiquitination site and these peptides were enriched by immune

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.”****” Since K-&-G-G
MS/MS does not discriminate between

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 OlS-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.” 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
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poly- and monoubiquitinated sites, '’
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.”® Continuous mitogenic/onco-
genic signaling, as in OIS, causes ribosomal stress that affects

translation  initiation.?’

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.” 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.”® Our findings indicate
that ubiquitination affects key components of the translation
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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.

machinery to regulate protein synthesis during oncogene-induced
senescence. These findings suggest that targeting aspects of the
ubiquitination system with small molecules or biological
reagents3 " 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%
NaHCOj3;, 1% Penicillin/Streptomycin. Experiments were per-
formed on IMR90 cells between population doubling #25-30.
The plasmid pBabe-neo-H-RAS®'?Y > 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.”> An
empty pBabe vector plasmid was used as a control. IMR90 fibro-
blasts were infected twice and selected with 1 pg/ml puromycin

(Sigma #P8833).
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Western blot, 3-Galactosidase staining, and BrdU labeling

Cell lysates for Western blot were collected in RIPA buffer
supplemented with complete protease inhibitor cockeail (Roche
#1183617001). SA-B-galactosidase staining and BrdU labeling

was performed as described earlier.””

SILAC labeling

SILAC (Invitrogen #MS10030) labeling of IMR90 fibroblasts
with heavy 13CG—lysine and 13CG-arginine or control light 12C,-
lysine and '*Cg-arginine STLAC 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 uM) (Sigma #C2211) for 5 h before cell harvest.

Sample preparation

Cells were lysed with 8 M urea, 50 mM Tris-Cl (pHS),
1 mM EDTA, I mM Na3VOy, 2.5 mM sodium pyrophosphate.
Protein concentration was measured by BCA protein assay
(Thermo Scientific #P1-23227). For immune affinity enrich-
ment, 5.4 mg of experimental sample was created by mixing
equal amounts of lysates (2.7 mg each) from IMRI0 cells
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Figure 4. Disease and function networks affected by ubiquitinome alterations in RAS-induced OIS. (A)
Ingenuity network analysis of proteins with OlS-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 "heriditary disorder, carbohydrate metabolism”’.

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 =
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-

expressing oncogenic RAS (heavy SILAC labeled) or controls teome analysis without immune affinity enrichment, 18 pg of
transfected with empty vector (light SILAC labeled). To evaluate  the experimental sample was separated on a SDS-PAGE gel. The
technical and biological reproducibility of the proteome analysis  gel lane was sliced into 11 equal fractions, digested with trypsin

Figure 5. Canonical pathways affected by ubiquitinome alterations in RAS-induced OIS. (A) Ingenuity
pathway analysis of proteins with OlS-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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and analyzed by LC-MS/MS.

LC-MS/MS

Liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis was
performed on a QQ Exactive mass spec-
trometer (Thermo Scientific) coupled
with a Nano-ACQUITY UPLC system
(Waters). Samples were injected onto a
UPLC Symmetry trap column (180 wm
id. x 2 cm packed with 5 pm CI18
resin; Waters), and tryptic peptides were
separated by RP-HPLC on a BEH C18
nanocapillary analytical column (75 pm
id. x 25cm, 1.7 pm 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
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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 a2 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.”> 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 (depicted in orange).

Figure 6. Schematic representation of translation machinery components affected by OlS-associated
changes in ubiquitination. OlS-associated ubiquitination changes occur in amino acyl-tRNA-ligases,
eukaryotic translation initiation factors, elongation factors, small and large ribosomal subunits

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 razor+unique 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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Synthetic lethality by targeting EZH2 methyltransferase
activity in ARID1A-mutated cancers

Benjamin G Bitler!, Katherine M Aird!, Azat Garipov!, Hua Li!, Michael Amatangelo!, Andrew V Kossenkov?,
David C Schultz3, Qin Liu%, Ie-Ming Shih>, Jose R Conejo-Garcia® David W Speicher># & Rugang Zhang!

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.

A major discovery of recent cancer genome-wide sequencing studies
has been the identification of significant alterations in genes respon-
sible for modifying chromatin structure!. ARIDIA, which encodes a
component of the SWI/SNF chromatin-remodeling complex, is among
the genes that show the highest mutation rates across multiple cancer
types®. The SWI/SNF complex remodels nucleosomes to modulate
transcription, and its inactivation is thought to drive tumorigenesis
by altering gene expression?. Notably, ARIDIA is mutated in ~57% of
ovarian clear cell carcinomas (OCCCs)*°. ARID1A-mutated OCCCs
are typically characterized by a lack of genomic instability*. It has
been suggested that perturbations in the regulation of epigenetic chro-
matin remodeling may be able to substitute for genomic instability>.
These findings suggest that epigenetic mechanisms play a critical role
in OCCC. Despite the prevalence of genetic mutations of ARIDIA,
a rational therapeutic approach to target cancers with ARIDIA
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 domain”.
EZH2 is often overexpressed in OCCC?, and EZH?2 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 ARIDI1A-mutated cells. Our findings

establish a new approach for targeting ARIDIA 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 ARIDIA-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 expression®>12. To mimic the
loss of ARID1A protein expression caused by the vast majority of
ARIDIA mutations* and ensure the same genetic background, we
performed the screen using ARIDIA wild-type OCCC RMGI1 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 (ICs)
(Supplementary Table 2). We performed the screen in 3D cultures
using Matrigel to more closely mimic the tumor microenvironment!3.
Notably, ARID1A knockdown itself did not significantly affect the
growth of RMGI1 cells in 3D culture (Supplementary Fig. 1b). We
based the dose of each small molecule on the previously established
ICs 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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Figure 1 GSK126, an EZH2 inhibitor, is
selective against ARID1A-knockdown cells
compared with controls. (a) Flow diagram of the
evaluation for a panel of epigenetic inhibitors.
ECM, extracellular matrix. (b) Immunoblot of
ARID1A, EZH2, H3K27Me3 and loading control
B-actin in the indicated ARIDI1A wild-type
RMG1 cells. (¢) Quantification of the average
acinus diameter (each symbol represents

a small molecule) graphed as a scatter plot.
The x-axis indicates the size of acini formed

by treated control ARID1A wild-type RMG1
cells, and the y-axis indicates the size of acini
formed by shARID1A-expressing RMG1 cells

ARID1A wild-type Na
a ococrneros D Q\@@o ¢ d Control  shARID1A
@ 80 5
Control or shARID1A ARID1A g
EZH2 = 5
=] o
, H3K27Me3 &
Establish 3D culture ) = 60
. . p-actin 8 ~
using Matrigel ECM 3 ITF2357 5
g &
g 40 E
Treat with small molecule 5 *
inhibitors of epigenetic < 8
[a) —
regulators at ICs F 20 GSK126 %
Culture for 12 d; < o
replenish media and small @
AR-42

molecules every 4 d 0 : . . . gl
Measure diameter of 0 20 40 60 80 5:(

acini

Control acinus size (a.u.)

treated with the same small molecule. *P < 0.0001 calculated via two-tailed t-test using GraphPad Prism 5 software. The number of acini (n) for each
of the small molecules used for analysis is listed in Supplementary Table 1. Error bars represent sem. (d) Representative images from screen of acini
from indicated small molecules. Scale bars denote 75 measurable units (a.u.) in NIH Image J software. GSK126 (100 nM) represents a screening hit
that selectively inhibited the growth of ARID1A-knockdown cells compared with controls. ITF2357 and AR-42 represent small molecule inhibitors that
showed no significant effects on growth inhibition and significantly suppressed cell growth, respectively, regardless of ARID1A status.

(P £ 0.0001) and selectively inhibited the growth of ARIDI1A-
knockdown cells compared to controls (Supplementary Table 1).
GSK126 was the hit with the highest selectivity against ARID1A-
knockdown cells (Fig. lc,d and Supplementary Table 1).

We observed a decrease in the size of acini with GSK126 using two
individual shRNAs against ARIDIA (shARID1As) (Supplementary
Fig. 1c-e). GSK126 is a highly selective and potent small molecule
inhibitor of EZH2 methyltransferase activity®. Notably, ARID1A

knockdown did not alter the expression levels
of EZH2 or H3K27Me3 (Fig. 1b).
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Figure 3 EZH2 inhibitor triggers apoptosis of TOV21G

ARID1A-mutated cells. (a) Quantitative RT-PCR

o
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EZH2 (shEZH2) together with a wild-type (WT) goegr

EZH2 or a SET domain—deleted EZH2 mutant J L A
(EZH2 ASET). Data represent three replicates; EZH2 WT: — -  +
*P < 0.01. (b) Immunoblot of EZH2 and EZH2 ASET: - -
GAPDH in the indicated cells. (c) Images d

of acini formed after 12 d in 3D culture.

Scale bars, 75 a.u. in NIH ImageJ software. 120

(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 40
ARIDIA-mutated OVISE and TOV21G
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and DAPI (blue) after 8 d of GSK126 treatment. c-caspase3, cleaved caspase 3. Scale bars, 25 um. (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.

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 ARIDIA mutations*°. 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 ARIDIA-mutated
cells treated with GSK126 (Fig. 2b); a >95% reduction in H3K27Me3
levels was achieved with 5 uM GSK126 (Fig. 2b,c). H3K9Me3, which
is generated by different histone methyltransferases such as SUV39H1
and SETDBI (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)°. ARID1A knockdown did not alter
the dose-dependent reduction of H3K27Me3 levels by GSK126
(Supplementary Fig. 1h).

Similar to what was observed in RMGI cells, GSK126 treatment
resulted in a significant decrease in 3D growth in ARID1A-knockdown
KK and OVCA429 cells, two additional ARIDIA wild-type OCCC
cell lines (Fig. 2d and Supplementary Fig. 1i-1)!>. 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 ARIDIA wild-type cell lines were not significant (Fig. 2e).
This was not due to the inability of GSK126 to inhibit EZH2 activ-
ity in ARIDIA 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 ARIDIA-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 ARIDIA-
mutated cells also was observed with UNC1999 (ref. 16), another
EZH2 inhibitor with less selectivity than GSK126 (Supplementary
Fig. lo-q).

To determine whether reintroducing wild-type ARIDIA in
ARIDIA-mutated cells affects sensitivity to GSK126, we ectopi-
cally expressed wild-type ARID1A in ARIDIA-mutated OVISE and
TOV21G OCCC cells. As reported!®, ARID1A restoration suppressed
the growth of OCCC cells with ARIDIA mutation (Fig. 2g,h). GSK126
did not further reduce the size of acini in ARID1A-restored cells
(Fig. 2h). The ICs5y of GSK126 in ARIDIA-mutated cells was
~267 nM (Fig. 2i), which is comparable to what was previously observed
in DLBCL with gain-of-function EZH2 mutation®. Restoration of
wild-type ARID1A caused an ~16-fold increase in the ICs5o 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 ARIDIA-
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 ARIDIA-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)’. This supports the notion that the observed growth
inhibition depends upon EZH2 methyltransferase activity.
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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 mutations®. 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 ARIDIA-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 Drosophilal’. We sought to determine whether
the observed phenotypes are due to changes in gene expression.
Microarray analysis of ARIDIA-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 x 107! for overlap in genes regulated by wild-type ARID1A
restoration and GSK126 treatment) (Fig. 4a). Known ARID1A target

genes such as CDKNIA'S were upregulated only by ARIDIA 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
ARIDIA-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
ARIDIA-mutated cells, we cross-examined genes that were com-
monly upregulated by ARIDIA restoration or GSK126 treatment
with published data from chromatin immunoprecipitation followed
by next-generation sequencing (ChIP-seq) of EZH2 and H3K27Me3
using ARIDIA-mutated ovarian cancer cells!® (Fig. 4a). To iden-
tify biologically relevant genes, we cross-referenced the genes that
were commonly upregulated by ARIDIA 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)
cells!®. H3K27Me3 silences gene expression’; therefore, we focused on
genes that were commonly upregulated by both GSK126 treatment
and wild-type ARIDI1A 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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PI3K-AKT signaling?®2!; (2) PI3KCA is often mutated in OCCC,
and mutations in PI3KCA and ARIDIA often coexist in OCCC?223;
and (3) PIK3IP1 negatively regulates cell proliferation and pro-
motes apoptosis?), the phenotypes observed in GSK126-treated
ARIDI1A-mutated cells. There was a significant negative correlation
between expression of EZH2 and PIK3IP1I in the microarray analysis of
LCM specimens (Fig. 4b)!°. Notably, PIK3IP1 was expressed at signifi-
cantly lower levels in ARIDIA-mutated than in wild-type OCCC cells*
(Fig. 4¢). Thus, we ectopically overexpressed PIK3IP1 and confirmed
that PIK3IP1 inhibited PI3K-AKT signaling, suppressed cell growth
and induced apoptosis in ARIDIA-mutated cells (Supplementary
Fig. 4a-d). PIK3IPI expression was significantly upregulated by both
wild-type ARIDIA restoration and GSK126 treatment in ARIDIA-
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 ARIDIA wild-type RMG1 cells
(Supplementary Fig. 4g), which correlated with the observation that
GSK126 did not affect RMGI1 cell growth (Fig. 2d).

ChIP analysis revealed a significant decrease in the association
of H3K27Me3 with the PIK3IP1 gene promoter in GSK126-treated
ARIDIA-mutated cells compared with vehicle-treated controls
(Fig. 4e). In addition, ARIDI1A restoration caused a significant
increase in the association of ARID1A with the PIK3IPI 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 ARIDIA restoration (Supplementary Fig. 4h).
Association of BRGI, 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 genes!>24. Interestingly, the associa-
tion of EZH2 with the PIK3IPI gene promoter was not decreased by
either ARIDI1A restoration or GSK126 treatment (Fig. 4e,f). Likewise,
the association of H3K27Me3 with the PIK3IP1 gene promoter was
not significantly decreased by ARIDIA restoration (Fig. 4f). The
induction of PIK3IP1 by ARIDI1A 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 genes?®. 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 PIK3IPI gene promoter, ARID1A dominates over
EZH2 and drives PIK3IP1 expression (Supplementary Fig. 4i).
Indeed, ARIDI1A restoration induced PIK3IP1 expression in ARIDIA-
mutated cells (Fig. 4d), and the EZH2 inhibitor did not affect PIK3IP1
expression in ARIDIA wild-type cells (Supplementary Fig. 4g).
When ARIDIA 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 ARIDIA-
mutated cells treated with a combination of GSK126 and wild-type
ARIDI1A restoration (Fig. 4g).

NATURE MEDICINE VOLUME 21 | NUMBER 3 | MARCH 2015

235



© 2015 Nature America, Inc. All rights reserved.

&

ARTICLES

Figure 6 EZH2 inhibitor caused the regression
and reduced the number of tumor nodules of
ARIDIA-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 o 0
GSK126-treated or control mice (magnification
for each set: x10 (top) and x40 (bottom)).
Scale bars, 50 um. 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

ARIDIA mutation and inhibition of EZH2
methyltransferase activity. Error bars represent f
sem. P calculated via two-tailed t-test.
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ChIP analysis in ARIDIA wild-type cells
revealed that both ARID1A and EZH2 are
associated with the PIK3IPI gene promoter
(Fig. 4h). ARIDIA knockdown in ARIDIA
wild-type cells decreased the association of S
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
ARIDIA wild-type cells (Fig. 4i).

To determine whether genetic knockdown of PIK3IPI rescues the
growth inhibition observed in GSK126-treated ARIDIA-mutated
cells, we used two individual shRNAs against PIK3IPI that knocked
down its expression. Knockdown of PIK3IPI significantly rescued
the growth suppression induced by GSK126 in ARIDIA-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. 5¢,d).

As PIK3IP1 suppresses PI3K-AKT signaling (Supplementary
Fig. 4a) and contributed to the observed effects of GSK126 in ARIDIA-
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 ARIDIA-mutated OVTOKO cell line that
does not have mutated PI3KCA® 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
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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 mice’. We orthotopically injected luciferase-expressing
ARIDIA-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 weeks®. GSK126 treatment caused regression
of the orthotopically transplanted ARIDIA-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. 6¢). Similarly,
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GSK126 treatment (50 mg/kg daily for 2 weeks) caused regression
of orthotopically xenografted ARIDIA-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 ARIDIA wild-type RMGI tumors
(Supplementary Fig. 6b).

We sought to determine the effects of GSK126 on another clinical
feature of ovarian cancer?S, the dissemination of ARIDIA-mutated
OCCC cells, in an intraperitoneal xenograft model. We injected
ARIDIA-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 ARIDIA-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 ARIDIA 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 ARIDIA-
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 ARIDIA wild-type cells, as GSK126 was consistently effec-
tive in decreasing H3K27Me3 levels regardless of ARIDIA 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 ARIDIA-mutated cancers?’,
further highlighting the potential of synthetic lethal strategies for
ARIDIA mutation in cancer.

ARID1A and EZH?2 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 PIK3IPI 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/SNE, 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 inhibition?%2°. 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-1). Conversely, the
restoration of wild-type ARID1A in ARIDIA-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 ARIDIA and genetic alterations in

ARTICLES

other subunits of ATP-dependent chromatin remodeling complexes
are observed at a high frequency in many cancer types!'3°, 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, RMGI1 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
L.-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 methods>!
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-B-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 ASET 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 previously®3233,

Microarray, database and bioinformatics. ARIDIA-mutated OVISE cells
expressing inducible wild-type ARID1A were plated on Matrigel and treated
with DSMO, 1 pg/mL doxycycline to induce wild-type ARID1A expression,
or with 5 uM 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 [llumina 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 test>4, and correction for multiple testing to estimate the false discovery
rate (FDR) was done with the procedure described by Storey and Tibshirani3>.
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)1°. EZH2-
H3K27Me3 ChIP-seq in ARIDIA-mutated ovarian cancer SKOV3 cells was
obtained through published data'®. RNA-seq data for ARIDIA wild-type or
mutated OCCC specimens were obtained from the European Genome-Phenome
Archive*. 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 hgl9 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 ARIDIA
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 ¢-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. -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 previously?® 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 x 10¢ 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 previously3$3°.
Briefly, 1 x 10° 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 ARIDI1A-
mutated TOV21G or ARIDIA wild-type RMGI 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
described??. The following antibodies were used to perform ChIP: anti-H3K27Me3
(Cell Signaling, cat. no. 9733), anti-ARIDIA (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 PIK3IPI 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.
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ARID1A is a subunit of the Switch/Sucrose Non-Fermentable (SWI/SNF)
chromatin-remodeling complex that regulates gene expression by controlling
gene accessibility. ARIDTA 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 ARIDTA mutational status.
A recent study demonstrated a synthetic lethality by targeting EZH2 histone
methyltransferase activity in ARIDTA-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

Expert Opin. Ther. Targets (2015) 19(11): 1419-1422

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, ARIDIA has the highest
mutation rate in human cancers. ARIDIA is mutated in ~ 50% of ovarian clear
cell carcinoma (OCCC) [2.3]. ARIDI1A mutations are typically nonsense or frame-
shift, which cause loss of ARIDIA 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 ARIDIA mutations.

Here we will highlight advances in identifying therapeutic targets for ARIDI1A-
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 ARID 1A-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 ARIDIA/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 (s5]. 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 BRGI, in non-small
cell lung cancer increase sensitivity to a combinatorial
EZH?2 and topoisomerase inhibition [6].

EZH?2 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 AR/DIA-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, BRGI, 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 ARIDI1B are mutually exclusive
in their association with the SWI/SNF complex. The survival
of ARIDI1A-mutated cancer cells depends upon the presence
of ARIDI1B in the residual SWI/SNF complex [s]. Likewise,
BRG1 and BRMI1 (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 ARIDIA-mutated ovarian cancer reveals
enrichment of wild-type 7P53 in these tumors [10].

Functional characterization reveals that ARIDIA 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 ARIDIA loss and reactivate p53 target tumor sup-
pressor genes. Notably, Nutlin 3, a p53 stabilizer, suppresses
the growth of ARIDIA-mutated A2780 ovarian cancer
cells [11]. Clinically applicable p53-stabilizers have been
developed [121. 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

ARIDIA 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
ARIDI1A expression correlated to an increase in AKT
phosphorylation [13]. Combination of conditional inactiva-
tion of ARIDIA 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
ARIDIA mutation and EZH2 inhibition [4. ARIDIA-
mutated cells are more sensitive to PI3K/AKT inhibitors
compared with ARID 1A 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 116]. Thus, SWI/SNF mutated cancers
could be sensitive to DNA damage-inducing chemotherapeu-
tics. Counter intuitively, AR/D1A-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.
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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

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 ARIDIA protects
against inflammation-driven tumorigenesis [14]. In a mouse
model, ARIDIA 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
ARID 1A-mutated cancers. Given the recent success in target-
ing immune checkpoints, it will be interesting to evaluate the
impact of ARIDIA mutation on anti-tumor immunity and
whether ARIDIA-mutated cancers are sensitive to reactivation
of anti-tumor immunity.

8. Conclusion

Recent genome-wide sequencing studies have revealed
frequent ARIDIA mutations in a variety of cancer types.
Clinical and pathological studies suggest a great need to
develop precision therapy that correlates with ARIDI1A
mutational status. In this review, we discussed literature on
therapeutic targets with the potential of specifically and selec-
tively targeting ARIDIA-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 ARIDIA
mutation presents a unique opportunity for developing novel
combination therapeutic strategies that correlate with
ARID 1A mutation, the very definition of precision medicine.

9. Expert opinion

EZH2 inhibition is synthetic lethal with ARIDIA mutation
and causes the regression of established AR/DIA-mutated
OCCC in vivo. These findings indicate that the newly discov-
ered synthetic lethality between ARIDIA mutation and
EZH?2 inhibition could be developed as an urgently needed
therapeutic for ARIDI1A-mutated OCCC. It will be impor-
tant to investigate whether this approach can be extended
into other cancers with ARIDIA mutation. As EZH2
inhibition has also been shown to inhibit the growth of
SNF5-deficient rhabdoid tumors, it will be interesting to
determine whether EZH?2 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 ARIDIA-
mutated cancers such as OCCC, an EZH?2 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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warranted to investigate potential side effects and pharmacody-
namics of these proposed combinatorial approaches. In the long
term, given the recent evidence that ARIDIA 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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AUTHOR'S VIEW

Epigenetic synthetic lethality in ovarian clear cell
carcinoma: EZH2 and ARID1A mutations

Benjamin G Bitler®, Katherine M Aird, and Rugang Zhang*

Gene Expression and Regulation; The Wistar Institute; Philadelphia, PA USA

Keywords: ARID1A, EZH2, ovarian cancer, SWI/SNF chromatin-remodeling complex, synthetic lethality

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, ARIDTA 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.'
Most notably, the A/T-rich interacting
domain 1A (ARIDIA) which
encodes a subunit of the Switch/Sucrose
non-fermentable (SWI/SNF) chromatin-
remodeling complex, is mutated in up to

gene,

57% of ovarian clear cell carcinomas
(OCCCs).>? Indeed, ARIDIA is among
the genes that show the highest mutation
rates across multiple cancer types,' 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.® However,
despite the prevalence of ARIDIA muta-
tions in many cancer types, a rational ther-
apeutic approach to target cancers with
ARIDIA 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 ARIDIA mutations observed in

OCCC are frame-shift or nonsense muta-
tions that result in loss of ARID1A pro-
tein  expression.” Notably, loss of
ARIDIA 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 ARIDIA-positive OCCC.
Thus, there is an even greater need for tar-
geted therapy that is selective for
ARIDIA-mutated OCCC.  Similarly,
ARIDIA 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 ARIDIA 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.” Our recent study demonstrates
that inhibition of enhancer of zeste
homology 2 (EZH2) activity selectively
suppresses the growth of ARIDIA-
mutated OCCC cells in a synthetic lethal
manner.® 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.” Signifi-
cantly, the EZH2 inhibitor GSKI126
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caused the regression of established
ARIDIA-mutated OCCC and decreased
the number of disseminated tumor nod-
ules in xenograft models.®

Given the recent success in targeting
chromatin regulators in cancer, our
study has substantial translational poten-
tial for the management of ARIDIA-
mutated OCCC. In this context,
ARIDI1A mutation status, determined by
genome sequence in the upcoming era
of precision medicine, or loss of
ARIDI1A protein expression could serve
as biomarkers to predict therapeutic efhi-
cacy to EZH?2 inhibitors. Future studies
are warranted to determine whether the
observed synthetic lethality between
EZH2 inhibition and ARIDI1A mutation
beyond  ARIDIA-mutated
OCCC. Moreover, genetic alterations in
components of the SWI/SNF complex

are a well-recognized feature of many

extends

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.® Survival of SNF5-deficient
cancer cells depends upon the upregu-
lated EZH2.? 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.

e1032476-1
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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.

To elucidate the mechanism underly-
ing the observed synthetic lethality, we
profiled changes in gene expression
induced by restoration of wild type
ARIDIA or GSKI126 treatment in
ARIDIA-mutated cells. This
revealed antagonistic roles of ARIDIA
and EZH2 in regulating a significant
number of overlapping genes (Fig. 1).
Notably, the antagonistic roles of SW1/
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 (PIK3IPI). Function-
ally, we demonstrated that PIK3IP1 con-
tributes to the observed synthetic lethality
in ARIDIA-mutated cells treated with
EZH2 inhibitor. At the chromatin level,
our data indicate that ARID1A dominates
in the expression of the ARIDIA/EZH2
target genes when both ARIDIA and
EZH2 are present. In contrast, in the

analysis
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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 ARIDIA-
mutated OCCC. Given that mutation
and loss of expression of ARIDIA 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.
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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

he 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. 14).
This was associated with widespread phosphorylation, namely
activation of the GBM kinome in primary organotypic cultures

8638-8643 | PNAS | July 14,2015 | vol. 112 | no. 28

(Fig. 1B and Table S1) as well as GBM LN229 cells (Fig. S14).
Consistent with previous observations (8), structurally diverse
small-molecule PI3K antagonists induced robust (re)phosphor-
ylation of Aktl (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. 2.4 and B
and Fig. S1 D and E) and in 3D tumor spheroids (Fig. 2.4 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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function is likely increased; negative (blue) indicates it is decreased.

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. S24) (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. S34),
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. S44) that “infiltrated”
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the cortical cytoskeleton of tumor cells, localizing in proximity of
membrane protrusions implicated in cell motility (Fig. 3 4-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,
MEFNT1 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 x 10°
cells; MFN2 siRNA+PX-866, 0.16 + 0.13 x 10° 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. S54). 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. 2. PI3K therapy induces adaptive tumor cell motility and invasion. (A) Tumor cells treated with vehicle or 10 pM 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,
10x. (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 uM) 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 pm.) (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.

therapy profoundly affected FA dynamics (Fig. 3H and Movie S2),  concentrations of Gamitrinib abolished the trafficking of mito-
increasing both the assembly and decay of FA complexes (Fig.  chondria to pFAK-containing FA complexes in response to PI3K
SSD) and their turnover rate (Fig. SSE). In contrast, PI3K in- antagonists (Fig, 4 F and G) and preserved a p()]arized and
hibition reduced the number of stable FA complexes (Fig. S5F).  perinuclear mitochondrial distribution (Fig. S84). Consistent
(Rhodlst;)cgggCEZszrfna(l)ilzzggal?;\?ggg:noifnrle?f;;::doﬁgfulinsgfiﬁ? with these findings, Gamitrinib abolished the increase in tumor
motilit;/. PI3K antagonists increased thepproduction of mito- cell invasion (F.lg' 4H) and the expansion of primary GBM

neurospheres (Fig. S8 B and C) mediated by PI3K antagonists.

chondrial superoxide in tumor cells compared with untreated T lid hese findi 1 d th . p
cultures (Fig. S6 4 and B), and this response was abolished by a o validate these findings, we next silenced the expression o

mitochondrial-targeted ROS scavenger, mitoTEMPO (Fig. S6C). ~ TRAP-1 (Fig. S8D), a mitochondrial Hsp90-like chaperone tar-
In contrast, ROS scavenging with mitoTEMPO did not affect — geted by Gamitrinib and implicated in complex II stability (19).
mitochondrial repositioning to the cortical cytoskeleton (Fig. 44 ~ TRAP-1 silencing in vehicle-treated cells did not affect mito-
and Fig. S6 D and E) or tumor cell invasion (Fig. 4B) mediated by ~ chondrial localization (Fig. S8, Left). In contrast, knockdown of
PI3K inhibitors. Increasing concentrations of the pan-antioxidant TRAP-1 abolished mitochondrial trafficking to the cortical cy-
N-acetyl cysteine (NAC) had no effect on PI3K therapy-mediated  toskeleton in the presence of PI3K antagonists, increasing the
tumor cell invasion (Fig. S6F). The increase in basal cell motility in - fraction of polarized and perinuclear organelles in these cells
the presence of antioxidants may reflect release of ROS-regulated (Fig. SSE, Right). Finally, treatment with small-molecule in-
inhibitory mechanisms of mitochondrial trafficking. hibitors of mitochondrial complex I (Rotenone), complex III

Role of Bioenergetics in Mitochondrial Trafficking and Tumor Cell (Antimycin A), or compl(?x V (Oligomycin) or a ml.tochondrlal
Invasion. Next, we asked whether mitochondrial bioenergetics —uncoupler (carbonyl cyanide m-chlorophenyl hydrazine; CCCP)
was important for this pathway, and generated LN229 cells devoid  inhibited mitochondrial repositioning to the cortical cytoskeleton
of oxidative phosphorylation (p0 cells). Chemoattractant stimula- ~ (Fig. S8F) and tumor cell invasion (Fig. 4/) in the presence of
tion of respiration-competent LN229 cells induced repositioning  PI3K therapy.

of mitochondria to the cortical cytoskeleton (Fig. S74) that To begin elucidating the signaling requirements of adaptive
colocalized with paxillin” FA complexes (Fig. S7B). In contrast,  mitochondrial trafficking and tumor cell invasion, we next tar-
respiration-deficient LN229 p0 cells failed to reposition mito- geted the PI3K-Akt-mTOR axis, which becomes reactivated in
chondria to the cortical cytoskeleton (Fig. 4C). This absence of response to PI3K therapy (8, 9). Knockdown of Aktl or Akt2

mitochondria proximal to FA complexes (Fig. 4D) was associated (Fi . . .
. . . . g. S94), mTOR (Fig. S9B), or FAK (Fig. S9C) independently
with loss of FA dynamics (Fig. 7 C and D and Movie $3) and prevented the repositioning of mitochondria to the cortical cy-

suppression of tumor cell invasion across Matrigel-containing in- . .
seftlz (Fig, 4E and Fig. STE). & & toskeleton (Fig. 4 J and K and Fig. S9D) and suppressed tumor

As an independent approach, we treated tumor cells with cell invasion (Fig. 4L and Fig. S9G) induced by PI3K antago-
Gamitrinib, a mitochondrial-targeted small-molecule Hsp90  nists. In contrast, knockdown of these molecules in the absence
inhibitor that induces misfolding and degradation of the oxida- of PI3K inhibition had no effect on mitochondrial trafficking
tive phosphorylation complex II subunit SDHB (19). Nontoxic  (Fig. S9E) or organelle morphology (Fig. S9F).
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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, 63x. (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-um extended-focus confocal images with localization of mitochondria near FA complexes are shown. Magnification, 63x. (Scale bar,
10 pm.) (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.

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
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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. 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 pM). (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 (p0) 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, 60x. (E) WT or p0 LN229 cells were analyzed for
invasion across Matrigel-coated Transwell inserts. Representative images of invasive cells stained with DAPI are shown. Magnification, 20x. (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-um extended-focus confocal images are shown. Magnification, 63x. (Scale
bar, 10 um.) (G) PC3 cells treated with vehicle or PI3K inhibitors with or without Gamitrinib (1 uM) 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 pM) with or without Gamitrinib and quantified for invasion across Matrigel. Mean + SEM of
replicates (n = 2). ***P < 0.0001. ns, not significant. (/) 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 uM) 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.

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 Racl 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
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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 p-plates (Ibidi)
were transduced with Talin-GFP BacMam virus (50 particles per cell) for
18 h and imaged with a 40x 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% CO, 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 ImagelJ (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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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-um PET Transwell migration chambers (Corning) were coated
with 150 pL 80 pg/mL Matrigel (Becton Dickinson). Tumor cells were seeded
in duplicates onto the coated Transwell filters at a density of 1.25 x 10° cells
per well in media containing 2% (vol/vol) FCS (FCIll; 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 Imagel, 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 uL 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 pM), and placed in a collagen plug containing Eagle’s
minimum essential medium (EMEM), FBS, L-glutamine, sodium bicarbon-
ate, and collagen type | (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).
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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 TLR5%%°?X 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 yd 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 been demonstrated to have a crucial role in therapeutic re-

sponses for tumors occurring outside of the intestinal tract (lida

A rapidly growing paradigm is that commensal microorganisms
are required to maintain immune homeostasis of mucosal
surfaces such as the intestine (Mazmanian et 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

etal.,2013; Viaud et al., 2013). Although the mechanisms of distal
immune regulation by the microbiota are poorly understood, their
importance is illustrated by the lack of cellularimmune 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

Significance

outcome of malignant progression.

7.5% of the general population harbor a single dominant nucleotide polymorphism in TLR5, resulting in up to an 80% reduc-
tion in signaling. We perform a survival analysis of TCGA data sets for individuals with this polymorphism and show that
TLR5 signaling affects the malignant progression of ovarian and breast cancer differently. In both TLR5-responsive and
nonresponsive mice, depletion of commensal bacteria abrogates differences in tumor progression. We also show that
TLR5 recognition of commensal bacteria results in elevated IL-6 levels during tumor progression, whereas, in TLR5 nonre-
sponsive, tumor-bearing mice, there is an increased systemic production of IL-17. Mechanistically, we demonstrate that
TLRS5 signaling is driving differential tumor-promoting inflammation 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 (TIr5~'~) mice with advanced (days 64-75) flank sarcomas
(Tumor, n > 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 TIr5~/~ mice bearing equally sized tumors. Shown is one repre-
sentative of two independent experiments with five to eight animals per group.

(F) IFNy 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 TIr5~/~ 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 (TLR5%%9%%) (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 BG6
mice with latent mutations in p53 and K-ras (Trp53™/™L S -
Kras®'2P*) (Jackson et al., 2001; Jonkers et al., 2001; Scarlett
et al., 2012) on a TLR5-deficient (7Ir5~7) or TLR5-responsive
(wild-type [WT]) background. No evidence of metabolic syn-
drome or colitis in TIr5~'~ 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
Tir5~'~ 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 Tir5~/~
littermates with an equivalent tumor burden. As expected,
no TLR5-dependent differences were found in tumor-free mice

(Figure S1H). Reconstitution with IL-6-deficient bone marrow
(Figure S1l) 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 bone marrow (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 1l). 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 TIr5~/~ 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
TIr5~'~ 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 TIr5~/~ 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

(I) Growth curve and representative resected UPK10 (p53/K-ras-dependent ovarian) tumors 43 days after challenge in the axillary flank. Data are representative of

two individual experiments with at least four to six mice per group.

(J) Survival proportions of Tir5~/~ and WT mice bearing syngenic ID8 ovarian tumor cells (> 5/group with two repetitions).
All data represent the mean + SEM. *p < 0.05, ***p < 0.001 Tir5~"~ compared with WT using Mann-Whitney test and log rank test for survival. See also Figure S1.
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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 from WT or TIr5~/~ mice cohoused for 4 weeks compared with naive WT mice housed in
a different animal facility (WT other).

(B) Proportions of the indicated bacterial phyla in cohoused WT and TIr5~'~ mice. Boxes represent the interquartile range (bottom, 25" percentile; top,
75™ percentile), and the line inside represents the median. Whiskers denote the lowest and highest values within 1.5x 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 TIr5~/~ 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 TIr5~'~ 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.

(Figure 3A) and accelerated tumor growth (Figure 3B) in WT mice
challenged with transplantable MPKAS sarcomas. Depletion of
commensal microbiota in both TLR5-responsive and deficient
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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



Cancer Cell

TLR5 Signaling Drives Tumor-Promoting Inflammation

>
w

C
* 301

6

T 204

pg/ml IL

ok Figure 3. Commensal Microbiota Modulate

E F
- WT .
0 WT + ABX wxx o0
-+ TIr5"

T TIr5" + ABX

—
o
o
o

»
800 3z 200004
o

600 150004
% 2

=

400 s 100004
©

200 50004

0 L] v 0

6 8 10 12 14 16

Tumor Volume mm3 O

- WT
Tcrd”

-+ TIr5"
€ TIr5"/Terd” % *

Days post MPKAS

TLR5-Dependent Tumor Growth through
Increased IL-6 and v3 T Cells

(A) IL-6 serum levels of WT or TIr5~"~ mice 14 days
after being transplanted with the MPKAS sarcoma
cell line.

(B) Tumor volume of MPKAS in TIr5~/~ or WT mice
at day 14 (n > 26/group).

(C-E) WT and TIr5~"~ mice were gavaged daily for
2 weeks with an antibiotic cocktail (ABX) to elimi-
nate the commensal microbiota or with autoclaved
H,O 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 3 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 Terd ™~ or
TIr5~/~/Tcrd ™'~ mice compared with the appro-

WT WT + ABX

*

8 10 12 14

Days post MPKAS WT WT +ABX priate WT and Tir5~'~ littermate controls. Data
G H are representative of two individual experiments
Swrisme T R
g = TIr5" 43 into Tord” v plar
o 1500 = WT 15 into TIr5"/Tord™ of MPK:'}? tumor cells eTIone or together thh WT
51000 & 800 -E'Tlr5'/'y€> into TIr5"/Terd™ or T{rS tumor-alssomated. vd T cells into the
S I % auxiliary flank of naive WT mice.
2 500 E 6004 = Tcroi' * (H) Tumor growth curve of MPKAS cells admixed
g o -8 TIr5" /Terd” with tumor-associated y5 T cells sorted from
= E 400 WT or TIr5~/~ tumor-bearing mice injected into
g 9 the axillary flank of Tcrd™~ or TIr5~~/Terd ™~
< o 439 io& E 200 mice and representative resected tumors 14 days
Q @Q 3 = after the implantation.
<t 0 5 10 15 () Total galectin-1* v3 T cells from tumor-draining
| ” Days lymph nodes of WT or TIr5~/~ mice with advanced
324000 P L — 2500 * autochthonous sarcomas.
= : . < . (J) vd T cells were sorted from the draining lymph
?18000 ° ‘g 2000 nodes of WT or TIr5~/~ mice bearing advanced
‘712000 % o g 1500 autochthonous sarcomas and cultured for 6 hr
-% % E 1000 with phorbol 12-myristate 13-acetate/ionomycin.
2 5000 oe® S _3:_ Supernatants were collected and assayed for
3 co0 ve a 500 < ° galectin-1 levels.
© 0 T — 0 ot == All data represent the mean + SEM. *p < 0.05,
2 WT Tir57" WT Tirs5” **p < 0.01, **p < 0.001 using Mann-Whitney test.

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 TIr5~/~ mice as a result of significantly
delayed tumor progression in WT mice. Correspondingly, bacte-
rial depletion was associated with an increased accumulation
of interferon v (IFN)-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).

vd 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 y3 T cells in the tumor

See also Figure S2.

microenvironment (TME) in TLR5-responsive hosts (Figure 3E;
Figure S2G). yd 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 3 T cells infiltrating into tumors that
grow more aggressively in the presence of TLR5 signaling, WT
and TIr5~'~ littermates deficient of vd T cells were challenged
with syngeneic MPKAS sarcomas. Tumors progressed signifi-
cantly more slowly in WT mice lacking v T cells, whereas tumor
growth in TIr5~/~ y3-deficient mice was unchanged (Figure 3F).
To verify that tumor-derived vd T cells were sufficient to accel-
erate malignant growth only in the presence of TLR5 signaling,
vd T cells were sorted from the draining lymph nodes of WT
and TIr5~'~ 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 ©2015 Elsevier Inc. 31
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into naive WT recipients. Compared with tumor cells adminis-
tered alone and together with tumor-derived yd T cells from
TIr5~'~ mice, vd T cells from WT mice significantly accelerated
tumor growth (Figure 3G). Correspondingly, administration of
tumor-associated yd T cells from TLR5-responsive mice (but
not from TIr5~/~ mice) enhanced tumor growth in y3 T cell-defi-
cient mice (Figure 3H). However, accelerated malignant progres-
sion only occurred in TLR5-responsive hosts, suggesting that
intrinsic TLR5-dependent mechanisms regulate the tumor-pro-
moting activity of yd T cells.

An exhaustive phenotypic analysis of yv3 T cells sorted from
tumors and draining lymph nodes of WT and TIr5~'~ mice did
not reveal significant differences in the levels of NKG2D, CD39/
CD73, and PD-1 or in the production of IL-10, IFNy, PGE2,
perforin, and IL-2 (Figures S2H-S2K). In contrast, as detectable
by intracellular flow cytometry (Figure 3I) and ELISA (Figure 3J),
tumor-associated yd 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 yd 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 3 T cells to granulocytic
Ly6C'°"Ly6G* MDSCs sorted from both WT and TIr5~/~ 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 v3 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 vd T cell-derived galectin-1 (Figure 4D), reducing
the differences in the growth of tumors between TIr5~'~ and
WT mice (Figure 4E). Together, these data indicate that MDSCs
preferentially mobilized in response to TLR5-dependent, micro-
biota-driven inflammation and induce vy3 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 yd T Cells Is Sufficient

to Accelerate Tumor Growth

As expected, tumors grew more slowly in galectin-1-deficient
(Lgals1~'7) mice (Figures S3C and S3D). Other tumor-infiltrating
cells, including MDSCs, also produced galectin-1, although
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at lower levels (Figure S3E). To define whether galectin-1 specif-
ically produced by 3 T cells contributed significantly to differen-
tial tumor growth, we generated chimeras with y3- 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 v3 T cells in the host were
galectin-1-deficient, without defects in the reconstitution of
the v3 T cell compartment (Figure S3F). Furthermore, MPKAS
tumor cells admixed with galectin-1-deficient v T cells from
tumor-draining lymph nodes grew significantly slower than
MPKAS cells admixed with galectin-1* y3 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 yd
T cells inhibit antigen-specific T cell responses, vd 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 y-irradi-
ated (immunogenic) tumor cells was impaired significantly in
the presence of yd T cells from syngeneic and autochthonous
tumor-bearing, TLR5-responsive mice, whereas yd T cells
from tumor-bearing TIr5~~ hosts did not significantly inhibit pro-
liferation. Most importantly, vd 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 v3 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 yd T cells. To define the
general applicability of these findings, WT and TIr'5~/~ 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 11 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) p110«
(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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Figure 4. Galectin-1-Producing yd 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 y3 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 yd T cells cocultured with monocytic
(Ly6C*Ly6G) and granulocytic (Ly6C'°“Ly6G*)
MDSCs from tumor-bearing WT mice or with total
MDSCs from tumor-bearing TIr5~~ mice. Poly-
morphonuclear leukocytes and monocytes were
sorted from the spleens of naive WT mice as
controls.

(D) Total galectin-1* y3 T cells in the draining
lymph nodes of WT MPKAS tumor-bearing mice
depleted of MDSCs (aGr1). g, immunoglobulin.
(E) Representative MPKAS tumor growth curve in
WT mice depleted of MDSCs.

(F) Representative tumor growth curve after
reconstitution of Trp53™/™SI-Kras®1?>* mice
with bone marrow from WT or Lgals1~/~ mice
admixed (1:1) with Terd ™~ bone marrow, followed
by tumor initiation with adenovirus-Cre.

(G and H) y3 T cells sorted from the draining lymph
nodes of WT or TIr5~/~ 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.

(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 yd T cells (Figures 5F and
5G) and decreased tumor-associated

MDSCs (Figure S4H). As a result, a significant increase in the

accumulation of IFNy-producing CD8 T cells was observed in

these tumors (Figure 5H; Figure S4l). 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* y3d 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
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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 TIr5~'~ mice.

(B) Serum IL-6 level of WT or TIr5~'~ 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.
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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 TIr5~’~ tumor-bearing
mice, we found only minor differences in the ratio of tumor-infil-
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(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 v3
T cells (G), and IFNy-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 (I6~/7) or WT bone marrow (BM)
followed by challenge with the MPKAS tumor cell
line.

(J) Tumor kinetics of WT or TIr5~/~ mice adminis-
tered IL-6 neutralizing antibody («-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.

IL-6 shRNA

trating IL-17* cells, which included CD4

* and yd T cells in similar proportions (Fig-

ures S5B and S5C).

14 To define the contribution of IL-17 to
accelerated tumor progression in TLR5-
deficient hosts, we neutralized IL-17 in
A7C11 tumor-challenged TiIr5~/~ and

WT littermates. Blockade of IL-17 abrogated differences in the

progression of these tumors in WT versus TIr5~/~ hosts, resulting

in a significant reduction of tumor burden and growth kinetics in

TIr5~'~ 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 TIr5~/~ 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 TIr5~/~ 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 TIr5~/~
. 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 TIr5~/~ mice
administered IL-17 neutralizing antibody (x-IL-17)
or Ig control (IgG).

(E) MPKAS tumor kinetics in WT or TIr5~'~ mice
treated with a-IL-17 or IgG.

(F) Growth kinetics of MPKAS tumors expressing
IL-6 sShRNA or scrambled shRNA in TIr5~/~ mice
* administered a-IL-17 or IgG.

(G) Growth kinetics of MPKAS expressing IL-6
shRNA or scrambled shRNA in TIr5~/~ and WT
mice and representative resected tumors from
Tir5~'~ mice.
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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 TIr5~'~ tumor-bearing mice (Figure 6H; Figure S5F),
resulting in the complete abrogation of differences in tumor
progression between TIr5~/~ and WT littermates (Figure 6l;
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

macro- and microenvironments are con-
trolled by the commensal microbiota
and influence malignant progression.

12
Days post MPKAS

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 TLR5R392%
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
TLR5P392X 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 TLR5™%%2X 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
TLR5P392X carriers compared with control patients homozygous
for the ancestral allele (Figure 7C). Both yd and o3 (CD3*y3 TCR")

12
Days post A7C11
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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) CXCLS transcript levels in CD14*CD45" myeloid cells sorted from three
heterozygous TLR5%392X 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 78S 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 78S
expression in nine frozen ER* breast tumor specimens from TLR57%%%X car-
riers, >10 randomly selected ER* breast tumors from patients homozygous
for the ancestral allele, five to six stage IlI/IV ovarian carcinoma specimens
from TLR57%9%X carriers, and > 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.

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-
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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 TLR539%X 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 (>6 years after the ovarian cancer diag-
nosis) was significantly higher among TLR57%%%% 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™ vy3d 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 yd T cells, which predominantly
represent peripheral blood-derived Vy9* lymphocytes, pro-
duced significant levels of galectin-1 (Figure 8F). Further sup-
porting the relevance of our observations on the mechanistic
role of yd T cells in the TME, tumors from patients carrying
TLR57%92X contained a significantly lower number of galectin-
1-producing v3 T cells (Figure 8G) compared with patients
homozygous for the ancestral allele. In addition, yd 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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Survivors and Decreased Galectin-1
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(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
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homozygous for the ancestral allele of TLR5.
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of band intensities for galectin-1 normalized to
vinculin.

Galectin-1

Vinculin

Allele

' TL,‘:\"‘JR392x Ancéstral
Allele

(E) vd T cell immunohistochemistry from a frozen
ovarian tumor specimen homozygous for the
TLR5 ancestral allele. Scale bars, 100 pm.

4.65

D

67.8

23 (F) Representative gating strategy for flow cyto-
metric analysis of galectin-1-expressing, tumor-

infiltrating yd T cells. Numbers represent the

W

v TCR

proportions of live cells gated from CD45*CD3*y3
TCR* tumor-associated microenvironmental leu-

4.07

Vy9
Isotype

T

[<2]
o

Galectin-1

kocytes compared with the isotype control.

(G) Frequency of galectin-1-producing y3 T cells in
the ovarian cancer microenvironment from three
ovarian tumors from TLR5%%%%X carriers, PBMCs
from four healthy donors, and 12 randomly
selected ovarian tumor samples from patients
homozygous for the ancestral allele.

IN
o

20

@£
©
o
|-
%]
=
£
—
'
£
=1
o
Q<
@©
O
=
o
R

(H) Histogram of galectin-1 expression from tu-
mor-associated vd T cells from the three available
disassociated ovarian tumor samples from
TLR5R3%2X carriers and three randomly selected
ovarian tumor samples from patients homozygous
for the ancestral allele of TLR5.
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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 yd 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 compared with TLR5-nonresponsive animals.
Accordingly, knockdown of IL-6 in IL-6-responsive tumor cell
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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 v3 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 y3 T cells to
immunosuppression in multiple tumors, including ovarian can-
cer. Although the regulatory activity of y3 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 yd T cells suppress T cell
responses to potent antigens in vitro and that galectin-1 specif-
ically produced by tumor-derived v3 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 yd 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
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(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 Kras™*™ and Trp53™'®™ 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 (Tir5~/~) mice (B6.12951-
TIr5™FV/J) (Cubillos-Ruiz et al., 2009). Galectin-1-deficient (Lgals1~/~) mice
were provided by G.A. Rabinovich at the Instituto de Biologia y Medicina
Experimental (IBYME-CONICET) Argentina and were originally generated by
F. Poirier (Jacques Monod Institut). y3 T cell-deficient mice Tcrd™~ mice
(B6.129P2-Tcrd™™Mom/ ) were obtained from The Jackson Laboratory and
bred to TIr5~/~ mice. WT C57BL/6 mice were obtained from the NCI. OT1
C57BL/6-Tg (TeraTerb)1100Mjb/J and IL-6-deficient (B6.129S2-IL6™™ %P/ )
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 x 108 plaque-forming units of adenovirus-cre (Gene Transfer
Vector Core, University of lowa) 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
celllines were generated by passaging sorted tumor cells from mechanically dis-
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 x 10° cells), UPK10, and ID8-Vegf-
Defb29 (10°%) were admixed at a 1:1 ratio with growth factor-reduced Matrigel
(BD Biosciences) and injected into the axillary flank. A7C11 tumors were initiated
by injecting 2 x 10* cells into the axillary flank. Intraperitoneal ID8-Vegf-Defb29
tumors were initiated by intraperitoneal injection of 2 x 10° cells. The tumor
volume was calculated as: 0.5 x (L x W?), 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.

ACCESSION NUMBERS
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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; A TERT, human telomerase reverse
transcriptase; uUORF, upstream open reading frame; BrdU, bromodeoxyuridine; SA-B-gal, senescence-associated -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 Il complex exists as either a full-length protein or an N-terminus truncated variant (AN). While the full-length
hCAP-H2 associates with mitotic chromosomes, the AN 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-H2AN 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.' These SMC complexes function as connectors
between 2 chromatin fibers.* Recent studies have revealed that
cohesin can mediate interactions between gene promoters and
enhancers.” Condensin is also known to function in higher-order
genome organization in yeast and is involved in the gene regula-
tion in Caenorhabditis elegans.”® Condensin I and I complexes
exist in humans, where the condensin II complex binds to pro-
moters and enhancers, and participates in gene regulation.'®"!
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.'”
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
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overexpression of oncogenic Ras.'>'* Tt is accompanied by
diverse changes in gene expression and is associated with signifi-
cant alterations in the global genome architecture.”'® Senes-
cence-associated heterochromatin foci (SAHF) and senescence-
associated distension of satellites (SADS) are characteristic of
senescent cells.” "’

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.”’”?! Lamin B1, a
structural component of the nuclear lamina, has also been impli-
cated in the senescent processes.”” 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.>® 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-H2AN, accumulates in
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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), U20S (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 (APPase).
(€) 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 LEEO11), 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 +) 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 +), 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.

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 U20S)
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 INCAPH2  transcripts,
indicating that both proteins are
derived from the NCAPH?2 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
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,
OVCARS5, and SKOV3), suggest-
ing that the absence of the bottom

investigated

quiescent and senescent cells. We show that hCAP-H2AN
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.

www.tandfonline.com

band is not necessarily indicative of cancer cells or their prolifer-
ative potential (bottom panels in Fig. 1A). For instance, the
OVCARS5 and OVCARI10 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
HelLa cells, where Rb was absent), indicating that the expression
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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 APPase 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 rc:ported.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/GO 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 stabilicy 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 OVCARS 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 OVCARI0 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
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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 Neaph2 gene is known to produce splicing var-
iants.”® 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.””*® A uORF is present
in the NCAPH2 mRNA and is conserved among mammalian
species (Fig. 2A).%° NetStart software predicts that hCAP-H2
translation initiates from the first (AUG1) and second (AUG2)
start codons (Fig. 2B).” 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 AuAUG mutation
that prevents translation of the uORF inhibited the production
of the smaller protein. The AAUG!I mutation, which removes
the first start codon, resulted in the expression of only the smaller
protein. The AAUG2 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 AUGI 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.”® Tt 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.®' Therefore, it is possible that the uORF in the
NCAPH?2 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 AN
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 AN variant is initiated from the AUGI and
AUG?2 start codons, respectively. We observed that the size of the
exogenous full-length hCAP-H2 was similar to the endogenous
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Figure 2. Role of the uORF in expression of the hCAP-H2AN variant. (A) The nucleotide sequence of the 5’ region of NCAPH2 mRNA. 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, AuAUG, AAUG1, and AAUG2). 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 AAUG2 construct. (E) The full-length NCAPH2 (FL) and AN 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, AN, and AC) and the other components of the condensin complex. hCAP-H2AC 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).

counterpart in Hela cells (Fig. 2E). In addition, the size of the
AN 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 AN variant is initiated from the
AUGTI 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.>**®> 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-H2AN lacks a part of the conserved winged-
helix domain (Fig. S2D), we tested whether the AN protein can
form the condensin complex. We found that both the full-length
hCAP-H2 and AN variant interacted with the other condensin II
subunits such as SMC4 and hCAP-D3 (Fig. 2F). As a negative
control, we expressed the hCAP-H2AC protein, which is known
to be defective in the interaction between hCAP-H2 and SMC4,
and found that AC proteins were completely deficient for the

www.tandfonline.com

interaction (Fig. 2F and $2D).** These results suggest that the
N-terminal region (50 a.a.) missing in hCAP-H2AN 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 Sccl kleisin subunit of cohesin is

important for its binding to the Smcl subunit.”’

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 AN 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.
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Figure 3. Overexpression of hCAP-H2 induces formation of DAPI-dense chromatin foci. (A) hCAP-H and hCAP-H2 (FL and AN) proteins fused to the Flag
epitope were expressed in RPE-1 cells for 2 days and visualized by IF analysis. Scale bar indicates 10 pm. (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 um. (C) hCAP-H2 (FL and AN) 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 Il laser scanning confocal microscope. Scale bar indicates 1 wm. (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 AN). 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 pm. (G) RPE-1 cells were transfected with plasmids encoding EYFP-tagged hCAP-
H2 proteins (FL and AN) 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 pm.

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. $3B).*” In contrast, histone H3
di/tri-methylated Lys4 (euchromatic mark) was present outside
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of the DAPI-dense foci, consistent with the previous observation
(Fig. $3C)."” These results indicate that DAPI-dense chromatin
foci induced by expression of the hCAP-H2 isoforms have chara-
teristics of SAHF.

hCAP-H2AN 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-H2AN 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 AN 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,”®?” while the
complex with the AN 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 AN 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.*®

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,'® 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.'® 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
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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 AN
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-H2AN 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 AN variant likely
participates in the senescent process.

Discussion

While there are the 2 hCAP-H?2 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
uOREF 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 AN variant exists as a component of the insolu-
ble nuclear architecture (Fig. 3D). Only the hCAP-H2AN 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 AN 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-H2AN 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 AN 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 AN 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 pm. 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 AN 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 wm and 5 pum, 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 NCAPH2 mRNA (shH2#1), and assessed for
SA-B-gal activity and SAHF formation 8 days after the infection. Scale bars indicate 50 (left) and 5 pwm (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.”
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 Bl is down-reg-
ulated, and hCAP-H2AN expression is enhanced (Fig. 4F).*?

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.*® 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.*! It has also been
shown that Rb binds to and represses E2F-target genes, thereby
contributing to cellular senescence.’’ 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,
SATBI forms a nuclear architecture in mouse cells and regulates
many genes by tethering those genes to the SATB1 nuclear archi-
tecture.*? Since senescence is accompanied by altered expression
of many genes,'>'® 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 pg/ml streptomycin, and
0.01 mg/ml hygromycin B. HeLa, HCT116, and U20S cells
were cultured in DMEM medium (Mediatech, MT10-013-CV)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/
ml streptomycin. PEO-1, OVCAR5, OVCARI10, and SKOV3
cells were cultured in RPMI1640 medium (Life Technologies,
22400089) supplemented with 10% FBS, 100 U/ml penicillin,
and 100 pg/ml streptomycin. HOSE4 cells were cultured as pre-
viously described.* IMR90 cells were cultured in DMEM
medium supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.15% sodium bicarbonate, 2 mM
L-glutamine, I mM sodium pyruvate, and 1 x MEM non-essen-
tial amino acids (Life Technologies, 11120052).

Expression of hCAP-H2 and its variants

NCAPH2 ¢DNA in pCMV6-Entry vector (OriGene) was
used to generate the NCAPH2AN and AC genes by a PCR-
based method. hCAP-H2 (full length, AN, and AC) proteins
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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
NCAPH? (full length, AN, or AC) and pCMV-Tet3G were co-
transected into cells, and NCAPH2 expression was induced by
1 wg/ml doxycycline for 48 hours. hCAP-H2 (full length and
AN) 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 AN)
fused to the Flag epitope were inserted into pBABE-neo vector.*
pBABE-neo plasmids carrying either H-rasV12, NCAPH2, or
NCAPH2AN were used for retrovirus packaging, and virus infec-
tion was performed as described previously.?® Cells were cultured
with selection medium containing 500 wg/ml G418. pTRIPZ
plasmid containing NCAPH2 shRNA (Thermo Scientific Open
Biosystems) was used for lentivirus production. Doxycycline
(1 pg/ml) was added to culture medium every 48 hours for
shRNA expression. Cells were cultured in medium containing
3 pg/ml puromycin.

Senescence-associated [3-galactosidase (SA-B-gal) and BrdU
assays

SA-B-gal staining was performed as described previously.**
For BrdU incorporation experiments, cells were plated on cover-
slips and labeled with 100 pg/ml 5-Bromo-2'-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 pwg/ml 4,6-diamidino-2-
phenylindole (DAPI) solution for 5 minutes.

Fractionation analysis

Fractionation analysis was performed as previously described
with slight modifications.”® Cells were lysed at 4°C for
30 minutes with 400 pl CSK buffer [10 mM PIPES (pH 6.8),
100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTA,
1 mM DTT, 0.25 mM PMSEF, 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 x g for 10 minutes.
The insoluble fraction was incubated with 100 units of RQI1
RNase-free DNase I at room temperature for 30 minutes. After
centrifugation at 16,000 x g for 10 minutes, the supernatant was
recovered as fraction 2 (DNase-extractable fraction). The pellet
was then suspended in 200 pl 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 x 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 wl
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 KCI, 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 MgCl, (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 pl of
IP buffer 5 times and boiled with 20 pl 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,
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#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 pg/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, 63x, NA 1.4,
Zeiss), unless otherwise indicated. The images were acquired at
0.2 pm 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 bulftfer,
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
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Russell Vang, MD,* Jette Junge, MD,§ Susanne K. Kjaer, MD,f| Rugang Zhang, PhD,9
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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 pl6, 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
BRAF"®"™E_Senescence was further established by markers such
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as SA-PB-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)

S erous 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.! 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.® 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.” 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.®? 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.!!2 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.!3

We have previously identified a population of cells
in APSTs with abundant ecosinophilic cytoplasm (EC)
that showed a significant decrease in steroid hormone
receptors (ER and PR), WTI, and Ki-67 proliferation
index compared with neighboring cuboidal and columnar
cells lacking abundant EC, suggesting that the EC cells
were senescent.!2!4 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 BRAF""% 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.!? 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.
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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 described!?!%)
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-pl6 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. pl6 immunoreactivity in EC cells was reported
as positive (both nuclear and cytoplasmic) or negative.
Immunostaining with the mouse monoclonal VEI1 anti-
body was used to detect mutant BRAF protein (V600E)
as described previously (Spring Bioscience, Pleasanton,
CA; 1:250).!2 It has been shown that APSTs with BRAF
V600E mutations were all positive for VEI immuno-
reactivity, whereas none of the wild-type BRAF specimens
was positive for VE1.!2 VEI 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.!! 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 5-TGCTTGCTCTGATAGGAAAAT
GA-3 and reverse 5-CCACAAAATGGATCCAGACA
AC-3'; for exon 2-3 of KRAS: forward 5-TAAG
GCCTGCTGAAAATGACTG-3 and KRAS reverse 5'-
TGGTCCTGCACCAGTAATATGC-3'. 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 VEI staining was used
as a surrogate for BRAF"°"F mutation.

Cell Culture and Transduction

Primary human ovarian surface epithelial (HOSE)
cells were prepared from ovaries obtained during pro-
phylactic oophorectomies as described previously.'> The
cells were cultured in medium 199 and MCDB-105 (1:1)
supplemented with 4% fetal bovine serum and 0.2 U/mL

© 2014 Lippincott Williams & Wilkins
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of insulin.'® pBABE-puro and pBABE-puro-BRAFY¢%E
were obtained from Addgene (Cambridge, MA). Retro-
virus production and transduction were performed as
described,!” 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 ug/mL. FG12-CMV-Lenti-
GFP and FGI12-CMV-Lenti-GFP-BRAFY*F  were
kindly provided by Dr Daniel Peeper. Lentivirus was
packaged using Virapower Kit from Invitrogen following
manufacturer’s instruction as described previously.'®

Immunofluorescence, BrdU Labeling, and SA-f-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

TABLE 1. Summary of APST Cases Showing Cells With
Abundant EC

Mutational Status EC Cells Present EC Cells Absent  Total

BRAF-mut*f 25 0 25

BRAF-wt* 5 41 46
KRAS-mut @ (25) 29)
BRAF/KRAS-wt (1) (16) (17)

*P < 0.0001, Fisher’s exact test, 2-tailed.

TFor 6 APSTs, BRAF mutation was assumed after mutational analysis failed,
but VE1 immunohistochemistry stained positive.

mut indicates mutant; wt, wild-type.

(Santa Cruz), mouse anti-B-actin (Abcam),!® and mouse
anti-pl6 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 BRAF'5%° 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.

© 2014 Lippincott Williams & Wilkins
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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
111 6 16 11
v 1 — —

NA indicates not accessible; Mut, somatic mutation; WT, wild-type KRAS
and BRAF.

antibodies listed above.!%!% SA-(?-Gal staining was per-
formed as previously described.?

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

FIGURE 2. An APST harboring mutant BRAF"5%° 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).

1606 | www.ajsp.com
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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.

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
pl6, a senescence-associated marker,?!?> 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 z-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.'?> 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

© 2014 Lippincott Williams & Wilkins

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 VEI 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 BRAF"*?’F in human
ovarian surface epithelial HOSE cells (Fig. 5). HOSE cells
expressing BRAF""F 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
BRAF"%°F had a much greater number of cells positive
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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.

for pl6 and p21 that are upregulated during cellular
senescence. In contrast, in a BrdU incorporation study
BRAF"®"E 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.?*> 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 pl6, 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

1608 | www.ajsp.com

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 cu