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Abstract

Background & Aims: The AT-rich interaction domain 1A gene (ARID1A)

encodes a protein that is part of the large ATP-dependent chromatin remodeling

complex SWI/SNF and is frequently mutated in human pancreatic ductal

adenocarcinomas (PDACs). We investigated the functions of ARID1A during

formation of PDACs in mice.

Methods: We performed studies with Ptf1a-Cre; Kras®'2P mice, which express

activated Kras in the pancreas and develop pancreatic intraepithelial neoplasias

(PanINs), as well as those with disruption of Aird1a (Ptf1a-Cre; Kras®?D,

Arid1a™ mice) or disruption of Brg1 (encodes a catalytic ATPase of the SWI/SNF

complex) (Ptf1a-Cre; Kras®'2P; Brg1” mice). Pancreatic ductal cells (PDCs)

were isolated from Arid71a” mice and from Arid1a”; SOX9OE mice, which

overexpress human SOX9 upon infection with an adenovirus expressing Cre

recombinase. Pancreatic tissues were collected from all mice and analyzed by

histology and immunohistochemistry; cells were isolated and grown in
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2-dimensional and 3-dimensional cultures. We performed microarray analyses

to compare gene expression patterns in intraductal papillary mucinous

neoplasms (IPMNs) from the different strains of mice. We obtained 58 samples

of IPMN and 44 samples of PDAC from patients who underwent pancreatectomy

in Japan, and analyzed them by immunohistochemistry.

Results: Ptf1a-Cre; Kras®’?2P mice developed PanINs, whereas Ptf1a-Cre;

Kras®'2D; Arid1a” mice developed IPMNs and PDACs; IPMNs originated from

PDCs. ARID1A-deficient IPMNs did not express SOX9. ARID1A-deficient PDCs

had reduced expression of SOX9 and dedifferentiated in culture.

Overexpression of SOX9 in these cells allowed them to differentiate and

prevented dilation of ducts. Among mice with pancreatic expression of activated

Kras, those with disruption of Arid7a developed fewer PDACs from IPMNs than

mice with disruption of Brg1. ARID1A-deficient IPMNs had reduced activity of the

mTOR pathway. Human IPMN and PDAC specimens had reduced levels of

ARID1A, SOX9, and phosphorylated S6 (a marker of mTOR pathway activation).
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Levels of ARID1A correlated with levels of SOX9 and phosphorylated S6.

Conclusions: ARID1A regulates expression of SOX9, activation of the mTOR

pathway, and differentiation of PDCs. ARID1A inhibits formation of PDACs from

IPMNs in mice with pancreatic expression of activated KRAS, and is

downregulated in IPMN and PDAC tissues from patients.

KEY WORDS: pancreatic cancer, tumorigenesis, oncogene, transcriptional

regulator

351 words
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with an

extremely poor prognosis’. Therefore, earlier diagnosis and more effective

therapies are required to improve outcomes, which require a better

understanding of the molecular mechanism of PDAC development.

Recent genome-wide sequencing studies have revealed that mutation of

the subunit genes of the switch/sucrose non-fermentable (SWI/SNF) chromatin

remodeling complexes are widespread across diverse human cancers? 3. In fact,

mutations, translocations, and deletions involving various subunits of the

SWI/SNF complexes have been found in approximately 20% of human cancers,

thus representing one of the most common molecular mechanisms in human

cancers? 3. Indeed, mutations of the subunit genes of SWI/SNF complexes have

been found in 12-23% of human PDAC cases?“. The SWI/SNF complexes

remodel the chromatin structure using energy from ATP hydrolysis and thereby

modulate gene expression®. Using a mouse model, we recently demonstrated

that the pancreatic loss of Brg7, which encodes a catalytic ATPase of the

SWI/SNF complex, cooperates with oncogenic Kras to form intraductal papillary
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mucinous neoplasm (IPMN), which subsequently developed into invasive

PDACS®. Furthermore, another study showed that Brg7 promotes tumorigenesis

in full-blown PDAC by supporting a mesenchymal-like transcriptional landscape’.

Therefore, Brg1 has both tumor-suppressive and oncogenic activities at distinct

stages of PDAC formation.

AT-rich interactive domain 1 (ARID1A) is the most frequently mutated

subunit in the SWI/SNF complexes in human PDAC?4 8 ARID1A is assumed to

contribute to the specific recruitment of chromatin remodeling activity of the

SWI/SNF complex by binding to transcription factors®'2. Furthermore, the

ARID1A-DNA interaction is considered to be essential for promoter occupancy

by the SWI/SNF complexes'. In mouse models, conditional knockout of Arid71a

promotes ovarian tumorigenesis by activating the phosphatidylinositol

3-kinase(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway'4 5.

Moreover, intestinal Arid71a deletion per se results in colon cancer formation in

mice'®. However, in spite of the frequent mutations of ARID7A in human PDAC,

the in vivo role of ARID1A in pancreatic tumorigenesis remains elusive.
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Therefore, in this study, we aimed to investigate the impact of Arid1a

inactivation in the pancreas and clarify the functional role of Arid1a in the

specification of PDAC precursors and PDAC formation in mice.
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Material and Methods

Detailed methods are described in the Supplemental Materials and Methods.

Mouse lines

Experimental animals were generated by crossing Ptf1a-Cre (a gift from Y.

Kawaguchi, Kyoto University, Kyoto, Japan)'’, Ptf1a-CreER7218 Hnf1b-CrefRT2 (a

gift from Jorge Ferrer, Imperial College, London, UK)'®, Kras¢'2P (a gift from D.

Tuveson, Cold Spring Harbor Laboratory)?°, Brg1* (a gift from D. Reisman,

University of Florida, with permission from P. Chambon)?', Arid1a”+ 22, Trp53R172H

23 and Sox90E mice?*. The mice were crossed in a mixed genetic background.

All experiments were approved by the animal research committee of Kyoto

University and performed in accordance with Japanese government regulations.

Pancreatic ductal cell (PDC) isolation and two-dimensional (2D) culture

PDCs were isolated following previously described protocols?® 26, The

pancreas was minced into pieces smaller than 1 mm3. Next, the pancreas was

digested with collagenase type V for 20 min and trypsinized for 5 min;
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trypsinization was stopped using a soy trypsin inhibitor. The cells were filtered

using a 40-um cell strainer. For 2D culture, the single-cell suspension was plated

onto collagen-covered plates. The PDC full medium was replaced every two

days until the cells achieved 80% confluence. After three passages, pure ductal

cell lines were established.

Three-dimensional (3D) ductal cell culture

The 3D culture of PDCs was performed according to a previously described

protocol?®. PDCs were mixed with collagen and placed on top of collagen-coated

chamber slides. The PDC full medium was replaced every two days. PDC cysts

were analyzed at 7 to 11 days after plating.

Human samples

Fifty-eight IPMN samples from 58 patients who underwent pancreatectomy

for IPMN or IPMN-derived PDAC at the Kyoto University Hospital from 1991 to

2005, and 44 PDAC samples from 44 patients who underwent pancreatectomy
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167 Details of the cases are summarized in Supplementary Table 1.
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Results

Arid1a inhibits dilation of the pancreatic ducts and maintains ductal

structure in adult mice

First, we examined the pattern of Arid71a expression in the murine pancreas,

which was detected in the nuclei of all three types of pancreatic epithelial cells

(ductal cells, acinar cells, and islet cells) in adult wild-type (WT) mice (Figure 1A).

To investigate the functional role of Arid1a in pancreatic development and

maintenance, we crossed the Ptf1a-Cre mice'” with Arid1a” mice?2. Ptf1a-Cre;

Arid1a” mice were born according to the predicted Mendelian ratio and were

indistinguishable from Ptf1a-Cre; Arid1a”* and WT mice in appearance and body

weight at 8 weeks of age (Figure 1B). Macroscopically, the Ptfla-Cre; Aridlaff

pancreata were indistinguishable from those of Ptf1a-Cre; Arid1a”* and WT mice

at 8 weeks of age. Histologically, ARID1A expression was not detected in the

acinar cells or a subset of ductal cells in the Ptfla-Cre; Arid1a® pancreata, as

expected according to the Cre activity pattern in Ptf1a-Cre mice'” 27, However,

at over 9 weeks of age, dilated pancreatic ducts were observed in Ptfla-Cre;
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Aridla” mice. At 18 weeks of age, the dilated ducts formed cystic lesions

composed of Arid1a-deficient duct-like epithelial cells positive for cytokeratin and

acetylated tubulin, which are markers of PDCs (Figure 1C, 1D). These cells also

expressed PDX1, which is expressed in the pancreatic progenitors and islet 3

cells in adulthood?® (Figure 1D). This ectopic expression pattern of PDX1

suggested that Arid7a deletion results in the dedifferentiation of pancreatic

ductal cells. In addition, phosphorylated extracellular signal-regulated kinase

(PERK1/2) was detected in these cells (Figure 1D). Thus, these data indicated

that Arid1a is dispensable for pancreatic development but is required for

maintenance of PDCs and the structure of pancreatic ducts.

Ptfla-Cre; Kras®'??; Arid1a”™ mice develop multilocular fluid-filled cystic

neoplasms

To investigate the role of Arid1a in pancreatic tumorigenesis, we crossed

Ptf1la-Cre; Arid1a®f mice with loxp-stop-loxp Kras®'?P (Kras®12P) mice. Similar to

Ptf1a-Cre; Kras®’?C mice?®, Ptfla-Cre; Kras®12D; Arid1a”* mice developed
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pancreatic intraepithelial neoplasias (PanIN) throughout the pancreata. In

contrast, Ptf1a-Cre; Kras®'2D; Arid1a” mice developed multilocular fluid-filled

cysts throughout the pancreata by 9 weeks of age (Figure 2A), and the

pancreata were enlarged due to the extensive cystic lesions (Figure 2B).

Histologically, the cystic lesions were composed of dysplastic cells with

abundant supranuclear mucin (Figure 2C). Immunohistochemical analysis

revealed that the epithelial cells of the neoplastic cysts observed in Ptfla-Cre;

Kras®12D; Arid1a” mice were positive for cytokeratin and acetylated tubulin?® and

negative for amylase expression (Figure 2C), indicating that these neoplastic

cells showed a duct-like character. In addition, the absence of ARID1A

expression and activation of the mitogen-activated protein kinase (MAPK)

cascade were observed in these neoplastic cells, as expected (Figure 2D). The

proliferation activity was low in the cystic neoplasms based on the low positive

rate of Ki67 expression compared to that of the PanIN in Ptfla-Cre; Kras®12b

mice (Figure 2D), suggesting that expansion of the cystic neoplasms is not due

to aggressive cell growth but is most likely due to abundant intraductal mucin.
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Moreover, acinar-to-ductal metaplasia (ADM) and PanIN were also observed in

Ptfla-Cre; Kras®12D; Aridla” mice (Supplementary Figure 1), suggesting that

absence of Arid1a expression does not inhibit PanIN formation. Thus, these

results indicated that deletion of Arid7a with mutant Kras results in formation of

cystic neoplasms in the pancreas.

Cystic neoplasms in Ptfla-Cre; Kras®?P; Arid1a” mice resemble human

IPMN but not mucinous cystic neoplasms (MCN)

There are two types of pancreatic mucus-producing cystic neoplasms in

humans: IPMN and MCN?%. IPMN are characterized by connection to the

pancreatic ductal system, whereas MCN are characterized by dense ovarian-like

stroma3® 3!, Given that the cystic neoplasms in Ptfla-Cre; Kras®2P; Aridlaf

mice had abundant mucin, we investigated whether these cystic neoplasms

more closely resembled human IPMN or MCN. Histological examination

revealed that the cystic neoplasms were connected to the pancreatic ductal

system (Figure 2C) and lacked ovarian-like stroma, as indicated by staining for
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estrogen receptor and progesterone receptor (Supplementary Figure 2). In

addition, most of the cystic neoplasms lacked the MCN-typical dense stroma

exhibiting wavy nuclei. These findings indicated that the cystic neoplasms in

Ptfla-Cre; Kras®12D; Aridla” mice resembled human IPMN but not MCN.

Human IPMN can be further classified into four types according to the directions

of differentiation of the neoplastic cells and mucin expression patterns: gastric,

intestinal, pancreatobiliary, and oncocytic type®' 32. The IPMN-like cells

expressed MUC1 and MUCS5AC but lacked MUC2 expression in Ptfla-Cre;

Kras®12D; Arid1a® mice, indicating that the mucin expression pattern was similar

to that of human pancreatobiliary- or oncocytic-type IPMN (Figure 2E).

Molecular characterization of IPMN-like cystic neoplasms

Because human IPMN represent a form of PDAC precursor lesions, we

examined certain markers of the signaling pathways known to play a critical role

in pancreatic carcinogenesis. Phospho-STAT3, which is a critical signaling

pathway for PDAC formation33, was upregulated in the IPMN of Ptfla-Cre;
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Kras®12D; Aridlaff mice but was weaker than the phospho-STAT3 expression

detected in the PanIN of Ptfla-Cre; Kras®2P mice (Supplementary Figure 3A).

PDX1 expression was positive in the mouse IPMN (Supplementary Figure 3B).

The expression levels of p21, p16 (INK4A), and p53 were reduced or completely

absent in the IPMN of Ptfla-Cre; Kras®12D; Aridla mice, as observed in

Ptf1a-Cre; Kras®'20; Brg1" mice®, whereas SMAD4 expression was maintained

in the Arid1a-deficient IPMN (Supplementary Figure 3C-F).

Mouse IPMN gradually develop into PDAC

A previous report indicated that the IPMN in Ptfla-Cre; Kras®12D; Brglf

mice frequently progressed to PDAC by 18 weeks of age®. Similar to these mice,

at 18 weeks of age, the Ptfla-Cre; Kras®12P; Arid1a” mice developed IPMN with

varying grades of dysplasia (Figure 3A); however, PDAC was not observed (n =

13). Even at 24 weeks of age, PDAC did not develop in Ptfla-Cre; Kras®120;

Arid1a” mice (n = 15). At 48 weeks of age, PDAC developed in 3 of 15 (20%)

Ptfla-Cre; Kras®12P; Aridla” mice (Figure 3B, C), one of which was carcinoma
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in situ, and the others were invasive adenocarcinoma (Figure 3C).

Immunohistochemical analysis revealed that the PDAC cells in Ptfla-Cre;

Kras®12D; Aridla” mice were negative for ARID1A and positive for pERK1/2

expression, as expected. The frequent positive expression of Ki67 indicated

vigorous growth of the PDAC cells, and PDX1 expression was detected in the

PDAC cells (Figure 3D). Given that the incidence of PDAC formation in

Ptf1a-Cre; Kras®'20 and Pdx1-Cre; Kras®’2P mice was previously estimated to

be less than 10% around 50 weeks of age?® and that no PDAC was observed in

our control Ptf1a-Cre; Kras®’?P (n = 8) and Ptfla-Cre; Kras®12P; Aridla’ (n = 16)

mice at 44-48 weeks of age (Figure 3B), these data suggested that Arid1a

inhibits IPMN-derived PDAC formation and functions as a tumor suppressor in

the murine pancreas.

Although deletion of Arid1a promotes IPMN and IPMN-derived PDAC

formation, there was no significant difference in survival between Ptfla-Cre;

Kras®12D; Aridla” and Ptfla-Cre; Kras®12D; Aridla” mice (Supplementary

Figure 4). This was most likely due to the slow progression of PDAC from
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Aridla-deficient IPMN.

Moreover, we performed immunohistochemical staining of ARID1A in

PanIN-derived PDAC sections from Ptf1a-Cre; Kras®?2P; Trp53R172H (KPC) mice

(n = 8), and found positive ARID1 expression in all sections examined (data not

shown).

Mouse IPMN originate from PDCs but not from pancreatic acinar cells

Although PanIN showed a duct-like characteristic, studies with mouse

models have shown that the cellular origin of PanIN is the acinar compartment3*

35, Moreover, the cellular origin of human IPMN has been considered to be the

ductal compartment, because human IPMN are found in ductal structures. In

some mouse models, the cellular origin of IPMN was reported to be the ductal

compartment or duct glands® 3. To investigate the cellular origin of mouse

Arid1a-deficient IPMN, we used two tamoxifen-inducible Cre lines, Ptf1a-CreERT2

and Hnf1b-CreERT2 which enabled Cre recombination in adult pancreatic acinar

cells and PDC with tamoxifen treatment, respectively'® 35, First, we crossed
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Ptf1a-CreER™2 mice with Kras®’2P; Arid1a” mice (Figure 4A). Ptfla-CrefRT2;

Kras®12D: Arid1a”* and Ptf1a-CreERT2; Kras®'2D: Arid1a”f mice were treated with

tamoxifen and caerulein and were examined as presented in Figure 4B. Both

mouse lines developed multiple PanIN but no IPMN (Figure 4C). This indicated

that Arid71a is not required for PanIN formation from acinar cells and that the

acinar compartment is not the cellular origin of IPMN in this mouse model.

We next crossed Hnf1b-CrefR™2 mice with Kras®'2P; Arid1a™ mice (Figure

4D). Hnf1b-CreERT2; Kras®'2D; Arid1a” and Hnf1b-CrefRT2; Kras®'2D; Arid1a™

mice were treated with tamoxifen and examined as presented in Figure 4E.

Although Hnflb-CreERT2; Kras®12D; Aridla’ mice showed no signs of duct atypia,

atypical PDCs were observed in all three Hnf1b-CreERT2; Kras®12D; Arid1a”" mice.

Furthermore, one of the six Hnflb-CreERT2; Kras®12D; Aridla” mice developed

cystic lesions composed of a single layer of columnar cells with supranuclear

mucin. We observed the absence of expression and activation of the MAPK

cascade in the epithelial cells of these cystic lesions (Figure 4F). The mucin

expression pattern of the cystic lesions in Hnf1b-CreERT2; Kras®12D; Arid1a”" mice
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was similar to that of the IPMN in Ptfla-Cre; Kras®12P; Arid1a® mice (Figure 4F).

These data indicated that Arid7a inhibits the dysplasia of adult PDCs and IPMN

transformation from adult PDCs in the context of activated KRAS.

Arid1a loss leads to the dedifferentiation of PDCs and pancreatic ductal

dilation via suppression of SOX9 expression

To determine the underlying molecular mechanism by which IPMN are

formed from PDCs in the absence of Arid1a, we performed immunostaining for

SOX9, a key transcriptional factor for the differentiation of PDCs3"- 38, Notably,

immunohistochemical analysis revealed that SOX9 expression was absent in

the dilated ducts of Ptfla-Cre; Aridla’ mice and in the IPMN of Ptfla-Cre;

Kras®12D; Aridlaf* and Hnflb-CreERT2; Kras®12P; Aridlaff mice (Figure 5A). Thus,

we hypothesized that the neoplastic transformation of PDCs was mediated by

the downregulation of SOX9 expression in the absence of Arid7a. To test this

hypothesis, we isolated and cultured PDCs from Arid71a” mice?> 26, and then

induced genetic recombination by infecting the PDCs with an adenovirus
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expressing both Cre recombinase and GFP (Ad-Cre). We used an adenovirus

expressing GFP (Ad-GFP) as a control (Figure 5B). Ad-Cre-infected PDCs

showed markedly lower expression levels of Arid1a, as expected, and formed

cysts of significantly larger size in 3D culture than control Ad-GFP-infected PDCs

isolated from the same mouse (Figure 5C, 5E). Furthermore, Ad-Cre-infected

PDCs exhibited lower expression levels of mouse Sox9 (mo-Sox9) and higher

expression levels of pancreatic progenitor markers, including Gata4 and Gata6,

than control PDCs (Figure 5E). These findings indicated that loss of Arid71a

expression in PDCs results in suppression of Sox9 expression, dedifferentiation

of PDCs, and disturbance of the pancreatic ductal structure ex vivo.

To investigate whether these effects of Arid1a deficiency in PDCs were due

to suppression of SOX9 expression, we next isolated and cultured PDCs from

Arid1a™; Sox9OE mice in which Arid1a was deleted and human Sox9 (hu-Sox9)

was simultaneously overexpressed after Cre recombination. We then induced

genetic recombination by Cre recombinase, similar to the procedure described

above for Aridla” mice (Figure 5B). Ad-Cre-infected PDCs from Aridla®;
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Sox90E mice showed lower expression levels of Arid1a and mo-Sox9 but

extremely higher expression levels of hu-Sox9 than the control cells, as

expected (Figure 5E). Notably, these Arid1a-deficient and Sox9-overexpressed

PDCs expressed equal levels of pancreatic progenitor markers, including Gata4

and Gata6, and formed cysts of equal size in 3D culture compared to WT control

PDCs (Figure 5D, 5E). These data indicated that overexpression of Sox9

canceled out the effect of Arid71a deletion on the dedifferentiation of PDCs and

ductal dilation ex vivo.

To investigate whether the effects of Arid7a deletion in PDCs on pancreatic

ductal dilation were mediated by downregulation of SOX9 expression in vivo, we

next generated Ptfla-Cre; Aridla”; Sox90OE mice. Histologically, pancreatic

ductal dilation was not observed in Ptfla-Cre; Aridla”; Sox90OE mice at 9-20

weeks of age (n = 3) (Supplementary Figure 5A, C), indicating that Sox9

overexpression offsets the effect of Arid1la deletion on ductal dilation in vivo.

To investigate whether Sox9 overexpression also prevents development of

IPMN from Arid1a-deficient PDCs in vivo, we next generated Ptfla-Cre;
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Kras®12D; Aridla™; Sox90OE mice. At 4-8 weeks of age, IPMN was formed in

Ptfla-Cre; Kras®12P; Aridla™; Sox9OE mice (n = 4) similarly to Ptfla-Cre;

Kras®12D; Aridla” mice (Supplementary Figure 5B, C), indicating that only Sox9

overexpression does not cancel out the effect of combination of Aridla deletion

and oncogenic Kras in terms of IPMN development. Therefore, we concluded

that Arid7a prevents the dedifferentiation of PDCs and maintains the pancreatic

ductal structure through regulation of Sox9 expression in vivo.

Furthermore, we performed a global microarray analysis of Arid1a-deficient

PDCs to investigate the specific pathways affected by Arid7a deletion in PDCs,

leading to IPMN development. The pathway analysis revealed that

Ras-associated pathways (the Ras signaling pathway and PI3K-AKT signaling

pathway) were most strongly affected by Arid1a deletion in PDCs. Moreover, GO

enrichment analysis revealed that genes encoding membrane proteins were

suppressed by Arid1a loss (Supplementary Figure 6). Therefore, these

pathways might also play roles in the development of IPMN from

Arid1a-deficient PDCs.
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The mTOR pathway is activated during the progression of IPMN to PDAC

Although IPMN was generally formed in Ptfla-Cre; Kras®12D; Aridla”f mice,

similar to Ptfla-Cre; Kras®12D; Brglff mice at the same age, the incidence of

PDAC formation was much lower in the Ptfla-Cre; Kras®12D; Aridla”f mice

compared with that in Ptfla-Cre; Kras®12P; Brg1ff mice®. BRG1 expression was

observed in the IPMN of Ptfla-Cre; Kras®12D; Aridla” mice, whereas ARID1A

expression was retained in the IPMN of Ptfla-Cre; Kras®12P; Brg1f mice (Figure

6A), indicating that BRG1 and ARID1A expression are independently regulated

in the absence of Arid71a and Brg1, respectively.

To better understand the mechanism driving the progression of IPMN to

PDAC in the absence of Arid1a, we next compared the gene expression

patterns between Ptfla-Cre; Kras®!2P; Aridla” and Ptfla-Cre; Kras®12D; Brglff

mice. We performed microarray analysis of mRNA obtained from the IPMN in

mice of these two genotypes by laser micro-dissection. GSEA3® 40 revealed that

seven gene sets associated with Notch, the PRC2 complex, mTOR pathway,
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KRAS, and embryonic stem cells were differentially expressed in

Arid1a-deficient IPMN compared to Brgl-deficient IPMN (Figure 6B,

Supplementary Figure 7). Although mutations in the mTOR pathway have not

been commonly observed in human PDAC*" 42, this pathway, which can be

activated by Kras, is important for growth, metastasis, and chemotherapy

tolerance during PDAC*6, To validate the correlative relationship between

Arid1a expression and the mTOR pathway in the IPMN of these mice, we next

performed immunohistochemistry for pS6 at serine 235/236. Consistent with the

microarray data, pS6 was barely expressed in the Arid7a-deficient IPMN,

whereas pS6 was strongly expressed in the Brg1-deficient IPMN (Figure 6C).

Notably, pS6 was expressed in IPMN-derived Arid1a-deficient PDAC (Figure

6C), indicating that the mTOR signaling pathway is activated during the

progression of IPMN to PDAC in Ptfla-Cre; Kras®12P; Aridla” mice. These

results suggested that the mTOR signaling pathway appears to be a key

signaling pathway for the progression of IPMN to PDAC in the absence of Arid1a

in vivo. Moreover, the lower frequency of PDAC formation could be attributed to
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the lower activity of the mTOR signaling pathway in Arid7a-deficient IPMN

compared to Brg1-deficient IPMN.

Next, we investigated whether Arid1a deletion could alter the mTOR pathway

activity in PDCs ex vivo. PDCs isolated from Arid1a” mice were transfected with

Ad-GFP and Ad-Cre as shown in Figure 5B. qPCR analysis revealed that

expression levels of Pik3ca, Akt3, and mTor were downregulated in

Arid1a-deficient PDCs compared with the control, indicating that Arid71a

regulates activity of the mTOR pathway by supporting the expression of

components of this pathway in PDCs (Figure 6D).

Absence of ARID1A expression in subsets of human IPMN and PDAC

Mutations of ARID1A are frequently observed In human PDAC?% 8,

Therefore, we next examined ARID1A expression in human IPMN and PDAC

samples. Immunohistochemical analysis revealed that ARID1A expression was

absent in 13 out of 58 surgically resected human IPMN samples and in 16 out of

44 surgically resected human PDAC samples (Figure 7A, Supplementary Table
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1). As presented in Supplementary Table 1, patients with ARID1A-negative

IPMN were indistinguishable from those with ARID1A-positive IPMN with respect

to sex, age, clinical subtype, and incidence of PDAC. The frequency of

oncocytic-type IPMN was significantly higher and that of gastric-type IPMN was

significantly lower in cases of ARID1A-negative IPMN than in cases of

ARID1A-positive IPMN.

Given that Arid7a deletion resulted in the suppression of Sox9 expression in

our mouse model, we further examined the correlation between ARID1A and

SOX9 expression in human IPMN (Figure 7A, Supplementary Table 1).

Thirty-eight percent of the ARID1A-negative human IPMN samples (5/13) were

positive for SOX9, whereas 84.4% of the ARID1A-positive IPMN samples

(38/45) were positive for SOX9. Similarly, 56.3% of the ARID1A-negative PDAC

samples (9/16) were positive for SOX9, whereas 96.4% of the ARID1A-positive

PDAC samples (27/28) were positive for SOX9 (Supplementary Table 1). Thus,

absence of ARID1A expression was observed in subsets of human IPMN and

PDAC, and a significant positive correlation was observed between the
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expression of ARID1A and SOX9 in human IPMN and PDAC.

To examine whether activity of the mTOR pathway was associated with

ARID1A expression in human IPMN and PDAC, we next performed

immunohistochemistry for pS6. We found a significant positive correlation

between the expression of ARID1A and pS6 in human IPMN: pS6 was observed

in 30% of the ARID1A-negative human IPMN samples (4/13), whereas it was

expressed in 66.7% of the ARID1A-positive human IPMN samples (30/45)

(Figure 7A, Supplementary Table 1). Similarly, 37.5% of the ARID1A-negative

PDAC samples (6/16) were positive for pS6, whereas 60.7% of the

ARID1A-positive PDAC samples (17/28) were positive for pS6 (Supplementary

Table 1). Thus, activation of the mTOR pathway appears to be reduced in cases

of ARID1A-negative human IPMN and PDAC.

Furthermore, consistent with the mouse data, publicly available mRNA

expression data of human PDAC from The Cancer Genome Atlas (TCGA)

revealed that the level of ARID1A expression is closely correlated with that of the

components of the mTOR pathway, including mTOR, PIK3CA, AKT3, and
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RICTOR (Spearman rank correlation coefficient = 0.63, 0.556, 0.463, 0.501,

respectively; Figure 7B, C). These data further support the conclusion that

ARID1A regulates mTOR pathway activity by supporting the expression of

components of the mTOR pathway in human PDAC.
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Discussion

Recent genome-wide sequencing studies have revealed that human PDAC

mutations are classified into ten core signaling pathways*’. The SWI/SNF

chromatin remodeling complex is one of these pathways, and 12-23% of all

human PDACs show inactivated mutations in the SWI/SNF complexes, 24 47

including ARID1A as the most frequently mutated gene®* 8 However, the

mechanism by which ARID1A inactivation contributes to pancreatic

tumorigenesis in vivo remains unknown. In the present study, we revealed five

novel findings about the role of Arid7a in pancreatic tumorigenesis in mice.

First, we showed that pancreatic Arid1a deletion collaborates with mutant

Kras to form IPMN and IPMN-derived PDAC, demonstrating that Arid1a acts as

a tumor suppressor in the murine pancreas in the presence of mutant Kras.

Similarly, we previously showed that the pancreatic loss of Brg1, encoding the

ATPase subunit of the SWI/SNF complex, results in formation of IPMN and

IPMN-derived PDAC in the presence of mutant Kras®. Arid1a-deficient IPMN had

similar histological features with Brg7-deficient IPMN. These findings suggested
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that Arid1a and Brg1 cooperate to suppress IPMN formation in the murine

pancreas. Mechanistically, our findings, together with those of previous studies,

suggest that Arid1a and Brg1 inhibit the dedifferentiation of PDCs and thus

IPMN formation through regulation of genes that sustain pancreatic duct cell

identity, including Sox9”. In contrast, Brg7 was shown to promote tumorigenesis

in full-blown PDAC by supporting a mesenchymal-like transcriptional landscape’.

Therefore, similar to transforming growth factor-beta and Wnt signaling#® 4°,

BRG1 plays both tumor-suppressive and promotive functions at distinct stages

of PDAC in a context-dependent manner. In line with the context-dependent

roles of BRG1 in PDAC, loss of Brg1 shows opposing effects on the progression

of lung cancer at distinct stages of the disease®®. Furthermore, our data suggest

that Arid1a appears to have a tumor-promotive function in established IPMN

through positive regulation of the mTOR pathway. These context-dependent

roles of the SWI/SNF complex are most likely due to their multiple cellular

functions regulated by a wide range of target genes. Of interest, a recent study

demonstrated that patients with ARID1A-negative PDAC had a better prognosis
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with respect to survival compared to those with ARID1A-positive PDACS.

Therefore, future studies are required to clarify precisely how Arid7a inactivation

contributes to the progression of established PDAC in vivo.

Second, regarding the cellular origin of IPMNs, we showed that mouse

Arid1a-deficient IPMN originate from the ductal compartment but not from the

acinar compartment. In line with this finding, the cellular origin of mouse

Brg1-deficient IPMN was reported to be the PDCs®. However, a recent study

showed that the cellular origin of mouse IPMN induced by loss of trefoil factor

family 2 (TFF2) was pancreatic duct gland (PDG) cells3®. Given that enlargement

of PDGs was not observed in the Ptf1a-Cre; Kras®'2P; Arid1a”f mice and that the

expression of SMAD4, which is essential for the IPMN suppressive role of TFF2

36,51 was maintained in the Arid7a-deficient IPMNs, the present study suggests

that the IPMN induced by loss of Arid1a or Brg1 have a different cellular origin

from those induced by the loss of Smad4/Tff2.

Third, we showed that Arid1a suppresses the dedifferentiation of PDCs and

thus the formation of IPMN from PDCs in part through positive regulation of
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Sox9 expression, which is required for ductal cell differentiation and

maintenance?®. Consistent with our results, Brg7 inhibited the dedifferentiation of

PDCs and IPMN formation through regulation of Sox9 expression. When Sox9

was inactivated during the embryonic period, a complete tissue-penetrating

pancreatic cystic phenotype was observed. Similar to embryonic inactivation,

conditional Sox9 deletion in adult mice resulted in a polycystic pancreas®.

Therefore, Sox9 appears to be one of the key downstream effectors of the

SIW/SNF complex in maintenance of the pancreatic ductal structure to inhibit the

development of IPMN from PDCs.

Fourth, we found that activity of the mTOR pathway is relatively lower in

Arid1a-deficient IPMN compared to Brg7-deficient IPMN. The mTOR pathway

promotes pancreatic carcinogenesis*3>6. Recenty, Kopp JL et al. reported that

activation of Kras and AKt-mTor pathway leads to IPMN and PDAC formation 2.

This is in line with the finding that the incidence of PDAC formation in

Ptf1a-CreKras®'2D; Arid1a” mice was markedly lower than that in Ptf1a-Cre;

Kras®'2D;  Brg1” mice despite the histological similarities between
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Arid1a-deficient and Brg7-deficient IPMN. Thus, activation of the mTOR

pathway appears to be important for the progression to PDAC from IPMN in the

absence of Arid1a.

Finally, we found that ARID1A expression is absent in subsets of human IPMN

and PDAC. Furthermore, we found a positive correlation between the expression

of ARID1A and SOX9/components of the mTOR pathway in human IPMN and

PDCA. Considering the strong correlation between ARID1A and the mTOR

pathway in human PDAC, the expression level of ARID1A might affect the

effectiveness of mMTOR inhibitors for human PDAC. In addition, synthetic lethality

of Arid1a-mutated cancers was recently demonstrated by targeting EZH2 or ATR.

Therefore, it would be of value to investigate whether EZH2 or ATR might be

effective for the treatment of ARID1A-negative PDAC. Although we showed that

AIRD1A expression is absent in subsets of human IPMN and revealed that the

loss of ARID1A contributes to pancreatic tumorigenesis in this study, it remains

unclear precisely how ARID1A expression is reduced or lost in human IPMN.

Therefore, future studies are required to clarify the underlying mechanism.
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In conclusion, we revealed that Arid7a inhibits duct cell-derived IPMN and

subsequent PDAC formation in the context of oncogenic Kras, demonstrating a

tumor-suppressive role of Arid1a in the pancreas in vivo. Aridla prevents the

dedifferentiation of PDCs and maintains pancreatic ductal structure in part

through regulation of Sox9 expression, providing mechanistic insight into IPMN

formation. Expression of ARID1A and SOX9/components of the mTOR pathway

was positively correlated in human IPMN and PDCA. Our data point to Arid7a as

a cell-type specific mediator of Kras-driven tumorigenesis in the pancreas and

underscore that the SWI/SNF chromatin remodeling complex is a critical

determinant for the distinct route of PDAC formation.
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Figure legends

Figure 1. Arid1a loss in the murine pancreata results in the formation of

cysts.

(A—C) From the top, a macroscopic image, hematoxylin and eosin (H&E) and

ARID1A staining. (D, pancreatic duct; broken line, islet; D1, ARID1A-positive

duct; D2, ARID1A-negative duct; C, pancreatic cyst) (A) Wild-type (n = 8)

(B) Ptf1a-Cre; Arid1a”™ pancreata (n = 10) showed no abnormalities. (C)

Ptf1a-Cre; Arid1a” pancreata (n = 21) developed cystic formations. (D)

Molecular characterization of the cystic lesions in the Ptf1a-Cre; Arid1a™”

pancreata. All white scale bars = 1 cm. All black scale bars = 50 um.

Figure 2. Arid1a deletion collaborates with mutant Kras to form neoplastic

cystic lesions that resemble human IPMN.

(A) Macroscopic image of control Ptf1a-Cre; Kras®'?0; Arid1a”™ (duodenum +

pancreas + spleen) (n = 10) and Ptf1a-Cre; Kras®'2D; Arid1a™ mice (pancreas +

spleen) (n = 43).
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(B) Relative pancreatic weight (PW) to body weight (BW) ratio of Ptf1a-Cre;

Kras®'2D; Arid1a™ (n = 6) and Ptf1a-Cre; Kras®'2D; Arid1a™ (n = 6) mice.

(C) From the top, hematoxylin & eosin, cytokeratin, amylase, and alcian blue

staining of Ptf1a-Cre; Kras®'2D; Arid1a™* and Ptf1a-Cre; Kras®'2D; Arid1a™ mice.

The arrowhead denotes a connection between the cystic lesion and pancreatic

ductal system. (D) From the top, ARID1A, phospho-p44/42 MAPK

(Thr202/Tyr204) (pERK1/2), Ki67 staining of control Ptf1a-Cre; Kras®?2D;

Arid1a”* and Ptf1a-Cre; Kras®12P; Arid1a” mice.

(E) Mucin expression pattern of IPMN in Ptf1a-Cre; Kras®'2P; Arid1a” mice.

White scale bars = 1 cm. Black scale bars = 50 ym.

Figure 3. IPMN in Ptfla-Cre; Kras®'?P; Arid1a” mice exhibit varying grades

of dysplasia and progress to PDAC

(A) IPMN with low- and high-grade dysplasia in Ptf1a-Cre; Kras®'?D; Arid1a"

mice at 18 weeks of age. (B) Incidence of PDAC formation in Ptf1a-Cre;

Kras®12D; Arid1a™ (n = 43), Ptf1a-Cre; Kras®’?P (n = 8), and Ptf1a-Cre; Kras®'20;



739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

51

Arid1a™ (n = 16) mice at indicated time points. (C) Two images on the left show

IPMN with severe-grade dysplasia at 48 weeks of age. Two images on the right

show invasive adenocarcinoma developed from IPMN in Ptf1a-Cre; Kras®'2b;

Arid1a”" mice at 48 weeks of age. (D) ARID1A, pERK1/2, Ki67, and PDX1

staining in PDAC cells in Ptf1a-Cre; Kras®'2D; Arid1a’ mice.

Scale bars = 50 ym.

Figure 4. Arid1a-deficient IPMN originates from the pancreatic ductal cells

but not from acinar cells.

(A) Schema of recombination in Ptf1a-CrefR72; Kras®'20; Arid1a® mice.

(B) Tamoxifen and caerulein administration schema for experiments using

Ptf1a-CrefRT2; KrasCt’2D; Arid1a”™ (n = 5) and Ptf1a-CreER72; KrasC12D; Arid1a™

mice (n = 5).

(C) Ptf1a-CreERT2; Kras®'2D; Arid1a”™ and Ptf1a-CreER2; Kras®'2D; Arid1a” mice

developed multiple PanIN but not IPMN.

(D) Schema of recombination in Hn1fb-CreERT2; Kras®'2D; Arid1a® mice.
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(E) Tamoxifen administration schema for experiments using Hn1b-CrefR72;

Kras®'2D; Arid1a™ (n = 5) and Hn1b-CrefRT2; Kras®12D; Arid1a™ mice (n = 6).

(F) The upper figures show that Arid7a deletion in the presence of mutant Kras

in PDC resulted in a cystic neoplastic lesion. The lower figures show that the

mucin expression patterns of the cystic lesions in Hnf1b-CreER2; KrasG12D;

Arid1a” mice were similar to those in Ptf1a-Cre; Kras®'2D: Arid1a”f mice.

Scale Bar = 50 ym

Figure 5. Arid1a deletion leads to reduction in Sox9 expression,

dedifferentiation of PDCs, and duct dilation, and ectopic expression of

Sox9 prevents the dedifferentiation of PDCs and duct dilation ex vivo.

(A) SOX9 staining in wild type (WT), Ptf1a-Cre; Arid1a™, Ptfia-Cre; Kras®'2D;

Arid1a”, and Hnf1b-CreERT2: KrasG'2D: Arid1a” mice.

(B) Schemas of adenovirus infection experiments. +Ad-GFP, control GFP

expressing adenovirus transmission; +Ad-Cre, Cre recombinase and GFP

expressing adenovirus transmission.
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(C, D) Images of 3D culture of PDCs isolated from Arid1a” and Arid1a™;

Sox90E mice. Diameters of the cysts formed by PDCs are shown in bar graphs.

(E) g-PCR analysis of components of the SWI/SNF (Arid1a and Brg1)

complexes, duct cell markers [mouse Sox9 (moSox9), human Sox9 (huSOX9),

Krt19, and Hnf1b], and progenitor cell markers (Gata4, Gata6, and Hes17) in

cultured PDCs isolated from Arid1a” (n = 3) and Arid1a”; Sox90OE mice (n = 3)

and infected by adenoviruses.

Scale Bar = 50 ym

P < 0.05 and P < 0.01 were represented with single and double asterisks,

respectively.

Figure 6. The mTOR pathway activity is lower in Arid1a-deficient IPMN

compared to that in Brg7-deficient IPMN.

(A) BRG1 expression in Ptf1a-Cre; Kras®'?P; Arid1a” mice (n = 6) and ARID1A

expression in Ptf1a-Cre; Kras®'?P; Brg1” mice (n = 6).
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(B) Schema of microarray analysis of IPMN in Ptf1a-Cre; Kras®'?P; Arid1a™ (n =

2) and Ptfla-Cre; Kras®'?0; Brg1” (n = 3) mice. Seven gene sets were

significantly upregulated in Ptf1a-Cre; Kras®'2P; Arid1a” mice compared to those

in Ptf1a-Cre; Kras®'2D; Brg1” mice. The AKT_UP_MTOR_DN.V1_UP gene set

contains genes upregulated by everolimus in mouse prostate tissue

transgenically expressing the human AKT7 gene versus untreated controls.

(C) Phosphorylated S6 (pS6) was barely observed in IPMN in Ptfla-Cre;

Kras®'2D; Arid1a” mice, whereas it was generally observed in PanIN in

Ptf1a-Cre; Kras®'?P mice, IPMN in Ptf1a-Cre; Kras®'2b; Brg1” mice, and PDAC

in Ptf1a-Cre; Kras®120; Arid1a mice.

(D) g-PCR analysis of the components of the mTor pathway in PDCs with Arid71a

deletion.

Scale Bar = 50 ym

P < 0.05 and P < 0.01 were represented with single and double asterisks,

respectively. P > 0.05 was represented by a number sign.
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Figure 7. Absence of ARID1A expression is observed in subsets of human

IPMN, and ARID1A expression is positively correlated with expression of

SOX9 and components of the mTOR pathway in human IPMN and PDAC.

(A) Histological analysis of human IPMN (n = 5§8) by ARID1A, SOX9, and pS6

staining.

(B) Spearman’s rank correlation coefficient between ARID1A expression and

components of the mTOR pathway in human PDAC.

(C) Plots of mMRNA expression of ARID1A and components of the mTOR

pathway.

Scale Bar = 50 uym.
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Supplementary Table 1. Summary of clinical and histological characteristics of human IPMN and PDAC

ARID1A negative

IPMN

ARID1A positive

ARID1A negative

PDAC

ARID1A positive

number of case
age (mean)
sex (male/female)
historogical subtype
gastric
intestinal
pancreatobiliary
oncocytic
clinical subtype
branch-duct
main-duct
mixed

adenocarcinoma

immunohistochemical
analysis

SOXO9 positive

pS6 positive

13
65.6

3.33

2 (15.4%)
7 (53.8%)
1 (7.7%)

3 (23.1%)

3 (23.1%)
6 (46.2%)
4 (30.8%)

10 (76.9%)

5 (38.5%)

4 (30.8%)

45
67.2

1.14

22 (48.9%)
12 (26.7%)
9 (20.0%)

0 (0%)

11 (24.4%)
16 (35.6%)
18 (40.0%)

23 (51.1%)

38 (84.4%)

30 (66.7%)

*%*

*%

16

69.1

9 (56.3%)

6 (37.5%)

* p<0.05

28
68.9

1.8

27 (96.4%)

17 (60.7%)

*x p<0.01

**



Supplementary Table 2. Conditions and primary antibodies for immunohistochemistry

Antibody Supplier Catalog number IHC dilation
acetylated tubulin Sigma T7451 1:200
Amylase Abcam ab21156 1:1000
ARID1A Abnova H0000829-M02 1:200
BRG1 Santa cruz sc-10768 1:1000
wide spectrum cytokeratin Abcam ab9377 1:200
Estrogen receptor a Millipore 06-935 1:400
Ki67 Dako M7249 1:25
MUC1 Abcam ab15481 1:200
MuUC2 Santa cruz sc-15334 1:100
MUC5ac Abcam ab3649 1:100
pERK 1/2 (phospho-p44/42) Cell Signaling 4370 1:200
PDX1 Abcam ab47308 1:1000
progesterone receptor Thermo RM-9102-S0 1:1000
pSTAT3 Cell Signaling 9145 1:200
pS6 (Ser235/236) Cell Signaling 2211 1:400
pl6 Santa cruz sc-1661 1:500
p21 Abcam ab109199 1:250
p53 Vector Lab VP-P956 1:500
SOX9 Millipore AB5535 1:10000



Supplementary Table 3. Sequences of primer sets for quantitative RT-PCR

primer set Forward Reverse

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Aridla GACCCCTCAGTCATCCAGTC GAGTATGGGTTAGTCCCACCA
Brgl CAAAGACAAGCATATCCTAGCCA CACGTAGTGTGTGTTAAGGACC
mo-Sox9 AGTACCCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT
hu-Sox9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
Krt19 GGGGGTTCAGTACGCATTGG GAGGACGAGGTCACGAAGC
Hnflb GTTACTGCCGTCCCCGAATTT CGGCTTGGTGTCGAGATCC
Gata4 CCCTACCCAGCCTACATGG ACATATCGAGATTGGGGTGTCT
Gata6 TTGCTCCGGTAACAGCAGTG GTGGTCGCTTGTGTAGAAGGA
Hes1 ATAGCTCCCGGCATTCCAAG GCGCGGTATTTCCCCAACA
Pik3ca CCACGACCATCTTCGGGTG ACGGAGGCATTCTAAAGTCACTA
Akt3 TGGGTTCAGAAGAGGGGAGAA AGGGGATAAGGTAAGTCCACATC
mTor CAGTTCGCCAGTGGACTGAAG AGACTCCTCCTGACTCATCTCT
Rictor GCTGCGCTATCTCATCCAAGA GGGTTCTGAAGTGCTAGTTCAC

Pdk1

GGACTTCGGGTCAGTGAATGC

TCCTGAGAAGATTGTCGGGGA
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Supplementary Materials and Methods
Histological analysis

Mouse tissues were fixed with 4% buffered paraformaldehyde solution,

embedded in paraffin, and cut into 5-um sections. Sections were deparaffinized,

rehydrated, and stained with hematoxylin and eosin (H&E) or alcian blue and

counterstained with Nuclear Fast Red (Kirkegaard & Perry Laboratories). For

immunohistochemistry, antigen retrieval was performed by boiling the sections in

primarily 10 mM citric acid buffer with pH 6.0 for 15 min. The sections were

washed with phosphate-buffered saline. Blocking was performed using Protein

Block Serum-Free (Dako, catalog no. X0909). For primary antibodies, incubation

was performed overnight at 4 °C in a humidified chamber; secondary antibody

incubation was performed for 1 h at room temperature. Immunoperoxidase

labeling was performed with the Vectastain ABC kit (Vector Laboratories, catalog

no. PK-6102), and the sections were then subjected to chromophore treatment

with diaminobenzidine (DAB) substrate (Dako, catalog no. K3468) and were

counterstained with hematoxylin. Primary antibodies are listed in Supplementary

Table 2.
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Tamoxifen and caerulein treatment

Tamoxifen (Sigma-Aldrich, St Louis, MO, USA) was administered by

subcutaneous injection to Ptf1a-CreER™2 mice at a dose of 4 mg/body weight per

injection and by oral gavage to Hnf1b-CrefR™2 mice at a dose of 10 mg/body

weight per gavage. Time courses and the amount of injections/gavages are

outlined in Figure 4. Acute pancreatitis was induced by intraperitoneal injection of

50 pg/kg caerulein (diluted in saline; Sigma-Aldrich) on two consecutive days

once every hour for 8 h each day.

Adenoviral infection

The single-cell suspension of PDCs was prepared by digesting the 2D-cultured

PDCs and the collagen layer with collagenase type V followed by trypsinization.

For adenoviral infection, PDCs were incubated at 37 °C with green fluorescent

protein (GFP)-expressing adenovirus (Ad-GFP) or Cre recombinase and GFP-

expressing adenovirus (Ad-Cre) at a multiplicity of infection of 50 on the collagen-
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coated plates overnight. The PDC full medium was replaced every two days.

RNA isolation from cultured cells and quantitative RT-PCR (qPCR)

RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA, USA).

Single-stranded cDNA was prepared using the ReverTra Ace qPCR RT kit

(Toyobo, Osaka, Japan). gPCR was performed with a SYBR Green-based gene

expression assay using the LightCycler 480 system (Roche, Madison, WI, USA).

Expression levels were normalized to GAPDH levels using the ACt method.

Primer sequences are described in Supplementary Table 3. All reactions were

performed in triplicates.

Laser capture micro-dissection and RNA extraction

The resected pancreas was immersed in the RNAlater solution (Ambion)

overnight at 4 °C and then embedded in Frozen Section Compound (Leica) and

stored at =80 °C. Frozen specimens were cut into 10-um sections using a

CM1950 cryostat (Leica) and embedded on frame slides (Leica). The sections
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were fixed in a 19:1 ethanol and acetic acid mixture, incubated for 3 min on an

ice bath, and then washed in ultra-pure distilled water (Invitrogen) for 1 min. For

each mouse, 5-6 lesions were selected, and their RNA was extracted using the

RNeasy Micro kit (Qiagen, Valencia, CA, USA). After drying, the sections were

dissected using the LMD-3500 (Leica) laser-capture micro-dissection system, as

previously described’. Total RNA was extracted from the dissected tissue using

the RNeasy Micro Kit (Qiagen).

Microarray analysis

The quality of RNA extracted from adenovirus-infected PDCs and epithelial cells

of IPMNs was examined with an Agilent 2100 bioanalyzer (Agilent Technologies).

The epithelial cells of IPMNs were obtained using a laser-capture micro-

dissection system (Leica). The RNA integrity numbers of the RNA samples used

in the microarray analysis were above 7. The RNA samples were labeled with

SureTag Complete DNA Labeling Kit (Agilent Technologies) and hybridized to the

SurePrint G3 Mouse GE 8x60K Microarray Kit (Agilent Technologies) using the
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Gene Expression Hybridization Kit (Agilent Technologies). The raw data were

quantified by Agilent Feature Extraction software (Agilent Technologies).

Quantified data were normalized by Gene Spring 12.5 software (Agilent

Technologies). Unnamed genes were excluded. As previously described, gene

expression data of the epithelial cells of IPMNs were analyzed using Gene Set

Enrichment Analysis (GSEA) software and the Molecular Signature Database

(MSigDB), which is provided by the Broad Institute of MIT and Harvard? 3. The

pathway analyses and Gene Ontology (GO) enrichment analyses of the gene

expression data of adenovirus-infected PDCs were performed using DAVID 6.8.%

Statistical analysis

Data are presented as means + SEM. To determine P-values for the qPCR

analysis of ductal cell culture experiments, Welch’s t-test was performed. To

determine P-values for other experiments, Student’s t-test was performed. A P-

value <0.05 was considered as statistically significant. All statistical analyses



82  were performed with either Graph-Pad Prism software (version 6.0, GraphPad,

83  San Diego, CA, USA) or Microsoft Excel.
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Supplementary Figure 1.

Arid1a deletion does not suppress PanIN formation.

(A) PanIN lesions were frequently observed between IPMN in Ptf1a-Cre;

Kras®12D; Arid1a” mice.

(B) Magnified image of (A).

(C) Alcian blue staining

Scale Bar = 50 ym

Supplementary Figure 2.

Cystic lesions in Ptf1a-Cre; Kras®'?®; Arid1a™ mice do not resemble those

of human MCN.

(A) Estrogen receptor staining in the uterus isolated from wild type (WT) mice.

(B) Estrogen receptor staining in the pancreas isolated from Ptf1a-Cre; Kras©'20;

Arid1a”f mice.

(C) Progesterone receptor staining in the uterus isolated from WT mice.
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(B) Progesterone receptor staining in the pancreas isolated from Ptf1a-Cre;

Kras®12D: Arid1a” mice.

Scale Bar = 50 ym

Supplementary Figure 3.

Histological analysis of IPMN in Ptfla-Cre; Kras®'?P; Arid1a™ mice and

PanIN in Ptf1a-Cre; Kras®'?P mice.

(A) Phospho-Stat3, (B) Pdx1, (C) p16, (D) p21, (E) p53, and (F) Smad4 staining.

Scale Bar = 50 ym

Supplementary Figure 4.

Overall survival analysis of Ptf1a-Cre; KrasG12D; Arid1af/f and Ptf1a-Cre;

KrasG12D; Arid1af/+ mice

Overall survival analysis of the indicated mouse genotypes. Kaplan-Meir survival

curves and the log-rank test showed no significant difference in the survival rates
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between Ptf1a-Cre; Kras®12D; Arid1a™ mice (red, n = 52) and Ptf1a-Cre; Kras®'20;

Arid1a” mice (blue, n = 16).

Supplementary Figure 5.

Sox9 overexpression offsets the effect of Aridla deletion on pancreatic

ductal dilation in vivo.

(A) Histological analysis of Ptf1a-Cre; Arid1a”; Sox90OE mice at the age of 9-20

weeks (n = 3). H&E staining and immunohistochemistry for Arid1a and Sox9.

(B) Histological analysis of Ptf1a-Cre; Kras®'2D; Arid1a"; Sox90OE mice at the age

of 4-8 weeks (n = 4). H&E staining and immunohistochemistry for Arid1a and

Sox9.

(C) Summary of the phenotypes in terms of pancreatic ductal dilation and IPMN

development of Ptf1a-Cre; Arid1a”, Ptfla-Cre; Arid1a™; Sox90OE, Ptf1a-Cre;

Kras®12D: Arid1a” and Ptf1a-Cre; Kras®12P; Arid1a’: Sox90OE mice.

Scale Bar = 50 um
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Supplementary Figure 6.

Schema of the microarray analysis of Arid1a-deficient and wild type (WT)

pancreatic ductal cells.

Pathway analysis and GO enrichment analysis using DAVID 6.8 revealed

up/down-regulated pathways or functions by knockdown of Arid7a in pancreatic

ductal cells. The top eight pathways or GO terms that were most affected by

knockdown of Arid1a are listed in the boxes.

Supplementary Figure 7.

Gene set enrichment analysis revealed sets of genes that were differently

expressed in Arid1a-deficient IPMN compared with Brg7-deficient IPMN.

(A) NOTCH_DN.V1_DN; genes downregulated in MOLT4 cells (T-ALL) by DAPT

[PubChem ID: 16219261], an inhibitor of the NOTCH signaling pathway.

(B) PRC2_EDD_UP.V1_DN; genes downregulated in TIG3 cells (fibroblasts) on

knockdown of embryonic ectoderm development (EED).
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(C) KRAS.AMP.LUNG_UP.V1_UP; genes upregulated in epithelial lung cancer

cell lines overexpressing KRAS.

(D) ESC V6.5 UP_LATE.V1_UP; genes upregulated during the late stages of

differentiation of embryoid bodies from V6.5 embryonic stem cells.

(E) PRC2_EZH2_UP.V1_DN; genes downregulated in TIG3 cells (fibroblasts) on

knockdown of enhancer of zeste homolog 2 (EZH2).

(F) ESC_J1_UP_LATE.V1_UP; genes upregulated during the late stages of

differentiation of embryoid bodies from J1 embryonic stem cells.

Supplementary Table 1

Summary of clinical and histological characteristics of human IPMN and

PDAC

Supplementary Table 2

Conditions and primary antibodies for immunohistochemistry
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179 Supplementary Table 3

180 Sequences of primer sets for quantitative RT-PCR





