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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is associated with pronounced fibrosis that contributes
to chemoresistance, in part, through increased histone acetylation. Since bromodomain (BRD) and
extra terminal domain (BET) proteins are ‘readers’ of histone acetylation marks, we targeted BET
proteins in PDAC cells grown in three-dimensional collagen. We show that treatment with BET
inhibitors decreases growth of PDAC cells (AsPC1, CD18 and Pancl) in collagen. Transfection
with siRNA against BRD4, which is increased in human PDAC tumors, also decreases growth of
PDAC cells. BET inhibitors additionally decrease growth in collagen of PDAC cells that have
undergone epithelial-to-mesenchymal transition or have become resistant to chemotherapy.
Although BET inhibitors and BRD4 siRNA repress c-MYC only in AsPC1 and CD18 cells,
downregulating c-MYC decreases growth of all three PDAC cell lines in collagen. FOSL1, which
is also targeted by BET inhibitors and BRD4 siRNA in AsPC1, CD18 and Pancl cells,
additionally regulates growth of all three PDAC cell lines in collagen. BET inhibitors and BRD4
SiRNA repress HMGAZ2, an architectural protein that modulates chromatin state and also
contributes to chemoresistance, in PDAC cells grown in collagen. Importantly, we show that there
is a statistically significant correlation between BRD4 and HMGAZ2 in human PDAC tumors.
Significantly, overexpression of HMGAZ partially mitigates the effect of BET inhibitors on
growth and c-MYC and/or FOSL1 expression in collagen. Overall, these results demonstrate that
BET inhibitors block growth of PDAC cells in collagen and that BET proteins may be potential
targets for the treatment of pancreatic cancer.
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INTRODUCTION

The prognosis of patients diagnosed with pancreatic ductal adenocarcinoma (PDAC)
continues to remain abysmal. Patients presenting with metastases have a median survival of
~6 months, while patients who undergo resection of their localized disease have a median
survival of ~17-22 months (1, 2). These dismal outcomes are attributed to the fact that
PDAC is a highly chemoresistant cancer, in part, due to concurrent activation of multiple
signaling pathways that limit the efficacy of current therapies (3, 4). In addition, both
primary tumors and distant metastases exhibit pronounced fibrosis (5, 6), which limits the
delivery of chemotherapy to cancer cells and also activates signaling pathways that mitigate
the effects of chemotherapy (7-9). Previously, we reported that collagen induces PDAC
expression of high mobility group A2 (HMGAZ2), an architectural protein that regulates
chromatin structure (10, 11), to attenuate the effects of chemotherapy (7). Recently, we have
shown that PDAC cells in three-dimensional collagen through HMGAZ2 upregulate histone
acetyltransferase (HAT) expression to attenuate the effect of chemotherapy (12). Moreover,
we have shown that areas of fibrosis in human PDAC tumors are associated with increased
acetylation (12), suggesting that epigenetic changes contribute to chemotherapy resistance in
human PDAC tumors as well.

Although there has been increasing interest in targeting epigenetic changes to overcome
chemotherapy resistance of PDAC tumors, inhibitors of histone deacetylases (HDACsS;
‘erasers’ of chromatin marks) have demonstrated limited success against solid tumors in
clinical trials (13, 14). PDAC patients treated with the HDAC inhibitor C1-994 with
chemotherapy did not demonstrate increased response compared to chemotherapy alone
(15). In contrast to HDAC inhibitors (13, 14), only a limited number of HAT (‘writers’ of
chromatin marks) inhibitors have been developed (16). The clinical utility of HAT inhibitors
has been limited due to low metabolic stability or poor cellular permeability (16, 17).
Recently, there has been increasing interest in targeting ‘readers’ of histone acetylation, in
particular members of bromodomain (BRD) and extra terminal domain (BET) family of
proteins, in a number of different cancer types (18-22).

BET proteins, which include BRD2, BRD3, BRD4 and the testis specific BRDT, are
important ‘reader’ molecules that bind to acetylated histones and regulate transcription of
genes involved in growth, fibrosis, inflammation and cancer (18-23). A number of selective
inhibitors of BET proteins [e.g., JQ1 and I-BET151 (22, 24)] have been developed that
compete with the acetyl-binding pockets of BRD proteins (22, 25). These compounds
potently inhibit growth of leukemia and lymphoma cell lines (20, 21), mainly through
repression of c-MYC and downstream transcriptional targets (20, 21). They have also been
shown to inhibit growth of glioblastoma and neuroblastoma cell lines through MYC
suppression (18, 26). However, in lung cancer cells, the effects of JQ1 on cell growth
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occurred through repression of the oncogenic transcription factor FOS-like antigen 1
(FOSL1) rather than through c-MYC repression (19).

In this report, we examined the role of BET proteins in pancreatic cancer. We show that
BET inhibitors decrease growth in three-dimensional collagen of AsPC1, CD18 and Pancl
cells, including PDAC cells that have undergone epithelial-to-mesenchymal transition or
have become resistant to chemotherapy. Although BET inhibitors decrease c-MYC only in
AsPC1 and CD18 cells, downregulating c-MYC decreases growth of all three PDAC cell
lines in three-dimensional collagen. FOSL1, which is also targeted by BET inhibitors in
AsPC1, CD18 and Pancl cells, also regulates growth of all three PDAC cell lines in three-
dimensional collagen. Significantly, BET inhibitors repress HMGAZ2 levels in all three
PDAC cell lines grown in three-dimensional collagen. Importantly, overexpression of
HMGAZ2 partially mitigates the effect of BET inhibitors on growth and c-MYC and/or
FOSL1 expression. Overall, these results demonstrate that BET inhibitors block growth of
PDAC cells in three-dimensional collagen and that BET inhibitors may be potential
therapeutic agents for the treatment of pancreatic cancer.

MATERIALS AND METHODS

Chemicals/Reagents

Cell culture

General tissue culture materials were obtained from VWR International. Antibodies against
Snail and BRD4 were obtained from Abcam. Antibodies against c-MYC, p21 and FOSL1
were purchased from Cell Signaling, HMGAZ2 antibody was from Biocheck Inc, while
vimentin antibody was from Abcam. Alpha-tubulin antibody was obtained from Santa Cruz,
while E-cadherin antibody was from BD Bioscience. Secondary antibodies were purchased
from Sigma. The EZ-Chip and EZ-Zyme Chromatin Prep kits were from Millipore. The
anti-BRD4 antibody for ChIP assay was purchased from Bethyl Laboratories, while the anti-
RNA polymerase Il antibody and control IgG antibody were from Millipore. BET inhibitor
JQ1 was obtained from BPS Bioscience, while I-BET151 was acquired from Tocris
Bioscience. BRD4, c-MYC, and FOSL1 siRNAs were purchased from Life Technologies.

AsPC1, CD18/HPAF-II and Pancl cells were obtained from American Type Culture
Collection (ATCC; Manassas, VA) in 2008. AsPC1 and Panc1 cells were last authenticated
by STR profiling at the Johns Hopkins Genetic Resources Core Facility in 2010, while
CD18 cells were authenticated by STR profiling in 2013. Cells were maintained in DMEM
containing 10% FBS and antibiotics (100 U/ml Penicillin and 100 ug/ml Streptomycin).

AsPC1 and CD18 cells expressing Snail were generated by the Munshi Lab as detailed
previously (27). Similarly, CD18 and Panc1 cells expressing HMGAZ2 were created by the
Munshi Lab as previously described (7). AsPC1-vector, AsPC1-Snail, CD18-vector, and
CD18-Snail cells have not been previously authenticated.

Chemoresistant CD18 (CD18-CR) cells were generated by treating parental CD18 (CD18-P)
cells with increasing concentration of 5-fluorouracil (5-FU) over a period of 3 months. The
surviving cells were maintained in 10 uM concentration of 5-FU. CD18-P and CD18-CR
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cells were authenticated by STR profiling at the Johns Hopkins Genetic Resources Core
Facility in 2013.

Embedding and examination of cells in three-dimensional type | collagen gels

Collagen mixture (2 mg/mL) was made by adding the appropriate volumes of sterile water,
10X DMEM and NaOH and kept on ice until needed (27). Cells were then suspended in the
collagen solution and allowed to gel at 37°C. For RNA extraction, the gel containing cells
was processed using RNeasy extraction kit (Qiagen) and then processed for qRT-PCR
analysis. For morphological examination of cells, cell colonies in three-dimensional
collagen were examined using a Zeiss Axiovert 40 CFL microscope and pictures taken with
a Nikon Coolpix 4500 camera (27). The relative size of individual colonies was measured
using Photoshop.

Transfection

Cells were transfected with siRNA against BRD4, c-MYC, FOSL1 or control siRNA using
RNAimax (Invitrogen) according to manufacturer’s instructions before plating into collagen.

Quantitative Real Time-PCR analysis

Quantitative gene expression was performed with gene specific Tagman probes, TagMan
Universal PCR Master Mix and the 7500 Fast Real-time PCR System from Applied
Biosystems. The data were then quantified with the comparative Ct method for relative
gene expression.

Oncomine Analysis

The relative expression of BRD2, BRD3, BRD4 and BRDT was determined by searching
the publicly accessible Oncomine database version 4.4.3.

Human PDAC tissue analysis
Pancreatic tissue was obtained from patients with pancreatic adenocarcinoma on an IRB-
approved protocol. Using de-identified human pancreatic tissue specimens, RNA was
isolated from human PDAC tumors previously stored in RNAlater and analyzed by qRT-
PCR (7, 27).

Immunoblotting

Immunoblotting for Snail, E-cadherin, vimentin, BRD4, c-MYC, FOSL1, HMGAZ2 and a-
tubulin was done as previously described (27).

Chromatin Immunoprecipitation

Pancl cells treated with DMSO or JQ1 for 24 hours were treated with formaldehyde to
create DNA-protein cross-links. Chromatin fragments were prepared using EZ-Zyme
Chromatin Prep kit and then ChIP performed using the EZ ChlIP kit and anti-BRD4 antibody
or anti-RNA polymerase Il antibody. Purified DNA was then analyzed by PCR using
primers specific for c-MYC or FOSL1 locus (28, 29), and the PCR products visualized on a
2%-agarose gel.
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Statistical analysis

RESULTS

All statistical analyses were done using Microsoft Excel or GraphPad Instat.

Decreased BET bromodomain activity inhibits growth of PDAC cells in three-dimensional

collagen

Recently, small molecule inhibitors have been developed to specifically block BET
bromodomain (22, 25). As one of the hallmarks of PDAC is a pronounced fibrotic tumor
microenvironment (5, 6), we determined the effect of the highly specific BET bromodomain
inhibitor JQ1 on PDAC cells grown in three-dimensional collagen. AsPC1, CD18 and Pancl
cells grown in three-dimensional collagen were treated with JQ1 every other day for 7 days
and the effect on colony size was measured. As shown in Fig. 1A, treatment with JQ1
decreased the growth of all 3 cell lines, with AsSPC1 and CD18 cells being more sensitive to
growth inhibition than Pancl (Fig. 1B). I-BET151, another highly specific BET
bromodomain inhibitor (22, 25), also decreased the growth of all 3 PDAC cell lines in three-
dimensional collagen (Supplementary Fig. S1). Since expression of BRD4, and not BRD2,
BRD3 or BRDT, is increased in human pancreatic tumors relative to normal tissue in the
Oncomine database (30-33), we also evaluated the role of BRD4 in regulating growth in
three-dimensional collagen using siRNA against BRD4. The siRNA specific for BRD4
successfully knocked down BRDA4 expression (Fig. 1C), and decreased the growth of
AsPC1, CD18 and Pancl cells in three-dimensional collagen (Figs. 1D,E).

JQ1 decreases growth of PDAC cells that have undergone epithelial-to-mesenchymal
transition (EMT)

It is being increasingly recognized that cells that have undergone EMT are resistant to
standard chemotherapy (34, 35). Snail, one of the key regulators of EMT (27), is associated
with metastasis in human PDAC tumors (36, 37). Thus, we evaluated the effect of JQ1 on
CD18 cells that were made to undergo EMT following Snail overexpression. Consistent
with previous characterization of cells that have undergone EMT (34, 38), expression of
Snail in CD18 cells decreased E-cadherin protein and mRNA expression and increased
vimentin mRNA levels (Fig. 2A). Compared to CD18-vector cells that have an epithelial-
like cobblestone appearance CD18-Snail cells demonstrate a scattered mesenchymal-like
phenotype (Fig. 2A). Importantly, treatment with JQ1 (Figs. 2B,C) and I-BET151
(Supplementary Fig. S2) decreased the growth of both CD18-vector and CD18-Snail cells
grown in three-dimensional collagen equally. JQ1 and I-BET151 also equally decreased
growth of AsPC1-Snail cells in three-dimensional collagen compared to AsPC1-vector cells
(Supplementary Fig. S3). These results indicate that BET bromodomain inhibitors are
effective against epithelial cells as well as against cells that have undergone EMT.

JQ1 equally decreases growth of chemoresistant PDAC cells in three-dimensional

collagen

Previous studies have found that cells that have become resistant to standard chemotherapy
demonstrate evidence of EMT (39, 40). In order to investigate whether JQ1 was able to limit
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the growth of chemoresistant PDAC cells, CD18 cells were treated with increasing
concentration of 5-FU to create CD18-CR cells. Consistent with previous findings (39, 40),
CD18-CR cells show a pronounced mesenchymal phenotype, with reduced E-cadherin and
increased vimentin expression (Fig. 2D). Although CD18-CR cells do not show a significant
increase in Snail expression (data not shown), CD18-CR cells have increased levels of ZEB1
(Fig. 2D), another well-known regulator of EMT (34). Similar to its effect on CD18-Snail
cells, treatment with JQ1 (Figs. 2E,F) and I-BET151 (Supplementary Fig. S4) decreased the
growth of CD18-CR cells in three-dimensional collagen. These results indicate that the BET
bromodomain inhibitors are also effective against cells that have become resistant to
standard chemotherapy.

BET proteins regulate expression of c-MYC in AsPC1 and CD18 cells, but not in Pancl

cells

As BET bromodomain inhibitors can repress c-MY C expression (20, 21), we evaluated the
effect of BET protein inhibition on c-MYC levels in PDAC cells grown in three-dimensional
collagen. Treatment with JQ1 (Fig. 3A) and I-BET151 (Supplementary Fig. S5A) for 48
hours decreased c-MYC mRNA levels in AsPC1 and CD18 cells, but not in Pancl cells.
Significantly, the c-MYC mRNA levels in AsPC1 and CD18 cells were repressed within 8
hours of treatment with JQ1 (Supplementary Fig. S5B). Importantly, BET inhibitors also
decreased c-MYC levels in cells that have undergone EMT and in PDAC cells that have
become resistant to chemotherapy (Supplementary Fig. S5C,D). Treatment with JQ1 also
decreased c-MYC protein levels in AsPC1 and CD18 cells, but had minimal effect in Pancl
cells (Fig. 3B). Although treatment with JQ1 did not affect p21 protein levels in AsPC1
cells, JQ1 increased p21 protein levels in CD18 and Pancl cells (Fig. 3B). We also
evaluated the effect of sSiIRNA against BRD4 on c-MYC levels in PDAC cells. Similar to the
findings with JQ1 and I-BET151 treatment, transfection with SiRNA against BRD4
decreased c-MYC levels in AsPC1 and CD18 cells, but not in Pancl cells (Fig. 3C). To
determine to what extent BRD4 may regulate c-MYC in human PDAC tumors, we evaluated
the relationship between BRD4 and c-MYC expression in human PDAC tumor samples. As
shown in Fig. 3D, c-MYC levels significantly correlate with BRD4 levels in human PDAC
tumor samples (n=15, r=0.78, p=0.0006).

c-MYC regulates growth of AsPC1, CD18 and Pancl cells in three-dimensional collagen

Since JQ1 did not affect c-MYC levels in Pancl cells (Fig. 3A) but decreased growth of
Panc1 cells in three-dimensional collagen (Fig. 1), we evaluated to what extent suppression
of c-MYC was sufficient to inhibit growth of PDAC cells. Knockdown of c-MYC decreased
growth of all three PDAC cell lines in three-dimensional collagen (Fig. 3E,F). Even though
c-MYC is able to regulate growth of Pancl cells in three-dimensional collagen, the lack of
effect of JQ1 on c-MYC levels indicates that the inhibitory effect of JQ1 on Pancl cells
must involve additional targets of BET inhibitors.

FOSL1 regulates growth of AsPC1, CD18 and Pancl cells in three-dimensional collagen

It has been shown that the oncogenic transcription factor FOSL1 is a target of JQ1 in lung
cancer cells (19). Thus, we determined to what extent BET protein inhibition in PDAC cells
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affected FOSL1 levels. Treatment with JQ1 (Fig. 4A), I-BET151 (Supplementary Fig. S6A)
or transfection with BRD4 siRNA (Supplementary Fig. S6B) decreased FOSL1 in PDAC
cells, including in Pancl cells. Significantly, the FOSL1 mRNA levels in PDAC cells were
repressed within 8 hours of treatment with JQ1 (Supplementary Fig. S6C). We next
evaluated to what extent SiRNA against FOSL1 (Fig. 4B) attenuated growth of PDAC cells
in three-dimensional collagen. As shown in Figs. 4C and 4D, FOSL1 siRNA decreased the
growth of AsPC1, CD18 and Pancl cells. These results suggest that BET protein inhibition
may also decrease growth of PDAC cells through modulation of FOSL1 expression.

Targeting BET bromodomain decreases high mobility group A2 (HMGAZ2) levels in PDAC

cells

We have previously shown that expression of HMGAZ2, an architectural protein that
modulates chromatin state, is induced when PDAC cells are grown in three-dimensional
collagen (7, 12). Significantly, we demonstrated that HMGAZ2 could overcome the effects of
gemcitabine in three-dimensional collagen (7, 12). Thus, we determined whether BET
protein inhibition affected HMGAZ levels in PDAC cells. AsPC1, CD18 and Pancl cells in
three-dimensional collagen were treated with JQ1 and the effect on HMGAZ2 levels was
determined. Treatment with JQ1 decreased HMGAZ2 levels in PDAC cells at both protein
and mRNA levels (Figs. 5A and 5B). Similar to the findings with JQ1 treatment,
transfection with BRD4 siRNA decreased HMGAZ levels in AsPC1, CD18 and Pancl cells
(Fig. 5C). To determine to what extent BRD4 may regulate HMGAZ2 in human PDAC
tumors, we evaluated the relationship between BRD4 and HMGAZ2 expression in human
PDAC tumor samples. As shown in Fig. 5D, HMGA2 levels significantly correlate with
BRD4 levels in human PDAC tumor samples (n=21, r=0.52, p=0.02). These results suggest
that the in vivo effects of BET bromodomain proteins may, in part, also be mediated through
regulation of HMGAZ2 expression.

Overexpression of HMGA2 partly mitigates the effects of JQ1 on growth and c-MYC and
FOSL1 expression

To determine the extent to which HMGA2 modulates the effect of JQ1 in collagen, we
generated CD18 and Pancl cells overexpressing HMGAZ2 (Fig. 6A). Initially, we examined
the effect of HMGAZ2 overexpression on JQ1-mediated repression of growth in three-
dimensional collagen. CD18-Vector, CD18-HMGAZ2, Pancl-Vector and Pancl-HMGA2
cells in three-dimensional collagen were treated with low levels of JQ1 for 7 day.
Overexpression of HMGAZ2 in CD18 cells partly mitigated the effect of BET bromodomain
inhibition at 0.125 uM concentration of JQ1; however, JQ1 at the 0.25 uM concentration
overwhelmed the protective effects of HMGAZ2 (Fig. 6B,C). HMGAZ2 overexpression in
Pancl cells also partly mitigated the effects of BET bromodomain inhibition at 0.25 uM
concentration of JQ1 (Fig. 6B,C); however, JQ1 at the 0.5 uM concentration overwhelmed
the protective effects of HMGAZ in Pancl cells (data not shown). These results indicate that
HMGAZ2 overexpression can partly protect PDAC cells from the effects of JQ1 in three-
dimensional collagen.

Since we have found that c-MYC and FOSL1 regulate growth of these cells in three-
dimensional collagen (Figs. 3 and 4), we next evaluated the effect of HMGA2
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overexpression on JQ1-mediated changes in c-MYC and FOSL1. As shown previously in
Fig. 3A, treatment of CD18-Vector cells with JQ1 decreased c-MYC mRNA levels (Fig. 6D,
left). Importantly, the suppressive effect of JQ1 on c-MYC levels was mitigated in CD18-
HMGAZ2 cells compared to CD18-Vector cells. Consistently with our findings in Fig. 4,
treatment of CD18-Vector cells with JQ1 decreased FOSL1 levels (Fig. 6D, right).
Significantly, HMGAZ2 overexpression not only increased FOSL1 levels, but co-treatment
with JQ1 resulted in even further increase in FOS_1 levels in CD18 cells. Similarly, we
examined the effect of HMGAZ2 overexpression on JQ1-mediated changes in c-MYC and
FOSL1 levels in Pancl cells. Although JQ1 did not affect c-MYC mRNA in Pancl-Vector
cells (Fig. 6E left and Fig. 3A), treatment of Panc1-HMGA2 cells with JQ1 increased c-
MYC levels by ~1.7-fold compared to Panc1-Vector cells treated with JQ1. As shown
previously in Fig. 4, treatment of Panc1-Vector cells with JQ1 decreased FOSL1 levels (Fig.
6E, right). Importantly, HMGAZ2 overexpression increased FOS.1 levels and partially
reversed the effects of JQ1 on FOSL1 levels in Pancl cells.

DISCUSSION

Recently, there has been an increasing interest in understanding the contribution of
epigenetic changes to cancer development and how best to target these epigenetic changes
(18-22). It is now well-established that pancreatic cancer is associated with epigenetic
changes resulting, in part, from alteration in histone methylation and acetylation (41, 42).
Previously, we have shown that the collagen microenvironment, which is particularly
pronounced in human PDAC tumors (5), contributes to pancreatic cancer progression
through epigenetic changes (7, 12). We have reported that there is increased histone
acetylation in areas of fibrosis in human PDAC tumors and that PDAC cells grown in three-
dimensional collagen demonstrate increased histone acetylation (12). Significantly, we
demonstrated that targeting HATSs (“writers’ of chromatin marks) with siRNA sensitizes
PDAC cells grown in three-dimensional collagen to chemotherapy (12); however, HAT
inhibitors have had limited clinical success because of low metabolic stability and/or poor
cellular permeability (16, 17). In this report, we show that targeting ‘readers’ of histone
acetylation marks instead could be an effective strategy in the treatment of pancreatic
cancer. We show that BET bromodomain inhibitors and siRNA against BRD4, which is
increased in human tumors compared to adjacent normal tissue (30-33), block growth of
PDAC cells in three-dimensional collagen.

Our data suggest that BET proteins mediate some of the effects of epigenetic changes
observed in PDAC cells, including in PDAC cells that have undergone EMT. Significantly,
it has been demonstrated that there are profound epigenetic changes associated with EMT
(43, 44). For example, there is increased H3K9 acetylation in breast cancer cells following
Snail-driven EMT (44). Furthermore, cells that have undergone EMT can demonstrate stem-
cell like properties (34, 35), and it was recently shown that BET inhibitors could eliminate
stem- and progenitor-cells in acute leukemia (45). Here, we show that the BET inhibitors are
equally effective against cells that have undergone EMT induced either by expression of
Snail transcription factor or by selecting cells that have become resistant to chemotherapy.
Additionally, we show that the BET inhibitors block growth of chemoresistant PDAC cells
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equally as well as parental cells, suggesting that the BET inhibitors may have efficacy
against pancreatic cancer stem cells.

Mechanistically, it has been shown that a significant effect of BET bromodomain inhibitors
is through repression of MY C expression. BET bromodomain inhibitors repress MYC in
leukemia, lymphoma, neuroblastoma and glioblastoma cell lines (18, 20, 21, 26). However,
overexpression of c-MYC in glioblastoma and leukemia cells failed to overcome the effects
of JQ1 treatment, suggesting that BET bromodomain inhibitors can have both c-MY C-
dependent and c-MY C-independent effects (20, 26). We have found that neither JQ1 nor
BRD4 siRNA represses c-MYC levels in Pancl cells, even though both JQ1 and BRD4
siRNA block growth of Pancl cells in three-dimensional collagen, suggesting that the
effects of JQ1 in Pancl cells are independent of c-MYC. This was also found to be the case
with a number of lung cancer cell lines that were sensitive to the effects of JQ1, but showed
no repression of c-MY C following JQ1 treatment (19). Instead, the effect of JQ1 in lung
cancer cells was mediated by FOSL1 repression (19). We also show that JQ1 and BRD4
SiRNA can repress FOS.1 in PDAC cells and that FOSL1 siRNA blocks growth of these
cells in three-dimensional collagen. However, as with c-MYC overexpression in
glioblastoma and leukemia cells (20, 26), FOSL1 overexpression in lung cancer cells was
also not sufficient to overcome the effects of JQ1 (19).

Our findings suggest that the differential effect of JQ1 on FOSL1 and c-MYC mRNAS is not
due to failure of JQ1 to block BRD4 binding to the c-MYC locus in Pancl cells. We have
found that JQ1 in fact decreases the recruitment of BRD4 at both the c-MYC and the FOSL1
loci (Supplementary Fig. S7A). However, in contrast to the effect of JQ1 blocking
recruitment of RNA polymerase Il to the FOSL1 locus, JQ1 does not block recruitment of
RNA polymerase Il to the c-MYC locus in Pancl cells (Supplementary Fig. S7B). These
findings are consistent with a recent report showing that JQ1 decreases BRD4 occupancy on
the c-MY C locus not only in the JQ1-sensitive cells — cells that show c-MYC mRNA
repression following JQ1 treatment — but also in the JQ1-insensitive cells (46). JQ1 blocked
BRD4 recruitment to the c-MY C locus even in cells that did not demonstrate any changes in
c-MYC mRNA following JQ1 treatment (46). However, in contrast to JQ1-sensitive cells,
JQ1 did not decrease occupancy of polymerase Il on the c-MYC locus in JQ1-insensitive
cells (46), indicating that in the JQ1-insensitive cells a BRD4-independent mechanism
functions to regulate c-MYC transcription.

We also show in this report that JQ1 and BRD4 siRNA can additionally repress HMGAZ2, an
architectural protein that we have identified previously to mediate chemoresistance in
pancreatic cancer cells (7, 12). Significantly, we demonstrate that HMGAZ2 overexpression
can partially reverse the inhibitory effects of JQ1 on growth of PDAC cells in three-
dimensional collagen. Moreover, HMGA2 overexpression can partially reverse the
repressive effects of JQ1 on c-MYC and/or FOS_1. Given that HMGA2 can act as a global
chromatin switch (47), it is also possible that the ability of HMGAZ to counteract JQ1 may
be through its effect on global changes in gene expression rather than modulation of c-MYC
and/or FOSLL1. Indeed, it has been shown that HMGAZ2 can regulate > 1,000 genes, either
directly by binding to promoter sequences or indirectly through activation of signaling
pathways (47, 48). Although it is beyond the scope of this study, we plan in future studies to
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examine the effect of HMGAZ2 overexpression on changes in global gene expression
following JQ1 treatment.

Finally, it was recently shown that MY C inhibition in transgenic mouse models was
sufficient to eradicate K-Ras driven lung cancers (49). Since >90-95% of human pancreatic
cancers have mutant K-Ras (3, 50), which has been challenging to directly target (51, 52),
one way to mitigate the effects of mutant K-Ras in pancreatic cancer could be by blocking
MY C expression using BET inhibitors. Importantly, these inhibitors cause minimal toxicity
to normal mouse tissue (20, 22), likely due to disruption by BET inhibitors of oncogene-
driven super-enhancers that are present in malignant cells and absent in normal cells (53,
54). Since there is increasing interest in developing BET inhibitors for human studies (22,
25), it will be important to examine the efficacy of JQ1 and related compounds in transgenic
mouse models of pancreatic cancer, and ultimately in patients with pancreatic cancer.
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Figure 1. Decreased BET bromodomain activity inhibits growth of PDAC cells in three-
dimensional collagen

A, B. AsPC1, CD18 and Pancl cells were grown in three-dimensional collagen gels and
fresh serum-containing medium supplemented with DMSO or JQ1 was added every other
day for 7 days. The effect on colony size was examined by phase contrast microscopy (A),
and size of the individual colonies measured (B). C-E. PDAC cells were transfected with
control siRNA (siCtrl) or BRD4-specific siRNAs (siBRD4), allowed to recover for 48
hours, and then plated in collagen gels. The specific knockdown of BRD4 was determined
by gRT-PCR using GAPDH as normalization control and by Western blotting using a-
tubulin as loading control (C). The effect on colony size in three-dimensional collagen was
examined by phase contrast microscopy (D), and size of the individual colonies measured
(E). The results are representative of at least three independent experiments. *, p < 0.05.
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Figure 2. JQ1 decreases growth of PDAC cells that have undergone epithelial-to-mesenchymal
transition (EMT)
A-C. Lysates from CD18-Vector and CD18-Snail cells were analyzed for Snail, E-cadherin

and vimentin by Western blotting, and the effect on E-cadherin and vimentin mRNA by
gRT-PCR (A). CD18-Vector and CD18-Snail cells growing on tissue culture plastic were
examined by phase microscopy. CD18-Vector and CD18-Snail cells were grown in three-
dimensional collagen gels and fresh serum-containing medium supplemented with DMSO or
JQ1 was added every other day for 7 days. The effect of JQ1 on colony size in three-
dimensional collagen was examined by phase contrast microscopy (B), and size of the
individual colonies measured (C). JQ1 equally decreases growth of chemoresistant
PDAC cells in three-dimensional collagen. D-F. The mRNA samples from parental CD18
(CD18-P) cells and chemo-resistant CD18 (CD18-CR) cells growing on tissue culture
plastic were analyzed for E-cadherin, vimentin and ZEB1 by qRT-PCR (D). CD18-P and
CD18-CR cells growing on tissue culture plastic were examined by phase microscopy.
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CD18-P and CD18-CR cells were grown in three-dimensional collagen gels and fresh
serum-containing medium supplemented with DMSO or JQ1 was added every other day for
7 days. The effect of JQ1 on colony size in three-dimensional collagen was examined by
phase contrast microscopy (E), and size of the individual colonies measured (F). The results
are representative of at least three independent experiments. *, p < 0.05.
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Figure 3. BET proteins regulate expression of c-MYC in AsPC1 and CD18 cells, but not in Pancl
cells

A,B. PDAC cells were grown in three-dimensional type I collagen gels in the presence of
DMSO (vehicle control), or JQ1 (0.5 uM) for 48 hours. The effect on c-MYC mRNA
expression was analyzed by gRT-PCR using GAPDH as normalization control (A). *, p <
0.05. The effect on c-MYC and p21 protein expression was analyzed by Western blotting
using a-tubulin as loading control (B). C. Effect of siBRD4 on c-MYC mRNA expression
was analyzed by qRT-PCR using GAPDH as normalization control. The results are
representative of three independent experiments. *, p < 0.05. D. De-identified PDAC
samples (n=15) were collected on an IRB-approved protocol. The samples were processed
for BRD4 and c-MYC mRNA by gRT-PCR using GAPDH and the relationship between
BRD4 and c-MYC was analyzed using Pearson correlation coefficient. c-MYC regulates
growth of AsPC1, CD18 and Pancl cells in three-dimensional collagen. E,F. PDAC cells
were transfected with control siRNA (siCtrl) or c-MY C-specific sSiRNAs (si c-MYC),
allowed to recover for 48 hours, and then plated in collagen gels. The specific knockdown of
c-MYC was determined by gRT-PCR using GAPDH as normalization control and by
Western blotting using a-tubulin as loading control (E). The effect on colony size was
examined by phase contrast microscopy, and size of the individual colonies measured (F).
The results are representative of at least three independent experiments. *, p < 0.05.
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Figure 4. FOSL1, a target of BET bromodomain inhibitor, regulates growth of PDAC cells in
three-dimensional collagen

A. PDAC cells were grown in three-dimensional type I collagen gels in the presence of
DMSO (vehicle control) or JQ1 (0.5 uM) for 48 hours. The effect on FOSL1 expression was
analyzed by gRT-PCR using GAPDH as normalization control and by Western blotting
using a-tubulin as loading control. B-D. PDAC cells were transfected with control sSiRNA
(si Ctrl) or FOSL1-specific siRNAs (si FOSL1), allowed to recover for 48 hours, and then
plated in collagen gels. The specific knockdown of FOSL1 was determined by qRT-PCR
using GAPDH as normalization control and by Western blotting using a-tubulin as loading
control (B). The effect on colony size was examined by phase contrast microscopy (C), and
size of the individual colonies measured (D).
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Figure 5. Targeting BET bromodomain decreases high mobility group A2 (HMGAZ2) levels in
PDAC cells

A,B. PDAC cells were grown in three-dimensional type I collagen gels in the presence of
DMSO (vehicle control) or JQ1 (0.5 uM) for 48 hours and the effect on HMGAZ2 expression
analyzed by Western blotting and by gRT-PCR using GAPDH as normalization control. *, p
< 0.05. C. Effect of siBRD4 on HMGA2 mRNA expression was analyzed by gRT-PCR
using GAPDH as normalization control. The results are representative of three independent
experiments. *, p < 0.05. D. De-identified PDAC samples (n=21) were obtained on an IRB-
approved protocol. The samples were processed for BRD4 and HMGA2 mRNA by gRT-
PCR using GAPDH and the relationship between BRD4 and HMGA2 was analyzed using
Pearson correlation coefficient.
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Figure 6. Overexpression of HMGAZ2 partly mitigates the effect of JQ1 on growth and c-MYC

and FOSL1 expression

A. Lysates from CD18-Vector, CD18-HMGAZ2, Pancl-Vector and Panc1l-HMGAZ cells
grown on tissue culture plastic were analyzed for HMGAZ2 by Western blotting. B,C. CD18-
Vector, CD18-HMGAZ2, Pancl-Vector and Panc1-HMGAZ2 cells were grown in three-
dimensional type | collagen gels in the presence of DMSO (vehicle control) or JQ1 for 7
days. The effect of JQ1 on colony size was examined by phase contrast microscopy (B), and
size of the individual colonies measured (C). D. CD18-Vector and CD18-HMGAZ cells
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were grown in three-dimensional type | collagen gels in the presence of DMSO (vehicle
control) or JQ1 (0.125 uM) for 48 hours and the effect on c-MYC and FOSL1 analyzed by
gRT-PCR using GAPDH as normalization control. E. Panc1-Vector and Panc1l-HMGA2
cells were grown in three-dimensional type | collagen gels in the presence of DMSO
(vehicle control) or JQ1 (0.25 uM) for 48 hours and the effect on c-MYC and FOSL1
analyzed by qRT-PCR using GAPDH as normalization control. The results are
representative of three independent experiments. *, p < 0.05. ns, not significant.
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