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1 INTRODUCTION: 
Mantle cell lymphoma (MCL) is an aggressive and difficult-to-treat B-cell malignancy that is 
frequently refractory and relapsed to conventional chemotherapy. MCL is characterized by over-
expression of the cell cycle regulatory protein cyclin D1 (CCND1) due to the hallmark t(11;14) 
chromosomal translocation. Increased CCND1 expression levels are strongly associated with 
shorter patient survival related to chemoresistance, but little is known about the contribution of 
CCND1 to the resistant nature of MCL. In preliminary studies, we found that depletion of 
CCND1 increased DNA damage and sensitized MCL cells to chemotherapeutic agents. CCND1 
depletion also caused an increase in the transcription of CDK5RAP3, a putative tumor 
suppressor gene known to antagonize the DNA checkpoint kinase CHEK1 (1). Interestingly, 
depletion of CDK5RAP3 rescued the toxicity of CCND1 knockdown in MCL cells. These findings 
led us to hypothesize that CCND1 protects the MCL genome integrity through regulating 
CDK5RAP3 expression. In this project, we have focused on the role of CDK5RAP3 as a 
potential downstream effector of CCND1 and elucidated the mechanism underlying CCND1-
mediated CDK5RAP3 gene expression. Findings from this project have contributed to three 
publications from our group (2-4). In this final report, we summarize the results and 
accomplishments from the entire project period (2015-2018). 

2 KEYWORDS: Mantle cell lymphoma, cyclin D1, chemoresistance, DNA damage, CDK5RAP3, 
CHEK1 

3 ACCOMPLISHMENTS: 
Major goals 

The project has two major goals: 1) To determine whether CCND1 protects the genome integrity 
of MCL through its downstream target CDK5RAP3 (C53) and 2) to determine the mechanism by 
which CCND1 regulates C53 expression. To accomplish these goals, as described in the 
Statement Of Work, we have manipulated the expression levels of C53 in MCL cells by RNA 
interference (Task 1a) or by over-expression (Task 1b) and compared the effects of these 
manipulations with those produced by CCND1 knockdown. We also determined the 
transcriptional role of CCND1 in regulating C53 expression by examining its recruitment (Task 
2a) and interactions with relevant transcription factors (Task 2b) at the C53 promoter. Our 
accomplishments towards these goals are summarized as follows.  

Results 
C53 depletion reduces DNA damage and restores ATR signaling in CCND1-depleted MCL 
cells.  
We previously reported that depletion of CCND1 in MCL cell lines resulted in DNA double-
strand breaks, reduced cell survival and increased sensitivity to DNA damaging agents (2). 
CCND1 knockdown (KD) also increased mRNA and protein levels of C53, a known negative 
regulator of CHEK1 (1). Remarkedly, we found that depletion of C53 rescued growth inhibition 
and apoptosis in CCND1-silenced cells, suggesting a potential role for C53 in mediating the 
cytotoxicity of CCND1 KD. To address this role of C53, we determined whether C53 depletion 
also rescue other phenotypes associated with CCND1 KD including DNA damage and defective 
ATR-CHEK1 signaling. Using the inducible CCND1 KD and CCND1/C53 double-KD (DKD) 
UPN-1 lines previously generated (Annual Report, 2016), we found that C53 depletion reduced 
gamma-H2AX levels in CCND1 KD cells after hydroxyurea (HU) exposure (Figure 1A). 
Consistent with reduced gamma-H2AX levels, phosphorylation of the upstream kinases ATM 
and CHEK2 were also reduced in CCND1/C53 DKD cells under the same HU exposure 
condition (Annual Report, 2016).  

We next determined whether depletion of C53 would restore defects in ATR signaling in 
CCND1-silenced cells. CCND1 KD and CCND1/C53 DKD UPN-1 cells were treated with 
etoposide overnight and ATR phosphorylation was assessed at differeent time points by 
immunoblot analysis. Under this condition, ATR phosphorylation in CCND1 KD cells was 
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increased at 
4 h but then 
reduced by 8 
h after 
etoposide 
removal 
(Figure 1B). 
In contrast, 
ATR 
phosphorylat
-ion
remained
high in
CCND1/C53
DKD cells at
8 h after
etoposide
removal
(Figure 1B).

These data indicate that depletion of C53 restore ATR activity in CCND1 KD cells after 
etoposide exposure.  

To further confirm the role C53 in mediating the defective ATR signaling in CCND1 KD cells, we 
examined whether depletion of C53 rescues premature mitotic entry caused by CCND1 
depletion. CCND1 KD or CCND1/C53 DKD cells were treated with etoposide over night followed 
by incubation in normal growth medium and flow cytometric analysis of mitotic cells. Compared 
to untreated cells, etoposide-treated cells were arrested at the G2 phase up to 12 h after 
etoposide removal. However, in CCND1 KD cells, there was 2.5-fold increase in mitosis, as 
detected by 
phospho-
Ser10 histone 
H3 (Figure 2). 
However, 
increased 
mitotic entry in 
CCND1 KD 
cells was 
abrogated 
when C53 was 
depleted 
(Figure 2). 
This finding 
further 
supports a role 
for C53 in 
regulating ATR 
signaling. 

Figure 1. C53 depletion reduces DNA damage and restores ATR activity in CCND1 KD cells. A. UPN-1 cells 
transduced with CCND1 shRNA or both CCND1 shRNA and C53 shRNA were induced with doxycycline (Dox) for 3 
days to induce shRNA expression. Cell were then treated with 1mM of hydroxyurea (HU) for 16 h followed by 
washing and incubation in normal growth medium. Cell lysates were prepared at indicated time after HU removal 
and immunoblotted with indicated antibodies. B. CCND1 KD and CCND1/C53 DKD UPN-1 cells as described in (A) 
were treated with 500 nM of etoposide for 16 h followed by washing and incubation in normal growth medium. Cell 
lysates were prepared at indicated time after etoposide removal and immunoblotted with indicated antibodies. 
Numbers below bands are relative densitometric values after normalization to GAPDH and untreated (UT) controls.  
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C53 overexpression did not phenocopy CCND1 KD. 
In preliminary studies, we showed that depletion of CCND1 
in MCL cells led to increased C53 expression, defective 
CHEK1 signaling and increased apoptosis. In addition, 
apoptotic cell death in CCND1 KD cells was rescued by 
depletion of C53. We also found that overexpression of 
specific C53 isoforms E or B in HEK-293T cells 
deregulated CHEK1 or CHEK2 signaling, respectively, 
following induced DNA damage. To further evaluate the 
role of C53 in MCL cells, we conditionally expressed the 
FLAG-tagged C53 isoform B or E in UPN-1 cells and 
determined the effects of C53 overexpression on cell 
growth and CHEK1 signaling. In contrast to our prediction, 
overexpression of either isoform B or E increased cell 
proliferation and had little effect on sensitivity of UPN-1 
cells to DNA damaging agents (Annual Report, 2016). 
Further analysis revealed that neither forced expression of 
isoform E or D led to defective CHEK1 phosphorylation 
after recovering from HU exposure or under continuous HU 
exposure, respectively (Annual Report, 2016). 
These data indicate that overexpression of C53 
alone is not sufficient to recapitulate the phenotype 
observed in CCND1 KD. 

C53 overexpression increases DNA damage in 
CCND1-depleted MCL cells.  
Since overexpression of C53 alone is not sufficient 
to phenocopy the effect of CCND1 knockdown, we 
examined whether C53 overexpression in a 
CCND1-depleted background enhance the effects 
of CCND1 KD on the ATR signaling in MCL cells. 
Figure 3 shows that overexpression of C53 in 
CCND1-depleted UPN-1 cells results in increased 
DNA damage as detected by upregulation of 
gamma-H2AX signals. However, we did not 
observe significant changes in phosphorylation 
activity of ATR and CHEK1. These data indicate 
that although increased C53 expression appears to 
enhance DNA damage in CCND1-depleted MCL 
cells, it is insufficient to affect ATR and CHEK1 
phosphorylation.  

CCND1 negatively regulates C53 promoter 
activity.  
In order to evaluate effects of CCND1 on C53 
transcription, we cloned a firefly luciferase gene 
downstream of the C53 promoter isolated from the 
genomic DNA of Z-138 cells using PCR. We also 

Figure 2. C53 depletion prevents premature mitotic entry in CCND1 KD cells. CCND1 KD and CCND1/C53 
DKD UPN-1 cells were treated with 500 nM of etoposide for 16 h followed by incubating in normal growth 
medium. Cells at indicated times after etoposide removal were stained with p-histone H3 Ser10 antibody (detects 
mitotic cells) and propidium iodide (detects DNA content) and analyzed by flow cytometry. Gates drawn on p-H3 
positive cells indicate mitotic cells. Bar graph on the right shows mitotic cell fractions after normalization to Dox- 
samples.  

Figure 3. C53 overexpression 
increases DNA damage in CCND1 
KD cells. shCCND1-expressing 
UPN-1 cells were transduced with a 
flag-tagged C53 isoform E and 
selected with puromycin. 
Immunoblot analysis was performed 
on day 4 and day 6 after selection 
with indicated antibodies.  

Figure 4. CCND1 depletion increases C53 
promoter activity. shCCND1-expressing UPN-
1 cells were transduced with C53 promoter-
luciferase (Firefly, FF) (A) or with Renilla 
luciferase (Ren) (B). A luminescence assay was 
performed on day 2 after shCCND1 induction by 
doxycycline. Bar graphs are means of 3 
technical repeats. Error bars, S.D. * p < 0.05 by 
a 2-tailed student t-test. n.s. not significant. 
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cloned a Renilla luciferase gene 
downstream of a retroviral LTR 
promoter as a negative control. 
These constructs were sequence 
verified to confirm the presence of 
inserts.  To assess the effect of 
CCND1 on C53 promoter activity, we 
first transduce the C53-luciferase 
reporter or Renilla luciferase control 
into UPN-1 cells that express an 
inducible CCND1 shRNA. After 
induction of CCND1 shRNA by 
doxycycline, luciferase activity was 
measured by a luminescence assay. 
Figure 4A shows that after 
doxycycline addition, the C53 
promoter activity is increased at a 
modest level, but significantly. In 
contrast, CCND1 depletion does not 
affect Renilla luciferase activity, which is not under control by the C53 promoter (Figure 4B). 
To further confirm the effect of CCND1 on C53 promoter activity, we co-expressed CCND1 with 
C53-luciferase or Renilla luciferase construct in HEK-293T cells and compared luciferase 
activity with those from an empty vector control. We found that overexpression of CCND1 
decreased C53 promoter activity (Figure 5A) without affecting those from the Renilla luciferase 
control (Figure 5B). Altogether, these results indicate that CCND1 can directly interact with and 
negatively regulate the C53 promoter.  

CCND1 interacts with HDAC1. 
To determine what transcription factors were associated with CCND1 and recruited at the C53 
promoter, we first examined the recruitment of the transcriptional repressors HDAC1 and HP1, 
which were previously reported to interact with CCND1(5). Using the publicly available 
ENCODE data, we found that, unlike HP1, HDAC1 is highly recruited to the 5’ end of C53 in the 
myeloid leukemic cell line K562, suggesting its role in the regulation of C53 activity. In addition, 
CCND1 was found to interact with HDAC1 in the MCL cell line GRANTA-519 by a mass 
spectrometer-based proteomics approach (6). Based on these observations, we hypothesize 
that CCND1 reppresses C53 transcription in MCL cells through recruitment of HDAC1. To test 
this hypothesis, we first examined whether CCND1 physically associates with HDAC1 by co-
expressing HDAC1 and CCND1 in HEK-293T cells and analyzed potential interactions using co-
immunoprecipitation. Figure 6A shows that CCND1 strongly interacts with HDAC1 in HEK-293T 
cells (4). Validation of this interaction in Z-138 cells or in primary MCL samples by 
immunoprecipitation with CCND1 or HDAC1 antibody also showed CCND1 in the complex with 
HDAC1 and HDAC2 (Figure 6B) (4). Together, these results indicate that CCND1 physically 
interacts with HDAC1 (and HDAC2) in MCL cells.  
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Figure 5. CCND1 overexpression decreases C53 promoter 
activity. HEK-293T cells were co-transfected with 1 ug of 
empty vector (EV) or CCND1-expressing vector and 0.5 ug of 
C53 promoter-luciferase (Firefly, FF) (A) or Renilla luciferase 
(Ren) (B). A luminescence assay was performed on day 2 after 
transfection. Bar graphs are means of 3 technical repeats. Error 
bars, S.D. ** p < 0.01 by a 2-tailed student t-test. n.s. not 
significant. 
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HDAC1 is recruited to the C53 promoter. 
To determine whether HDAC1 is recruited to the C53 gene, we used an anti-HDAC1 antibody to 
perform chromatin immunoprecipitation in the MCL line Z-138 and sequenced the pulled-down 
DNA using high-throughput sequencing (ChIP-Seq). To determine the effect of CCND1 
overexpression on the recruitment of HDAC1 at the C53 gene, we also performed the ChIP-Seq 
experiments for Z-138 cells that ectopically expressed CCND1. Compared to IgG antibody 
control, HDAC1 pull-down exhibits two distinct peaks at the 5’ end of the C53 gene in Z-138 
cells that express an empty vector control or CCND1-expressing vector (Figure 7). Interestingly, 
more HDAC1 recruitment to the C53 promoter was observed in CCND1-overexpressing Z-138 
cells than those in empty vector control (Figure 7). These results indicate that HDAC1 is 
recruited to the C53 promoter and overexpression of CCND1 may enhance this recruitment.  

CCND1 cooperates with HDAC1 to repress C53 expression. 
Our findings of HDAC1 recruitment to the C53 locus prompted us to examine whether HDAC1 
represses C53 expression. Using a C53 reporter system as described in Figure 8A, we co-
transfected the reporter constructs with an empty vector, HDAC1, CCND1 or both HDAC1 and 
CCND1 in HEK-293T cells. While we consistently observed reduced C53 reporter activity upon 
CCND1 overexpression, as shown in our previous progress report, we found that HDAC1 
overexpression also repressed C53 promoter activity (Figure 8B). Interestingly, when both 
HDAC1 and CCND1 were co-expressed, repression of the C53 promoter activity was further 
enhanced (Figure 8B). These results indicate that CCND1 may cooperate with HDAC1 to 
regulate C53 expression.  

Figure 6. CCND1 interacts with HDAC1 and HDAC2.  A. HEK-293T cells were transiently co-transfected with 
untagged CCND1 and HA-tagged HDAC1 and immunoprecipitated with HA antibody followed by immunoblotting 
with indicated antibodies. Lysates before immunoprecipitation were used as input samples. B. Z-138 cells or 
primary MCL samples were immunoprecipitated with isotype control IgG, CCND1 or HDAC1 antibody and 
immunoblotted with indicated antibodies. Lysates before immunoprecipitation were used as input samples. Arrow, 
specific HDAC1 staining. * non-specific bands. 

Figure 7. HDAC1 is recruited to the C53 gene locus. Z-138 cells were stably transduced with an empty vector or 
CCND1-expressing lentivirus and HDAC1 was immunoprecipitated with an isotype IgG control antibody or anti-
HDAC1 antibody followed high-throughput sequencing (ChIP-Seq). The ChIP-Seq signals for HDAC1 (red) and IgG 
control (blue) were determined by peak-finding programs and shown by the Integrative Genomics Viewer at the C53 
(CDK5RAP3) genomic locus. The signals highlighted by the rectangular box are statistically significant (p < 0.0001).  
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In summary, we have shown that C53 depletion reduces DNA damage and restores ATR 
signaling in CCND1-depleted MCL cells. These results are consistent with the rescue of 
CCND1/C53 DKD cells from apoptosis and suggest a role for C53 in mediating cytotoxicity of 
CCND1 KD. However, overexpression of C53 isoforms in the MCL cell line UPN-1 did not 
recapitulate CCND1 KD phenotypes such as increased apoptosis, DNA damage and sensitivity 
to DNA damaging agents. This suggests that overexpression of C53 alone is insufficient to 
phenocopy CCND1 KD and that other downstream targets of CCND1 likely contribute to MCL 
survival. In addition, using chromatin immunoprecipitation, ChIP-Seq and C53 reporter assays, 
we have found that CCND1 physically interacts with HDAC1 and this interaction may result in 
the recruitment of HDAC1 to the C53 promoter, leading to repression of C53 expression. These 
findings uncovered a previously unrecognized role of CCND1 in the regulation of C53 
expression. Our results provide further insights into the abnormal oncogenic signaling of 
CCND1 and thus have a potential for future development of more effective treatment strategies 
for MCL.  
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Figure 8. CCND1 cooperates with HDAC1 to regulate C53 expression.  A. An experiment scheme to examine 
effects of HDAC1 and CCND1 on the C53 promoter activity in HEK-293T cells. B. C53 promoter activity after 
HDAC1 or CCND1 overexpression. C53 reporter activity of samples as described in (A) are shown as the ratio 
between the Firefly luciferase activity and the Renilla luciferase activity determined by the Dual-Luciferase Reporter 
Assay System (Promega). Bar graphs are means of three independent luciferase assays. Error bars, standard 
deviation. ** P< 0.01, **** P< 0.0001 by a 2-sided Student t-test. C. Immunoblots of samples depicted in (A) shows 
expression of indicated proteins.  
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3. Mohanty, A., Sandoval, N., Das, M., Pillai, R., Chen, L., Chen, R.W., Amin, H.M., Wang, M.,
Marcucci, G., Weisenburger, D.D., et al. 2016. CCND1 mutations increase protein stability
and promote ibrutinib resistance in mantle cell lymphoma. Oncotarget 7:73558-73572.

4. Mohanty, A., Sandoval, N., Phan, A., Nguyen, T.V., Chen, R.W., Budde, E., Mei, M.,
Popplewell, L., Pham, L.V., Kwak, L.W., et al. 2018. Regulation of SOX11 expression
through CCND1 and STAT3 in mantle cell lymphoma. Blood.

5. Fu, M., Rao, M., Bouras, T., Wang, C., Wu, K., Zhang, X., Li, Z., Yao, T.P., and Pestell, R.G.
2005. Cyclin D1 inhibits peroxisome proliferator-activated receptor gamma-mediated
adipogenesis through histone deacetylase recruitment. J Biol Chem 280:16934-16941.

6. Jirawatnotai, S., Hu, Y., Michowski, W., Elias, J.E., Becks, L., Bienvenu, F., Zagozdzon, A.,
Goswami, T., Wang, Y.E., Clark, A.B., et al. 2011. A function for cyclin D1 in DNA repair
uncovered by protein interactome analyses in human cancers. Nature 474:230-234.

What opportunities for training and professional development has the project provided? 
The PI, Vu Ngo, has attended the following workshops and conferences to present research 
finding related to the project: 

Gabrielle’s Angel Foundation for Cancer Research Annual Symposium. 2015 Miami, 
Florida. Presentation title: The role of cyclin D1 in genomic stability and therapeutic implications 
in mantle cell lymphoma. 

Lymphoma Research Foundation Workshop on Mantle Cell Lymphoma. 2016 Atlanta, 
Georgia. Presentation title: The role of cyclin D1 mutations in mantle cell lymphoma. 

International Lymphoma Study Group (ILSG). 2016 Arcadia, California. Presentation 
title: Cyclin D1 mutations and ibrutinib resistance in mantle cell lymphoma. 

ASH Meeting on Lymphoma Biology 2016, Colorado Springs, Colorado. Presentation 
title: Mechanisms of Ibrutinib Insensitivity in Mantle Cell Lymphoma. 

The PI, Vu Ngo, has participated in the following professional development activities: 

Member by invitation, The Mantle Cell Lymphoma Consortium, Lymphoma Research 
Foundation (2017). 

Giving lectures “B cell receptor signaling in normal and malignant B cell development” at the 
AstraZeneca Hematology Learning Event. Duarte, California. (5/22/2017 and 9/13/2017). 

How were the results disseminated to communities of interest?  
Relevant results from this project have been reported in three peer-review publications as listed 
under PRODUCTS 

What do you plan to do during the next reporting period to accomplish the goals? 
Although this is our final report, we will perform follow-up studies and prepare a manuscript for 
publication of results obtained from this project. Specifically, we will determine whether 
depletion or inhibition of HDAC1 would affect C53 expression. We will also investigate the 
mechanism of de-repression of C53 expression as a potential therapeutic stragegy targeting the 
CCND1-C53-CHEK1 pathway. 

4 IMPACT: 
What was the impact on the development of the principal discipline(s) of the project? 
Cyclin D1 overexpression as a result of chromosomal translocation is the founding lesion in 
MCL. We showed that experimentally targeting of cyclin D1 in MCL resulted in cell death and
increased sensitivity to chemotherapeutic agents. These findings suggest that cyclin D1 is a
valid drug target in MCL. However, there is currently no small molecule inhibitors for cyclin D1,
which does not have an enzymatic activity and thus a drug binding pocket as most enzymatic
drug targets do. To overcome this undruggability of cyclin D1, a better understanding of its
cancer-causing pathways will likely uncover signaling components that can be targeted by
pharmacological inhibitors. In this regard, our data have revealed that cyclin D1 regulates a
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novel tumor suppressor CDK5RAP3 (C53), which is important for abnormal proliferation in MCL. 
Our findings therefore provide insights into the complex cancer-causing activity of cyclin D1, 
which would ultimately reveal actionable drug targets for MCL.  

What was the impact on other disciplines? 
In addition to MCL, cyclin D1 is also overexpressed in many other cancers including 
glioblastoma, breast, lung, prostate and ovarian cancer. A better understanding of the abnormal 
signaling caused by cyclin D1 overexpression and its downstream events including C53 
regulation will also have relevant impact on these cancers. 

What was the impact on technology transfer? 
Nothing to Report. 
What was the impact on society beyond science and technology? 
Nothing to Report. 

5 CHANGES/PROBLEMS: 

Changes in approach and reasons for change 
Experiments in the original Specific Aim 1c (Task 1c in SOW) were replaced with new 
experiments to “determine whether C53 overexpression phenocopies CCND1 KD using 
alternative approaches,” as described in the Annual Report, 2016. This change was necessary 
because we needed to determine why C53 depletion could rescue cytotoxicity of CCND1 KD 
but C53 overexpression did not phenocopy CCND1 KD. Answers to this question would clarify 
the role of C53 in mediating CCND1 KD phenotypes. In addition, we chose to remove 
experiments in the original Specific Aim 1c because these experiments were mainly to confirm 
the effects of C53 on CHEK1 and CHEK2 activities in MCL cells, which have been previously 
described in HeLa cells by the Li’s group (Jiang et al. Cell Res. 2009 19:458).   

Actual or anticipated problems or delays and actions or plans to resolve them: N/A 

Changes that had a significant impact on expenditures: N/A 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, 
and/or select agents: N/A 

6 PRODUCTS: 
Publications 
1. Mohanty A, Sandoval N, Das M, Pillai R, Chen L, Chen RW, Amin HM, Wang M, Marcucci

G, Weisenburger DD, Rosen ST, Pham LV, Ngo VN. CCND1 mutations increase protein
stability and promote ibrutinib resistance in mantle cell lymphoma. Oncotarget. 2016;
7(45):73558-73572. PMID: 27713153

Acknowledgement of federal support: Yes. 

2. Mohanty S, Mohanty A, Sandoval N, Tran T, Bedell V, Wu J, Scuto A, Murata-Collins J,
Weisenburger DD, Ngo VN. Cyclin D1 depletion induces DNA damage in mantle cell
lymphoma lines. Leukemia & lymphoma. 2017; 58(3):676-688. PMID: 27338091

Acknowledgement of federal support: Yes. 

3. Mohanty A, Sandoval N, Phan A, Nguyen TV, Chen RW, Budde E, Mei M, Popplewell L,
Pham LV, Kwak LW, Weisenburger DD, Rosen ST, Chan WC, Müschen M, Ngo VN. 
Regulation of SOX11 expression through CCND1 and STAT3 in mantle cell lymphoma. 
Blood. 2019; 133(4):306-318. PMID: 30530749 

Acknowledgement of federal support: Yes. 
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Conference papers 
The role of cyclin D1 mutations in mantle cell lymphoma. Lymphoma Research Foundation 
Workshop on Mantle Cell Lymphoma. Atlanta, Georgia, 2016. 

Atish Mohanty, Natalie Sandoval, Manasi Das, Hesham M. Amin, Guido Marcucci, Raju Pillai, 
Dennis D. Weisenburger, Steven T. Rosen, Lan V. Pham and Vu N. Ngo. CCND1 mutations 
increase protein stability and promote ibrutinib resistance in Mantle Cell Lymphoma. Blood 
(ASH Annual Meeting Abstracts), 2016; 128: 4094. 

Presentations 
Mechanisms of Ibrutinib Insensitivity in Mantle Cell Lymphoma. ASH Meeting on Lymphoma 
Biology 2016, Colorado Springs, CO. 

Cyclin D1 mutations and ibrutinib resistance in mantle cell lymphoma. International Lymphoma 
Study Group (ILSG). Arcadia, California, 2016. 

Atish Mohanty, Natalie Sandoval, Manasi Das, Hesham M. Amin, Guido Marcucci, Raju Pillai, 
Dennis D. Weisenburger, Steven T. Rosen, Lan V. Pham and Vu N. Ngo. CCND1 mutations 
increase protein stability and promote ibrutinib resistance in Mantle Cell Lymphoma. Blood 
(ASH Annual Meeting Abstracts), 2016; 128: 4094. 

Website(s) or other Internet site(s) 
N/A 
Technologies or techniques 
N/A 
Inventions, patent applications, and/or licenses 
N/A 
Other Products 
N/A 

7 PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
What individuals have worked on the project? 

Name: Vu Ngo 
Project Role: PI 
Researcher Identifier (e.g. 
ORCID ID): 
Nearest person month 
worked: 

4 

Contribution to Project: No change 

Name: Atish Mohanty 
Project Role: Postdoctoral Fellow 
Researcher Identifier (e.g. 
ORCID ID): 
Nearest person month 
worked: 

12 

Contribution to Project: No change 

Name: Natalie Sandoval and Andy Phan 
Project Role: Research Associate 
Researcher Identifier (e.g. 
ORCID ID): 



10 

Nearest person month 
worked: 

3 

Contribution to Project: No change 

Has there been a change in the active other support of the PD/PI(s) or senior/key 
personnel since the last reporting period? 
Nothing to Report. 
What other organizations were involved as partners? 
Nothing to Report. 

8 SPECIAL REPORTING REQUIREMENTS 
COLLABORATIVE AWARDS: N/A 
QUAD CHARTS: N/A  

9 APPENDICES: 
Reprints of manuscripts 
1. Mohanty A, Sandoval N, Das M, Pillai R, Chen L, Chen RW, Amin HM, Wang M, Marcucci

G, Weisenburger DD, Rosen ST, Pham LV, Ngo VN. CCND1 mutations increase protein
stability and promote ibrutinib resistance in mantle cell lymphoma. Oncotarget. 2016;
7(45):73558-73572. PMID: 27713153

2. Mohanty S, Mohanty A, Sandoval N, Tran T, Bedell V, Wu J, Scuto A, Murata-Collins J,
Weisenburger DD, Ngo VN. Cyclin D1 depletion induces DNA damage in mantle cell
lymphoma lines. Leukemia & lymphoma. 2017; 58(3):676-688. PMID: 27338091

3. Mohanty A, Sandoval N, Phan A, Nguyen TV, Chen RW, Budde E, Mei M, Popplewell L,
Pham LV, Kwak LW, Weisenburger DD, Rosen ST, Chan WC, Müschen M, Ngo VN. 
Regulation of SOX11 expression through CCND1 and STAT3 in mantle cell lymphoma. 
Blood. 2019; 133(4):306-318. PMID: 30530749 
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ABSTRACT
Mantle cell lymphoma (MCL) is characterized by the t(11;14) translocation, which 

leads to deregulated expression of the cell cycle regulatory protein cyclin D1 (CCND1). 
Genomic studies of MCL have also identified recurrent mutations in the coding region of 
CCND1. However, the functional consequence of these mutations is not known. Here, we 
showed that, compared to wild type (WT), single E36K, Y44D or C47S CCND1 mutations 
increased CCND1 protein levels in MCL cell lines. Mechanistically, these mutations 
stabilized CCND1 protein through attenuation of threonine-286 phosphorylation, which 
is important for proteolysis through the ubiquitin-proteasome pathway. In addition, 
the mutant proteins preferentially localized to the nucleus. Interestingly, forced 
expression of WT or mutant CCND1 increased resistance of MCL cell lines to ibrutinib, 
an FDA-approved Bruton tyrosine kinase inhibitor for MCL treatment. The Y44D 
mutant sustained the resistance to ibrutinib even at supraphysiologic concentrations 
(5–10 μM). Furthermore, primary MCL tumors with CCND1 mutations also expressed 
stable CCND1 protein and were resistant to ibrutinib. These findings uncover a new 
mechanism that is critical for the regulation of CCND1 protein levels, and is directly 
relevant to primary ibrutinib resistance in MCL. 

INTRODUCTION

CCND1 is an important cell cycle regulator in 
many cell types. CCND1 binds and activates cyclin-
dependent kinase (CDK) 4, which in turn phosphorylates 
and inactivates retinoblastoma (Rb) protein, leading to 
G1/S cell cycle progression [1, 2]. CCND1 accumulates 
in the nucleus during the G1 phase and translocates to the 
cytoplasm for degradation by the ubiquitin-proteasome 
system when cells enter the S phase [3, 4]. Cell cycle-
dependent proteolysis of CCND1 requires phosphorylation 

of threonine-286 (T286) residue, which is predominantly 
mediated by glycogen synthase kinase 3 beta (GSK3B) [5].  
Other kinases including DYRK1B and p38 MAPK are also 
known to phosphorylate T286, also leading to ubiquitin-
dependent degradation of CCND1 [6, 7].

Deregulated expression of CCND1 in cancer can be 
caused by several mechanisms. In mantle cell lymphoma 
(MCL), the CCND1 gene located on chromosome 
11 is usually rearranged to a strong enhancer in the 
immunoglobulin heavy-chain (IGH) locus on chromosome 
14, leading to increased CCND1 transcription and CCND1 
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protein levels [8, 9]. Increased CCND1 levels also occur 
due to genomic deletions or point mutations in the 3′ UTR, 
which results in shorter, more stable transcripts [10, 11]. 
Experimental models that expressed a non-degradable 
CCND1 variant, in which T286 was substituted by alanine, 
or expression of an alternatively spliced CCND1b isoform, 
which lacks T286, have resulted in predominantly nuclear 
CCND1 expression and cellular transformation [12, 13]. 
In addition, aberrant activation of AKT and mTOR 
signaling results in down-regulation of GSK3B, also 
leading to reduced phosphorylation-dependent proteolysis 
and increased CCND1 protein levels [14].  

Mantle cell lymphoma (MCL) is an incurable 
B-cell malignancy that frequently develops resistance to 
conventional chemotherapy and has a prognosis with a 
median overall survival of approximately 1–2 years after 
relapse [15, 16]. Recent treatment advances using the 
FDA-approved drug ibrutinib, which targets the B-cell 
antigen receptor (BCR) signaling molecule Bruton’s 
tyrosine kinase (BTK), have produced durable responses 
in MCL [17]. However, one-third of MCL patients are 
ibrutinib-resistant, and even ibrutinib-sensitive patients 
eventually acquire resistance to the drug [17, 18]. The 
mechanisms underlying primary resistance to ibrutinib 
are not well understood. Recent studies have begun to 
provide some clues about potential mechanisms of primary 
ibrutinib resistance, including activation of the alternative 
NF-kB [19], ERK1/2 or AKT signaling pathways [20]. 
Mechanisms of acquired resistance to ibrutinib in patients 
who initially responded to the drug but then relapsed 
have also been reported, including recurrent mutations of 
the enzyme active site in BTK (C481S) or its substrate 
phospholipase C gamma 2 (PLCG2) [18, 21, 22]. These 
studies suggest that multiple mechanisms likely contribute 
to ibrutinib resistance in MCL. 

Recent large-scale genomic studies of MCL have 
identified a hotspot for recurring somatic mutations in 
exon 1 of CCND1 in 18–35% of the cases, likely arising 
through somatic hypermutation [23–25]. However, little 
is known about the functional role of these mutations in 
MCL. This study investigated the functional consequences 
of CCND1 mutation on protein stability and sensitivity 
of MCL cells to ibrutinib therapy. The three most 
frequent CCND1 mutations (E36K, Y44D and C47S) 
were cloned and expressed in MCL cell lines or HEK-
293T cells. CCND1 protein stability and interaction with 
GSK3B were evaluated by cyclohexamide treatment 
and immunoprecipitation, respectively. Subcellular 
localization of the mutant CCND1 protein was determined 
by cell fractionation and immunofluorescence. In addition, 
primary MCL tumors with CCND1 mutations were 
examined for CCND1 protein stability and sensitivity to 
ibrutinib. These studies have uncovered an important role 
for CCND1 mutations in deregulating protein turnover, 
and a potential role in resistance to ibrutinib in some MCL 
tumors.

RESULTS

CCND1 mutations increased CCND1 protein 
levels through defective proteolysis

To study the role of CCND1 somatic mutations, the 
CCND1 exon 1 of eight MCL cell lines was sequenced 
and found to have the germ-line sequence (data not 
shown). Therefore, site-directed mutagenesis was used 
to generate the three most frequent mutations, E36K, 
Y44D and C47S, as previously reported (Figure 1A) 
[19, 23–25]. Hemagglutinin (HA)-tagged wild type 
(WT) or mutant CCND1 cDNA was cloned into a 
retroviral vector and expressed in the MCL cell lines 
UPN-1, Z-138 and JEKO-1. An empty vector was used 
as a negative control. After establishing stably transduced 
cells by hygromycin selection, equal numbers of cells 
from each culture were harvested and mRNA and total 
protein lysates were prepared. Anti-HA antibody was 
used to assess exogenous CCND1 protein expression by 
immunoblot analysis. All three mutants showed increased 
protein expression compared to the WT counterparts 
in all three MCL cell lines (Figure 1B, Supplementary 
Figure S1A). In Supplementary Figure S1A, JEKO-1 
cells that expressed the non-degradable T286A CCND1 
mutant [5] were also included for comparison. Compared 
to WT, mutant CCND1 proteins did not affect the kinase 
function of CDK4, as determined by phosphorylation of 
the CDK4 substrate Rb in JEKO-1 cells (Supplementary 
Figure S1B). To determine whether increased protein 
expression was due to increased transcription, mRNA 
expressed from WT and mutant CCND1 was compared by 
real-time quantitative PCR (qPCR) using primers specific 
for the exogenous CCND1-HA mRNA (Figure 1C). 
There was no significant increase in mutant mRNA levels 
compared to that of WT samples in both UPN-1 and Z-138 
cells (Figure 1C). Next, we determined whether increased 
protein levels were due to deregulated protein turnover. 
We treated WT or mutant CCND1-expressing cells with 
cyclohexamide (CHX) to inhibit de novo protein synthesis, 
and CCND1 proteolysis was examined by immunoblot 
analysis. In both UPN-1 and Z-138 cells, while more than 
50% of WT CCND1 was degraded as early as 90 min 
after CHX, little reduction in Y44D CCND1 levels 
was observed during the same period (Figure 1D, 1E). 
Similar stability was also observed the C47S mutant in 
UPN-1 cells under the same experimental conditions 
(Supplementary Figure S2). Taken together, we concluded 
that CCND1 mutations increased protein, but not mRNA, 
levels, and this was likely due to defective proteolysis.

CCND1 mutations interfere with T286 
phosphorylation

Since phosphorylation of T286 is required for 
proteasome-mediated CCND1 turnover [5], we next  
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Figure 1: CCND1 mutations increase protein levels. (A) Diagram shows recurring point mutations (red bars) in the N-terminus 
of CCND1 protein. (B) Immunoblot analysis of WT and mutant CCND1 expression. UPN-1 or Z-138 cells were transduced with WT or 
mutant CCND1-HA and selected for stable expression by hygromycin. Cell lysates (10 μg per lane) were separated by SDS-PAGE gel and 
immunoblotted with indicated antibodies. Arrow indicates a mobility shift of the CCND1-HA protein. Arrowhead indicates endogenous 
CCND1. Bar graphs below the immunoblot show relative densitometric values of indicated bands after normalization to GAPDH loading 
controls. (C) Quantitative PCR analysis of mRNA expression of WT and mutant CCND1. Cell lines generated as described in (B) and 
mRNAs were harvested for quantitative PCR analysis of CCND1-HA mRNA expression. Shown are the means of mRNA expression levels 
after normalization to GAPDH signals from four independent amplification experiments. Error bars, SD. ****P < 0.0001; ***P < 0.001; 
**P < 0.01; *P < 0.05 by a two-tailed Student’s T-test. (D, E) UPN-1 or Z138 cells expressing WT or Y44D CCND1-HA were treated 
with 10 µM of cyclohexamide (CHX) for indicated times and 10 μg of cell lysates per lane were prepared for immunoblot analysis with 
indicated antibodies. Arrow, CCND1-HA protein. Arrowhead, endogenous CCND1. Bar graphs below immunoblots in (D, E) show relative 
densitometric values of indicated bands from the blots after normalization to time zero control samples. 
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examined the effect of CCND1 mutations on this 
phosphorylation. Immunoblot analysis of T286 
phosphorylation levels taken directly from on-going cell 
cultures was, however, confounded by the higher steady-
state levels of mutant CCND1 proteins (Supplementary 
Figure S1C). As an alternative approach, we evaluated 
T286 phosphorylation in cells that were treated with CHX 
over night to allow complete degradation of CCND1, 
and then returned back to normal growth conditions 
for renewed protein synthesis. Under this experimental 
condition, T286 phosphorylation of newly synthesized 
Y44D CCND1 was markedly reduced in both UPN-1 and 
Z-138 cells as compared to phosphorylation of WT CCND1 
(Figure 2A, 2B). Reduced T286 phosphorylation of Y44D 
CCND1 was not due to decreased protein levels, as the 
mutant protein levels accumulated faster than WT protein 
over the same time period after CHX treatment and release 
(Figure 2A, 2B). Because of the low expression levels of 
CCND1-HA in Z-138 cells (Figure 1B and Figure 2B), to 
enhance detection of T286 phosphorylation, CCND1-HA 
was immunoprecipitated with the HA-specific antibody 
followed by immunoblotting with the phospho-T286 
CCND1 antibody. T286 phosphorylation levels were 
markedly reduced in both Y44D and C47S CCND1 
immunoprecipitates, as compared to phospho-T286 signals 
on WT CCND1 (Figure 2C). These data indicate that 
these N-terminal CCND1 mutations interfere with T286 
phosphorylation at the C-terminus of CCND1.

Reduced T286 phosphorylation on mutant CCND1 
prompted us to evaluate the interaction of the T286 
phosphorylating enzyme GSK3B with WT and mutant 
CCND1 using the co-immunoprecipitation (co-IP) 
method. Using anti-HA antibody to immunoprecipitate 
CCND1-HA proteins in JEKO-1 cells, we detected 
little difference between WT and mutant proteins on 
binding with known interacting partners such as CDK4 
(Figure 2D). In contrast, GSK3B was found to co-
precipitate more with WT than with Y44D or C47S 
mutants (Figure 2D). Surprisingly, GSK3B was not 
detectable in T286A CCND1-HA pull-down despite the 
fact that this mutant had WT sequence at the N-terminus 
(Figure 2D). To confirm differential binding of WT and 
mutant CCND1 to GSK3B, we performed a reverse co-
IP experiment using an anti-GSK3B antibody. Figure 2E 
shows that all three mutants co-migrated with GSK3B 
without reduced binding, which is inconsistent with the 
results observed in the HA pull-down experiments. Despite 
the apparent discrepancy between the forward and reverse 
IP experiments, which could reflect the accessibility of 
the C-terminally tagged HA epitope (see Discussion), our 
data appear to indicate little effect of Y44D and C47S 
mutations on CCND1-GSK3B interaction. 

Because T286 phosphorylation increases the 
ubiquitination of CCND1 protein [5], we next determined 
whether CCND1 mutations affected protein ubiquitination. 

UPN-1 cells that stably express empty vector, WT or 
Y44D CCND1-HA were briefly treated with 5 nM of the 
proteasome inhibitor PS-341 (bortezomib) for two hours 
to enhance detection of ubiquitination. Treated cells were 
lysed in 2% SDS and heated at 95°C for five minutes to 
disrupt potential interactions of ubiquitin (Ub)-conjugated 
proteins that might co-precipitate with CCND1-HA. These 
lysates were subsequently immunoprecipitated with HA 
antibodies and Ub conjugates on CCND1 were examined 
by immunoblot analysis with anti-Ub antibody. As 
expected, WT CCND1 (both endogenous and exogenous 
protein) levels in the input accumulated after two hours 
of bortezomib treatment (Figure 2F). In contrast, little 
accumulation of mutant CCND1-HA was detected under 
the same treatment conditions (Figure 2F), consistent 
with deregulated proteolysis of mutant CCND1 as shown 
above. In the immunoprecipitates, more Y44D than WT 
CCND1 protein levels were detected, consistent with their 
respective CCND1-HA levels in the inputs (Figure 2F). 
However, Ub conjugate signals on Y44D CCND1 were 
less than that on WT CCND1 (Figure 2F). These results 
indicate that the Y44D mutation increases CCND1 
protein stability through disruption of the Ub-proteasome 
pathway. 

Y44D and C47S mutants preferentially localize 
to the nucleus

The T286A mutant protein was found predominantly 
in the nucleus because this mutation disrupted nuclear 
export of CCND1 [4]. To determine the cellular 
localization of CCND1 with N-terminal mutations, which 
also interfere with T286 phosphorylation, we performed 
cell fractionation experiments and compared WT and 
Y44D CCND1-HA protein levels in the nuclear extracts 
of UPN-1 cells. Cytosolic and nuclear fractions were 
confirmed by immunoblotting with the cytosolic markers 
β-ACTIN or GAPDH and nuclear marker histone H3. 
While WT and Y44D CCND1-HA proteins were detected 
in both the cytosolic and nuclear fractions, Y44D CCND1 
protein levels were consistently higher than that of WT 
CCND1 in both fractions (Figure 3A). As an alternative 
approach, we used immunofluorescence to evaluate the 
subcellular distribution of WT and mutant CCND1-HA 
proteins expressed in HEK-293T cells, which were chosen 
for their large cytoplasmic surface area to facilitate data 
analysis. Using fluorescently labeled anti-HA antibody, 
we demonstrated that the Y44D and C47S mutant proteins 
preferentially localized to the nucleus as compared to 
WT CCND1 protein (Figure 3B). The T286A mutant 
was found predominantly in the nucleus, as expected 
from previous studies [4]. Together, we conclude that the 
Y44D and C47S CCND1 mutation interferes with T286 
phosphorylation and deregulates CCND1 nuclear export. 
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Figure 2: CCND1 mutations interfere with T286 phosphorylation and protein ubiquitination. (A, B) UPN-1 or Z138 
cells expressing WT, Y44D CCND1-HA, or an empty vector control were treated with 10 µM of cyclohexamide (CHX) for 16 hours and 
released to normal growth medium for indicated times. Cell lysates (10 μg per lane) were prepared for immunoblot analysis with indicated 
antibodies. Arrow, CCND1-HA protein. Arrowhead, endogenous CCND1. Numbers below the blots are relative densitometric values of 
corresponding bands after normalization to β-ACTIN loading controls. Graphical representation of selected densitometric values was shown 
in the bar graphs on the right. (C) Z-138 cells expressing an empty vector (EV), WT, or mutant CCND1-HA were immunoprecipitated 
with HA antibody and immunoblotted with indicated antibodies. Lysates before immunoprecipitation were used as input samples.  
(D, E) Analysis of mutant CCND1 interaction with GSK3B. (D) JEKO-1 cells expressing an empty vector (EV), WT, or mutant CCND1-
HA were immunoprecipitated with HA antibody and immunoblotted with indicated antibodies. (E) JEKO-1 cell lines described in (D) 
were immunoprecipitated with GSK3B antibody and immunoblotted with indicated antibodies. Arrow, CCND1-HA protein. Arrowhead, 
endogenous CCND1. (F) Y44D CCND1 mutation affects ubiquitin (Ub)-dependent degradation. UPN-1 cells that stably expressed an 
empty vector (EV) control, WT or Y44D CCND1-HA were treated with 5 nM of the proteasome inhibitor PS-341 for 2 h. Treated cells were 
lysed in 2% SDS and heated at 95°C for 5 min. Lysates were subsequently immunoprecipitated with HA antibodies and Ub conjugates on 
CCND1 were examined by immunoblot analysis with anti-Ub antibody.
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CCND1 mutations promote resistance to 
ibrutinib

Previous studies showed that CCND1 was essential 
for MCL survival [26, 27], and that ibrutinib treatment 
decreased CCND1 protein levels in sensitive, but not in 
resistant, MCL cell lines [20]. These findings prompted us 
to determine a potential correlation between CCND1 levels 

and ibrutinib sensitivity. Ibrutinib-sensitive JEKO-1 cells 
[19, 20], which stably expressed WT or mutant CCND1 
(Supplementary Figure S1A), were treated with a single 
dose of increasing concentrations of ibrutinib for four days 
and analyzed for cell growth and apoptosis using flow 
cytometry. Ibrutinib significantly inhibited cell growth and 
induced apoptosis in a dose-dependent manner in control 
cells transduced with an empty vector. In contrast, WT and 

Figure 3: Subcellular localization of CCND1 mutants. (A) Cytosolic and nuclear extracts were prepared as described in Materials 
and Methods from UPN-1 cells that stably expressed WT or Y44D CCND1. The extracts (30 μg per lane) were immunoblotted with indicated 
antibodies. β-ACTIN or GAPDH and histone H3 were used to confirm cytosolic and nuclear fractions, respectively. Numbers below the 
blots are relative densitometric values of corresponding bands after normalization to β-ACTIN (for WCL and Cytosolic) or histone H3 
(for Nuclear) loading controls. WCL, whole cell lysates; Endo., endogenous. (B) Subcellular distribution of WT and mutant CCND1-HA 
proteins, which were transiently expressed in HEK-293T cells, was evaluated by immunofluorescence. Shown are representative confocal 
immunofluorescence images of WT and mutant CCND1-expressing cells stained with anti-HA antibody (red) followed by nuclear staining 
with DAPI (blue). Scale bars, 20 μm. Bar graphs show the percentages of HA positive cells that have HA staining in the nucleus from two 
separate experiments. Error bars, SEM; ****P < 0.0001 by a two-tailed Student’s T-test. Approximately 150 HA positive cells from each 
group were counted.
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mutant CCND1-expressing cells were more resistant up to 
5 µM of ibrutinib. At 10 µM, ibrutinib was toxic to WT, 
E36K and C47S mutants, but less so to Y44D and T286A 
mutants (Figure 4A, 4B). To confirm that the rescue effect 
of exogenously expressed CCND1 protein was specific 
to loss of BTK activity, we used a short-hairpin RNA 
(shRNA) to deplete BTK in JEKO-1 cells that expressed 
CCND1 variants (Supplementary Figure S3A). As 
expected, BTK depletion was toxic in JEKO-1 cells that 
expressed an empty vector (Supplementary Figure S3B). 
However, BTK shRNA-mediated toxicity in JEKO-1 
cells was rescued by exogenous WT or mutant CCND1 
(Supplementary Figure S3B), consistent with results 
shown in Figure 4A, 4B. 

We next examined the effect of ibrutinib on 
expression of CCND1 protein levels. JEKO-1 cells 
expressing WT or mutant CCND1 were treated with 
10 µM of ibrutinib for up to six hours and CCND1 
levels were determined by immunoblot analysis. In a 
time-dependent manner, ibrutinib decreased the protein 
levels of WT and C47S mutant but not of Y44D mutant 
(Figure 4C), which appeared to correlate with the 
resistance of the Y44D mutant at high doses of the drug. 
These data indicate that increased CCND1 levels promote 
ibrutinib resistance and certain CCND1 mutations can 
provide sustained protection from high doses of ibrutinib.

Defective T286 phosphorylation-dependent 
degradation of the Y44D CCND1 mutant and its protection 
of JEKO-1 cells against ibrutinib suggests a role for 
GSK3B in ibrutinib toxicity. To test this hypothesis, we 
used immunoblot analysis to evaluate GSK3B activity in 
JEKO-1 cells treated with ibrutinib. In a time-dependent 
manner, ibrutinib reduced the inhibitory serine-9 
phosphorylation of GSK3B [28, 29], resulting in increased 
activity of this kinase (Figure 5A). Consistent with this 
finding, the activity of AKT, which phosphorylates 
GSK3B on serine-9 [30], was also reduced (Figure 5A). 
These results indicate that ibrutinib antagonizes the 
regulatory role of AKT, leading to re-activation of GSK3B 
which, in turn, mediates CCND1 degradation. To confirm 
that ibrutinib toxicity was GSK3B dependent, JEKO-1 
cells were treated with increasing doses of ibrutinib in 
the presence of the GSK3B inhibitor SB-216763 [31]. 
Compared to DMSO-treated controls, addition of SB-
216763 at both 0.5 and 1 µM partially rescued the cells 
from ibrutinib-mediated growth inhibition and apoptosis 
(Figure 5B, 5C). Treatment with the inorganic salt LiCl, 
which inhibits GSK3B [32], also rescued JEKO-1 cells 
from ibrutinib toxicity (Supplementary Figure S4). Thus, 
GSK3B kinase activity contributes to the cytotoxic effect 
of ibrutinib in JEKO-1 cells.

To further confirm the role of CCND1 mutations in 
interference with GSK3B-mediated T286 phosphorylation, 
we next investigated whether these mutations rescue 
cells from pharmacological agents that target the AKT-
GSK3B pathway such as the PI3K inhibitor CAL-101 

(idelalisib) [33] and the mTOR kinase inhibitor PP242 
[34]. As expected, these drugs reduced AKT activity, re-
activated GSK3B by decreasing serine-9 phosphorylation, 
and down-regulated CCND1 levels (Figure 5A). Similar 
to ibrutinib, both CAL-101 and PP242 demonstrated 
dose-dependent toxicity in control or WT CCND1-HA 
expressing JEKO-1 cells. However, overexpression 
of Y44D, C47S or T286A CCND1 was sufficient to 
rescue the cells from growth inhibition and apoptosis 
induced by increasing concentrations of CAL-101 or 
PP242 (Figure 5D–5G). Altogether, these data indicate 
that CCND1 mutations promote resistance to GSK3B 
activating agents such as ibrutinib, CAL-101 or PP242.

Analysis of CCND1 mutations in primary MCL 
tumors 

To investigate the role of CCND1 mutations in 
primary MCL tumors, the sequence of CCND1 exon 1 was 
determined by Sanger sequencing in 16 primary tumors. 
The tumor content in these samples was confirmed to 
have greater than 90% CD19+, CD5+ lymphoma cells 
by flow cytometry (data not shown). Three samples from 
patients who did not received ibrutinib therapy at the time 
of sample collection were found to carry single C47S or 
C47R heterozygous mutations (Figure 6A). Immunoblot 
analysis of seven samples with sufficient tumor materials 
showed that MCL tumors with CCND1 mutations 
expressed more CCND1 protein than WT samples, except 
for sample MCL 13 (Figure 6B). To examine whether 
increased CCND1 protein levels in these mutant cases 
was due to the presence of more stable, 3′ UTR-truncated 
transcripts, we used a previously-described RT-PCR assay 
[10] to compare full-length and 3′ UTR-truncated mRNA 
levels in these samples. While Z-138 cells were confirmed 
to predominantly express 3′ UTR-truncated CCND1 
mRNA as previously reported [10], all three CCND1 
mutated samples expressed the full-length mRNA, as did 
control HEK-293T cells (Figure 6C). One sample (MCL 2)  
with WT CCND1 exon 1 was found to express UTR-
truncated transcripts (Figure 6C). Therefore, we conclude 
that increased CCND1 protein accumulation in the mutant 
cases was not due to expression of stable UTR-truncated 
CCND1 mRNAs. 

To examine whether the increased protein level 
in MCL tumors with CCND1 mutations was due to 
deregulated protein turnover, MCL cells were treated with 
CHX and the rate of CCND1 proteolysis was evaluated 
by immunoblot analysis. In contrast to WT CCND1 
samples examined (MCL 10, 13 and 15), which showed 
CCND1 degradation after three hours in CHX, two of 
three CCND1 mutant samples (MCL 11 and 47) had a 
prolonged half-life (Figure 6D). Interestingly, sample 
MCL 2, which expressed WT CCND1, also showed less 
CCND1 degradation (Figure 6D), likely due to unknown 
mutations that deregulate CCND1 proteolysis. Thus, 
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CCND1 mutations may affect protein stability in some 
primary MCL tumors and correlate with increased protein 
levels in these samples. 

We next compared the sensitivity of MCL tumors 
that express WT or mutant CCND1 to ibrutinib. In a dose-
dependent manner, ibrutinib reduced cell viability in all 
three WT CCND1 MCL samples (MCL 10, 13, and 15) 

after 72 hours (Figure 6E). In contrast, two of the three 
mutated samples (MCL 11 and 47) were more resistant to 
ibrutinib. Interestingly, MCL 2 was also resistant to the 
drug, which appeared to correlate with increased CCND1 
protein stability observed in this sample. The difference 
in ibrutinib response between WT and mutated samples 
was not statistically significant, likely due to the small 

Figure 4:CCND1 mutations promote resistance to ibrutinib. (A) JEKO-1 cells expressing an empty vector (EV), WT, or mutant 
CCND1-HA were treated with indicated doses of ibrutinib for four days and propidium iodide (PI)-negative (viable) cells were assessed 
by flow cytometry. Shown are PI negative fractions normalized to control untreated samples. Fifty percent inhibition concentration (IC50) 
values were calculated by GraphPad Prism 7 software (GraphPad). (B) Apoptosis of JEKO-1 cells in the same experiment as described 
in A were assessed by Annexin V/PI staining on day 4. Shown are percentages of Annexin V+/PI+ cells. Line graphs or bar graphs show 
means of three independent experiments. Error bars, SD. Error bars where not visible fall within the points. ****P < 0.0001, ***P < 0.001 
(two-way ANOVA). P values indicate significance levels for the effect of WT or mutants on ibrutinib sensitivity compared to empty vector 
(EV) control. (C) JEKO-1 cells expressing an empty vector (EV), WT, or mutant CCND1-HA were treated with 10 µM of ibrutinib for 
indicated times and 10 μg of cell lysates per lane were prepared for immunoblotting with indicated antibodies. Arrow, CCND1-HA protein. 
Arrowhead, endogenous CCND1. Bar graphs below the blot show relative densitometric values of indicated bands after normalization to 
time zero control samples. 
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sample size. However, there was a significant difference 
in response to ibrutinib between samples with different 
CCND1 protein stability. These results indicate that 
CCND1 mutations or other mechanisms that increase 
CCND1 protein stability and/or levels contribute to the 
resistance of MCL tumors to ibrutinib.

DISCUSSION

High-throughput sequencing of the MCL genome 
has consistently revealed CCND1 as the second most 
frequently mutated gene after the ataxia telangiectasia 
mutated (ATM) gene [23–25]. We found that these 

Figure 5: CCND1 mutations promote resistance to CAL-101 and PP242. (A) Immunoblot analysis of JEKO-1 cells treated with 
ibrutinib (10 µM), PP242 (4 µM) or CAL-101 (10 µM) for indicated times and immunoblotted (30 μg of lysate per lane) with indicated 
antibodies. (B, C). SB-216763 rescues ibrutinib toxicity. JEKO-1 cells were co-treated with indicated doses of ibrutinib and 0.5 µM or 
1 µM of SB-216763. Viable, PI-negative cells (B) or apoptotic cells (C) were assessed by flow cytometry on day 4. (D–G) JEKO-1 cells 
expressing an empty vector (EV), WT, or mutant CCND1-HA were treated with indicated doses of CAL-101 (D, E) or PP242 (F, G) and live 
cells (D, F) or apoptotic cells (E, G) were analyzed by flow cytometry on day 4. Shown in line graphs are PI negative fractions normalized 
to control untreated samples. Line graphs or bar graphs show means of three independent experiments. Error bars, SD. Error bars where not 
visible fall within the points. ****P < 0.0001, ***P < 0.001,  **P < 0.01 (two-way ANOVA). P values indicate significance levels for the 
effect of SB-216763 (B, C), compared to DMSO, or of WT and mutants (D–G), compared to empty vector (EV) control, on sensitivity to 
increasing concentrations of the indicated drugs.
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Figure 6: CCND1 mutations in primary MCL. (A) Sequencing chromatograms of CCND1 point mutations in MCL samples. WT and 
mutated CCND1 alleles on residue cysteine-47 (yellow bar) from MCL tumors 10, 11, 12 and 47 are shown. For MCL 47, complementary 
sequence from the reverse primer is shown. (B) CCND1 expression in MCL tumors. Lysates (10 μg per lane) from indicated MCL tumors 
were immunoblotted with indicated antibodies. Peripheral blood mononuclear cells (PBMC) were used as negative control for CCND1 
expression. Bar graphs show relative densitometric values of CCND1 expression from the immunoblot after normalization to GAPDH 
loading control. Red arrows highlight the CCND1 mutated samples. (C) Analysis of CCND1 truncated 3′UTR transcript in MCL tumors. The 
relative abundance between the full-length and truncated 3′UTR was determined by using proximal and distal primers (see primer locations 
in the diagram of the CCND1 mRNA transcript). (D) CCND1 stability in MCL tumors. Indicated MCL tumors were treated with 10 µM of 
cyclohexamide (CHX) for indicated times and 10 μg of cell lysates were prepared for immunoblot analysis with indicated antibodies. Bar 
graphs show relative densitometric values of CCND1 expression from corresponding blots after normalization to GAPDH. (E) Sensitivity of 
MCL tumors to ibrutinib. Indicated MCL tumors were treated with indicated doses of ibrutinib for three days and metabolically active cells 
were assessed by CellTiter-Glo Luminescent assay (Promega). Shown are fractions of luminescence signals from metabolically active cells 
normalized to untreated samples. Line graphs show mean values from three independent experiments. Error bars, S.E.M. IC50 values were 
calculated by GraphPad Prism 7 software. The table summarizes the ibrutinib response with respect to CCND1 mutation status or protein 
stability. Correlation of either mutation status or protein stability with ibrutinib sensitivity was analyzed by the two-sided Fisher’s exact test.
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recurrent mutations, which are located in the N-terminus 
of CCND1, interfere with T286 phosphorylation, leading 
to deregulated CCND1 turnover and increased protein 
levels. In addition, these mutations increased the resistance 
of MCL to ibrutinib, highlighting their relevance to this 
emerging therapy.

Many lines of evidence suggest that CCND1 
translocation alone is not sufficient and additional 
genetic lesions are required for MCL development. For 
example, the Emu-CCND1 transgenic mouse, which 
mimics the t(11;14) translocation, developed lymphoma 
only after crossing with transgenic mice that expressed an 
established oncogene such as MYC [35, 36]. Alternatively, 
B-cell lymphoma also developed when crossing the Emu-
CCND1 mouse with transgenic mice that had other genetic 
aberrations observed in MCL, such as BIM-deficient [37] 
or ATM-deficient mice [38]. Interestingly, the Emu-T286A 
CCND1 transgenic mice, which constitutively expressed 
nuclear mutant CCND1, developed lymphoma without 
introducing a second genetic hit [13]. Although the B-cell 
lymphomas that developed in these mice had a mature 
B-cell phenotype like human MCL, the T286A mutation 
has been observed only rarely in MCL and whether this 
mouse model recapitulates human MCL remains uncertain. 
Our data demonstrate that N-terminal CCND1 mutations 
interfere with T286 phosphorylation and promote CCND1 
nuclear localization, which are reminiscent of the T286A 
CCND1 mutant phenotype. The frequent occurrence 
of these N-terminal CCND1 mutations indicates that 
defective T286 phosphorylation may be more common in 
MCL than previously thought. Our findings thus support 
the oncogenic role of defective T286 phosphorylation, as 
postulated by Diehl and colleagues [39]. 

How do N-terminal CCND1 mutations affect the 
C-terminal T286 phosphorylation? Our initial hypothesis 
was that these mutations may affect docking of GSK3B 
and, thus, subsequent phosphorylation. Although co-
IP experiments using an anti-HA antibody showed less 
binding of GSK3B to Y44D and C47S mutants, reverse 
co-IP experiments using anti-GSK3B antibody did not 
confirm this result. In contrast, GSK3B pull-down showed 
little effect of Y44D or C47S mutants on interaction with 
GSK3B. An important clue from this apparent discrepancy 
between the forward and reverse IP experiments was the 
absence of GSK3B signals in the T286A-HA pull-down 
(Figure 2D). However, T286A-HA signals were readily 
detectable in the immunoprecipitates of GSK3B pull-down, 
which confirmed GSK3B-T286-HA interaction (Figure 2E). 
These observations indicate that, unlike in the WT CCND1-
HA pull-down, the anti-HA antibody did not recognize the 
C-terminally tagged HA epitope of the T286A mutant in 
the complex with GSK3B. Therefore, we speculate that 
reduced GSK3B signals in the immunoprecipitates of 
Y44D or C47S pull-down, as compared to WT, may be 
due to reduced binding of the anti-HA antibody to the 
C-terminally tagged HA epitope in these mutants. Re-

cloning of CCND1 constructs with N-terminally tagged HA 
is, therefore, necessary to test this possibility and to clarify 
whether CCND1 mutations affect GSK3B docking.

Despite the efficacy of ibrutinib in MCL, one-third 
of the patients do not respond to this therapy and acquired 
resistance to this drug is almost universal [17, 40]. A better 
understanding of why some patients respond well, but 
others do not, is needed. Sustained PI3K/AKT signaling 
or increased activation of the alternative NF-kB pathway 
have been proposed as potential mechanisms that may 
compensate for the BCR—BTK—NF-kB axis, which is 
targeted by ibrutinib [19, 20]. Similar to agents that target 
AKT signaling (such as CAL-101 and PP242), ibrutinib 
can also inhibit AKT activity, leading to activation 
of GSK3B and increased phosphorylation-dependent 
proteolysis of CCND1. The N-terminal CCND1 mutations 
that increase protein stability by evading GSK3B-mediated 
phosphorylation provide another distinct mechanism of 
resistance to such therapies.  

Two out of three MCL tumors with mutated CCND1 
were resistant to ibrutinib. However, sample MCL 12, 
which also carried the C47S mutation, was sensitive to this 
drug. The mutant CCND1 protein in this sample appeared 
less stable than CCND1 with the same mutation from 
sample MCL 47, as revealed by the CHX experiments 
(Figure 6D). In addition, although in vitro overexpression of 
C47S CCND1 was sufficient to confer ibrutinib resistance 
in JEKO-1 cells, protection from ibrutinib toxicity was 
less robust than the Y44D mutation. These observations 
suggest that CCND1 mutations may provide different 
levels of protection from ibrutinib toxicity, depending on 
the cellular context and tumor heterogeneity. Conversely, 
sample MCL 2 had WT CCND1 but was resistant to 
ibrutinib. Interestingly, this sample displayed more stable 
CCND1 protein, suggesting other mechanisms that may 
contribute to CCND1 stability in addition to the N-terminus 
point mutations. Because of the small sample size in the 
present study, further validation of our findings in more 
MCL tumors will be required to confirm the correlation 
between CCND1 mutations and ibrutinib resistance.  

In summary, these findings uncovered residues 
previously not known to play a role in the regulation 
of CCND1 turnover. Our data demonstrate that single 
N-terminal CCND1 mutations stabilize and increase 
protein levels, which contributes to ibrutinib resistance. 
This study suggests that CCND1 mutations may be a 
useful biomarker for ibrutinib insensitivity. Further studies 
using a larger sample size are needed to evaluate this 
potential clinical utility. 

MATERIALS AND METHODS

Cell lines and culture conditions

Human MCL lines UPN-1, Z-138 and JEKO-1 were 
kindly provided by Dr. Louis Staudt. UPN-1 cells were 
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confirmed to carry the cyclinD1/IGH fusion gene and other 
chromosomal rearrangements, as previously described 
[41], by metaphase fluorescence in situ hybridization 
(FISH) analysis (data not shown). Z-138 cells were 
confirmed to express truncated CCND1 3′UTR transcripts 
as described [10] (Figure 6C). JEKO-1 cells were not 
authenticated. Cells were cultured in RPMI-1640 medium 
(Life Technologies, Grand Island, NY) supplemented with 
10% fetal bovine serum and penicillin/streptomycin and 
maintained in a humidified, 5% CO2 incubator at 37°C.

Primary MCL preparation

Viably cryo-preserved MCL cells were obtained 
from the tumor bank of the Pathology Department of 
City of Hope as de-identified samples after approval by 
the Institutional Review Board. Frozen cells were briefly 
thawed in 37°C water bath, washed in RPMI-1640 medium 
and cultured in RPMI-1640 medium supplemented with 
20% fetal bovine serum and 200 Kunits/ml of DNAse 
I (Sigma, St. Louis, MO) for 15 minutes in 37°C CO2 
incubator followed by washing. Cells were recovered 
overnight in CO2 incubator before experiments. 

Antibodies and chemicals

The following antibodies were used: HA (C29F4), 
Histone H3, pCCND1-T286 (D29B3), GSK3B (D5C5Z), 
pS9-GSK3B and p-AKT S473 (Cell Signaling Technology, 
Danvers, MA), CDK4, CCND1(M20), ACTIN, GAPDH, 
(Santa Cruz, Dallas, TX), The following chemicals were 
used: cyclohexamide, Lithium chloride (LiCl) (Sigma, 
St. Louis, MO) SB-216763, CAL-101, PP242, PS-341 
(Selleck Chemicals, Houston, TX). Ibrutinib was obtained 
from commercial sources (Selleck Chemicals or MedKoo 
Biosciences, Inc. Chapel Hill, NC) or from Craig Thomas 
(NCI, Bethesda, MD) as a gift. Ibrutinib from these 
sources was confirmed to have similar killing activity on 
JEKO-1 cells (data not shown).

Expression vectors

The retroviral expression vector pBMN-CCND1-
HA-IRES-Hygro, encoding carboxy-terminus HA-
tagged CCND1, was constructed by ligation of PCR-
generated CCND1-HA products from the plasmid pRc/
CMV-Cyclin D1 HA (Addgene plasmid # 8948, a gift 
from Philip Hinds) into the pBMN-IRES-Hygro vector 
(a gift from Gary Nolan) at XhoI and NotI restriction 
sites. CCND1-HA PCR products were generated using 
the following primer pairs: 5′ TAGTAGctcgagGCCG 
CCACCATGGAACACCAGCTCCTGTGC and 5′ CT 
ACTAGCGGCCGCTCAGATATCGGCGTAGTC. E36K,  
Y44D and C47S CCND1 mutations were generated 
by the Quickchange Site-directed mutagenesis kit 
(Stratagene, La Jolla, CA) using the plasmid template  

pBMN-CCND1-HA-IRES-Hygro and primers as follows. 
E36K forward: 5′ P-ATGCTGAAGGCGGAGAAGACC 
TGCGCGCCCT, E36K reverse: 5′ P-GGCCCGCAGCAC 
CCGGTCGT, Y44D forward: 5′ P-GCGCCCTCGGTGT 
CCGACTTCAAATGTGTGC, Y44D reverse: 5′ P-GCA 
GGTCTCCTCCGCCTTCAGCAT, C47S forward: 5′ P-G 
TGTCCTACTTCAAATCTGTGCAGAAGGAGGT, C47S  
reverse: 5′ P-CGAGGGCGCGCAGGTCTCCTCCG.  
Mutations were confirmed by DNA sequencing. T286 
CCND1 mutation was derived from the plasmid pcDNA 
cyclin D1 HA T286A (Addgene plasmid #11182, a gift 
from Bruce Zetter) and subcloned into the pBMN-IRES-
Hygro vector as described above. 

DNA transfection and retroviral transduction

DNA transfection was performed by mixing DNA 
with Lipofectamine2000 (Life Technologies, Grand Island, 
NY) and following the manufacturer’s instructions. For 
retroviral transduction, a retroviral vector and a mixture 
of helper plasmids for viral envelope and gag/pol were 
transfected into HEK293T cells using Lipofectamine 2000.  
Retroviral supernatants were harvested 48 hours after 
transfection and were used to transduce ecotropic receptor-
expressing target cells by centrifugation at 1200 × g for 
one hour in 4 μg/ml polybrene.

Quantitative real-time PCR

SYBR® Green-based quantitative real-time PCR was 
performed using RT2 SYBRÒ Green qPCR Mastermix 
(Qiagen, Valencia, CA) and a StepOnePlus Real-time 
PCR system (Life Technologies, Grand Island, NY). The 
following probes were used: CCND1 forward primer:  
5′ CGAGGAGGAGGAAGAGGAG. HA reverse primer:  
5′ GTAGTCCGGGACGTCGTA. GAPDH forward primer:  
5′ AAGGGCTCATGACCACAGTC. GAPDH reverse 
primer: 5′ GGATGACCTTGCCCACAG. Relative mRNA  
expression was normalized to GAPDH signals and 
calculated using the ddCt method. Proximal and 
distal CCND1 UTR primers have been described 
previously [10]. BTK gene knockdown experiments 
using a previously validated shRNA sequence [42] 
(GCACAAACTCTCCTACTATGA) were analyzed by 
the StepOnePlus Real-time PCR system using the Applied 
Biosystems probe BTK (Hs00975865_m1) and GAPDH 
(Hs02758991_g1).

Immunoblot and immunoprecipitation analyses

Cells were lysed in the presence of protease inhibitor 
cocktail (Sigma, St. Louis, MO) and Halt phosphatase 
inhibitor cocktail (Pierce Biotechnology, Rockford, 
IL) for 30 min. Lysates were cleared by centrifugation 
and protein concentrations were determined by BCA 
protein assay (Pierce Biotechnology, Rockford, IL).  
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Ten or 30 μg of lysates per lane were separated by 4–15% 
SDS-PAGE and immobilized on the nitrocellulose 
membranes (ThermoFisher, Waltham, MA) for 
immunoblotting. Immunoblot signals were developed 
by a chemiluminescent detection method (Pierce 
Biotechnology, Rockford, IL) and captured by standard 
autoradiographic films. Signal intensities were quantitated 
using the NIH Image J software (imagej.nih.gov).

For immunoprecipitation, cells were lysed at 
4 × 107 cells/ml in IP buffer from Pierce Biotechnology 
(25 mM Tris•HCl pH 7.4, 150 mM NaCl, 1% NP-40, 
1 mM EDTA, 5% glycerol), in presence of 1 mM PMSF, 
10 mM glycerophosphate, 1× concentration of Protease 
and Halt Phosphatase cocktail inhibitors for 30 min on 
ice. Lysates were cleared by centrifuging for 15 minutes 
at 14,000 × g at 4°C. Five μg of IgG1 isotype control 
was mixed with 50 μl of 1:1 slurry of PBS and protein A 
agarose beads and the mixture was added to 1 ml of lysate 
followed by one-hour incubation on a rotating mixer at 
4°C. Lysates were cleared again by centrifugation for one 
minute at 2400 × g at 4°C. Supernatants were quantified 
for protein concentrations using the BCA protein assay. 
Approximately, 1.5 mg of lysate from each sample was 
incubated with 40 μl of 1:1 slurry of PBS and HA antibody 
(IgG1)-conjugated agarose beads (Sigma, St. Louis, MO) 
overnight on a rotating mixer at 4°C. Agarose beads were 
washed 4 times in 1 ml of PBS containing 0.5% NP40 for 
10 min each and pelleted by centrifugation at 2400 × g 
for 5 min. After discarding the supernatant, washed 
agarose beads were suspended in 100 μl of 1× sample 
buffer containing 5 μl of beta-mercaptoethanol and heat 
denatured for 5 min at 95°C. Samples were separated on 
10% polyacrylamide gels and transferred to nitrocellulose 
membranes for western blot analysis.

For IP of Ub-conjugated CCND1, cells were 
harvested, washed twice with cold PBS, and lysed in 2% 
sodium dodecyl sulfate (SDS), 150 mM NaCl, 10 mM 
Tris-HCl pH 8.0, and protease inhibitors at 95°C for 
5 min then kept on ice for 10 min, as previously described 
[43]. The lysate was then diluted in IP buffer containing 
protease and phosphatase inhibitors at ratio 1:10 and 
incubated on ice for 30 min. Lysates were cleared by 
centrifuging for 15 min at 14,000 × g at 4°C and used for 
immunoprecipitation as described above.

Cell fractionation

Nine million cells were harvested and divided 
into two parts: 1 million cells were used for whole cell 
lysate and 8 million cells were used for fractionation. 
Cells were washed twice in PBS and treated with 250 μl 
of the Harvest buffer (10 mM HEPES pH 7.9, 50 mM 
NaCI, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 
with freshly added 1 mM DTT, protease and phosphatase 
inhibitors) for 5 min on ice. Lysates were cleared by 

centrifugation at 720 × g for 10 min in swinging bucket 
rotor at 4°C. Supernatants were transferred to new tubes, 
cleared by centrifugation at 14,000 × g for 15 min at 
4°C and used as cytoplasmic fractions. The pellets from 
Harvest Buffer treatment were washed 2 to 3 times in 
500 μl of Buffer A (10 mM HEPES pH 7.9, 10 mM KCI, 
0.1 mM EDTA, 0.1 mM EGTA, and freshly added 1 mM 
DTT, protease and phosphatase inhibitors). Final pellets 
were lysed for 15 min at 4°C in Buffer B (10 mM HEPES 
pH 7.9, 500 mM NaCI, 0.1 mM EDTA, 0.1 mM EGTA, 
0.1% NP-40, and freshly added 1 mM DTT, protease 
and phosphatase inhibitors). Pellets were sonicated and 
centrifuged for 15 min at 14,000 × g. Supernatants were 
used as nuclear fractions.

Immunofluorescence

HEK-293T cells expressing WT or mutant 
CCND1-HA proteins were seeded at a density of 
0.5 × 106 cells/ml on a glass bottom 35 mm dish for  
2 days. Cells were washed with PBS twice and fixed 
with 4% paraformaldehyde for 30 min at RT. Fixed cells 
were blocked with 5% BSA and 0.5% TritonX-100 in 
phosphate buffered saline (PBS) for 30 min at RT. Cells 
were then stained with anti-HA antibody for overnight at 
4°C in a humidified chamber, followed by staining with 
fluorescently labeled secondary antibodies and nuclear 
staining with 4′,6-diamidino-2-phenylindole (DAPI) (Life 
Technologies, Grand Island, NY). Cells were observed 
using a confocal microscope (Inverted LSM510 Meta 
2-Photon Microscope, Zeiss) with a 63X objective. Images 
were captured and analyzed using Zen Imaging Software 
(ZEISS USA, Dublin CA).

Viability and apoptosis measurements

Cell viability was assessed either by using the 
CellTiter-Glo Luminescent assay (Promega, Madison, 
WI) following instructions by the manufacturer or by 
flow cytometric analysis for propidium iodide negative 
population. Apoptosis was measured by Annexin V-based 
methods using Annexin V Apoptosis Detection Kit 
(eBioscience, Inc., San Diego, CA). 

Sanger sequencing

Analysis of CCND1 exon 1 by Sanger sequencing 
was performed using the CCND1 primers and method as 
described [23].
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ABSTRACT
Elevated cyclin D1 (CCND1) expression levels in mantle cell lymphoma (MCL) are associated with
aggressive clinical manifestations related to chemoresistance, but little is known about how this
important proto-oncogene contributes to the resistance of MCL. Here, we showed that RNA inter-
ference-mediated depletion of CCND1 increased caspase-3 activities and induced apoptosis in the
human MCL lines UPN-1 and JEKO-1. In vitro and xenotransplant studies revealed that the toxic
effect of CCND1 depletion in MCL cells was likely due to increase in histone H2AX phosphoryl-
ation, a DNA damage marker. DNA fiber analysis suggested deregulated replication initiation after
CCND1 depletion as a potential cause of DNA damage. Finally, in contrast to depletion or inhib-
ition of cyclin-dependent kinase 4, CCND1 depletion increased chemosensitivity of MCL cells to
replication inhibitors hydroxyurea and cytarabine. Our findings have an important implication for
CCND1 as a potential therapeutic target in MCL patients who are refractory to standard
chemotherapy.
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Introduction

Mantle cell lymphoma (MCL) is an incurable B-cell
malignancy that accounts for 6–8% of all non-Hodgkin
lymphomas. Most MCL patients respond initially to
conventional chemotherapy, but then quickly develop
resistance, leading to a median survival of
3–5 years.[1,2] MCL is characterized by the recurrent
t(11;14) chromosomal translocation,[3] resulting in
CCND1 overexpression. CCND1 binds and activates cyc-
lin-dependent kinase (CDK) 4 or CDK6 to mediate
phosphorylation-dependent degradation of the major
G1 checkpoint protein retinoblastoma protein (RB) and
promote S-phase entry.[4–6] Other D-type cyclins, cyc-
lin D2 (CCND2) and cyclin D3 (CCND3), which also
associate with CDK4 and CDK6,[7] are less common in
MCL, and their expression are more associated with
CCND1 negative cases.[8,9] Salaverria et al.[9] has
reported 55% of MCL cases that lacked CCND1 expres-
sion had chromosomal rearrangement at the CCND2
locus. Translocation at the CCND3 locus has been
reported only in one CCND1 negative case [8] and this
translocation appear more common in other B-cell lym-
phomas.[10] While the CDK4/RB-dependent function of

CCND1 is important for MCL development, targeting
this pathway by inactivating CDK4/6 kinase causes G1
arrest with little cytotoxicity in the lymphoma
cells.[11–15]

Overexpression of CCND1 has been shown to correl-
ate with increased chemoresistance and poor survival
in many cancers.[16–19] In MCL, Rosenwald et al.[20]
demonstrated that elevated CCND1 expression levels
are associated with high tumor cell proliferation and
aggressive clinical manifestations, likely related to
chemoresistance. In another study by Tiemann
et al.,[21] the authors showed that depletion of CCND1
using siRNA increased the sensitivity of MCL cell lines
to etoposide or doxorubicin. These reports suggest an
important role of CCND1 in protecting MCL cells
against conventional chemotherapeutic agents, but the
mechanisms underlying this function are largely
unknown. In this study, we address this question by
hypothesizing that CCND1 is essential for genomic sta-
bility in MCL tumors. We tested the hypothesis by
determining the effects of CCND1 depletion on DNA
stability and cellular response to the DNA damaging
agents hydroxyurea (HU) or cytarabine in MCL lines
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and primary MCL cells in vitro and in a xenotransplant
model.

Materials and methods

Cell lines and culture conditions

Human MCL lines UPN-1 and JEKO-1 were kindly pro-
vided by Dr Louis Staudt. The UPN-1 cell line was con-
firmed to carry the cyclinD1/IGH fusion gene or
t(11;14) translocation and other chromosomal rear-
rangements, as previously described,[22] by metaphase
fluorescence in situ hybridization (FISH) analysis
(Supplementary Figure S1). JEKO-1 cells were previ-
ously reported to carry the t(11;14) translocation.[23]
Cells were cultured in RPMI-1640 medium (Life
Technologies, Grand Island, NY) supplemented with
10% fetal bovine serum and penicillin/streptomycin
and maintained in a humidified, 5% CO2 incubator
at 37 �C.

Primary MCL preparation

Viably cryo-preserved MCL cells were obtained from
the tumor bank of the Pathology Department of City
of Hope as de-identified samples after approval by the
Institutional Review Board. Cells were briefly thawed in
37 �C water bath, washed in RPMI-1640 medium and
subsequently cultured in RPMI-1640 medium supple-
mented with 20% fetal bovine serum.

Antibodies and chemicals

The following antibodies were used: pRB-S807/811
(Cell Signaling Technology, Danvers, MA), pRBL2-S672,
RBL2 (Abgent, Inc., San Diego, CA), CCND1, CDK4,
CDK6, GAPDH, b-ACTIN (Santa Cruz, Dallas, TX), RB (BD
Biosciences, San Jose, CA), and cH2AX (Millipore,
Billerica, MA). The following chemicals were used: PD-
0332991 (Selleck Chemicals, Houston, TX), hydroxyurea,
cytarabine, and aphidicolin (Sigma, St. Louis, MO).

RNA interference reagents and siRNA transfection

All shRNA constructs and sequences were obtained
from a previously generated shRNA library [24] and
listed in Supplementary Table S1. SMARTpool ON-
TARGETplus siRNA targeting CCND1 or CDK4 was pur-
chased together with scramble control siRNA from
Dharmacon (Dharmacon, Lafayette, CO). Two rounds of
siRNA transfection were performed on days 0 and 2 as
recommended by the manufacturer.

Western blotting

Cells were lysed in the presence of protease inhibitors
(Roche, Basel, Switzerland) and phosphatase inhibitors
(Sigma, St. Louis, MO) for 30 min. Lysates were cleared
by centrifugation and protein concentrations were
determined by BCA protein assay (Life Technologies,
Grand Island, NY). About 30–80 lg of lysates were sep-
arated by 4–15% SDS–PAGE and immobilized on the
nitrocellulose membranes for immunoblotting.

Viability and apoptosis measurements

Cell viability was performed either by using the TC20
Automated Cell Counter (Biorad, Hercules, CA), based
on the trypan blue exclusion method, or by a Celltiter-
Glo assay (Promega, Madison, WI) following instruc-
tions by the manufacturer. To measure apoptosis, cells
were stained with anti-active Caspase-3 and anti-
cleaved PARP antibodies (BD Biosciences, San Jose, CA)
or analyzed by Annexin V-based methods using
Annexin V Apoptosis Detection Kit (eBioscience, Inc.,
San Diego, CA).

Retroviral transduction

A retroviral vector and a mixture of helper plasmids for
viral envelope and gag/pol were transfected into
HEK293T cells using Lipofectamine2000 (Life
Technologies, Grand Island, NY). Retroviral supernatants
were harvested 48 h after transfection and were used
to transduce ecotropic receptor-expressing target cells
by centrifugation at 1360g for 1 h in 4 lg/ml polybrene
(Sigma, St. Louis, MO).

Rescue of shRNA toxicity by cDNA
complementation

Complementation studies were performed in the UPN-
1 cell line. Briefly, cells were transduced with retroviral
vectors that express a 30-UTR-directed CCND1 shRNA.
CCND1 shRNA-transduced cells were subsequently
infected with retroviruses co-expressing a wild-type
CCND1 cDNA and hygromycin resistant gene.
Hygromycin-selected cells were induced with doxycyc-
line to induce shRNA expression and apoptosis was
monitored over time by active caspase-3/cleaved PARP
staining.

Immunofluorescence

Cells were fixed with 2% paraformaldehyde and per-
meabilized with 0.5% Triton X-100, followed by
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blocking with 2% BSA and 0.05% Tween-20 in phos-
phate buffered saline. Cells were stained with primary
antibodies and then with fluorescently labeled second-
ary antibodies, followed by nuclear staining with 40,6-
diamidino-2-phenylindole (DAPI) (Life Technologies,
Grand Island, NY).

Xenograft study

Mouse care and experimental procedures were per-
formed in accordance with established institutional
guidelines and approved protocols from the
Institutional Animal Care and Use Committee of the
City of Hope. Five millions of CCND1 shRNA-transduced
UPN-1 cells were subcutaneously injected into dorsal
skin area of 7- to 8-week-old immunodeficient NOD/
SCID/IL2R-Gamma (NSG) mice (Jackson Laboratories,
Bar Harbor, ME). After tumors reached average size of
�5 mm, sucrose or doxycycline (Sigma, St. Louis, MO)
was added to mouse drinking water and tumor
growth was monitored every other day by caliper
measurements.

DNA combing assay

Exponentially growing cells were pulse-labeled with
50 lM iododeoxyuridine (IdU) followed by 100 lM
chlorodeoxyuridine (CIdU) for 20 and 40 min each.
Labeled cells were harvested and DNA fiber spreads
were processed as described.[25]

Cell cycle analysis

Cells were cultured with bromodeoxyuridine (BrdU) for
30 min, washed in PBS, and fixed overnight in 70%
ethanol. Labeled cells were permeabilized in Perm/
Wash buffer (BD-Biosciences) and treated with 4N
hydrochloric acid and 1% Triton X-100. Acid was neu-
tralized by sodium tetraborate (pH 8.5). Cells were
incubated with an anti-BrdU antibody (BD-Biosciences)
followed by washing and resuspending in RNAse/PI-
staining solution (Life Technologies). Flow cytometric
analysis was performed on a FACSCalibur (BD-
Biosciences).

Statistical analyses

A two-tailed Student’s t-test was used for normally dis-
tributed values. For non-normally distributed values, a
two-tailed Mann–Whitney test was used. A chi-squared
test or a two-sided Fisher’s exact test was used for cat-
egorical data. All tests were analyzed using Prism
Version 6.0b (GraphPad Software, Inc.). p< 0.05 was

considered significant. Complete methods are available
in Supplementary Methods.

Results

CCND1 is required for the survival of MCL cells

To examine CCND1 function in the proliferation and
survival of MCL, we depleted this protein in the human
MCL lines UPN-1 and JEKO-1 using short-interfering
(si)RNA. To distinguish other roles of CCND1 from
those of its well-characterized pathway through CDK4
or CDK6, we also depleted CDK4 in parallel experi-
ments, as the cell lines we chose do not express CDK6
(Figure 1A). Protein knockdown were confirmed by
immunoblot analysis (Figure 1B). Depletion of CCND1
or CDK4 after 7 days decreased cell proliferation in
both cell lines (Figure 1C). To determine whether the
growth inhibition observed in these cells was due to
cytotoxic effects of gene silencing, the apoptotic
marker active caspase 3 was evaluated by flow cytom-
etry. Compared to controls, CCND1 depletion induced
apoptosis in UPN-1 and JEKO-1 cells more than CDK4
depletion (Figure 1D and E). As an alternative method
to evaluate cell death, Annexin V and propidium iodide
(PI) positive cells were analyzed by flow cytometry on
day 5 after siRNA transfection. Consistent with the
results shown in Figure 1D and E, depletion of CCND1
but not CDK4 significantly increased Annexin V and PI
staining in UPN-1 and JEKO-1 cells (see DMSO-treated
samples in Figures 5A and B).

To determine that little toxicity in UPN-1 and JEKO-
1 cells was not due to partial CDK4 knockdown, cells
were treated with the CDK4/6-specific inhibitor PD-
0332991.[13] The effectiveness of this drug was verified
by its ability to block the phosphorylation on RB, a
known target of CDK4/6. Since UPN-1 cells do not
express RB,[26] the alternative CDK4/6 target protein
RB-like 2 (RBL2) was evaluated. In a dose-dependent
manner, PD-0332991 effectively blocked the phosphor-
ylation of RB or RBL2, leading to decreased cell prolif-
eration in both cell lines (Figure 1F and G). However,
compared to DMSO-treated controls, PD-0332991 only
modestly induced apoptosis in UPN-1 and JEKO-1 cells
(Figure 1H and I). These results were similar to the
effects of siRNA-mediated CDK4 depletion shown in
Figure 1D and E.

We next used shRNA as an alternative gene knock-
down method to confirm the effects of CCND1 deple-
tion. UPN-1 and JEKO-1 cells were transduced with
retroviral vectors that co-expressed control or CCND1
shRNA and enhanced green fluorescence protein
(eGFP). The proliferation and/or survival of transduced
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cells were then determined by monitoring the fractions
of eGFP positive cells over time using flow cytometry.
Compared to controls, CCND1 shRNA significantly
reduced the viability of both UPN-1 and JEKO-1 cells in
a time-dependent fashion (Figure 1J). Because CCND1
depletion is toxic in the MCL lines used in our study,
we generated a stable UPN-1 cell line that condition-
ally expresses CCND1 shRNA, using a doxycycline
(Dox)-inducible retroviral expression system.[24] To val-
idate that the toxicity of the CCND1 shRNA was not
due to an off-target effect, we demonstrated that a
cDNA vector encoding wild-type CCND1 was able to

rescue apoptosis induced by a 30-UTR-directed CCND1
shRNA (Figure 1K). We next compared the effects of
CCND1 and CDK4 shRNA-mediated knockdown on pro-
liferation and survival using stable UPN-1 cell lines that
conditionally express CCND1 or CDK4 shRNA. To
ensure similar CCND1 and CDK4 knockdown efficien-
cies, cells with similar expression levels of the co-
expressed eGFP marker were sorted by flow cytometry
to normalize shRNA expression (Supplementary Figure
S2). As expected, shRNA-mediated depletion of CCND1
in UPN-1 cells led to more growth inhibition and apop-
tosis than depletion of CDK4 in multiple time points
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Figure 1. CCND1 is required for survival of MCL cells. (A) Immunoblot shows UPN-1 and JEKO-1 cells express little CDK6 with U2-OS
cells as a positive control for CDK6 expression. (B) Immunoblot shows protein knockdown in indicated MCL cell lines on day 4 after
transfection with scramble control (sc), CCND1 (D1), or CDK4 (K4) siRNA. Numbers below the bands are relative densitometric values
between target proteins and GAPDH loading control, followed by normalization to the control siRNA for each protein. (C) Effects of
siRNA knockdown on cell proliferation. Shown are the numbers of viable cells as determined by trypan blue exclusion on day 7 after
transfection with indicated siRNA. (D) Detection of apoptosis in indicated cell lines 7 days after transfection with indicated siRNA.
Shown are representative histograms of live cells stained with the active caspase-3 antibody followed by fluorescence-activated cell
sorting (FACS) analysis. (E) Quantification of active caspase 3-positive cell fractions described in (D). (F). Immunoblot analysis of indi-
cated cell lines 48 h after treatment with indicated doses of PD-0332991. Inhibition of CDK4/6 activity by PD-0332991 was shown by
dephosphorylation of the CDK4/6 target protein RB or RBL2. RB was absent in UPN-1 cells and, therefore, RBL2 was analyzed.
Relative densitometric values were calculated as described in (B). (G) Effects of PD-0332991 on cell proliferation. Shown are percen-
tages of viable cells compared to DMSO-treated cells as determined by the Celltiter-Glo assay 7 days after treatment with indicated
doses of PD-0332991. (H) Detection of apoptosis in indicated cell lines after 7-day treatment with PD-0332991 as described in (D).
(I) Quantification of active caspase 3-positive cell fractions described in (H). (J) Toxicity of CCND1 shRNA in MCL cell lines. Shown are
the normalized fractions (to day 0 values) of GFPþ, shRNA-expressing cells relative to GFP-, shRNA-negative fractions at indicated
times. (K) Rescue of CCND1 shRNA toxicity by cDNA complementation. UPN-1 cells were transduced with a doxycycline (dox)-indu-
cible 30-UTR-directed CCND1 shRNA (shCCND1-2) and a rescue vector constitutively expressing HA-tagged, wild-type (WT) CCND1
coding regions or an empty vector. Apoptotic cells were assessed as described in (D) at indicated times after shRNA induction and
shown as percentages of active caspase 3/cleaved PARP-1-positive cells. Inset, immunoblot verifies CCND1 overexpression or knock-
down 2 days after shRNA induction. #Nonspecific bands. (L) Effects of CCND1 or CDK4 depletion on cell growth. Shown are the
means of live cell numbers of control or shRNA-induced cells as determined by trypan blue exclusion on indicated days. (M)
Apoptosis in UPN-1 cells transduced with indicated shRNA was detected at indicated times after shRNA induction by staining with
active caspase-3 and cleaved PARP-1 antibodies. Inset, immunoblot confirms protein knockdown 2 days after shRNA induction.
Values in line graphs or bar graphs are the means of three independent experiments. Error bars, SD. ****p< 0.0001; ***p< 0.001;
**p< 0.01 by a two-tailed Student’s t-test.
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Figure 2. CCND1 is required for DNA stability in MCL cells. (A) CCND1 depletion induces c-H2AX expression. Immunoblot analysis of
indicated MCL cell lines on day three or four after transfection with control (con) or CCND1 (D1) siRNA. Primary MCL cells (MCL #1)
with more than 95% of tumor content (see Supplementary Figure S4) were transduced with control or CCND1 shRNA-expressing
lentivirus and analyzed by immunoblot on day 4 after transduction. Relative densitometric values were calculated as described in
Figure 1B. (B) Effect of CDK4 inhibition on c-H2AX expression. UPN-1 and JEKO-1 cells were treated with 250 nM of PD-0332991 for
indicated times and analyzed by immunoblot. Relative densitometric values were calculated as described in Figure 1B. (C) CCND1
depletion induces DNA DSB foci. CCND1 or CDK4 shRNA-transduced UPN-1 cells were induced with Dox for four days. Shown are
representative confocal immunofluorescence images of uninduced and induced cells stained with Alexa-Fluor 555-conjugated phos-
pho-H2AX (S139) antibody (red) followed by nuclear staining with DAPI (blue). Scale bars, 20 mm. Bar graphs show the mean values
of cell fractions that are positive for phospho-H2AX (cH2AX) foci from two independent experiments. Error bars, SEM. Foci of at least
1 mm in diameter were considered positive for cH2AX. On average, 500 cells from each group were counted. ****p< 0.0001 by a
Chi-square test; ns, not significant. More cH2AX foci in uninduced CCND1 shRNA-transduced cells than in CDK4 shRNA-transduced
cells indicate ‘‘leakiness’’ of the Dox inducible system in UPN-1 cells. (D) CCND1 depletion induces genomic instability.
Representative bright-field images of uninduced or day-four induced UPN-1 cells treated with cytochalasin B followed by Giemsa
nuclear staining. Scale bars, 20mm. Bar graphs show the percentages of binucleated (BN) cells with micronucleus (MN) formation
from two separate experiments. Error bars, SEM; ****p< 0.0001 by a two-sided Fisher’s exact test. Approximately 200 binucleated
(BN) cells from each group were counted.



starting on day 4 after Dox induction (Figure 1L and M).
Altogether, we conclude that survival of UPN-1 and
JEKO-1 cells is more dependent on CCND1 than
on CDK4.

CCND1 is required for DNA stability in vitro and in
a xenograft model of MCL

To determine whether apoptosis induced by CCND1
depletion was due to DNA damage, we evaluated DNA
double-stranded break (DSB) formation by detecting
histone H2AX phosphorylation on Ser139 (gamma-
H2AX), an established DSB marker,[27] in UPN-1 and
JEKO-1 cells transfected with CCND1 siRNA. Compared
to controls, CCND1-depleted cells had increased
gamma-H2AX expression on days 3 and 4 after siRNA
(Figure 2A). In contrast, gamma-H2AX induction was
not detected in these MCL lines treated with PD-
0332991 (Figure 2B) or depleted of CDK4
(Supplementary Figure S3) for up to 4 days. Increased
gamma-H2AX signals were also observed in primary
MCL cells 4 days after transduction with CCND1
shRNA-expressing lentivirus (Figure 2A). The tumor
content in this primary MCL sample was confirmed to
have >95% of CD19þCD5þ lymphoma cells
(Supplementary Figure 4). As an alternative method of
detecting DSBs, we used immunofluorescence to iden-
tify cells with nuclear gamma-H2AX foci. Using indu-
cible knockdown UPN-1 cell lines generated above, we
demonstrated that depletion of CCND1, but not CDK4,
significantly increased the number of gamma-
H2AXþ foci (Figure 2C), which were more frequent in
the S and G2 phases of the cell cycle (Supplementary
Figure S5). These data indicate that CCND1, but not
CDK4, plays an important role in preventing DNA dam-
age in MCL cells.

DNA damage after CCND1 depletion in MCL cells
prompted us to evaluate genomic stability in these
cells. Using a cytokinesis-block micronucleus assay [28]
to detect nuclear damage during mitotic segregation,
we observed that depletion of CCND1, but not CDK4,
significantly increased micronucleus formation in UPN-
1 cells (Figure 2D). Further cytogenetic analysis of
chromosomal aberrations by metaphase karyotyping
following CCND1 silencing in UPN-1 cells revealed
chromosomal breaks, chromatid breaks and recurrent
chromosomal gaps or constrictions that are associated
with fragile sites (Supplementary Figure S6,
Supplementary Table S2).

We next evaluated the in vivo relevance of CCND1
inactivation by engrafting CCND1 shRNA-expressing
UPN-1 cells into immunodeficient NOD/SCID/IL2R-
Gamma (NSG) mice. CCND1 depletion resulted in

reduced growth (Figure 3A–C) and increased apoptosis,
as detected by active caspase 3 immunofluorescence
(Figure 3E), in the transplanted tumors. Increased accu-
mulation of gamma-H2AX foci was also observed in
CCND1-depleted, but not control, xenografts (Figure
3D). These findings are consistent with the in vitro
effects of CCND1 depletion in UPN-1 cells on cell
growth, apoptosis and DNA stability described above.
Together, these data indicate that CCND1 is essential
for maintaining DNA stability in MCL cells and specific-
ally in the UPN-1 cells both in in vitro and in vivo
conditions.

CCND1 depletion leads to defective DNA
replication in UPN-1 cells

In the absence of induced DNA damage, DNA break-
age often occurs during replication stress, a process
when DNA synthesis becomes inefficient.[29] To
determine whether DNA damage in CCND1-depleted
UPN-1 cells were related to defects in DNA replica-
tion, the DNA combing assay [25] was used to assess
replication initiation. In this assay, CCND1- or
CDK4-depleted UPN-1 cells were pulse-labeled with
the thymidine substitutes iododeoxyuridine (IdU) and
chlorodeoxyuridine (CldU) for 20 and 40 min each.
DNA fibers were extracted from cell lysates and
spread on glass slides for immunofluorescence ana-
lysis using antibodies specific for IdU or CldU.
Compared to uninduced or CDK4-depleted cells,
CCND1-depleted cells showed a markedly reduced
distance between replication origins, indicating
increased frequency of origin firing (Figure 4). Thus,
CCND1 may have an important role in DNA replica-
tion initiation and reduced CCND1 expression levels
may result in unscheduled origin firing and replica-
tion stress-related DNA breakage.

CCND1 depletion sensitizes MCL cells to DNA
replication inhibitors

We next determined whether CCND1 plays a role in
the chemoresistance of MCL cells to the replication
inhibitors hydroxyurea (HU) or cytarabine. To do so, we
depleted CCND1 by siRNA in UPN-1 and JEKO-1 cell
lines for 3 days. Equal numbers of siRNA-transfected
cells were re-plated and treated with increasing con-
centrations of HU or cytarabine for 2 days followed by
evaluation of apoptosis using Annexin V-based flow
cytometry. Knockdown of target proteins in these
experiments was confirmed by immunoblot analysis
(Figure 5A and B insets). CCND1 depletion
increased sensitivity of UPN-1 and JEKO-1 cells to HU
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(Figure 5A and B) or cytarabine (Figure 5C and D)
dose-dependently. Using the inducible CCND1 knock-
down UPN-1 cell line, we confirmed that induced
CCND1 shRNA sensitized UPN-1 cells to HU or to
another replication inhibitor aphidicolin (Figure 5E).
Enhanced chemosensitivity of UPN-1 and JEKO-1 cells
after CCND1 depletion was not due to CDK4 inactiva-
tion, as CDK4 depletion produced results similar to
control knockdown cells (Figure 5A–D). In addition,
pharmacologic inhibition of CDK4 using PD-0332991
increased resistance of these cells to HU (Figure 5F
and G). These results indicate that CCND1, but not
CDK4, is required for resistance of MCL cells to DNA
replication inhibitors.

Effects of CCND1 depletion on the cell cycle of
MCL cells

Because CCND1 primarily regulates cell-cycle progres-
sion through CDK4, increased chemosensitization in
MCL cells after CCND1 depletion led us to examine the
effect of loss of CCND1 on the cell cycle. Control or
CCND1-depleted UPN-1 and JEKO-1 cells were labeled
with bromodeoxyuridine (BrdU) and propidium iodide
(PI), and the cell cycle was analyzed by flow cytometry.
The CDK4 inhibitor PD-0332991 was also used in paral-
lel experiments to compare with the effects of CCND1
depletion. Silencing of CCND1 in both UPN-1 and
JEKO-1 cells was confirmed by qPCR (Figure 6A). While

Figure 3. Effects of CCND1 depletion in a xenograft model of MCL. Five millions of CCND1 shRNA-transduced UPN-1 cells were
injected subcutaneously into NSG mice and shRNA expression was induced by adding Dox to mouse drinking water. (A) Shown are
the means of tumor volumes (n¼ 7). Error bars, SEM. (B) Shown are the means of tumor weights. Error bars, SD. (C) Lysates of MCL
tumors harvested from control or Dox-induced mice on day 21 were immunoblotted with indicated antibodies. (D and E)
Representative immunofluorescence images of tumor sections from control and Dox-induced groups were stained with indicated
antibodies followed by fluorescently labeled secondary antibody and nuclear staining with DAPI. Scale bars, 10 lm. Bar graphs show
the percentages of cH2AX+ or active caspase 3+ cells from control (n¼ 3) or Dox-induced (n¼ 3) xenografts. Foci with at least
1 mm in diameter were considered positive for cH2AX. At least 500 DAPI-positive cells were counted in non-overlapping fields of
immunofluorescence images. Error bars, SD; ***p< 0.001; *p< 0.05 by a two-tailed Student’s t-test.
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depletion of CCND1 or inhibition of CDK4 induced cell
cycle arrest in both cell lines, more G1 arrest was
observed in CDK4-inhibited cells (60–80%) than in
CCND1-depleted cells (�50%) (Figure 6B and C). A
strong induction of G1 arrest by CDK4 inhibition was
consistent with the chemo-protective effect of
PD-0332991, which prevented cells from entering the S
phase where they were more sensitive to HU (Figure
5F and G). In contrast, weaker G1 arrest induced by
CCND1 depletion sensitized cells to HU or cytarabine
(Figure 5A–E). These data indicate a functional differ-
ence between CCND1 and CDK4 signaling with respect
to chemosensitivity and suggest a CDK4-independent
role of CCND1, which becomes essential when cells
encounter replication inhibitors.

Discussion

The present study demonstrated that CCND1 is essen-
tial for the maintenance of established MCL tumor cell

lines and uncovered a new role for CCND1 in preserv-
ing genomic stability during DNA replication in MCL
cells. There are conflicting reports on the role of
CCND1 in the survival of MCL cells. Klier et al. [30]
showed that silencing of CCND1 in the MCL lines
GRANTA-519, JEKO-1, and Z-138 for up to 7 days
caused growth arrest but not cell death. In contrast,
Weinstein et al. [31] detected apoptosis in the
GRANTA-519 and JEKO-1 lines 8 days after CCND1
siRNA transfection. In agreement with the study of
Weinstein et al.,[31] our data indicate that CCND1 is
essential in JEKO-1 (and UPN-1) cells. Apoptosis in
JEKO-1 cells after CCND1 depletion was detected both
in the Weinstein et al. [31] and the present study but
not in the study by Klier et al.[30] This discrepancy is
probably due to the use of more sensitive apoptotic
markers like Annexin V by Weinstein et al. [31] or
active caspase 3/cleaved PARP 1 in our study, whereas
Klier et al. [30] assessed apoptosis by quantifying the
sub-diploid populations.

Figure 4. CCND1 depletion increases replication initiation frequency in UPN-1 cells. CCND1 or CDK4 shRNA-transduced UPN-1 cells
were induced with Dox for four days and sequentially pulse-labeled with IdU and CIdU, as illustrated in the diagram (A). (B) DNA
fibers from labeled cells were spread on glass slides and incorporated IdU and CIdU were detected by immunofluorescence. Shown
are representative fluorescence images of labeled DNA fibers. (C) Inter-origin distances as illustrated in (A) and shown in (B) were
measured in micrometers and quantified by boxplots, with bars contained in boxplots representing median values. Scale bars,
10 lm; ****p< 0.0001. ns: not significant. p values are from the two-tailed Mann-Whitney test for 100–200 scorable tracks on aver-
age per sample.
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Figure 5. CCND1 depletion sensitizes MCL cells to DNA replication inhibitors. (A–D) MCL lines were transfected with siRNA against
CCND1 (D1) or CDK4 (K4) or a control siRNA on day zero and again on day two (see Materials and Methods). On day three,
1.5� 105 live cells were counted and re-plated, followed by addition of HU (A and B) or cytarabine (C and D) at indicated doses.
Apoptosis was assessed by Annexin V/PI staining on day five. Shown are percentages of Annexin V+/PI+ cells. Inset, confirmation of
protein knockdown three days after siRNA transfection by immunoblotting with indicated antibodies. (E) CCND1 shRNA sensitizes
UPN-1 cells to DNA replication inhibitors. CCND1 shRNA-transduced UPN-1 cells were induced with Dox for four days followed by
treatment with HU (0.25 mM) or aphidicolin (APH, 1000 nM) for two days and analyzed for apoptosis by Annexin V/PI staining. (F
and G) CDK4 inhibition increases chemoresistance in MCL cells to HU. UPN-1 or JEKO-1 cells were treated with indicated doses of
HU in combination with DMSO or 250 nM of PD-0332991 for 2 days and analyzed for apoptosis by Annexin V/PI staining. Bar graphs
show means of three independent experiments. Error bars, SD. ***p< 0.001, **p< 0.01, *p< 0.05 by a two-tailed Student s t-test.
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Figure 6. Effects of CCND1 depletion on the cell cycle. (A) Verification of CCND1 knockdown. Control or CCND1-depleted UPN-1 or
JEKO-1 cells were analyzed for relative CCND1 mRNA expression by qPCR after 4 days of shRNA induction. Shown are the means of
three independent experiments. Error bars, SD. (B) Cell cycle profiles of MCL cells after CCND1 depletion. Four days after CCND1
depletion, cells were BrdU labeled for 30 min followed by FACS analysis. Shown are representative FACS plots of control or CCND1
depleted UPN-1 or JEKO-1 cells. Stacked column graphs show percentages of cells in each cell cycle phase, as defined by the drawn
gates. Values are the means from three independent experiments. Error bars, SD. (C) Cell cycle profiles of MCL cells after CDK4
inhibition. Indicated cells were treated with PD0332991 (250 nM) for 4 days and were labeled with BrdU as described in (B). Shown
are representative FACS plots of control or treated UPN-1 or JEKO-1 cells. Stacked column graphs were generated as decribed in (B).
Values are the means from three independent experiments. Error bars, SD.
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We found that CCND1 depletion resulted in
increased origin firing, leading to replication stress and
DNA DSB. However, it is unclear how CCND1 plays a
protective role in preventing DNA damage during rep-
lication in MCL cells. In a comprehensive proteomics
study of CCND1-overexpressing human cancers, includ-
ing one MCL line (Granta-519), Jirawatnotai et al. [32]
demonstrated direct binding between CCND1 and the
DNA repair protein RAD51 in the context of radiation-
induced DNA damage. As RAD51 can also be recruited
to the stalled replication forks independently of DNA
breakage,[33,34] it would be of future interest to inves-
tigate whether CCND1 and RAD51 interaction is
required to maintain genome stability during unper-
turbed replication in MCL.

Because CCND1 depletion is toxic in the MCL lines
used in the present study, detailed studies of its func-
tion require a conditional knockdown system. By gen-
erating Dox-inducible knockdown cell lines in UPN-1
cells, we uncovered a previously unrecognized role for
CCND1 in preserving genomic stability during DNA
replication. This genome protective function of CCND1
is thus relevant to the resistance of MCL to chemother-
apeutic agents. These data were, however, limited to
the inducible knockdown system generated in UPN-1
cells. Multiple attempts to generate inducible CCND1
shRNA in JEKO-1 cells have been proven technically
challenging, likely due to the inherent leakiness of the
tetracycline inducible system in this cell line.
Nonetheless, the roles of CCND1 in promoting survival
and chemoresistance in JEKO-1 cells reported in this
study are consistent with previous studies for this cell
line.[21,31]

Aberrant CCND1 signaling is considered central to
MCL pathogenesis and major efforts to target this
pathway have been directed to its catalytic partner
CDK4 using the highly specific inhibitor palbociclib
(PD-0332991). Despite being a potent inhibitor of
CDK4-RB signaling that can efficiently suppress tumor
growth both in vitro and in vivo,[13–15] palbociclib
induces little or very modest cell death in MCL, as
demonstrated by others [15] and the present study.
Our data indicate that the survival and chemoresist-
ance of established human MCL lines are more
dependent on CCND1 than on CDK4, suggesting
CCND1 as a valid target in MCL. However, these cell
line results were confirmed by only limited data on pri-
mary MCL cells (see Figure 2A) due to technical chal-
lenges in genetic manipulation of primary cells.
Currently, there are no small-molecule inhibitors of
CCND1 under clinical development, but pharmacologic
agents that indirectly reduce CCND1 levels have been
reported (see review in [35]). These agents will be

helpful to confirm our cell line observations in primary
MCL cells. Of interest, recent MCL treatment advances
using ibrutinib, a Bruton’s tyrosine kinase inhibitor,
have produced durable responses in MCL patients.[36]
Further studies by Ma et al. [37] to characterize MCL
cells with different sensitivity to ibrutinib showed that
this drug can down-regulate CCND1 levels in certain
MCL cell lines. Our findings on the essential role of
CCND1 in the survival and maintaining genomic stabil-
ity of MCL cells are therefore highly relevant to future
efforts to improve the efficacy of this emerging
therapy.

In summary, this study has demonstrated a role for
CCND1 in the survival and chemoresistance of MCL
cells. CCND1 plays these essential roles likely through
involvement in DNA replication to minimize DNA dam-
age. These findings, thus, have important implications
for understanding and treating the chemoresistance of
aggressive MCL.
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KEY PO INT S

l CCND1 binds to and
reduces recruitment of
HDAC1 and HDAC2 to
the SOX11 promoter,
causing increased
histone acetylation
and SOX11
transcription.

l STAT3 represses
SOX11 transcription
by interacting directly
with the SOX11 gene
promoter and
enhancer.

The neural transcription factor SOX11 is usually highly expressed in typical mantle cell
lymphoma (MCL), but it is absent in the more indolent form of MCL. Despite being an
important diagnostic marker for this hard-to-treat malignancy, the mechanisms of aberrant
SOX11 expression are largely unknown. Herein, we describe 2 modes of SOX11 regulation
by the cell-cycle regulator cyclin D1 (CCND1) and the signal transducer and activator of
transcription 3 (STAT3). We found that ectopic expression of CCND1 in multiple human
MCL cell lines resulted in increased SOX11 transcription, which correlated with increased
acetylated histones H3K9 and H3K14 (H3K9/14Ac). Increased H3K9/14Ac and SOX11
expression was also observed after histone deacetylase 1 (HDAC1) or HDAC2 was de-
pleted by RNA interference or inhibited by the HDAC inhibitor vorinostat. Mechanistically,
we showed that CCND1 interacted with and sequestered HDAC1 and HDAC2 from the
SOX11 locus, leading to SOX11 upregulation. Interestingly, our data revealed a potential
inverse relationship between phosphorylated Y705 STAT3 and SOX11 expression in MCL
cell lines, primary tumors, and patient-derived xenografts. Functionally, inactivation of
STAT3 by inhibiting the upstream Janus kinase (JAK) 1 or JAK2 or by STAT3 knockdown

was found to increase SOX11 expression, whereas interleukin-21 (IL-21)–induced STAT3 activation or overexpression
of the constitutively active form of STAT3 decreased SOX11 expression. In addition, targeting SOX11 directly by RNA
interference or indirectly by IL-21 treatment induced toxicity in SOX111 MCL cells. Collectively, we demonstrate the
involvement of CCND1 and STAT3 in the regulation of SOX11 expression, providing new insights and therapeutic
implications in MCL. (Blood. 2019;00(00):1-13)

Introduction
The high-mobility group neural transcription factor SOX11 is
predominantly expressed in the developing brain and has critical
roles in neurogenesis and embryonic development.1-4 Although
SOX11 is not expressed in normal B cells and does not seem to
play a role in lymphopoiesis, its aberrant expression has been
found in several lymphoproliferative diseases, including mantle
cell lymphoma (MCL),5-7 Burkitt lymphoma,8 and B- and T-cell
lymphoblastic leukemias.7,8 SOX11 is also overexpressed in sev-
eral types of solid tumors, including ovarian carcinoma,9,10 basal-like
breast carcinoma,11,12 glioma,13 medulloblastoma,14 and prostateQ:6
cancer.15 In MCL, SOX11 is highly expressed in most classical cases
with nodal presentation but is notably absent in indolent leukemic
cases that display an IGVH-mutated phenotype.16

The role of SOX11 in MCL is incompletely understood. Previous
studies have identified several direct targets of SOX11 in MCL,

including DBN1, SETMAR, HIG2, and WNT signaling.17,18 Sub-
sequent studies have revealed that SOX11 is essential for MCL
xenograft growth in vivo and directly mediates transcription of the
B-cell transcription factor PAX5 and thus is thought to promote
lymphomagenesis through deregulated B-cell differentiation.19

SOX11 also mediates the expression of platelet-derived growth
factor a,20 C-X-C motif chemokine receptor 4, and focal adhesion
kinase,21 which promote angiogenesis, tumor-cell migration, and
metastasis, respectively. Despite conflicting results regarding its
prognostic value,6,16,22 SOX11 is an established diagnostic marker
for MCL.7 In breast cancer, SOX11 is essential for proliferation and
expression of a gene signature characteristic of aggressive basal-
like breast cancer.12

Given the important biology of SOX11, several studies have
investigated the mechanism of aberrant SOX11 expression.
Gustavsson et al23 demonstrated that although SOX11 is important
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in developing neurons, its expression is virtually absent in
other tissues because of promoter hypermethylation. Studies
by Vegliante et al24 showed that SOX11 expression in em-
bryonic stem cells and some B-cell lymphomas was associated
with unmethylated DNA and active histones H3K9/14Ac and
H3K4me3. SOX11 can be induced in MCL and breast cancer cell
lines after treatment with the histone deacetylase (HDAC) inhib-
itor vorinostat (also known as SAHA) or trichostatin A, suggesting
that HDACs might participate in the regulation of SOX11
expression.24,25 More recently, an elegant integrative analysis of
the epigenome in primary MCL uncovered a distant regulatory
element 675 kb downstream from the SOX11 gene that seems to
influence transcriptional activity at the SOX11 promoter.26 Using
the circularized chromosome conformation capture sequencing
method to detect long-range chromatin interactions, Queirós
et al26 demonstrated that this distant enhancer has 3-dimensional
contact with the SOX11 gene promoter, but how it affects SOX11
expression remains to be determined.

In this study, we investigated 2 potential mechanisms of SOX11
expression. By ectopically expressing CCND1 in human MCL
cell lines, we demonstrate that CCND1 mediates SOX11 ex-
pression through interaction with HDAC1 and HDAC2 at the
SOX11 locus. In addition, using genetic and pharmacological
inhibition, we show that the signal transducer and activator of
transcription 3 (STAT3) binds to the SOX11 promoter and en-
hancer, and functions as a transcriptional repressor. These
findings demonstrate 2 distinct modes of SOX11 regulation and
may have implications for the treatment of MCL.

Materials and methods
Cell lines and culture conditions
Human MCL lines Z-138, JEKO-1, UPN-1, and SP-53 were kindly
provided by Dr Louis Staudt. GRANTA-519, JVM-2, MINO, and
MAVER-1 cells were obtained from the American Type Culture
Collection (Manassas, VA). MCL lines Z-138, JEKO-1, GRANTA-
519, and UPN-1 were authenticated by short tandem repeat
DNA profiling (American Type Culture Collection; supplemental
Table 1). Other cell lines were not authenticated. Cells were
cultured in RPMI 1640medium, except GRANTA-519, which was
cultured in Dulbecco’s modified Eagle medium (Life Technol-
ogies, Grand Island, NY), supplemented with 10% fetal bovine
serum, 100 IU/mL of penicillin, and 100 mg/mL of streptomycin,
in a humidified incubator at 37°C with 5% carbon dioxide.

Primary MCL samples and PDXs
Primary cells were obtained from the tumor bank of the Pa-
thology Department of City of Hope as deidentified samples
after approval by the institutional review board and prepared as
previously described.27 Briefly, frozen cells were thawed in
a 37°C water bath, washed in RPMI 1640 medium, and cultured
in RPMI 1640 medium supplemented with 20% fetal bovine
serum and 200 Kunits/mL of DNAse I (Sigma, St. Louis, MO) for
15 minutes in a 37°C carbon dioxide incubator followed by
washing. Cells were recovered overnight in a carbon dioxide
incubator before experiments. MCL patient–derived xenografts
(PDXs) were obtained from the public repository of xenografts
(ProXe28; supplemental Table 2). Samples were transplanted into
sublethally irradiated NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice (The
Jackson Laboratory, Bar Harbor, ME) through tail vein injection.

Lymphoma xenografts were frozen in aliquots and subsequently
thawed and cultured in RPMI 1640 medium supplemented with
20% fetal bovine serum, 100 IU/mL of penicillin, and 100 mg/mL
of streptomycin in a humidified incubator at 37°C with
5% carbon dioxide.

cDNA expression vectors
The retroviral expression vector pBMN-CCND1-HA-IRES-Hygro,
encoding carboxy-terminus hemaglutinin (HA)–tagged wild-
type (WT) or mutant CCND1, was previously constructed.27

HDAC-HA constructs were a kind gift from Dr. Yue Xiong
(University ofNorthCarolina, Chapel Hill), as previously described.29

FLAG-tagged SOX11 expression vector was constructed by
cloning the polymerase chain reaction (PCR)–generated SOX11
products from a Z-138–derived complementary DNA (cDNA)
template into the pBMN-IRES-Hygro vector (a gift from Gary
Nolan) at BamHI and XhoI restriction sites. FLAG-SOX11 PCR
products were generated using the following primer pairs:
59TAGTAGGGATCCGCCGCCACCATGGACTACAAAGACGA
TGACGACAAGGTGCAGCAGGCGGAGAGCTTG and 59CTACT
ACTCGAGTCAATATGTGAACACCAGGTCGGAGAA. The final
SOX11 construct was confirmed by DNA sequencing. The len-
tiviral STAT3 constitutive active construct EF.STAT3C.Ubc.GFP
was a gift from Linzhao Cheng (Addgene plasmid #24983), and
its retroviral subclone was a gift from Lixin Rui.

RNA interference reagents
CCND1 and HDAC1 short hairpin RNA (shRNA) constructs and
sequences were obtained from a previously generated shRNA
library.30 STAT3 shRNA (#840) pKLO construct was kindly pro-
vided by Anna Scuto as previously reported.31 SOX11 shRNA
(#454) and HDAC2 shRNA (#1678) pKLO constructs were
obtained from Sigma (Sigma, St. Louis, MO). RNAi sequences
are listed in supplemental Table 3. A DNA insert encoding
a fusion puromycin N-acetyl-transferase–green fluorescence
protein was cloned into the SOX11 shRNA pKLO vector at the
BamHI and KpnI restriction sites to produce a green fluores-
cence protein–coexpressing vector.

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) reactions were performed
using RT2 SYBR Green qPCR Master Mix (Qiagen, Valencia, CA)
or Taqman Universal PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA) and analyzed by the StepOnePlus Real-Time PCR
System (Life Technologies, Grand Island, NY). Because SOX11 is
encoded by an intronless gene, in addition to DNAse treatment
before cDNA synthesis, a poly-A–specific primer for SOX1132

was used to minimize amplification of potential genomic DNA
(gDNA) contamination. As a negative control, mock cDNA
synthesis without addition of reverse transcriptase was also
prepared to verify the presence of contaminating gDNA. We
demonstrated that the cycle threshold (Ct) values for the poly-
A–specific SOX11 primer in reverse transcription (RT)–positive
cDNA samples were consistently.10 cycles fewer than those in
mock cDNA samples (Ct, 24 vs 39; supplemental Table 4).
Additional primers that can amplify SOX11 or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) from gDNA also yielded
similarly large differences in Ct values between RT1 and mock
cDNA samples (Ct, 25 vs 36 and 23 vs 39, respectively; sup-
plemental Table 4). These results confirm the validity of our
messenger RNA (mRNA) assessment using either SOX11 primer.
Primer sequences for SOX11 and GAPDH are shown in
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supplemental Table 5. Taqman probes for SOX11 (Hs00848583_s1),
STAT3 (Hs00374280_m1), HDAC1 (Hs02621185_s1), and GAPDH
(Hs02786624_g1) were purchased from Thermo Fisher. Relative
mRNA expression was normalized to GAPDH signals and calculated
using theQ:7 DDCt method.

Immunoblot and immunoprecipitation analyses
Cells were lysed in the presence of protease inhibitor cocktail
(Sigma, St. Louis, MO) and Halt phosphatase inhibitor cocktail
(Pierce Biotechnology, Rockford, IL) for 30 minutes. Lysates were
cleared by centrifugation, and protein concentrations were
determined by BCA protein assay (Pierce Biotechnology,
Rockford, IL). Twenty micrograms of lysates per lane were
separated by 4% to 15% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and immobilized on the nitrocellulose
membranes (ThermoFisher, Waltham, MA) for immunoblotting.
Immunoblot signals were developed by a chemiluminescent
detection method (Pierce Biotechnology, Rockford, IL) and cap-
tured by standard autoradiographic films. Immunoprecipitation
details are provided in supplemental Methods.

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed using the ChIP
Assay Kit (Millipore, Temecula, CA) according to manufacturer’s
instructions. Details are described in supplemental Methods.

Statistical analyses
A 2-tailed Student t test or linear regression analysis was per-
formed for comparison between 2 groups using Prism (version
6.0b; GraphPad Software, La Jolla, CA). P values ,.05 were
considered statistically significant.

Additional detailed method descriptions are available in sup-
plemental Materials.

Results
CCND1 upregulates SOX11 expression in human
MCL cell lines
To determine whether CCND1 induces SOX11, HA-tagged
CCND1 was ectopically expressed in the human MCL lines
Z-138, JEKO-1, and GRANTA-519. The recurrent mutation
CCND1 Y44D, which affects phosphorylation-dependent pro-
teolysis and results in increased protein levels,27 was also
expressed in Z-138 and JEKO-1 cells. Compared with empty
vector controls, both WT and mutant CCND1 increased protein
expression levels of SOX11 in these cell lines by immunoblot
analysis (Figure 1A; supplemental Figure 1A). To ensure the
specificity of the SOX11 antibody used in the current study,
depletion or overexpression of SOX11 was carried out in MCL
cell lines, and specific loss or increase in SOX11 expression was
confirmed by immunoblot analysis (supplemental Figure 2A-B).
We next used RT-PCR assays to determine whether CCND1
mediated SOX11 transcription. Because SOX11 is encoded by
an intronless gene, we used an mRNA-specific RT-PCR assay
(see “Materials and methods”) and demonstrated that over-
expression of WT or mutant CCND1 increased SOX11 mRNA
levels in these cell lines (Figure 1B; supplemental Figure 1B).

To determine whether CCND1 is required for SOX11 ex-
pression, we depleted CCND1 in MCL cells using an shRNA

validated in a previous study.33 CCND1 depletion in both Z-138
and JEKO-1 cells resulted in reduced SOX11 protein levels
(Figure 1C), in addition to decreased cell viability (Figure 1D)
similar to that previously observed in JEKO-1 cells.33 Depletion of
SOX11also resulted in reduced cell viability in Z-138, JEKO-1, and
an additional MCL line, MINO (Figure 1E). We next determined
whether SOX11 upregulation was due to altered protein stability
by treating CCND1-HA–expressing Z-138 cells with CHX and
assessing SOX11 protein turnover by immunoblot analysis. In
this experiment, WT and mutant CCND1 samples consistently
expressed more SOX11 than empty vector controls before CHX
treatment (Figure 1F). However, the rate of SOX11 protein
turnover inWT andmutant CCND1 samples was comparable to
that of controls after 3 hours in CHX (Figure 1F). This result
excluded increased protein stability as a mechanism of in-
creased SOX11 expression. Together, these data suggest a
role for CCND1 in the regulation of SOX11 expression in MCL
cell lines.

CCND1 affects histone modification at the
SOX11 locus
Because SOX11 transcription is associated with histone
acetylation,24,25 we performed chromatin immunoprecipitation
(ChIP) and qPCR assays to examine whether CCND1 influences
histone modification at the SOX11 locus. To determine the
chromatin regions on the SOX11 gene that are likely reactive to
the active histone mark H3K9/14Ac antibody, we searched for
H3K9Ac ChIP signals in SOX11-expressing cells in the ENCODE
database and identified 2 potential DNA regions for PCR am-
plification (amplicons; Figure 2A). ChIP-qPCR experiments were
carried out in Z-138 and JEKO-1 cells that overexpress CCND1
using a previously validated H3K9/14Ac antibody and PCR
primers for the 2 amplicons.24 Compared with empty vector
controls, overexpression of CCND1 significantly increased
H3K9/14Ac signals in both cell lines (Figure 2B-E). Enrichment of
H3K9/14Ac at the SOX11 locus was also observed in Z-138 cells
treated with HDAC inhibitor SAHA (Figure 2F). In addition,
SOX11 expression was positively correlated with H3K9/14Ac
levels after treatment with SAHA in Z-138 cells (Figure 2G).
Therefore, these data indicate that CCND1 mediates SOX11
expression through histone acetylation at the SOX11 locus.

CCND1 interacts with HDAC1 and HDAC2
The effects of CCND1 overexpression and HDAC inhibition on
histone acetylation of the SOX11 locus led us to examine
whether CCND1 physically associates with members of the
HDAC family to mediate SOX11 transcription. We coexpressed
individual HDACs with CCND1 in HEK-293T cells and analyzed
potential interactions using coimmunoprecipitation. Figure 3A
shows that CCND1 strongly interacts with HDAC1, HDAC2, and
to a lesser extent HDAC3, but not with other HDAC members.
Validation of this interaction in Z-138 cells or in primary MCL
samples by immunoprecipitation with CCND1 or HDAC1 anti-
body also showed CCND1 in the complex with HDAC1 and
HDAC2 (Figure 3B). In addition, shRNA-mediated depletion
of HDAC1 from Z-138, JEKO-1 (Figure 3C; supplemental
Figure 3A), or GRANTA-519 (supplemental Figure 3B-C) cells
resulted in increased SOX11 mRNA and protein levels, further
confirming the role of HDAC1 in modulating SOX11 expression.
Increased SOX11 expression was also observed when HDAC2
was depleted in Z-138 and JEKO-1 cells (Figure 3D). Together,
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Figure 1. CCND1 upregulates SOX11 expression. (A) Immunoblot analysis of Z-138 and JEKO-1 cells stably transduced with empty vector (EV), WT, or Y44D mutant
CCND1-HA constructs. Cell lysates (30 mg per lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and immunoblotted with indicated
antibodies. Arrow indicates a mobility shift of the CCND1-HA protein. Arrowhead indicates endogenous CCND1. (B) qPCR analysis of SOX11 mRNA expression. Cell lines
generated as described in panel A, and mRNAs were harvested for SOX11 qPCR. Shown are the means of mRNA expression levels after normalization to GAPDH signals
from 4 independent amplification experiments. Error bars, standard deviation (supplemental Figure 1A-B). (C) CCND1 is required for SOX11 expression. Z-138 and JEKO-1
cells were stably transduced with control or CCND1 shRNA, and protein expression was analyzed by immunoblotting with indicated antibodies 2 days after transduction.
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these results indicate that interaction of CCND1 with HDAC1
and HDAC2 plays a role in mediating SOX11 expression.

Reduced chromatin recruitment of HDAC1 in
CCND1-overexpressing cells
We next asked whether CCND1 affected recruitment of HDAC1
at the SOX11 locus. ChIP-qPCR assays were performed in
CCND1-overexpressing Z-138 cells using anti-HDAC1 antibody
and PCR primers located near the SOX11 transcription start site.
HDAC1 ChIP signals were significantly reduced in CCND1-
expressing cells as compared with empty vector controls
(Figure 4A). As an alternative approach, cell fractionation was
used to assess the distribution of HDAC1 and HDAC2 within
cellular compartments. Protein extracts from soluble cytoplasmic
and nuclear fractions, as well as from insoluble nuclear fractions,
from equal numbers of control and CCND1-overexpressing
Z-138 cells were evaluated by immunoblot analysis. Nuclear
proteins histone H3 and LAMIN A and C were used as markers
for the nuclear fractions. We found that both HDAC1 and
HDAC2 resided predominantly in the insoluble nuclear fraction
in the empty vector controls. However, in cells with CCND1
overexpression, there was increased accumulation of HDAC1
and HDAC2 in the soluble nuclear fraction (Figure 4B). Similar
increase of HDAC1 and HDAC2 protein levels in the soluble
nuclear fraction was also observed in GRANTA-519 cells that
overexpressed CCND1 (supplemental Figure 4). Taken to-
gether, these results indicate that CCND1 overexpression results
in redistribution of HDAC1 and HDAC2 from the chromatin
environment, including the chromatin of the SOX11 gene.

STAT3 negatively regulates SOX11 expression
To further confirm the positive role of CCND1 in regulating
SOX11 expression, we transduced CCND1-expressing lentivirus
into the SOX112 MCL cell line JVM-2. Surprisingly, compared
with an increase in SOX11 levels in JEKO-1 cells, ectopically
expressed CCND1 did not induce SOX11 in JVM-2 cells
(Figure 5A). Analysis of publicly available gene expression data
from SOX111 and SOX112 MCL cases34 also revealed no cor-
relation between SOX11 and CCND1 (Figure 5B). However,
a positive correlation between CCND1 and SOX11 was ob-
served in SOX111 cases, although it was not statistically sig-
nificant because of a small sample size (n 5 15; supplemental
Figure 5A). Analysis of relevant public data from another study,16

in which SOX11 positivity was identified in 13 cases, also showed
a positive correlation between CCND1 and SOX11, although
again not statistically significant (supplemental Figure 5B).

These observations prompted us to investigate additional
mechanisms of SOX11 regulation. Because SOX112 MCL cases
typically have plasmacytic differentiation,16,35 we hypothesized
that SOX11 transcription might be negatively regulated during
B-cell differentiation. To identify the molecules potentially in-
volved in this process, we analyzed transcription factors that bind

to the SOX11 locus, including the recently identified SOX11
enhancer,26 using ChIP sequencing data from the ENCODE
project.36 Among SOX11 locus–bound factors, STAT3 was
chosen for further study because of its role in B-cell differenti-
ation.37 Interestingly, expression of SOX11 and the active
phosphorylated Y705 (pY705) STAT3 were inversely correlated
in MCL cell lines (except JEKO-1; Figure 5C), in primary MCL
samples (except samples #11 and #15; Figure 5D), and in MCL
PDXs (Figure 5D). To determine whether SOX11 is negatively
regulated by activated STAT3, we treated JEKO-1, GRANTA-
519, MAVER-1, and JVM-2 cells, which express high pY705
STAT3 levels, with AZD1480, an inhibitor of the upstream
kinases JAK1 and JAK2.38 Immunoblot analysis showed that
AZD1480 effectively blocked STAT3 phosphorylation and
resulted in increased SOX11 mRNA and protein levels in JEKO-1,
GRANTA-519, and MAVER-1 cells (Figure 5E-F), but not in JVM-2
cells (supplemental Figure 6A). Similar increases in SOX11 ex-
pression were also observed in GRANTA-519 cells after treatment
with another STAT3 inhibitor, JAK inhibitor I (MilliporeSigma,
Burlington, MA; supplemental Figure 6B). AZD1480-induced
upregulation of SOX11 was mediated by STAT3 inhibition, be-
cause depletion of STAT3 also led to increased SOX11 mRNA
and protein expression in both JEKO-1 and GRANTA-519 cells
(Figure 5G-H).

In line with the repressive role of STAT3, interleukin-21 (IL-21)
induced STAT3 activation39 in MINO, SP-53, Z-138 (Figure 6A-B),
and MCL PDX models (Figure 6C) or ectopic expression of a con-
stitutively active form of STAT340 in Z-138 cells (supplemental
Figure 7) resulted in reduced SOX11 expression. Interestingly, IL-21
also reduced viability of MCL lines (MINO, SP-53, and Z-138) or
PDX models (#5 and #7) with low or negative STAT3 activity
(Figure 6D-E), whereas it had little effect on MCL cells with high
pY705 STAT3 expression (JEKO-1, MAVER-1, and GRANTA-
519; supplemental Figure 8). Because depletion of SOX11 also
reduced cell viability in MINO, Z-138, and JEKO-1 cells
(Figure 1E), we depleted SOX11 from the remaining MCL lines
and determined their survival. We found that SOX11 deple-
tion had little effect on the viability of GRANTA-519 cells and
slightly increased cell growth in MAVER-1 cells (supplemental
Figure 9A-B). Data from SP-53 cells were not available because of
the sensitivity of this cell line under our lentiviral transduction
conditions. Therefore, similar to IL-21 treatment, SOX11 de-
pletion is toxic in MINO and Z-138 cells, whereas it has little
effect in GRANTA-519 and MAVER-1 cells. JEKO-1 cells seem to
be an exception, because they are resistant to IL-21 but sensitive
to SOX11 depletion.

We next determined whether STAT3 was recruited directly to
the SOX11 gene by performing ChIP-qPCR experiments with
an anti-pY705 STAT3 antibody in JEKO-1 cells. Because
STAT3 phosphorylation is required for DNA binding41 and this
phosphorylation is efficiently inhibited by AZD1480, we used
AZD1480-treated JEKO-1 cells as a negative control for the

Figure 1 (continued) (D) Effect of CCND1 knockdown on cell survival. Z-138 and JEKO-1 cells were stably transduced with control or CCND1 shRNA, and propidium iodide
(PI)–negative (viable) cells were assessed by flow cytometry over time. Shown are the means of PI2 fractions compared with day-2 samples from at least 2 independent
experiments. (E) Effect of SOX11 knockdown onMCL survival. IndicatedMCL cell lines were transduced with control or SOX11 shRNA lentiviral vector that coexpresses GFP.
Shown are the means of GFP1 fractions compared with day 2 from 2 independent experiments. (F) Z-138 cells expressing EV, WT, or Y44D CCND1-HA were treated with
10 mM of cyclohexamide (CHX) for indicated times, and cell lysates were prepared for immunoblot analysis with indicated antibodies. Numbers below immunoblots are
relative densitometric values of corresponding bands after normalization to ACTIN or GAPDH and respective control signals. ***P , .001 by 2-sided Student t test.
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pY705 STAT3 ChIP-qPCR experiments. Figure 7A shows that
pY705 STAT3 was specifically recruited to the SOX11 gene and
enhancer, and this recruitment was significantly impaired after
AZD1480 treatment. Increased active histone H3K9/14Ac sig-
nals at the SOX11 promoter and enhancer regions were also
observed in AZD1480-treated MAVER-1 cells using H3K9/14Ac
ChIP-qPCR (Figure 7B). Taken together, these findings indicate
that STAT3 represses SOX11 transcription through recruitment
of pY705 STAT3 to the SOX11 locus and that manipulation of the
STAT3-SOX11 axis directly through SOX11 or indirectly through
STAT3 induces toxicity in SOX111 MCL cells.

Discussion
The current study reveals 2 distinct regulatory mechanisms of
SOX11 expression in MCL, specifically through CCND1 and
STAT3. By genetically manipulating CCND1 levels using
ectopic expression and gene knockdown, we have demon-
strated that CCND1 is sufficient and necessary for SOX11
expression in the MCL cell lines Z-138, JEKO-1 and GRANTA-
519. SOX11 expression is also negatively regulated by the
post–germinal center B-cell differentiation factor STAT3,
which may link SOX11 regulation to specific stages of B-cell
differentiation.
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In our proposed model, CCND1 interacts with and sequesters
HDAC1 andHDAC2 from regulatory elements in the SOX11 locus,
leading to increased histone acetylation and SOX11 transcription
(Figure 7C). The ability of CCND1 to associate with transcriptional
regulators and affect gene transcription is well recognized.42 Fu
et al43 demonstrated that CCND1 preferentially associates with
HDAC1, HDAC2, HDAC3, andHDAC5 and recruits HDAC1 to the
PPAR-g promoter to repress its transcription. We found that
CCND1 consistently binds to HDAC1 and HDAC2 and, to a lesser
extent, HDAC3, but not other HDAC members (Figure 3A). In
contrast to transcriptional repression as a consequence of HDAC1
recruitment to the gene promoter as reported by Fu et al,43 we
have shown that elevated CCND1 levels in MCL cells result in
reduced HDAC1 recruitment at the SOX11 promoter and sub-
sequent increased gene transcription. Mechanisms of gene ex-
pression throughHDAC1 relocation from transcriptional regulators
have been described. For example, Di et al44 reported that
treatment with estrogen or the glycolysis inhibitor 2-deoxyglucose
in the breast cancer cell line MCF-7 caused eviction of HDAC1
from a corepressor complex, leading to increased histone acet-
ylation at the BRCA1 promoter and BRCA1 transcription. In an-
other study focusing on developing neurons, expression of Lmo4
led to displacement of Hdac1 from the transcriptional repressor
complex NuRD, resulting in derepression of the Ctip2 locus.45

Together, these observations support the removal of HDAC1 from
regulatory elements as a common mechanism and indicate that
diverse signals can mediate this process depending on the cellular
context. In line with this notion, we speculate that in addition to
CCND1, other abnormalities that interfere with HDAC1 function
may also contribute to SOX11 expression. Characterization of new
mutations, particularly those affecting HDAC1-interacting pro-
teins, may provide further insight into the mechanisms of de-
regulated SOX11 expression.

Although our data favor CCND1-mediated HDAC1 sequestration
as the mechanism of SOX11 upregulation, it is possible that
CCND1 may influence SOX11 transcription by affecting enzymes
that maintain the dynamic histone acetylation/deacetylation
equilibrium, such as the histone acetyl-transferases EP300, PCAF,
and GCN5. Indeed, CCND1 has been shown to physically asso-
ciate with EP30046 and PCAF47 and regulate gene expression.
Furthermore, through its cyclin-dependent kinase (CDK) partners

CDK4 and CDK6, CCND1 elicits transcriptional changes by
phosphorylating and activating GCN5.48 In the current study, we
found that treating MCL cell lines with the EP300 inhibitor C646
strongly downregulated SOX11 expression (supplemental Fig-
ure 10), consistent with involvement of EP300 in regulating
SOX11 expression. These observations warrant additional studies
into the molecular interactions between CCND1 or the CCND1/
CDK4 complex and transcriptional regulators at the SOX11
promoter.

Although ectopic expression of CCND1 can induce SOX11
expression in multiple MCL lines, SOX11 is not expressed in
a subset of t(11;14)1 MCL cases16 or in any t(11;14)1 multiple
myeloma (MM) cases.49 These observations suggest that SOX11
expression is regulated by additional factors and/or cellular
contexts. To investigate additional mechanisms of SOX11 ex-
pression, we turned to a recent study profiling the methylome of
MCL. In that study, Queirós et al26 found a potential SOX11
regulatory element 675 kb downstream of the SOX11 gene that
was hypomethylated and associated with the active enhancer
mark H3K27ac in SOX111, but not in SOX112, MCL cells. We
then examined the transcription factors that are associated with
this putative enhancer, as previously reported by the ENCODE
project.36 Among factors that bind to this enhancer, we focused
on STAT3 as a potential repressor of SOX11, because STAT3 is
important for post–germinal center B-cell differentiation,37

a commonly recognized phenotype of SOX112 MCL.16,19 In-
deed, our data revealed that STAT3 is recruited to both SOX11
gene and enhancer loci and functions as a transcriptional re-
pressor in multiple MCL lines, including JEKO-1, GRANTA-519,
and MAVER-1. Our findings are consistent with previous reports
that showed constitutively active STAT3 in a majority (70%) of
indolent leukemic MCL cases,50 which do not express SOX11.16

As mentioned, t(11;14)1 MM is another example of the inverse
correlation of STAT3 activation and SOX11 expression, because
a majority of MM cases show constitutive activation of STAT3.51

Our data, however, do not exclude additional mechanisms of
SOX11 regulation, because nonconcordant cases do exist, in-
cluding JEKO-1,MCL #15 andMCL #24 (pY705 STAT31, SOX111),
and MCL #11 (pY705 STAT32, SOX112). Similarly, although
AZD1480 effectively reduced pY705 STAT3 levels in JVM-2 cells,
little SOX11 induction was observed, implicating a repressive
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mechanism other than pY705 STAT3 (supplemental Figure 6A).
The Epstein-Barr virus–positive status of JVM-2 cells unlikely
contributed to the lack of AZD1480-induced SOX11 expression,
because Epstein-Barr virus–positive GRANTA-519 cells readily upre-
gulated SOX11 expression after STAT3 inhibition (Figure 5E-F; sup-
plemental Figure 6B). It is possible that mutations affecting SOX11
transcriptional machinery exist in MCL cells with little STAT3 activity.

In support of this notion, many MCL tumors, including JVM-2
cells, were found to harbor frameshift mutations52-54 that affect
mixed-lineage leukemia genesMLL2 and/orMLL4, which encode
enzymes that methylate H3K4 and positively regulate gene
transcription.55 Confirmation of these mutations and elucidation
of the underlying mechanisms that regulate SOX11 expression
are therefore warranted. In addition, potential crosstalk between
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CCND1 and STAT3, which has been observed in other systems,
may provide additional clues to understand SOX11 regulation.
For example, overexpression of a constitutively active form of
STAT3 in HEK-293T cells56 or of a dominant-negative variant of
STAT3 in mouse NIH-3T3 cells57 directly activated or inhibited
CCND1 promoter activity, respectively. Interestingly, CCND1 was
also found to repress STAT3 activation in HepG2 cells.58 Therefore,
investigating how such crosstalk influences SOX11expression in the
context of MCL will be needed to further improve our un-
derstanding of complex SOX11 regulation.

Our findings have implications for a better understanding of the
2 clinically distinct MCL subtypes (ie, typical and indolent MCLs).
We believe that the previously described post–germinal center

phenotype of SOX112 indolent MCL16,19 could be related to
upregulated STAT3 activity. In contrast, MCLs that initially express
high levels of CCND1 and SOX11 are likely prevented from
plasmacytic differentiation, possibly because of SOX11-mediated
PAX5 upregulation,19 and thus have low STAT3 activity. Our data
also have implications for the development of new treatment
strategies for MCL. Although CCND1 and SOX11 are promising
therapeutic targets, pharmacological inhibitors of these molecules
are currently not available. In contrast, despite the availability of
small-molecule inhibitors for HDAC1 and HDAC2 or STAT3 sig-
naling, targeting these molecules would not be beneficial for MCL
patients because of the undesired effect of increasing SOX11
levels. Indeed, clinical studies in MCL using vorinostat as a single
agent have shown very modest activity to date. For example,
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Kirschbaum et al59 found that none of 9 MCL patients responded
to vorinostat. Similarly, Ogura et al60 showed that vorinostat had no
effect on the overall survival of all 4 enrolled MCL patients. Al-
though the efficacy of STAT3 inhibition remains unclear from
1 study with limited MCL patient enrollment,61 the present study
indicates that STAT3maynot be an ideal target inMCLbecause of
its negative role in SOX11 regulation. Instead, our data advocate
for additional studies that target the regulatory mechanisms
of SOX11 to reduce SOX11 levels and potentially differentiate
aggressive MCL tumors to an indolent phenotype. In support
of this notion, we showed that IL-21, a potent plasma cell–
inducing cytokine,62 effectively upregulated STAT3 activity,
leading to reduced SOX11 levels and viability in SOX111 MCL
cells. Our data are thus consistent with previous studies that
showed IL-21–mediated toxicity in MCL through an STAT3-
dependent mechanism.63,64 However, IL-21 susceptibility seems
limited to MCL cell lines with low or negative STAT3 activity,
because pY705 STAT3high MCL cells are resistant to IL-21 treat-
ment. Thus, our results also reveal pY705 STAT3 as a potential
biomarker for IL-21–based therapy.

In summary, we have demonstrated that CCND1 and STAT3 play
key roles in regulating SOX11 expression. CCND1 binds to
and reduces recruitment of HDAC1 and HDAC2 to the SOX11
promoter, leading to increased histone acetylation and
SOX11 transcription. In contrast, STAT3 directly interacts with the
SOX11 gene locus and its enhancer and functions as a tran-
scriptional repressor. These findings have implications for our
understanding of SOX11 deregulation in MCL and may have
therapeutic potential for MCL patients.
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35. Pérez-Galán P, Mora-Jensen H, Weniger MA,
et al. Bortezomib resistance in mantle cell

lymphoma is associated with plasmacytic
differentiation. Blood. 2011;117(2):542-552.

36. ENCODE Project Consortium. An integrated
encyclopedia of DNA elements in the human
genome. Nature. 2012;489(7414):57-74.

37. Avery DT, Deenick EK, Ma CS, et al. B cell-
intrinsic signaling through IL-21 receptor and
STAT3 is required for establishing long-lived
antibody responses in humans. J Exp Med.
2010;207(1):155-171.

38. Hedvat M, Huszar D, Herrmann A, et al. The
JAK2 inhibitor AZD1480 potently blocks Stat3
signaling and oncogenesis in solid tumors.
Cancer Cell. 2009;16(6):487-497.

39. Zeng R, Spolski R, Casas E, Zhu W, Levy DE,
Leonard WJ. The molecular basis of IL-21-
mediated proliferation. Blood. 2007;109(10):
4135-4142.

40. Hillion J, Dhara S, Sumter TF, et al. The high-
mobility group A1a/signal transducer and
activator of transcription-3 axis: an achilles
heel for hematopoietic malignancies? Cancer
Res. 2008;68(24):10121-10127.

41. Levy DE, Darnell JE Jr. Stats: transcriptional
control and biological impact. Nat Rev Mol
Cell Biol. 2002;3(9):651-662.

42. Bienvenu F, Jirawatnotai S, Elias JE, et al.
Transcriptional role of cyclin D1 in de-
velopment revealed by a genetic-proteomic
screen. Nature. 2010;463(7279):374-378.

43. FuM, RaoM, Bouras T, et al. Cyclin D1 inhibits
peroxisome proliferator-activated receptor
gamma-mediated adipogenesis through his-
tone deacetylase recruitment. J Biol Chem.
2005;280(17):16934-16941.

44. Di LJ, Fernandez AG, De Siervi A, Longo DL,
Gardner K. Transcriptional regulation of
BRCA1 expression by a metabolic switch. Nat
Struct Mol Biol. 2010;17(12):1406-1413.

45. Harb K, Magrinelli E, Nicolas CS, et al. Area-
specific development of distinct projection
neuron subclasses is regulated by postnatal
epigenetic modifications. eLife. 2016;5:e09531.

46. Fu M, Wang C, Rao M, et al. Cyclin D1
represses p300 transactivation through
a cyclin-dependent kinase-independent
mechanism. J Biol Chem. 2005;280(33):
29728-29742.

47. Reutens AT, Fu M, Wang C, et al. Cyclin D1
binds the androgen receptor and regulates
hormone-dependent signaling in a p300/
CBP-associated factor (P/CAF)-dependent
manner. Mol Endocrinol. 2001;15(5):797-811.

48. Lee Y, Dominy JE, Choi YJ, et al. Cyclin
D1-Cdk4 controls glucose metabolism in-
dependently of cell cycle progression.Nature.
2014;510(7506):547-551.

49. Chen YH, Gao J, Fan G, Peterson LC. Nuclear
expression of sox11 is highly associated with
mantle cell lymphoma but is independent of
t(11;14)(q13;q32) in non-mantle cell B-cell
neoplasms. Mod Pathol. 2010;23(1):105-112.

50. Baran-Marszak F, Boukhiar M, Harel S, et al.
Constitutive and B-cell receptor-induced ac-
tivation of STAT3 are important signaling
pathways targeted by bortezomib in leukemic

mantle cell lymphoma. Haematologica. 2010;
95(11):1865-1872.

51. Catlett-Falcone R, Landowski TH, Oshiro MM,
et al. Constitutive activation of Stat3 signaling
confers resistance to apoptosis in humanU266
myeloma cells. Immunity. 1999;10(1):105-115.

52. Rahal R, Frick M, Romero R, et al.
Pharmacological and genomic profiling
identifies NF-kB-targeted treatment strate-
gies for mantle cell lymphoma. Nat Med.
2014;20(1):87-92.
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