Brgl promotes both tumor-suppressive
and oncogenic activities at distinct stages
of pancreatic cancer formation
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Pancreatic ductal adenocarcinoma (PDA) develops predominantly through pancreatic intraepithelial neoplasia
(PanIN) and intraductal papillary mucinous neoplasm (IPMN) precursor lesions. Pancreatic acinar cells are
reprogrammed to a “ductal-like” state during PanIN-PDA formation. Here, we demonstrate a parallel mechanism
operative in mature duct cells during which functional cells undergo “ductal retrogression” to form IPMN-PDA. We
further identify critical antagonistic roles for Brahma-related gene 1 (Brgl), a catalytic subunit of the SWI/SNF
complexes, during IPMN-PDA development. In mature duct cells, Brgl inhibits the dedifferentiation that precedes
neoplastic transformation, thus attenuating tumor initiation. In contrast, Brgl promotes tumorigenesis in full-
blown PDA by supporting a mesenchymal-like transcriptional landscape. We further show that JQ1, a drug that is
currently being tested in clinical trials for hematological malignancies, impairs PDA tumorigenesis by both
mimicking some and inhibiting other Brgl-mediated functions. In summary, our study demonstrates the context-
dependent roles of Brgl and points to potential therapeutic treatment options based on epigenetic regulation in PDA.
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Pancreatic ductal adenocarcinoma (PDA) is a deadly ma-
lignancy with a 5-year survival rate of 6% (Siegel et al.
2014). Untargeted polychemotherapy is the current stan-
dard of care but is too toxic for many patients to tolerate
(Conroy et al. 2011; Ryan et al. 2014). Several novel che-
motherapy and immunotherapy clinical trials are current-
ly in progress, but conclusive evidence regarding their
effectiveness has not been established. A better character-
ization of the molecular pathogenesis of this disease is
thus essential to identify novel therapeutic approaches
and the patients most likely to benefit from them.
Oncogenic KRAS drives PDA development, which pro-
gresses through histologically and prognostically distinct
precursor lesions (Hezel et al. 2006). These lesions also
appear to have distinct cells of origin. Pancreatic intraepi-
thelial neoplasia (PanIN) lesions likely derive from exo-
crine acinar cells (Kopp et al. 2012), whereas pancreatic
duct cells (PDCs) serve as the progenitor cells for intraduc-
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tal papillary mucinous neoplasia (IPMN) (von Figura et al.
2014). Prognostically, PanIN-derived PDA is an aggressive
disease associated with an average survival of 6 mo after
diagnosis, usually due to late diagnosis. In contrast,
IPMN-derived PDA is more indolent, with a 5-year sur-
vival after surgical resection approaching 50% (Poultsides
et al. 2010; Mino-Kenudson et al. 2011; Matthaei et al.
2012). Thus, understanding the key differences in sig-
nals that regulate PanIN and IPMN formation is essential
for prognostic and predictive biomarker development
schemesthatwillin turnlead toward personalized therapy.

Loss of cellular identity, defined by decreased differenti-
ation markers and inappropriate expression of progenitor
markers, is a characteristic of PDA (Stanger and Hebrok
2013). Acinar-ductal metaplasia (ADM), a process in
which acinar cells undergo dedifferentiation toward a
duct-like state, precedes PanIN and PDA formation
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(Guerra et al. 2007; Zhu et al. 2007; De La O et al. 2008;
Habbe et al. 2008). In contrast, IPMN lesions appear to
arise from pancreatic duct but not acinar cells. We showed
previously that the Brahma-related gene 1 (Brgl; human
gene name SMARCA4), encoding the catalytic subunit
of the SWI/SNF complex in the context of oncogenic
Kras, leads to IPMN lesions and PDA (von Figura et al.
2014). Interestingly, Brgl expression is higher in IPMN-as-
sociated PDA compared with IPMN in matched patient
samples, suggesting that Brgl may serve distinct, stage-
specific roles in the pathogenesis of PDA (von Figura
et al. 2014). To address this possibility, we compared
and characterized the role of Brgl at the “early” preinva-
sive stage of the cancer (IPMN) and the “late” PDA stage
emanating from the very same precursor lesion.

We found that PDCs, like their acinar counterparts, also
undergo a dedifferentiation step to form IPMN. We further
show that Brgl has antithetical functions during pro-
gression of IPMN to PDA. While the protein functions
as a tumor suppressor early in the disease by inhibiting
dedifferentiation of PDCs, it promotes late stage PDA
progression at least in part by induction of epithelial-to-
mesenchymal transition (EMT). Thus, Brgl has bipolar
contextual roles both preventing and promoting pancreat-
ic tumorigenesis in a stage-dependent manner. Several of
these malignant attributes can be successfully therapeuti-
cally addressed by epigenomic intervention with the
BRD4 inhibitor JQI, opening a new treatment paradigm
in PDA. Therefore, the contextual functions of Brgl in
PDA of both preventing and promoting tumorigenesis
can be therapeutically exploited in select patient subsets
with this deadly disease.

Results

Loss of Brgl promotes dedifferentiation of PDCs
in the context of oncogenic Kras

Distinct PanIN and IPMN lesions can both progress to
PDA (Hezel et al. 2006). We showed previously that Brgl
differentially regulates the development of these precan-
cerous lesions (von Figura et al. 2014). Loss of Brgl in con-
junction with oncogenic Kras inhibits formation of PanIN
from pancreatic acinar cells. In contrast, depletion of Brgl
in PDCs expressing oncogenic Kras promotes [IPMN for-
mation. To investigate why PDCs are sensitive to [IPMN
formation upon Brgl elimination, we developed an in vi-
tro model system using primary PDCs. PDCs were isolat-
ed from genetically modified mouse models (GEMM)
carrying Lox-stop-Lox Kras®*?P (LSLKras©?P) and floxed
alleles of Brg1 (Brg1') following a previously published
protocol (Reichert et al. 2013a,b). PDCs were isolated
from 6- to 8-wk-old mice by DBA lectin sorting and cul-
tured for 1 wk (Supplemental Fig. 1A,B). This protocol al-
lows for the isolation and cultivation of a pure population
of duct cells, as demonstrated by high expression of duct
marker cytokeratin 19 and the absence of the acinar cell
marker amylase or endocrine marker insulin (Supplemen-
tal Fig. 1C). One week after isolation, cells were infected
with Cre recombinase-expressing adenovirus to initiate
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genetic recombination of the loxP sites at the Kras (activa-
tion of oncogenic Kras expression through elimination of
the floxed stop allele) and Brgl (elimination through re-
combination of Brgl exons 2 and 3, Brg1™) loci (Supple-
mental Fig. 1D,E). Adenoviruses expressing RFP were
used as a control to monitor transfection efficiency.

To determine whether duct cells lose their cellular iden-
tity while progressing toward IPMN, we first investigated
the effects of oncogenic Kras on duct cell differentiation.
With the exception of Krt19 (cytokeratin 19), oncogenic
Kras does not alter the expression of mature duct cell
markers, including Krt7 (cytokeratin 7), Hnf6 (ONECUT
homeobox 1), Cftr (cystic fibrosis transmembrane conduc-
tance regulator), Tcf2 (HNF1 homeobox B), Sox9 (SRY sex-
determining region box 9), and FoxA2 (Forkhead box A2)
(Fig. 1A). While the expression of Pdx1 (pancreatic and
duodenal homeobox 1), a marker normally expressed in
duct progenitors and only at a low level in mature PDCs,
was unaltered, another progenitor marker, Hnf4a (hepato-
cyte nuclear factor 4a), was up-regulated. As expected,
Lox2 (lysyl oxidase 2), a gene known to be transcriptional-
ly repressed by oncogenic Kras signaling, was significantly
down-regulated (Gazin et al. 2007). In contrast, Brg1 dele-
tion in the presence of wild-type Kras led to a dramatic
decrease in the majority of the mature duct cell markers
(FoxA2 expression appeared unaffected) (Fig. 1B), while
the expression of the progenitor marker Pdx1 or Hnf4a
was unchanged or even reduced. These findings suggest
that loss of Brgl degrades mature duct cell identity, as
evidenced by attenuation of mature duct cell markers.
Interestingly, concomitant activation of oncogenic Kras
together with Brgl elimination leads to a more pro-
nounced dedifferentiated state. The transcriptional profile
of Kras®*®P; Brg1”f PDCs revealed down-regulation of
mature duct cell markers accompanied by enhanced ex-
pression of progenitor markers (Fig. 1C). Thus, simultane-
ous loss of Brg1 and activation of Kras“*?P collaborates to
erode the mature ductal state and promote the inappropri-
ate activation of progenitor factors.

Pdx1 serves as an essential transcription factor in nor-
mal pancreas development during embryogenesis (Reich-
ert and Rustgi 2011; Stanger and Hebrok 2013). It is
ubiquitously expressed in the early epithelial cells of the
developing pancreas, but its high expression is restricted
to the pancreatic islet cells in the adult organ. Up-regula-
tion of Pdx1 expression is observed during dedifferentia-
tion of pancreatic exocrine cells upon injury as well as
in pancreatic preinvasive lesions (Sharma et al. 1999;
Park et al. 2011). Since Pdx1 was the unique progenitor
marker up-regulated in Kras©'??; Brg1”/ PDCs, we ques-
tioned whether Pdx1M#" cells were those to have under-
gone dedifferentiation. A previous study has shown an
inverse correlation between expression of Pdx1 and the
cell surface marker Scal (also known as Ly6a [lymphocyte
antigen 6 complex, locus A]) in pancreatic adenocarcino-
ma cells (Ischenko et al. 2014), providing a means to sort
and compare PDCs based on their Pdx1 expression levels
by using antibodies directed against Scal (Fig. 1D;
Ischenko et al. 2014). Kras“™?P PDCs showed a bell-
shaped curve when assayed for Scal expression, with the
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Figure 1. PDCs expressing oncogenic Kras
and loss of Brgl undergo dedifferentiation.
Quantitative PCR analysis of duct cell dif-
ferentiation markers in PDCs isolated
from LSL- Kras®?P mice (A), Brg1” mice
(B, and LSL-Kras<'?P; Brg1’ mice (C) in-
fected with adenovirus expressing either
RFP or Cre recombinase. (D) FACS analysis
of Kras<"?P and Kras©'?P; Brg1"”/ PDCs us-
ing the Scal antibody. (E) Quantitative PCR
analysis of duct cell differentiation markers
in PDCs sorted from Kras<'2?; Brg1"/ PDCs
based on Scal expression. (F, left) Quantita-
tive PCR analysis of duct cell differentiation
markers in Kras<'??; Brg1"”/ PDCs with ec-
topic Brgl expression. (Right) FACS analysis
of Scal in Kras®*?P; Brglf/f PDCs express-
ing empty vector or vector expressing
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majority of the cells marked by high levels of Scal/lower
levels of Pdx1 expression (Fig. 1D; Supplemental Fig.
2A). In contrast, depletion of Brgl in the context of onco-
genic Kras resulted in the vast majority of the cells assum-
ing a Scal'®¥/Pdx1"#" phenotype (Fig. 1D,E). Differential
expression of Scal and, by extrapolation, Pdx1 in Brgl in-
tact and depleted PDC lines expressing oncogenic Kras re-
flects the differentiation status of these cells and supports
our prior observations (Fig. 1A-C). For example, we de-
tected only a very small number of Scal'®"/Pdx1"#" cells
in Kras©"®P PDCs, and these cells did not demonstrate
any decrease in the expression of matured duct markers
(Supplemental Fig. 2A,B). In contrast, Scal'®V/Pdx1Msh
cells from Kras“'?P; Brgi-depleted PDCs displayed not
only an increase in the progenitor markers Pdx1 and
Hnfda but also reduced expression of the mature duct
markers Krt7, Krt19, and Sox9 (Fig. 1E). Thus, Scal'®"
cells marked by loss of Brgl in the context of oncogenic
Kras cannot sustain mature duct cell identity. The critical
role for Brgl in maintaining this duct differentiation state
is further highlighted by the observation that the small
population of Scal®®"/Pdx1'°V Kras“'?P; Brg1”/ PDCs
have escaped Cre recombination of the Brgl locus and
therefore continued Brgl expression (Supplemental Fig.
2C). Furthermore, forced re-expression of Brgl (Supple-
mental Fig. 2D) in Kras“'?P; Brg1"/ PDCs reduced progen-
itor markers but increased expression of duct markers and
Scal (Fig. 1F), reaffirming the concept that reactivation of
Brgl in PDCs restores their mature identity and differen-
tiation state. Collectively, these data show that Brgl ac-
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tively maintains ductal identity even in the presence of
Kras©?P expression, thus playing a tumor-suppressive
role (Shain et al. 2012).

Immortalized PDCs give rise to IPMN lesions in vivo

Based on our previously published work on PtflaCre;
Kras©'?P; Brg1’! (PKB) mice (von Figura et al. 2014) and
our above-described findings in duct cells, we hypothe-
sized that the Kras“'?P; Brg1’/ PDCs serve as the progen-
itors for IPMN lesions. To test the tumorigenic potential
of PDCs, we established immortalized PDC lines from
both Kras“*?P and Kras®'?P; Brg1"/ mice by adenoviral
infection of Cre recombinase followed by serial passaging.
These cell lines exhibit extremely low population dou-
bling times compared with wild-type PDCs (Supple-
mental Fig. 3A). When grown in three-dimensional (3D)
cultures, wild-type PDCs form small spheres. The appear-
ance of these spheres is similar to those from Kras®'?P
PDCs, although the latter are more proliferative and
thus significantly larger than their wild-type counterparts
(Supplemental Fig. 3B). In contrast, Kras®*?"; Brg1™
PDCs form Krtl19-positive irregular cystic structures dis-
playing prominent protrusions that are morphologically
distinct from those generated by both the wild-type and
Kras©™?P PDCs (Supplemental Fig. 3B,C). Orthotopic
transplantation into the pancreata of immune-deficient
mice was used to assess their tumor-forming capacities
in vivo. Six weeks after transplantation, Kras®'??; Brg1"”
PDCs did form Krt19- and mucin-positive cysts harboring



high levels of Ki67-positive cells reminiscent of IPMN le-
sions (Supplemental Fig. 3D,E). In contrast, Kras©?P
PDCs developed either cystic structures that were mostly
Ki67- and mucin-negative (Supplemental Fig. 3E) or Ki67-
positive sporadic PanIN lesions but no IPMN. Thus, Brgl
loss in the context of oncogenic Kras is required for PDCs
to develop into IPMN lesions upon transplantation.

We next used the previously characterized PKB mice
(von Figura et al. 2014) to evaluate the phenomenon of
ductal dedifferentiation in vivo. PKB mice express Cre
recombinase shortly after the onset of pancreas formation.
PKB mice harbor IPMN lesions at 3 wk of age that progress
to PDA by 9 wk. In order to better characterize the early
stages of IPMN-derived PDA, we analyzed mice at 3, 6,
and 9 wk of age. PKB mice displayed the expected loss of
Brgl expression in the IPMN structures that developed
by 3 wk. The lesions were Krt19-positive but had low
expression levels of the critical duct marker Sox9. Consis-
tent with our observations in PDCs, these lesions express
the progenitor markers Pdx1 and Hnf4a (Fig. 2A). Duct
cells were isolated via DBA lectin staining from IPMN
mice (Supplemental Fig. 4), and expression of mature
duct and progenitor markers was compared with those
in control mice. Quantitative PCR of transcripts isolated
from IPMN lesions confirmed the “dedifferentiation”
gene expression profile in 3- and 6-wk-old PKB mice
(Fig. 2B). Thus, our data strongly suggest that duct-to-
IPMN progression requires an intermediary step during

Functional switch in Brgl activity during PDA

which functional duct cells undergo a transcriptional shift
toward a more plastic state susceptible for neoplastic
transformation.

Ectopic expression of Sox9 in PDCs stabilizes the mature
ductal cell identity and reduces IPMN occurrence

We next investigated how loss of Brgl contributes to duc-
tal dedifferentiation. Brgl is an essential component of the
SWI/SNF chromatin remodeling complexes known to reg-
ulate expression of target genes (Trotter and Archer 2008),
and our prior work has demonstrated direct binding of
Brgl to Sox9 regulatory elements (von Figura et al.
2014). Overexpression of Brgl increased Sox9 expression,
raising the possibility that Sox9 might be involved in reg-
ulating the expression of mature duct and progenitor
markers. To test this hypothesis, we isolated PDCs from
Kras®*?P; Brglf/f ; Sox90OE mice that permit simultane-
ous, adenoviral Cre-dependent expression of both onco-
genic Kras and a Sox9-HA fusion protein in the context
of Brgl elimination. Notably, activation of Sox9 not
only reduced the expression of progenitor markers Pdx1
and Hnf4a but, with the exception of Krt19, also restored
the levels of mature duct cell markers (Fig. 3A). Thus,
overexpression of Sox9 not only blocked duct dedifferen-
tiation but also inhibited up-regulation of progenitor
markers caused by Brgl loss/oncogenic Kras, effectively
rescuing duct cells from the dedifferentiation process
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Figure 2. PDCs undergo dedifferentiation en route to IPMN formation. (A) Brgl, Krt19, Hnf4a, Pdx1, and Sox9 immunohistochemistry
analysis of either control or 3-, 6-, and 9-wk-old PKB animals. Bars: Brgl, Hnf4a, Pdx1, and Sox9, 100 pm; Krt19, 250 um. (B) Quantitative
PCR analysis of duct cell differentiation markers in DBA lectin-sorted PDCs from either control or 3- and 6-wk-old PKB mice.
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that would otherwise follow Kras
Brg1 loss.

To test whether ectopic Sox9 expression has similar ef-
fects on duct cell identity in vivo, we used the Hnf1bCre-
ER mouse model system to manipulate Sox9, Brgl, and
Kras specifically in adult PDCs. Tamoxifen treatment in
Hnf1bCre-ER; Kras©*?P; Brg1™* control mice did not re-
sult in the formation of any detectable duct abnormalities
(Fig. 3B). As described previously (von Figura et al. 2014),
elimination of Brgl in the context of oncogenic Kras in
Hnf1bCre-ER; Kras®'?P; Brg1”f mice promotes duct aty-
pia, a precursor lesion for IPMN lesions, and occasional
occurrence of IPMN. In contrast, constitutive up-regula-
tion of Sox9 in Hnf1bCre-ER; Kras®'?P; Brglf/f; Sox90OE
mice blocked increased Pdx1 expression and prevented
any duct atypia or IPMN in these animals (Fig. 3C).
Thus, overexpression of Sox9 can compensate for the
loss of ductal Brgl and interferes with the dedifferentia-
tion process and subsequent IPMN formation even in
the context of oncogenic Kras.

KrasS'2P Brgl"t PDCs display a transcriptome

signature distinct from Kras©'?P PDCs

To gain mechanistic insights into how oncogenic Kras and
loss of Brgl function compromise the duct differentia-

tion state, we sequenced RNA isolated from wild-type,
Kras©'?P and Kras©'?P; Brg1" PDCs 7 d after adenoviral
infection (Fig. 4A). By initially focusing on the expression
of genes involved in pancreatic organogenesis, we ob-
served significant up-regulation of progenitor and down-
regulation of ductal markers in Kras®'?P; Brg1’f PDCs
as compared with wild-type PDCs (Fig. 4B). Next, we per-
formed a global analysis of gene expression changes in
Kras©™P PDCs in the presence and absence of Brgl com-
pared with wild-type PDCs. Using a false discovery rate
(FDR| set at 0.05, we found 607 genes to be differentially
expressed in Kras®?P PDCs when compared with wild-
type PDCs and 898 genes to be differentially expressed
in Kras®'?P; Brg1"/ PDCs compared with controls (Fig.
4C). A total of 351 genes were common among the differ-
entially expressed genes between Kras“??? and Kras“'2P,
Brg1”f PDCs. Pathway analysis with the software program
Panther 9.0 (Mi et al. 2013) revealed that the majority of
signaling cascades in which at least five or more genes
were differentially expressed was shared between
Kras©'?P and Kras®'?P; Brg1”/ PDCs, including the
Wnt, Tgf, Egf, Fgf, and apoptosis pathways. However, we
identified at least five pathways that were uniquely acti-
vated in Kras©'?P; Brg1’f PDCs—DNA replication, PI3K
signaling, p53 signaling, and IGF-PKB prominent among
them (Fig. 4C). A detailed analysis of the expression levels

A, B A e ORFE B Figure 3. Ectopic expression of Sox9 in
g0 | 18 LA BCRE T e PDCs leads to changes in cellular identity
700 1 5 :-j # " ## - . Gepctne ’M:i;‘ and reduced IPMN occurrence. (A) Quan-
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i ;o; :zf;-mm entiation markers in PDCs isolated from
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analysis of HnflbCreER; LSL- Kras©®'°P,
Brg1”*, Hnf1bCreER; LSL- Kras®'?>,
Brg1”!,  HnfibCreER; LSL- KrasGIZD
Brg1"*; Sox9OE, or Hnf1bCreER; LSL-
Kras©'?P; Brglf/f,- Sox90OE mice 4 wk after
tamoxifen administration. Bars: H&E, 250
pum; HA, Brgl, and Pdx1, 50 pm.
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Figure 4. Kras©'?P; Brg1’// PDCs have a distinct transcriptome signature. (A) Heat map showing differential expression signature be-
tween wild-type, Kras®'??, and Kras©*?"; Brg1" PDCs. (B) Heat map showing expression of genes implicated in pancreas development
between wild-type, Kras®?P, and Kras©'P; Brg1”/ PDCs. (C) Pathway enrichment analysis for differentially expressed genes between

wild-type PDCs and Kras“'2P

or Kras®'2P; Brg1’// PDCs. Uniquely activated pathways are marked in red. Each colored bar represents

the number of genes that belong to a particular pathway. (D) Heat map demonstrating expression of genes that belong to the indicated

pathways between wild-type and Kras©'??; Brg1"/ PDCs.

of all of the genes belonging to these pathways revealed
several intriguing features (Fig. 4D). Mdm2, a known in-
hibitor of p53, was significantly increased in Kras“'??;
Brg1"" PDCs, suggesting defects in cell cycle regulation.
In support of this notion, deletion of Brgl in the pancreas
epithelium of transgenic mouse models expressing onco-
genic Kras exhibited reduced p53 expression (von Figura
et al. 2014). In addition, Kras“'?; Brg1"”/ PDCs presented
with up-regulation of genes that promote DNA replica-
tion. This finding is interesting given the prior observa-
tion that increased DNA replication may promote duct
cell dedifferentiation into a progenitor-like state (Inada
et al. 2008). Last, amplification of the PI3K signaling path-
way in the setting of oncogenic Kras, an expression profile
that we observed in Kras®'?P; Brg1”f PDCs, has been
shown previously to induce dedifferentiation of duct
cells (Watanabe et al. 2008). Thus, in summary, our
RNA sequencing results indicate that loss of Brgl in
PDCs expressing oncogenic Kras provide a permissive en-
vironment through regulation of several critical pathways
that may promote cellular dedifferentiation as an initial
neoplastic event.

Re-expression of Brgl in Brgl-deficient cancer
cell lines enhances tumorigenicity

As Brgl re-expression reverses the dedifferentiation state
in Kras“1?P; Brg1"/ PDCs (Fig. 1F) via redirecting cells to-
ward a mature duct state, we reasoned that re-expression
of Brgl may reduce tumorigenicity in established cancer
cells. To test this hypothesis, we ectopically re-expressed
Brgl (“Brgl put back”) in PDA cell lines derived from the
Kras©2P; Brglf/f mice using a retroviral Brgl-Flag con-

struct (Fig. 5A; Sif et al. 2001). Somewhat unexpectedly,
re-expression of Brgl increased anchorage-independent
growth in both the IPMN-PDA-derived tumor cell lines
and immortalized Kras©'?P; Brg1"/ PDCs (Fig. 5B). Simi-
lar results were obtained when Brgl was ectopically
expressed in a human PDA line, Tu8988T, a cell line lack-
ing Brgl protein (Fig. 5C; Elsasser et al. 1992; Hoffman
et al. 2014). Thus, reinstatement of Brgl expression in
pancreatic duct and cancer cells carrying oncogenic Kras
is not growth inhibitory and appears to paradoxically sup-
port tumor maintenance.

To evaluate the consequences of Brgl re-expression in
vivo, we performed subcutaneous injection of the control
and Brgl “put back” cancer lines into immune-compro-
mised NOD scidy (NSG) mice. We again observed a signif-
icant increase in tumor burden in mice injected with Brgl
“put back” compared with control cells expressing empty
vector (Fig. 5D,E). Brgl-overexpressing tumors retained
high levels of Brgl (Supplemental Fig. 5A) and expressed
less Pdx1 and Hnf4a (Supplemental Fig. 5B,C). However,
these tumors displayed higher proliferative indexes
marked by Ki67-positive cells and contained more smooth
muscle actin (SMA)-positive stroma, a negative prognos-
tic factor for survival of pancreatic cancer patients (Fig.
5F; Supplemental Fig. 5D,E; Fujita et al. 2010; Sinn et al.
2014). No dramatic differences were found in cleaved cas-
pase 3-positive cells undergoing apoptosis between the
control and Brgl “put back” tumors (Fig. 5F; Supplemen-
tal Fig. 5F). Also, Brgl-overexpressing tumors were poorly
differentiated, further pointing toward their increased
aggressiveness (Supplemental Fig. 5G). Thus, our cell
culture and in vivo findings support the notion of Brgl
playing antagonistic roles during IPMN-PDA formation,
changing from a tumor suppressor in mature duct cells
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Figure 5. Re-expression of Brgl in Kras©???; Brg1"”/ PDCs and IPMN-derived PDA tumor cells enhances their tumorigenic properties. (A)
Western blot showing ectopic expression of Brgl in IPMN-derived PDA. (B) Brgl put backs in Kras<'??; Brg1”/ PDCs and IPMN-derived
PDA show increased anchorage-independent growth compared with Brgl-null cells. (C, left) Western blot depicting ectopic expression of
Brgl in the Brgl-null human PDA cell line Tu8988T. (Right) Soft agar colony formation assay showing that Brgl-null human PDA cell line
Tu8988T forms more colonies on soft agar upon ectopic expression of Brgl. Brgl put backs in IPMN-derived PDA lines (D) and Kras©'??;
Brg1"/ PDCs (E) were subcutaneously injected into NOD scidy (NSG) mice and monitored for tumor growth. Mice were sacrificed 4 wk
after inoculation, and tumors were excised. Tumor mass and volume are significantly higher in Brgl put backs. (F) Costaining of Ki67,

smooth muscle actin (SMA), cleaved caspase 3, and DAPI of tumors obtained in D. Bars: H&E, 250 um; Ki67, cleaved caspase 3, and

SMA, 100 pm.

to an oncogene during later stages of neoplasia. To corre-
late this observation with the human disease condition,
we analyzed the Brgl expression status in low-grade
IPMN, high-grade IPMN, and IPMN-derived PDA patient
samples. Notably, we found that Brgl expression is higher
in PDA compared with its precursor IPMN lesions (Sup-
plemental Fig. 6).

Re-expression of Brgl induces an EMT-like phenotype

We next analyzed how re-expression of Brgl contributed
to the enhanced tumorigenicity of established tumor
lines. Of note, in addition to the increase in SMA expres-
sion (Fig. 5), we observed that re-expressing Brgl in a
Kras©'2P; Brg1’f IPMN-derived PDA cell line changed
the cellular appearance toward a more elongated and spin-
dle-shaped form, a characteristic of EMT (Fig. 6A). In order
to confirm whether Brgl re-expression conferred more
mesenchymal features, we investigated the protein levels
of epithelial (E-cadherin) and mesenchymal (vimentin)
markers in the control and Brgl “put back” cells. Consis-
tent with the morphological changes, Brgl-expressing
mouse and human cancer cells showed decreased E-cad-
herin protein levels and increased vimentin expression
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(Fig. 6B). RNA sequencing of control and Brgl “put
back” lines also revealed that the Brgl-re-expressing cell
line adopted an overall transcriptional profile consistent
with increased EMT, including enhanced gene expression
of several mesenchymal genes and down-regulation of ep-
ithelial genes (Fig. 6C). Notably, this transcriptional anal-
ysis revealed Hmga?2 (high mobility group AT-hook 2) as a
significantly up-regulated gene in Brgl “put back” (Fig.
6B,C). Hmga2, an architectural protein that maintains
chromatin structure, has previously been shown to induce
EMT in pancreatic cancer, and our prior work demonstrat-
ed that Brgl binds to the Hmga2 promoter and regulates
the histone H3K4 methylation levels to activate its tran-
scription (von Figura et al. 2014). Furthermore, tumors de-
rived from Brgl “put back” IPMN-PDA cells exhibit
increased Hmga2 level (Supplemental Fig. 7). We further
looked at SMARCA4 and HMGAZ2 expression in a previ-
ously published human data set (Collisson et al. 2011)
consisting of several human pancreatic cancer cell lines
(Fig. 6D). In agreement with the results obtained from mu-
rine cells, there was a strong positive correlation between
SMARCA4 and HMGAZ2 expression (Pearson correlation
=0.52, P=0.03) across 16 out of 20 cell lines in the data
set, while four cell lines did not show a positive
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Figure 6. Re-expression of Brgl induces a mesenchymal phenotype in mouse and human Brgl-deficient pancreatic cancer cell lines. (A)
Bright-field images of IPMN-derived Kras“'2P; Brg1”” PDA cells expressing a control empty vector and Brgl put back. (B) Brgl put backs in
Kras©?P; Brg1" in IPMN-derived PDA lines and Tu8988T were probed for epithelial marker E-cadherin, EMT regulator Hmga2, and mes-
enchymal marker vimentin. (C) Heat map showing an induction of a pronounced mesenchymal gene signature in Brgl-overexpressing
IPMN-derived Kras©'?"; Brg1"/ PDA cells. D) Correlation between expression of Brgl and Hmga2 in human pancreatic cancer cell lines.
Plots show signal intensities as measured by Affymetrix chip. Spearman correlation coefficient is shown. (E) Quantitative PCR analysis of
Hmga2, Cdh1 (E-cadherin), Vimentin, and Fn1 (fibronectin). (F,G) Bright-field images (F) and crystal violet staining (G) in scrambled
siRNA or Hmga2 siRNA transfected IPMN-derived Kras®*2P; Brg1" PDA cells expressing wild-type Brgl. Lower levels of crystal violet
in Hmga2 siRNA transfected cells indicate reduced proliferative capacity.

correlation (MiaPaCa2, HupT3, SW1990, and Pancl). To
further confirm the role of Hmga2 as a critical mediator
of the aggressive cancer phenotype, we reduced Hmga2
expression by two independent siRNAs in Kras®'2P,
Brg1”"IPMN-PDA cell lines with ectopic Brgl expression.
Attenuated Hmga2 level resulted in decreased expression
of mesenchymal markers vimentin/fibronectin and in-
creased expression of the epithelial marker E-cadherin
(Fig. 6E). Hmga2-depleted cells also presented with a
more epithelial-like morphology (Fig. 6F) and impaired
growth potential when compared with control cells ex-
pressing Hmga2 (Fig. 6G). Thus, our data indicate that
re-expression of Brgl in pancreatic cancer cell lines pro-
motes EMT, likely through activation of Hmga2
expression.

An epigenomic approach to PDA treatment

Whereas current targeted therapeutic approaches focus on
directly targeting oncogenes or their downstream effec-
tors, our findings suggest that an alternative or comple-
mentary approach might be to interfere with the
increase of progenitor markers in PDA tumors. Our data
point to up-regulation of Pdx1 and Hnf4a as the critical
markers of the ductal dedifferentiation step during the
transition of duct cells towards neoplasia. However, while
reintroduction of Brgl did block expression of these pro-
genitor markers in PDA cells, ectopic expression of Brgl
also induced an EMT phenotype, which may be in part
due to up-regulation of Hmga?2. Therefore, we reasoned

that simultaneously reversing the dedifferentiation pro-
cess and interfering with HMGA2-mediated EMT might
provide a unique therapeutic opportunity. In other words,
our aim was to explore whether combined down-regula-
tion of Pdx1 and Hnf4a coupled with Hmga2 repression
could be used to reduce tumor progression. Fortunately,
JQ1, a drugin clinical trial for hematological malignancies
(Filippakopoulos et al. 2010; Delmore et al. 2011), has
been shown recently to decrease tumorigenicity of pan-
creatic cancer cells through Hmga2 repression (Sahai
et al. 2014). Furthermore, JQ1 targets the BET family of
transcription factors and disrupts the interaction between
them and acetylated H3K27 (H3K27ac) to favor a more re-
pressive gene expression profile (De Raedt et al. 2014).
This activity is similar to that of Brgl, which promotes a
repressive gene expression pattern by reducing H3K27ac
levels (Zhang et al. 2014) as shown here for a predicted dis-
tal enhancer element of Pdx1 (Fig. 7A; http://www.dcode
.org). JQl-treated Kras®'?"; Brg1"”' PDCs displayed in-
creased expression of mature duct markers and attenuated
expression of progenitor markers (Fig. 7B), suggesting a re-
turn to a more mature state. However, in IPMN-derived
PDA cancer cells, JQ1 was able to reduce the expression
of Pdx1 and Hnf4a but unable to increase the expression
of mature duct markers such as Sox9 (Fig. 7C). Nonethe-
less and as expected, JQ1 treatment did reduce expression
of Hmga2 in PDCs expressing oncogenic Kras indepen-
dently of Brgl (Fig. 7D). Furthermore, JQI1 resulted in re-
duced soft agar colony formation (Fig. 7E) and slowed
the growth of IPMN-PDA tumor cell lines implanted
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Figure 7. JQI can be exploited for the treatment of duct-derived pancreatic cancer. (A) Chromatin immunoprecipitation (ChIP) analysis
of H3K27ac enrichment on the indicated promoter regions. Values are expressed as fold enrichment over IgG control. (B) Quantitative
PCR analysis of duct cell differentiation markers in Kras©*??; Brg1"”/ PDCs treated with DMSO or JQ1. (C) Quantitative PCR analysis
of duct cell differentiation markers in IPMN-derived PDA cell line treated with DMSO or JQI1. (D) Quantitative PCR analysis of
Hmga2 expression in DMSO- or JQI-treated Kras®*2P or Kras®'2P; Brg1"/ PDCs. (E) Quantitation of soft agar assay of Kras®*??; Brg1//
PDCs or IPMN-derived PDA cell lines treated with DMSO or JQ1. (F) NSG mice were subcutaneously injected with an IPMN-PDA cell
line. Once the tumor reached 100 mm?®, mice were randomized and treated with JQ1 or vehicle. The graph shows the percent change in
tumor volume at the study end point. (G) H&E stainings of vehicle- or JQ1-treated tumors. Arrows point to necrotic lesions. Bar, 250 pm.
(H, top) Costaining of Ki67, cleaved caspase 3, and DAPI of tumors treated with vehicle or JQ1. Bar, 100 um. (Bottom) Percentage of Ki67-
positive or cleaved caspase 3-positive cells in vehicle- or JQ1-treated tumors. Ten random fields from three mice in each group were chosen

for quantification.

subcutaneously into immune-deficient mice (Fig. 7F). The
reduction in tumor progression was associated with abun-
dant necrosis (Fig. 7G), reduced proliferation, and in-
creased apoptosis (Fig. 7H). Thus, our data implicate JQ1
as a promising therapeutic agent for PDA through its
dual activities on inhibiting Hmga2-mediated EMT and
the expression of progenitor markers.

Discussion

Brgl is historically known for its tumor-suppressive
functions, and, recently, the role of SWI/SNF complex
mutations has come into the spotlight for numerous ma-
lignancies (Kadoch et al. 2013; Shain and Pollack 2013;
Helming et al. 2014). However, a number of recent reports
have associated Brgl with oncogenic properties. For ex-
ample, Brgl has been shown to be required for leukemia
maintenance (Buscarlet et al. 2014), and elevated Brgl ex-
pression is observed in gastric carcinoma, melanoma, and
prostate cancer (Sentani et al. 2001; Sun et al. 2007; Lin
et al. 2010). Our previous work also demonstrated that
there are cellular context-dependent roles of Brgl. For ex-
ample, ablation of Brgl in pancreatic acinar cells inhibits
Kras-driven PanIN formation (von Figura et al. 2014), like-
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ly because Brgl plays a critical role in oncogenic Kras-driv-
en acinar ductal dedifferentiation (Supplemental Fig. 8).
Here, we reconcile these apparently opposing roles of
Brgl in tumor formation in a Kras-driven PDA model.
We demonstrate that duct cells, like acinar cells, undergo
a previously unappreciated dedifferentiation event en
route to IPMN formation. In mature duct cells, Brgl inhib-
its this dedifferentiation event and thus IPMN formation
through regulation of genes that sustain duct cell identity,
including Sox9. In marked contrast, reactivation of Brgl
promotes cancer properties in established tumor cells
both in vitro and in vivo. These discrepant functions em-
phasize the contextual dependence of Brgl activities in
PDA. It should be noted that such context-dependent reg-
ulation of PDA is not uncommon. For example, TGF-p
acts as a tumor suppressor during initiation of PDA but
promotes tumorigenesis in an established state of the tu-
mor (Bardeesy et al. 2006; Ijichi et al. 2006; Izeradjene
et al. 2007; Melisi et al. 2008; Yang et al. 2010; Ostapoff
et al. 2014). Similarly, while low levels of Wnt aids in on-
cogenic Kras-driven PanIN formation, high levels of the
signaling pathway prevent Kras®'?>P-driven ADM and
PanIN formation (Morris et al. 2010; Zhang et al. 2013).
Thus, Brgl joins a growing list of factors whose effects



on pancreatic cancer formation depends on the timing and
differentiation state of the cells in which they are active.

We showed previously that acinar cells undergo a dedif-
ferentiation step to assume a duct-like state during PanIN-
to-PDA progression (Kopp et al. 2012). Here we observed
that duct cells similarly and transiently pass through a
dedifferentiation step to occupy a less mature state, a pro-
cess that is inhibited by Brgl. Duct dedifferentiation ap-
pears to require two distinct processes. On the one hand,
the expression of factors maintaining duct identity (e.g.,
Sox9 and Krt7) needs to be reduced. On the other hand,
progenitor factors normally expressed at a very low level
in mature duct cells (including Pdx1 and Hnf4a) are reac-
tivated. Our studies reveal important synergistic func-
tions between oncogenic Kras and the loss of Brgl in
permitting duct dedifferentiation and thus initiation of
IPMN. Neither oncogenic Kras nor Brgl elimination by it-
self appears to be sufficient to drive IPMN formation from
duct cells. In contrast, simultaneous loss of Brgl with ec-
topic expression of oncogenic Kras promotes a dramatic
change in duct identity, resulting in neoplastic transfor-
mation. Pdx1 re-expression caused by Brgl loss/expres-
sion of oncogenic Kras emerges as a critical factor for
this process. Thus, changes in the epigenetic state in the
context of the Kras oncogene activation initiate duct-de-
rived IPMN lesions. Of note, our results do show that a
very small population of Pdx1™#" cells exists in Kras®'?P
PDCs, indicating that the oncogene by itself is able to
compromise cellular identity even in the presence of
Brgl. Single-cell analysis would have to be used in future
studies to determine whether oncogenic Kras compromis-
es the epigenetic state in a subset of duct cells.

At the onset of our studies, we hypothesized that redif-
ferentiation of cancer cells toward the cell of origin would
interfere with tumor progression. Considering our data
that Brgl sustains the identity of primary duct cells, we
reasoned that Brgl re-expression in PDA cells would
have beneficial effects. Somewhat surprisingly, Brgl reac-
tivation promoted tumor formation, pointing to a switch
from a tumor suppressor to an oncogene in cells that have
undergone neoplastic transformation. Brgl interacts with
different coactivators (such as histone acetyltransferase
CBP/p300) and corepressors (e.g., mSin3a histone deacety-
lase complex) to alter gene expression (Pal et al. 2003; Nai-
du et al. 2009). This plasticity in Brgl interaction might
promote distinct roles commensurate with a particular
developmental or disease state. Additionally, SWI/SNF
complexes can use either Brgl or Brm as the ATPase cat-
alytic subunit, further diversifying its regulatory role in
transcription. Interestingly, Brgl- or Brm-containing com-
plexes exhibit antagonistic function during osteoblast dif-
ferentiation (Flowers et al. 2009), raising the possibility
that these distinct complexes regulate diverse processes
during disease progression. To determine the mechanism
underlying the disparate roles of Brgl in initiation and
maintenance of PDA, we performed deep sequencing
analysis of IPMN-derived PDA cells expressing ectopic
Brgl. Brgl overexpression did reactivate expression of ma-
ture duct markers, but the expression of the progenitor
markers Pdx1 and Hnf4a, while reduced, remained signif-
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icantly above what is found in wild-type duct cells. Thus,
Brgl put back initiates but does not complete redifferen-
tiation of cancer cells to duct cells.

Our gene expression analysis further revealed a transi-
tion to a mesenchymal-like state in duct-derived cancer
cells. One of the up-regulated genes was Hmga2, a tran-
scription factor known to induce EMT and metastasis in
gastric, mammary, and pancreatic cancer (Thuault et al.
2008; Watanabe et al. 2009; Zha et al. 2013). In a recent
study, Munshi and colleagues (Sahai et al. 2014) showed
that the BET bromodomain inhibitor JQI suppresses
Hmga2 expression in pancreatic cancer cell lines, and
we observed the same response in Kras®'?"; Brg1// PDC
lines. Notably, reactivation of Brgl up-regulates Hmga2
expression, raising the question of whether combining
redifferentiation toward a mature duct state with inhibi-
tion of the mesenchymal phenotype would be efficient
in reducing tumor progression. JQ1, a drug currently
tested in clinical trials for hematologic malignancies,
has previously been shown to block Hmga2 expression.
In addition, our data demonstrate that JQ1 reduces the
expression of Pdx1 and Hnf4a, progenitor markers that be-
come up-regulated during IPMN development. Moreover,
JQ1 treatment reduced the tumorigenicity of Kras®'2P;
Brg1"/ PDCs and IPMN-derived murine cancer cell lines
both in vitro and in vivo. Therefore, it is tempting to spec-
ulate that blocking EMT through Hmga2 inhibition and
reversing inappropriate duct dedifferentiation through re-
duction of Pdx1/Hnf4a expression work in tandem to elic-
it these effects. Notably, Pdx1 and Hnff4a are also up-
regulated during PanIN-derived PDA. Future experiments
should address the specific contributions of Brd4 and oth-
er JQI targets on the progression of both PanIN- and
IPMN-derived PDA.

There are conflicting reports regarding the correlation
of Brgl expression and overall survival in pancreatic can-
cer. Several studies, including ours, have shown that low
Brgl expression is correlated with poor prognosis (Dal
Molin et al. 2012; von Figura et al. 2014). However, con-
trasting reports also exist demonstrating high Brgl associ-
ation with reduced overall survival (Liu et al. 2014). It is
important to consider that the above-mentioned clinical
specimens are all PDA samples without any knowledge
of the preinvasive lesions from which these tumors have
originated; for example, duct or acinar cells. It is highly
plausible that the cellular origin of the PDA plays a deci-
sive role in the outcome of Brgl association with progno-
sis. Brgl has dichotomous function for PanIN- and IPMN-
derived PDA (von Figura et al. 2014). Therefore, the prog-
nostic implications of Brgl expression levels may actually
depend on the preinvasive lesion that gave rise to the PDA
being evaluated. Indeed, for PanIN-derived PDA, low Brgl
expression is associated with poor prognosis (von Figura
et al. 2014). In contrast, high Brgl expression is found in
IPMN-PDA. Furthermore, the stage of the disease is im-
portant for the outcome of these analyses. For example,
one study showed that high Brgl expression was only asso-
ciated with stage IV PDA samples (Numata et al. 2013).
Recently, SWI/SNF targeted therapeutic strategies for
cancer have been gaining momentum (Helming et al.
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2014). However, our results show that it may be critical to
define the stage and origin of the PDA when exploring this
chemotherapeutic route. A recent report further demon-
strated that high Brgl expression is associated with gemci-
tabine resistance, a property also exhibited by increased
expression of Hmga2 (Liu et al. 2014). Therefore, specific
targeting of the Brgl-Hmga2 axis may be beneficial to re-
duce EMT-related tumor aggressiveness and also sensitize
resistant tumors to chemotherapy. As JQ1 treatment had
only a cytostatic effect in our tumor model, combining
JQ1 with a cytotoxic chemotherapy regimen might be a
promising approach for PDA patients.

In summary, our findings point to Brgl as a context-de-
pendent mediator of Kras-driven pancreatic tumorigene-
sis. Support for this concept comes from the opposing
roles of Brgl during the initiation of IPMN and the pro-
gression of IPMN-derived PDA. Future studies are needed
to clarify how Brgl-regulated epigenetic and genetic
changes contribute to such stage-specific effects. Deci-
phering the temporal activities of the SWI/SNF complex
should provide important insights into their potential as
therapeutic targets in numerous human malignancies.

Materials and methods

Mouse lines

The following mice strains were used: Ptf1a-Cre (gift of Christo-
pher Wright, Vanderbilt University, Nashville, TN), Hnf1b-
Cre®R™2 (gift of Jorge Ferrer, Imperial College, London, UK),
Kras®?P (gift of Dave Tuveson, Cold Spring Harbor Laboratory),
Brg1/°% (gift of David Reisman, University of Florida, with per-
mission of Pierre Chambon), and Sox9OE mice. Mice were
crossed on a mixed background. Tamoxifen citrate (TEVA Phar-
maceuticals) was administered by oral gavage at a dose of 10 mg
per gavage three times a week for 1 wk. The University of Califor-
nia at San Francisco Institutional Animal Care and Use Commit-
tee (IACUC) approved all mouse experiments.

Immunohistochemistry and immunofluorescence

Mouse tissue was fixed overnight in Z-FIX (Anatech, catalog no.
174) at 4°C with gentle shaking, washed with PBS for 30 min at
room temperature, embedded in paraffin, and cut into sections.
Antigen retrieval was performed by boiling in antigen retrieval
Citra solution (Biogenex, catalog no. HK086-9K). Blocking was
performed using either 5% BSA in PBS or by blocking solution
provided in MOM kit (Vector Laboratories, catalog no. BMK-
2202). For primary antibodies, incubation was performed over-
night at 4°C in a humidified chamber; secondary antibody
incubation was for 1 h at room temperature. For immunohisto-
chemistry, slides were developed using the ABC kit (Vector Lab-
oratories, catalog no. PK-6100) and DAB kit (Vector Laboratories,
catalog no. SK-4100) or the Envision kit (DAKO, catalog no.
K-4011) or MOM kit (Vector Laboratories) and counterstained
with hematoxylin. For immunofluorescence, slides were mount-
ed with DAPI hard set (Vector Laboratories, catalog no. H-1500).
Primary antibodies used in this study were rabbit anti-Brg1 (Santa
Cruz Biotechnology, catalog no. sc-10768), rabbit anti-Krt19
(Epitomics, catalog no. AC-0073), rabbit anti-Sox9 (Sigma, catalog
no. HPA001758), mouse anti-Ki-67 (BD Pharmingen, catalog no.
550609), Armenian hamster anti-Mucinl (Neomarkers, catalog
no. HM-1630), rabbit anti-Mucin2 (Santa Cruz Biotechnology,
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catalog no. sc-15334), rabbit anti-cleaved caspase 3 (Cell Signal-
ing, catalog no. 9661), rabbit anti-Pdx1 (Millipore, catalog no.
07-696), rat HA (Roche, catalog no. 1867423), rabbit anti-Hnf4a
(Santa Cruz Biotechnology, catalog no. sc-8987), and mouse
anti-SMA (Sigma, catalog no. A5228).

RNA deep sequencing

Eight-hundred nanograms of total RNA isolated from the control
and Brgl-expressing IPMN-derived PDA lines was used to gener-
atelibraries with the Illumina TruSeq RNA sample version 2 prep-
aration kit (catalog no. RS-122-2001). Each library was diluted
to ~10 nM prior to loading and sequenced using a HiSeq 2000 in-
strument generating paired 100-base-pair reads. Reads were then
mapped to the mouse genome (NCBI37/mm9) using TopHat ver-
sion 2 (Trapnell et al. 2009) with default parameters. Transcript
assembly and differential expression analysis was performed us-
ing Cufflinks and Cuffdiff using default parameters.

3D duct cell culture

3D culture of PDCs was performed using a previously published
protocol (Reichert et al. 2013a). Briefly, chamber slides were coat-
ed with collagen type I. Cells were mixed with collagen and
placed on the top layer. PDC full medium was replaced every 2 d.

Drug treatment

JQ1 was a kind gift from Dr. Mike Kagey and Dr. Steven Landau,
Tensha Therapeutics. JQ1 dissolved in DMSO was used to treat
cells at a concentration of 1 pM. DMSO vehicle was used as a
control.

Once tumors were ~100-150 mm? in volume, mice were ran-
domized and treated with either vehicle (10% hydroxypropyl B
cyclodextrin; Sigma, catalog no. C0926) or JQ1 dissolved in vehi-
cle. Fifty micrograms of JQ1 per kilogram of body weight was in-
traperitoneally injected 5 d a week (Monday-Friday).

Isolation and culture of duct cells

PDCs were isolated following a previously published protocol
(Reichert et al. 2013a). Briefly, pancreas was harvested in ice-
cold HBSS buffer. Next, pancreas was digested with collagenase
type V and trypsinized for 5 min, and trypsinization was stopped
using soy trypsin inhibitor. Cells were filtered using a 40-um cell
strainer. Next, cells were centrifuged, stained with DBA lectin
FITC, and pulled down with anti-FITC microbeads using a mini-
MACS separation unit. Cells were grown on collagen-coated
plates in PDC medium.

Statistical analysis

To determine the P-values for all the experiments performed, Stu-
dent’s t-test was performed. A P-value of <0.05 was assumed
as statistically significant. P <0.05, P <0.01, and P < 0.001 are rep-
resented with single, double, and triple asterisks. P > 0.05 is repre-
sented by a number sign. Population doubling times for cell lines
were calculated by the exponential growth function in GraphPad
Prism. All statistical analyses were performed with either Graph-
Pad Prism (version 4.0c) or Microsoft Excel.

Cell culture

Human cells (Tu8988T) were cultured in DMEM + 10% FBS.
Mouse cells were isolated from PDA mice as described previously
(von Figura et al. 2014) and cultured in DMEM + 10% FBS.
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