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Abstract
Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal human
malignancies. Dissecting the mechanisms underlying PDA development is
important for developing early detection methods and effective preventions and
therapies for the disease. PDA is considered to arise from distinct precursor
lesions, including pancreatic intraepithelial neoplasia (PanIN) and intraductal
papillary mucinous neoplasia (IPMN). However, little is known about molecular
mechanisms of development of IPMN and IPMN-derived PDA. We have recently
reported that loss of Brg1, a core subunit of SWI/SNF chromatin remodeling
complexes, cooperates with oncogenic Kras to form cystic neoplastic lesions
that resemble human IPMN and progress to PDA. Brg1 null IPMN-PDA is less
lethal compared to PanIN-derived PDA (PanIN-PDA) driven by mutant Kras and
hemizygous p53 deletion, mirroring prognostic trends in PDA patients. Brg1 null
IPMN-PDA possesses a distinct molecular signature that supports less
malignant potential compared to PanIN-PDA. Furthermore, Brg1 deletion inhibits
Kras-dependent PanIN development from adult acinar cells, but promotes
Kras-driven preneoplastic transformation in adult duct cells. Therefore, Brg1 is a
determinant of context-dependent Kras-driven pancreatic tumorigenesis and
chromatin remodeling may underlie the development of distinct PDA subsets.
2

Understanding molecular mechanism of IPMN and IPMN-derived PDA could
provide critical clues for novel diagnostic and therapeutic strategies of the
disease.

Introduction
PDA is one of the most devastating and lethal cancers with less than five
percent of patients surviving five years after diagnosis, and the incidence of this
disease is increasing. Therefore, understanding the pathogenesis of PDA is
important for developing early detection methods and effective preventions and
therapies for the disease. PDA is assumed to arise from three morphologically
different precursor lesions: pancreatic intraepithelial neoplasias (PanINs; the
most common precursor lesions in humans), intraductal papillary mucinous
neoplasias (IPMNs), or mucinous cystic neoplasias (MCNs). Because
IPMN-derived PDA (IPMN-PDA) has a more favorable prognosis for survival
compared to PanIN-derived PDA (PanIN-PDA)1-3, it has been considered that
IPMN-PDA is biologically distinct 4. However, to date, very few studies have
addressed

molecular

characteristics

and

mechanisms

underlying

the

development of IPMN and IPMN-PDA. It has recently been shown that the

3

mutations of Kras and GNAS are observed in cystic fluid of IPMNs

5

and

resected IPMNs 6, and the detection of GNAS mutation is specific to distinguish
IPMNs from other cystic neoplasms 5. In addition, RNF43 has recently been
reported to be mutated in both IPMNs and MCNs 5, although the functional roles
of GNAS and RNF43 in the development of IPMNs are still unknown.
There is growing evidence to support a role for epigenetic regulators in the
development and progression of cancer 7. Chromatin remodelers are a group of
epigenetic regulators that utilize ATP hydrolysis to disrupt DNA-protein contacts
in order to regulate gene expression

8.

Inactivating mutations or loss of

expression of several subunits of multi-protein chromatin-remodeling SWI/SNF
complexes have recently been identified in various human cancers 9-13, including
PDA

14.

For PDA, mutations in Brg1 (SMARCA4 in human), a catalytic ATPase

subunits of the SWI/SNF complex, and other subunits of the complex are
identified in over 30% of human PDA cases

15, 16.

Of note, Brg1 expression was

reported to be frequently reduced or lost in human IPMN samples 17. However, it
remained unclear whether Brg1 plays a functional role in the specification of
PDA precursors and PDA development.

4

Genetically engineered mouse models provide valuable insights into the
pathogenesis of diseases and allow the testing of the hypothesis that particular
genes are involved in pathogenesis. We have recently generated transgenic
mice in which Brg1 is deleted in the context of oncogenic Kras (KrasG12D) in the
pancreas under the control of endogenous Ptf1a promoter (KP.Brg1 mice)

18.

KP.Brg1 mice results in spontaneous development of cystic neoplasms which
resembles human branch-duct IPMNs. Furthermore, the IPMN lesions progress
to form IPMN-derived PDA, which carry a better prognosis than PanIN-PDA. In
this article, we discuss the molecular mechanism and characteristics of IPMN
and IPMN-derived PDA in the aspect of the role of chromatin regulator, Brg1,
and their cellular origin.

Pancreatic loss of Brg1 in the context of oncogneic Kras results in
formation of cystic neoplasms that resemble human IPMNs.
Brg1 was expressed in all pancreatic cell types in mice18. Mutant Kras
(KrasG12D) is sufficient to drive the development of PanIN and PDA when
targeted to the developing mouse pancreas 19. To investigate whether Brg1 loss
alters Kras-driven pancreatic transformation, we generated Ptf1a-Cre; KrasG12D;

5

Brg1f/f (KP.Brg1) mice. KP.Brg1 mice developed grape-like cystic structures
throughout the pancreas (Fig. 1a,b)18. The epithelial-lined cystic lesions were
Brg1-negative,

CK19-positive,

and

alcian

blue-positive

indicative

of

mucin-production. Further examination revealed that (i) the pancreatic duct
system had a direct functional connection to the multiple branch-duct dilated
cystic structures without main-duct dilatation (Fig. 1a), (ii) the cystic lesions
lacked ovarian-like stroma characterized by expression of ERα and PR. (iii) The
cystic epithelium was Muc1+, Muc2-, Muc5+. Collectively, the neoplastic cystic
lesions most closely resembled human branch-duct IPMNs of pancreatobiliary
type.

IPMN-like lesions progress to form IPMN-derived PDA
IPMN lesions in KP.Brg1 mice contained varying grades of dysplasia.
Furthermore, IPMN-derived PDA was formed in a subset of KP.Brg1 mice
(hereafter referred to as IPMN-PDA mice) (Fig. 1c,d). Morphologically,
IPMN-PDAs were indistinguishable from PanIN-derived PDAs in Ptf1a-Cre;
KrasG12D; p53f/+ mice (hereafter referred to as PanIN-PDA mice) 20 .

6

Brg1 null IPMN-PDA is less lethal than PanIN-PDA and carries a distinct
molecular signature
Similar to the human situation2,

3, 21,

IPMN-PDA mice carried a more

favorable prognosis for survival compared to PanIN-PDA mice. Cell proliferation
of IPMN-PDA was significantly lower than that of PanIN-PDA. After establishing
cancer cell lines derived from PDA that formed in IPMN- and PanIN-PDA mice,
subcutaneous transplantation experiments showed that IPMN-PDA cells are
intrinsically less proliferative compared to PanIN-PDA cells.
Deep sequencing analysis of RNA isolated from IPMN- and PanIN-PDA
cells revealed that several genes previously shown to support malignancy
(including Mmp7, Gabrp, Hmga2, Clic3, and Adamts1) in PDA were among the
most down-regulated genes in IPMN-PDA compared to PanIN-PDA22-28.
Additional pathway analysis revealed that IPMN-PDAs displayed a decreased
gene expression signature for those signaling cascades regulating invasion and
metastasis, supporting for the notion that IPMN-PDA possesses less malignant
potential compared to PanIN-PDA. Neither significant changes in expression of
GNAS and RNF43 nor SNPs/mutations in GNAS were detected when
comparing IPMN- vs. PanIN-PDA.

7

Brg1 blocks IPMN formation from adult pancreatic duct cells but is critical
for acinar-derived PanIN formation
The cellular origins of PDA have been extensively debated. Considerable
functional evidence from mouse models suggests that cellular origin of PanINs is
acinar cell29-32. Because IPMNs are located within and are continuous with the
main and/or branch duct, they are thought to arise from duct cell compartments.
However, cellular origin of IPMNs remained unclear. We next asked the question
of whether the striking biological differences between PanIN-PDA and
IPMN-PDA might reflect a difference in the cellular origin of the cancer precursor
lesions. We generated transgenic mice permitting expression of mutant Kras
and Brg1 deletion specifically in adult acinar cells upon tamoxifen treatment 30, 33,
and could not detect any IPMN lesions. Moreover, the number of PanINs was
significantly reduced in the absence of Brg1 in adult acinar cells. Of note, the
majority of the few PanINs developing in the mice retained Brg1 expression,
indicating that Brg1 plays a critical role in acinar-derived PanIN formation. Next
we examined whether IPMN lesions can originate from adult pancreatic duct
cells by using the tamoxifen inducible Hnf1b-CreERT2 line that permits Cre
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recombination in adult duct cells

34.

Notably, a subset of Hnf1b-CreERT2;

KrasG12D; Brg1f/f mice showed the formation of a mucinous dilated duct structure
reminiscent of the IPMN lesions. Therefore, Brg1 modulates cell-type specific
responses to oncogenic Kras, representing a critical node for acinar to PanIN
transformation, but an inhibitor of duct cell -derived neoplasia.

Conclusion and future direction
In summary, the chromatin regulator Brg1 inhibits formation of IPMN and
IPMN-derived PDA in the context of oncogenic Kras. Brg1 blocks IPMN
formation from adult pancreatic duct cells but is critical for acinar-derived PanIN
formation. Although IPMN-PDA per se is histologically indistinguishable from
PanIN-PDA, IPMN-PDA is biologically and molecularly distinct subtype with
different cellular origin. KP.Brg1 mice are a valid mouse model for investigating
mechanisms underlying development of IPMN and IPMN-derived PDA. Future
studies are needed to clarify which Brg1-regulated epigenetic and genetic
changes contribute to the cell-type specific effects, and how such differences
determine the development and character of PDA arising from different
precursor lesions with different biological behavior. An improved understanding

9

of molecular mechanism of IPMN and IPMN-derived PDA and their cellular
origin could reveal new avenues for novel diagnostic and therapeutic strategies
of the disease.

Acknowledgments
The author would like to thank Guido von Figura, Nilotpal Roy, Muluye E. Liku,
John P. Morris IV, Grace E. Kim, Holger A. Russ, Matthew A. Firpo, Sean J.
Mulvihill, David W. Dawson, Jorge Ferrer, William F. Mueller, Anke Busch,
Klemens J. Hertel, and Matthias Hebrok for their contributions and support.

10

References
1.
2.

3.
4.
5.
6.
7.

8.

9.

10.
11.

12.

13.

Matthaei H, Norris AL, Tsiatis AC, et al. Clinicopathological Characteristics
and Molecular Analyses of Multifocal Intraductal Papillary Mucinous
Neoplasms of the Pancreas. Ann Surg.
Poultsides GA, Reddy S, Cameron JL, et al. Histopathologic basis for the
favorable survival after resection of intraductal papillary mucinous
neoplasm-associated invasive adenocarcinoma of the pancreas. Ann
Surg;251:470-6.
Mino-Kenudson M, Fernandez-del Castillo C, Baba Y, et al. Prognosis of
invasive intraductal papillary mucinous neoplasm depends on histological
and precursor epithelial subtypes. Gut;60:1712-20.
Shi C, Hruban RH. Intraductal papillary mucinous neoplasm. Hum
Pathol;43:1-16.
Wu J, Matthaei H, Maitra A, et al. Recurrent GNAS mutations define an
unexpected pathway for pancreatic cyst development. Sci Transl
Med;3:92ra66.
Furukawa T, Kuboki Y, Tanji E, et al. Whole-exome sequencing uncovers
frequent GNAS mutations in intraductal papillary mucinous neoplasms of
the pancreas. Sci Rep 2011;1:161.
McKenna ES, Roberts CW. Epigenetics and cancer without genomic
instability. Cell Cycle 2009;8:23-6.
Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer. Nat
Rev Cancer;11:481-92.
Versteege I, Sevenet N, Lange J, et al. Truncating mutations of hSNF5/INI1
in aggressive paediatric cancer. Nature 1998;394:203-6.
Varela I, Tarpey P, Raine K, et al. Exome sequencing identifies frequent
mutation of the SWI/SNF complex gene PBRM1 in renal carcinoma.
Nature;469:539-42.
Li M, Zhao H, Zhang X, et al. Inactivating mutations of the chromatin
remodeling gene ARID2 in hepatocellular carcinoma. Nat Genet;43:828-9.
Gui Y, Guo G, Huang Y, et al. Frequent mutations of chromatin remodeling
genes in transitional cell carcinoma of the bladder. Nat Genet;43:875-8.
Wiegand KC, Shah SP, Al-Agha OM, et al. ARID1A mutations in
endometriosis-associated ovarian carcinomas. N Engl J Med
2010;363:1532-43.
11

14.

15.
16.

17.
18.
19.
20.
21.

22.
23.
24.

25.

26.

Biankin AV, Waddell N, Kassahn KS, et al. Pancreatic cancer genomes reveal
aberrations in axon guidance pathway genes. Nature 2012;491:399-405.
Jones S, Zhang X, Parsons DW, et al. Core signaling pathways in human
pancreatic cancers revealed by global genomic analyses. Science
2008;321:1801-6.
Shain AH, Giacomini CP, Matsukuma K, et al. Convergent structural
alterations define SWItch/Sucrose NonFermentable (SWI/SNF) chromatin
remodeler as a central tumor suppressive complex in pancreatic cancer.
Proc Natl Acad Sci U S A 2012;109:E252-9.
Dal Molin M, Hong SM, Hebbar S, et al. Loss of expression of the SWI/SNF
chromatin remodeling subunit BRG1/SMARCA4 is frequently observed in
intraductal papillary mucinous neoplasms of the pancreas. Hum Pathol.
von Figura G, Fukuda A, Roy N, et al. The chromatin regulator Brg1
suppresses formation of intraductal papillary mucinous neoplasm and
pancreatic ductal adenocarcinoma. Nat Cell Biol 2014;16:255-67.
Hingorani SR, Petricoin EF, Maitra A, et al. Preinvasive and invasive ductal
pancreatic cancer and its early detection in the mouse. Cancer Cell
2003;4:437-50.
Bardeesy N, Aguirre AJ, Chu GC, et al. Both p16(Ink4a) and the p19(Arf)-p53
pathway constrain progression of pancreatic adenocarcinoma in the mouse.
Proc Natl Acad Sci U S A 2006;103:5947-52.
Matthaei H, Schulick RD, Hruban RH, et al. Cystic precursors to invasive
pancreatic cancer. Nat Rev Gastroenterol Hepatol;8:141-50.
Fukuda A, Wang SC, Morris JPt, et al. Stat3 and MMP7 contribute to
pancreatic ductal adenocarcinoma initiation and progression. Cancer
Cell;19:441-55.
Takehara A, Hosokawa M, Eguchi H, et al. Gamma-aminobutyric acid
(GABA) stimulates pancreatic cancer growth through overexpressing
GABAA receptor pi subunit. Cancer Res 2007;67:9704-12.
Fusco A, Fedele M. Roles of HMGA proteins in cancer. Nat Rev Cancer
2007;7:899-910.
Winslow MM, Dayton TL, Verhaak RG, et al. Suppression of lung
adenocarcinoma progression by Nkx2-1. Nature;473:101-4.
Piscuoglio S, Zlobec I, Pallante P, et al. HMGA1 and HMGA2 protein
expression correlates with advanced tumour grade and lymph node
metastasis in pancreatic adenocarcinoma. Histopathology;60:397-404.
12

27.
28.

29.

30.
31.
32.
33.
34.

Dozynkiewicz MA, Jamieson NB, Macpherson I, et al. Rab25 and CLIC3
collaborate to promote integrin recycling from late endosomes/lysosomes
and drive cancer progression. Dev Cell;22:131-45.
Masui T, Hosotani R, Tsuji S, et al. Expression of METH-1 and METH-2 in
pancreatic cancer. Clin Cancer Res 2001;7:3437-43.
Habbe N, Shi G, Meguid RA, et al. Spontaneous induction of murine
pancreatic intraepithelial neoplasia (mPanIN) by acinar cell targeting of
oncogenic Kras in adult mice. Proc Natl Acad Sci U S A 2008;105:18913-8.
Kopp JL, von Figura G, Mayes E, et al. Identification of Sox9-dependent
acinar-to-ductal reprogramming as the principal mechanism for initiation
of pancreatic ductal adenocarcinoma. Cancer Cell 2012.
Morris JPt, Wang SC, Hebrok M. KRAS, Hedgehog, Wnt and the twisted
developmental biology of pancreatic ductal adenocarcinoma. Nat Rev
Cancer 2010;10:683-95.
von Figura G, Morris JPt, Wright CV, et al. Nr5a2 maintains acinar cell
differentiation and constrains oncogenic Kras-mediated pancreatic
neoplastic initiation. Gut 2013.
Pan FC, Bankaitis ED, Boyer D, et al. Spatiotemporal patterns of
multipotentiality in Ptf1a-expressing cells during pancreas organogenesis
and injury-induced facultative restoration. Development 2013;140:751-64.
Solar M, Cardalda C, Houbracken I, et al. Pancreatic exocrine duct cells give
rise to insulin-producing beta cells during embryogenesis but not after
birth. Dev Cell 2009;17:849-60.

13

Figure Legends
Figure 1
Pancreatic loss of Brg1 in the context of oncogneic Kras results in
formation of IPMNs and IPMN-derived pancreatic duct adenocarcinoma
(a) Macroscopic view of a Ptf1a-Cre; KrasG12D; Brg1f/f pancreas at 9 weeks of
age. The pancreas showed extensive grape-like cystic structures throughout the
pancreas that resembles human branch-duct IPMNs. To prove a possible
connection of the cystic neoplastic lesions to the pancreatic duct system blue
dye (bromophenolblue) was injected in the common bile duct to allow retrograde
filling of the duct system. (b) H&E staining of the IPMN-like lesions in Ptf1a-Cre;
KrasG12D; Brg1f/f pancreas. (c,d) PDA was formed in Ptf1a-Cre; KrasG12D; Brg1f/f
mice at 18 weeks of age. (c) Microscopic (H&E) view (arrowheads; PDA, arrow;
adjacent

IPMN

cystic

lesion).

(d)

Ki67/CK19/DAPI

costaining

of

the

IPMN-derived PDA in Ptf1a-Cre; KrasG12D; Brg1f/f mice.

Figure 2.
A suggested mechanistic model of IPMN and IPMN-derived PDA
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The chromatin regulator Brg1 blocks IPMN formation from adult pancreatic duct
cells in the context of oncogenic Kras, while Brg1 is critical for acinar cell-derived
PanIN formation.
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Figure 1

Figure 2

