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BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma
(PDAC) arises from several types of premalignant lesions,
including intraductal tubulopapillary neoplasm (ITPN); how-
ever, the molecular pathogenesis of ITPN remains unknown.
METHODS: We performed studies with Hnf1b-Cret®"%; pten”;
Arid1d”/ mice to investigate the consequence of genetic dele-
tion of Aridla in adult pancreatic ductal cells in the context of
oncogenic PI3K/Akt pathway activation. RESULTS: Simulta-
neous deletion of Aridla and Pten in pancreatic ductal cells
resulted in the development of ITPN, which progressed to
PDAC, in mice. Simultaneous loss of Aridla and Pten induced
dedifferentiation of pancreatic ductal cells and Yes-associated
protein 1/Transcriptional coactivator with PDZ-binding motif
(YAP/TAZ) pathway activation. Consistent with the mouse data,
TAZ expression was found elevated in human ITPNs and ITPN-
derived PDACs but not in human intraductal papillary
mucinous neoplasms, indicating that activation of the TAZ
pathway is a distinctive feature of ITPN. Furthermore, phar-
macological inhibition of the YAP/TAZ pathway suppressed the
dedifferentiation of pancreatic ductal cells and development of

ITPN in Aridla and Pten double-knockout mice. CONCLUSION:
Concurrent loss of Aridla and Pten in adult pancreatic ductal
cells induced ITPN and ITPN-derived PDAC in mice through
aberrant activation of the YAP/TAZ pathway, and inhibition of
the YAP/TAZ pathway prevented the development of ITPN.
These findings provide novel insights into the pathogenesis of
ITPN-derived PDAC and highlight the YAP/TAZ pathway as a
potential therapeutic target.
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P ancreatic ductal adenocarcinoma (PDAC) is a lethal
disease with an extremely poor prognosis,' and thus
early diagnosis and more effective therapies are urgently
needed to improve patient outcomes. To this end, a better
understanding of the molecular mechanisms underlying
PDAC development is crucial. PDAC is thought to arise from
premalignant lesions, including pancreatic intraepithelial
neoplasia (PanIN), intraductal pancreatic mucinous
neoplasm (IPMN), and intraductal tubulopapillary neoplasm
(ITPN). ITPN, a rare subset of epithelial neoplasms of the
pancreas representing approximately 3% of premalignant
pancreatic tumors and 0.9% of all pancreatic exocrine
neoplasms,” is characterized by intraductal tubulopapillary
growth and cellular dysplasia, and has been recently defined
as a distinct entity in the World Health Organization clas-
sification based on its unique morphological and genomic
features.””* The morphological and histological features of
ITPNs that distinguish them from IPMNs include no
observable secreted mucin, cribriform structure, tubulopa-
pillary growth, cuboidal cells with little cytoplasmic mucin,
uniform high-grade atypia, and no MUC2 and MUC5AC
expression.” Most ITPNs grow in the main pancreatic duct
with upstream dilatation and mimic PDAC, and those
growing only in branch ducts are extremely rare.

Recent sequencing studies have revealed that activating
mutations in KRAS are common in human PanINs® and
PDACs® and are often observed in IPMNs’*%; however, these
mutations are rarely found in patients with ITPN.>’
Approximately 30% of ITPNs have activating mutations in
genes involved in the PI3K/Akt pathway (PIK3CA, PIK3CB,
INPP44, PTEN) and chromatin-remodeling factors (MLLI,
MLLZ2, MLL3, BAP1, PBRM1, EED, and ATRX), suggesting that
ITPN harbors distinct genetic alterations.” However, the
molecular mechanisms underlying ITPN and ITPN-derived
PDAC development are largely unknown, and genetically
engineered mouse models of ITPN and ITPN-derived PDAC
have not yet been established.

Recent genome-wide sequencing studies have shown
that mutations in subunit genes of the SWI/SNF chromatin-
remodeling complexes are widespread across diverse hu-
man cancers'”'" and have been found in 12% to 23% of
human PDACs.'%'* SWI/SNF complexes remodel the
chromatin structure using energy from ATP hydrolysis to
modulate gene expression."® ARID1A is the most frequently
mutated subunit in SWI/SNF complexes in human PDAC,'*
and decreased ARID1A protein expression is found in
various types of cancers, including PDAC."”"'7 ARID1A plays
arole in the specific recruitment of the SWI/SNF complex by
binding to transcription factors.'® Using a mouse model, we
recently showed that loss of Aridla in pancreatic ductal
cells synergistically acts with oncogenic Kras to induce
dedifferentiation of pancreatic ductal cells and IPMN
development, which subsequently develops into invasive
PDAC."” Furthermore, another study showed that loss of
Aridla in the context of oncogenic Kras led to the devel-
opment of IPMN as well as the activation of epithelial to
mesenchymal transition (EMT) and stem cell transcriptional
programs in Aridla-deficient murine PDAC cells.”’
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Intraductal tubulopapillary neoplasm has unique mutation
features, including no KRAS mutation and frequent
mutation in chromatin-remodeling factors and the PI3K/
AKT pathway; however, the molecular mechanism of
intraductal tubulopapillary neoplasm development is
largely unknown.

NEW FINDINGS

Simultaneous loss of ARID1A and phosphatase and
tensin homologue in pancreatic ductal cells induces
development of intraductal tubulopapillary neoplasm
through dedifferentiation and aberrant activation of the
Yes-associated protein 1/Transcriptional coactivator
with  PDZ-binding motif (YAP/TAZ) pathway, and
pharmacological inhibition of the YAP/TAZ pathway
suppresses intraductal  tubulopapillary  neoplasm
formation in mice.

LIMITATIONS

Further studies are required to elucidate the molecular
mechanism of aberrant activation of the YAP/TAZ
pathway in ARID1A- and PTEN-mutated pancreatic
ductal cells.

IMPACT

Aberrant activation of the YAP/TAZ pathway is a
molecular feature of intraductal tubulopapillary neoplasm
and intraductal tubulopapillary  neoplasm-derived
pancreatic ductal adenocarcinomas, and inhibition of
the YAP/TAZ pathway could be a novel therapeutic
approach for intraductal tubulopapillary neoplasm and
intraductal tubulopapillary neoplasm-derived pancreatic
ductal adenocarcinomas.

Recent studies have reported a high co-occurrence of
ARID1A with PTEN or PIK3CA mutations in several types of
cancer, including ovarian clear cell carcinoma, uterine
endometrioid carcinoma, and uterine serous carcinoma.’?2
These findings suggest a synergistic effect between the loss
of Aridla and activation of the PI3K/Akt pathway on
oncogenesis. However, the in vivo role of ARID1A in
pancreatic tumorigenesis in the context of oncogenic acti-
vation of the PI3K/Akt pathway remains unknown.

Therefore, in this study, we aimed to investigate the
impact of Arid1a inactivation in pancreatic ductal cells in the
context of oncogenic PI3K/Akt pathway activation and
clarify the functional role of Arid1a in the specification and
development of PDAC and its precursors in mice.

Materials and Methods

Mice

Experimental animals were generated by crossing Hnf1b-
CreERTZ2 mice (a gift from Jorge Ferrer, Imperial College, Lon-
don, UK),*® Arid1a™ mice,** and Pten™ mice (Stock no.
004597; The Jackson Laboratory, Bar Harbor, ME). The mice
were crossed with a mixed background. For the induction of
Cre-mediated recombination, tamoxifen (Sigma-Aldrich, St
Louis, MO) was administered a total of 3 times: once a day by
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oral gavage at a dose of 400 mg/kg, every 2 days. Pancreatic
tissue from Ptfla-Cre; Kras®?P; Arid1d™°% mice were pre-
pared as described previously.'” All experiments involving
mice were approved by the animal research committee of
Kyoto University (Kyoto, Japan) and performed in accordance
with Japanese government regulations.

Histology and Immunohistochemistry

For histological analyses, mouse organs were isolated and
fixed overnight in 4% paraformaldehyde, embedded in paraffin,
and sectioned at a thickness of 5 um. Paraffin-embedded sec-
tions were stained with hematoxylin and eosin. We classified
pancreatic lesions using the same diagnostic criteria used for
humans.?” For immunohistochemistry (IHC), antigen retrieval
was performed by boiling the sections in 10 mM citric acid
buffer (pH 6.0) or EDTA buffer (pH 8.0) for 15 minutes at 98°C.
The samples were then incubated with primary antibodies
overnight at 4°C in a humidified chamber, followed by sec-
ondary antibody incubation for 1 hour at room temperature.
Peroxidase-streptavidin labeling was performed using the
VECTASTAIN Elite ABC Standard Kit (Cat. no. PK-6100; Vector
Laboratories, Burlingame, CA). The sections were then stained
with diaminobenzidine substrate (Cat. no. K3468; Dako, Car-
pinteria, CA) and counterstained with hematoxylin (Cat. no.
109249; Sigma-Aldrich).

Clinical Samples

Surgically resected specimens of 5 human ITPNs and 21
human IPMNs were obtained from patients admitted to Kyoto
University Hospital. The study protocol was approved by the
Ethics Committee of the Kyoto University Hospital (R2904).

Statistics

Data are presented as the mean + SD. Statistical compari-
sons between groups were performed using 1-way analysis of
variance with Dunnett’s test or Tukey’s test and Mann-Whitney
test. P values < .05 were considered statistically significant. All
statistical analyses were performed using GraphPad Prism
(version 7.03; GraphPad Software Inc., La Jolla, CA) or JMP Pro
15 (SAS Institute Inc., Cary, NC).

Data Availability

The RNA sequencing (RNA-seq) and assay for transposase-
accessible chromatin using sequencing (ATAC-seq) data will be
deposited in the Gene Expression Omnibus database before
publication.

Detailed methods are described in the Supplementary
Material and Methods. Primary antibodies for IHC are listed
in Supplementary Table 1. Primary antibodies for Western blot
are listed in Supplementary Table 2. Primer sequences are
described in Supplementary Table 3.

Results

Simultaneous Loss of Arid1a and Pten in
Pancreatic Ductal Cells Drives the Formation of
ITPN and ITPN-derived PDAC in Mice

To investigate the functional role of Pten and Aridla in
murine pancreatic ductal cells, we crossed Hnflb-Cre"R™
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mice, which express tamoxifen-inducible Cre in adult
pancreatic ductal cells (Figure 14),** with Pten”’ and Ari-
d1a”’ mice and established 4 murine models, designated as
H (Hnf1b-Cre®®"2), HA (Hnf1b-Cre®R"%; Arid1a™), HP (Hnf1b-
cref®12; pten”’), and HPA (Hnf1b-Cref®"%; Pten”; Arid1a™”")
mice.

H, HA, HP, and HPA mice were histologically examined
12 weeks after oral administration of tamoxifen
(Figure 1B); the H and HA mouse pancreas showed no
microscopic abnormalities, whereas mild dysplasia of the
main pancreatic duct only in the head of the pancreas
without dilation and no dysplasia in the branch ducts was
observed in HP mice (Figure 1C). In contrast, the dual loss
of Aridla and Pten in pancreatic ductal cells resulted in the
development of pancreatic intraductal neoplasms in HPA
mice (Figure 1C). Dense chromatin and mitotic figures
were also identified in the pancreatic tissues of HPA mice.
These neoplastic lesions grew in a tubular structure in the
main pancreatic duct with upstream dilation as well as in
the branch ducts. The tumor cells were eosinophilic,
cuboidal, had round to oval-shaped nuclei, and were ar-
ranged back-to-back in complex tubular structures that
were predominantly cribriform with focal papillary for-
mation. These histological findings are consistent with the
typical features of human ITPN.**’

We further observed elevated Ki67 expression in HPA
mouse [ITPN-like lesions compared with that in HP or HA
mouse pancreatic ductal cells, suggesting that ITPN tumor
cells in HPA mice are actively proliferating (Figure 1D). The
Cre-based recombination in pancreatic ductal cells was
robust, as confirmed by IHC showing a lack of Aridla
expression in HA mice and both decreased expression of
Pten and positive expression of phosphorylated-Akt (pAkt)
in pancreatic ductal cells in HP mice (Figure 1D and
Supplementary Figure 14).

Human ITPNs are characterized by mucin glycoprotein
expression that is usually positive for MUC1 but negative for
MUC2 and MUC5AC, whereas pancreatobiliary-type human
and mouse IPMNs are positive for MUC1 and MUC5AC but
negative for MUC2.>° Therefore, we performed IHC for
these mucin glycoproteins in ITPN-like lesions from HPA
mice. Pancreatic intraductal neoplastic cells in HPA mice
were positive for MUC1 but negative for MUC2 and MUC5AC
and pancreatic ductal cells in H, HA, and HP mice repre-
sented the same expression pattern (Figure 1E,
Supplementary Figure 1B). This indicates that the lesions
closely resemble human ITPNs not only in morphology but
also in terms of mucin expression patterns.

We next analyzed the 4 mouse genotypes at different
time points and found no abnormalities in H and HA mice
at 52 weeks after tamoxifen administration and no
neoplastic lesions in HP mice even at 52 weeks after
tamoxifen administration (Figure 24). Although no
apparent abnormality was observed at 4 weeks, ITPN-like
lesions developed in all HPA mice 8 weeks after tamox-
ifen administration with 100% penetrance. In addition,
some of these lesions had an extraductal microinvasion of
0.05 mm in depth and desmoplasia surrounding tumor
cells, mimicking PDAC with microinvasion (Figure 2B). HPA
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Figure 1. Pancreatic ductal cell-specific loss of Arid1a and Pten induces ITPN and ITPN-derived PDAC in mice. (A) Scheme
illustrating pancreatic ductal cell-specific genetic recombination in HPA mice. (B) Experimental design of tamoxifen admin-
istration and analysis. Arrowheads indicate tamoxifen administration The mice were killed 12 weeks after the first tamoxifen
administration. (C) Representative image of hematoxylin and eosin (H&E) staining of the pancreas from H, HA, HP, and HPA
mice. Top: Histologic images of the pancreas around the main pancreatic duct at low magnification; middle: high magnification
image of the boxed regions in the top panels; bottom: histologic images of the pancreas around the branch duct at high
magnification. Scale bars, 200 um (low magnification) and 50 um (high magnification). H, HA, and HP: n = 3, HPA: n = 5. (D)
IHC for Arid1a, pAkt, and Ki67 in the pancreas of H, HA, HP, and HPA mice. Scale bar, 50 um. H, HA, and HP: n = 3, HPA:
n = 5. (E) IHC for Muc1, Muc2, and Mucbac in the ITPN lesions of HPA mice. Scale bar, 50 um. n = 5.

mice became moribund approximately 20 weeks after and jaundice (data not shown). These data indicate that
tamoxifen administration most likely due to hepatic simultaneous deletion of Pten and Aridla in pancreatic
dysfunction, as these mice showed massive hepatic tumors ductal cells results in the development of pancreatic ductal
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Loss of Arid1a and Pten leads to Dedifferentiation
of Pancreatic Ductal Cells

Cancer progression often involves dedifferentiation of
epithelial cells, which is accompanied by an acquisition of
progenitor and stem cell-like potentials.”® Therefore, to
investigate the molecular mechanism by which ITPNs form
from pancreatic ductal cells in the concurrent absence of
Aridla and Pten, we evaluated the expression of mature
ductal cell markers, Sox9 and anlﬁ,23'27‘28 and pancreatic
precursor cell markers, Pdx1, Aldhlal, and Cd133 by im-
munostaining.””° Notably, the expression of mature ductal
cell markers was impaired in ITPNs of HPA mice but
observed in the ductal cells of H, HA, and HP mice. In
contrast, expression levels of the pancreatic precursor cell
markers were elevated in ITPN lesions of HPA mice
compared with ductal cells in H, HA, and HP mice (Figure 34

to the development of
PDAC with microinvasion.
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and Supplementary Figure 24). These results suggest that
simultaneous loss of Aridla and Pten induces the dediffer-
entiation of ductal cells.

For further molecular analysis, we generated pancreatic
ductal cell organoids from the pancreas of H, HA, HP, and
HPA mice 4 weeks after tamoxifen administration. These
pancreatic ductal cell organoids were roundish and did not
show any apparent differences in morphology. Quantitative
reverse-transcriptase polymerase chain reaction (qRT-PCR)
showed that the expression of Pten in HP and HPA organoids
and the expression of Aridla in HA and HPA organoids was
dramatically diminished (Supplementary Figure 2B). The
expression levels of pancreatic precursor cell markers,
including Aldhlal, Sox17, Hnf4a, and Cd133, were elevated
in organoids derived from HPA mice compared with those
from other genotypes (Figure 3C and Supplementary
Figure 2B). On the other hand, the expression levels of
ductal cell marker genes, including Sox9 and Hnf13, were
not different between all genotypes. We also found that the
expression of embryonic stem cell marker genes, including
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Figure 3. Dual loss of Arid1a and Pten induces dedifferentiation of pancreatic ductal cells. (A) IHC for Sox9, Hnf1b, Pdx1, and
Aldh1a1 in the pancreas of H, HA, HP, and HPA mice 12 or 18 weeks after tamoxifen administration. Scale bar, 50 um. H and
HP:n=6,HA:n=7,HPA :n=9. (B) Images of organoid culture of pancreatic ductal cells isolated from H, HA, HP, and HPA
mice 12 weeks after tamoxifen administration. Scale bar, 50 um. (C) gRT-PCR of pancreatic precursor cell marker genes in
pancreatic ductal organoids. Data are presented as the mean + SD (n = 3 per group). P < .001 (1-way analysis of variance
with Tukey’s test).
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Sox2, Nanog, and Oct3/4, were almost undetectable, and the
expression of KIf4 was comparable among H, HA, HP, and
HPA organoids (Supplementary Figure 2B). These data
suggest that concurrent inactivation of Aridla and Pten in-
duces dedifferentiation of pancreatic ductal cells into a
pancreatic precursor-like state, but not into a more primi-
tive state such as an embryonic stem cell-like state in vitro
and in vivo.

Characterization of Pancreatic Ductal Cells of
HPA Mice by RNA-seq Analysis

Our data showed that HPA mice developed ITPN-like
lesions and that HP mice did not develop premalignant le-
sions. These data indicate that aberrant activation of the
PI3K/Akt pathway per se is not sufficient to induce ITPN
formation and that concurrent loss of Arid1a is required for
ITPN development. To identify the molecular features
caused by loss of Arid1a in pancreatic ductal cells, we next
performed RNA-seq of pancreatic ductal cells isolated from
whole pancreas tissue using ductal cell-specific Dolichos
biflorus agglutinin lectin labeling followed by magnetic bead
separation (Figure 44).>' RNA-seq analysis of genes with
high fold changes (> 2 log or < —2 log) revealed 734
upregulated and 258 downregulated genes in HPA mice
(Figure 4B). Gene Set Enrichment Analysis (GSEA) using
“Hallmark gene sets” showed that Myc target genes, E2F
target genes, and EMT-related genes were enriched in ductal
cells from HPA mice compared with ductal cells from H and
HP mice, consistent with the findings of previous studies on
Aridla knockout mice (Figure 4C).”"***% We also found that
genes involved in oxidative phosphorylation and fatty acid
metabolism were enriched in ductal cells from H and HP
mice, whereas those involved in glycolysis were elevated in
ductal cells from HPA mice (Figure 4C and Supplementary
Figure 3), suggesting that loss of Aridl1a may induce meta-
bolic reprogramming in pancreatic ductal cells, as previ-
ously reported in other organs.***° Results from GSEA using
“Ontology gene sets” showed that several pathways associ-
ated with endoderm development were enriched in HPA
mice (Figure 4D), suggesting that pancreatic ductal cells in
HPA mice possess a dedifferentiating potential that fits the
in vivo phenotypes observed for this mouse (Figures 1 and
3). We performed gRT-PCR analysis to confirm these
changes in in vitro organoids. The expression of glycolysis-
related genes, such as Hk2 and Sic16a3, were increased in
HPA organoids compared with HP organoids, whereas those
of EMT-related genes and Myc target genes were compa-
rable between HP and HPA organoids (Supplementary
Figure 2).

Simultaneous Loss of Arid1a and Pten Induces
YAP/TAZ-TEAD Pathway Activation in Pancreatic
Ductal Cells

Aberrant activation of the Yes-associated protein 1/
Transcriptional coactivator with PDZ-binding motif (YAP/
TAZ)-TEAD pathway is observed in various types of cancers,
including PDAC.2%37 Consistent with this, results from GSEA
showed that YAP activity signatures were significantly
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enriched in pancreatic ductal cells of HPA mice compared
with H and HP mice (Figure 54 and Supplementary
Figure 3). We confirmed that expression of Ctgf, Ankrdl,
and Birc5—well-known target genes of the YAP/TAZ-TEAD
complex—were elevated in HPA pancreatic ductal cells, as
determined by qRT-PCR (Figure 5B) and IHC (Figure 5C)
using in vitro organoids and in vivo pancreatic tissues,
respectively. Of note, we found that the expression of these
YAP/TAZ-TEAD target genes was not different between H
and HA organoids, suggesting that single deletion of Aridla
did not alter the expression of YAP/TAZ target genes in
pancreatic ductal cells. In addition, we found that nuclear
staining of TAZ, but not YAP, was increased in ITPN lesions
in HPA mice compared with pancreatic ductal cells in HP
mice, which is consistent with the increased expression of
YAP/TAZ-TEAD target genes in HPA mice (Figure 5C). Taken
together, these data indicate that the YAP/TAZ-TEAD
pathway is activated in the pancreatic ductal cells of HPA
mice but not in those of H, HA, and HP mice.

ARID1A Is Essential for the Direct Binding of the
SWI/SNF Complex and YAP/TAZ in Pancreatic
Ductal Cells and Can Suppress YAP/TAZ-TEAD
Activity

Given that Aridla is a core subunit of the SWI/SNF
complex that regulates gene expression through chromatin
structure remodeling, we hypothesized that the elevated
expression of YAP/TAZ-TEAD target genes and subsequent
dedifferentiation in HPA mice resulted from changes in
chromatin accessibility due to the loss of Arid1a. To test this,
we performed an ATAC-seq of pancreatic ductal cell orga-
noids and found that the chromatin status of YAP/TAZ-
TEAD target genes did not differ between HP and HPA
organoids (Figure 5E).

Western blot analysis of co-immunoprecipitation assays
revealed that YAP/TAZ directly interacted with Brgl, a core
subunit of the SWI/SNF complex, in pancreatic ductal cell
organoids from HP mice (Figure 5F and G). By contrast, this
interaction was impaired in pancreatic ductal cell organoids
from HPA mice, suggesting that ARID1A is essential for the
direct interaction of the SWI/SNF complex with YAP/TAZ
protein. The findings indicate that loss of Arid1la-mediated
interaction between the SWI/SNF complex and YAP/TAZ
leads to dysregulated activation of the YAP/TAZ-TEAD
pathway, subsequently promoting tumorigenesis through
ITPN/PDAC development in HPA mice.

The YAP/TAZ Pathway in Mice Is Activated in
ITPN But Not in IPMN

We reported that Ptfla-Cre; Kras®?P; Aridia”’ (PKA)
mice developed IPMN, and we further showed that [IPMN in
these mice originated from pancreatic ductal cells. Given
that both ITPN and IPMN arise from pancreatic ductal cells,
we next investigated the molecular mechanism underlying
ITPN development in HPA mice. In contrast to the aberrant
activation of the YAP/TAZ-TEAD pathway in the pancreatic
ductal cells of HPA mice—indicated by elevated expression
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of target genes of the YAP/TAZ-TEAD pathway (Ctgf and
Birc5) and increased expression of TAZ in ITPN—IPMN in
Ptfla-Cre; Kras®?P; Arid1a”’ (PKA) mice did not show
increased expression of target genes of the YAP/TAZ-TEAD
pathway and TAZ (Figure 6A). It is known that the PI3K/Akt
pathway induces activation of YAP/TAZ-TEAD pathway.***°
To investigate the potential influence of the PI3K/Akt
pathway on the YAP/TAZ-TEAD activity, we performed IHC
for pAkt in HPA and PKA mice. We found that the expression
level of pAkt was elevated in HPA mice compared with PKA
mice (Supplementary Figure 4). These data indicate that
augmented protein expression and transcriptional activity
of the YAP/TAZ-TEAD complex are distinct features of ITPN
in HPA mice, and are not observed in IPMN of PKA mice.

TAZ Expression in Humans Is Elevated in ITPN
and ITPN-derived PDAC But Not in IPMN

To establish the human relevance of ITPN tumors
developed in HPA mice, we investigated YAP/TAZ pathway
activation in human ITPN and ITPN-derived PDAC samples

as well as normal adjacent pancreas or IPMN samples by
histology. In good agreement with our mouse data, we found
that TAZ was highly expressed with nuclear localization in
all tested ITPN and ITPN-derived PDAC samples but was
absent in IPMN and normal adjacent samples (Figure 6B).
Expression levels of YAP, pAkt, and ARID1A, were not
different between ITPNs and IPMNs (Figure 6C and D and
Supplementary Figure 5). Consistent with our mouse data,
the data suggest that the activated TAZ-TEAD pathway can
distinguish ITPNs and ITPN-derived PDACs from IPMNs in
humans.

The YAP/TAZ Pathway Functionally Mediates the
Dedifferentiation of Pancreatic Ductal Cells and
ITPN Formation in HPA Mice

YAP/TAZ-TEAD regulates the enhancer network of hu-
man embryonic pancreatic progenitors.*” We thus hypoth-
esized that increased YAP/TAZ activity leads to the
dedifferentiation of pancreatic ductal cells in HPA mice as
the mechanism driving ITPN/PDAC tumorigenesis. To test
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this, we used verteporfin (VP), a chemical compound that
inhibits the interaction between YAP/TAZ and TEAD.*' As
expected, VP treatment of pancreatic ductal cell organoids
reduced the expression of target genes of the YAP/TAZ-
TEAD complex and glycolysis-related genes, as determined
by gqRT-PCR (Figure 74 and Supplementary Figure 2).
Furthermore, VP treatment reduced the expression of
pancreatic precursor cell markers, including Sox17, Hnf4a,
and Aldhlal, in a dose-dependent manner (Figure 7A4).

To investigate the role of the YAP/TAZ-TEAD pathway in
ITPN development in vivo, we administered either VP or
vehicle to HPA mice intraperitoneally for 4 weeks
(Figure 7B). Histopathological analysis revealed that all HPA
mice in the vehicle-treated group developed ITPN and car-
cinoma in situ of the pancreas, and 1 of the 3 HPA mice
developed PDAC with microinvasion. In contrast, neither
ITPN, carcinoma in situ, nor PDAC with microinvasion was
observed in VP-treated HPA mice (Figure 7C and D).
Consistent with the data from organoid experiments, Sox9
and Pdx1 expression was increased and decreased, respec-
tively, in pancreatic ductal cells in VP-treated mice
compared with vehicle-treated mice, indicating that inhibi-
tion of the YAP/TAZ-TEAD pathway suppresses the dedif-
ferentiation of pancreatic ductal cells in HPA mice
(Figure 7E). Overall, the findings indicate that activation of
the YAP/TAZ pathway functionally mediates the dediffer-
entiation of pancreatic ductal cells, further leading to the
development of ITPN and ITPN-derived PDAC in HPA mice.

Discussion

In this study, we demonstrated for the first time that
concurrent loss of Arid1a and Pten in pancreatic ductal cells
in adult mice results in the formation of ITPN and ITPN-
derived PDAC with microinvasion. We explored the molec-
ular mechanisms by which the loss of these 2 genes
contributes to ITPN development, and found that their
simultaneous loss in pancreatic ductal cells leads to aber-
rant activation of the YAP/TAZ pathway, which induces
dedifferentiation of pancreatic ductal cells into precursor-
like cells; this is critical for the development of ITPN-
derived PDAC. TAZ expression was also found elevated in
human ITPNs and ITPN-derived PDACs, but not in IPMNs,
indicating that upregulation of TAZ expression is a distinc-
tive feature of ITPN. Furthermore, pharmacological inhibi-
tion of the YAP/TAZ pathway prevented the
dedifferentiation of pancreatic ductal cells and development
of ITPN and ITPN-derived PDAC. The pancreatic intraductal
neoplasms found in Aridla and Pten deleted mice closely
resembled human ITPN in terms of histological features,
mucin expression patterns, and the premalignant nature of
progression into PDAC. Thus, we established for the first
time a genetically engineered mouse model of ITPN and
ITPN-derived PDAC, highlighting the importance of the
synergistic effect of Aridla loss and PI3K/AKT pathway
activation in the specification of PDAC precursors and
development of PDAC.

We found that loss of Arid1a in the context of activated
PI3K/Akt pathway induced activation of the YAP/TAZ

Gastroenterology Vol. 163, No. 2

pathway in pancreatic ductal cells. Previous studies
revealed that the PI3K/Akt pathway positively regulates the
YAP/TAZ pathway through multiple signaling path-
ways,*®*%*3 and another study showed a positive correla-
tion between the expression of PIK3CA and YAP target genes
in patients with head and neck squamous cell carcinoma.**
Moreover, a recent study showed that the SWI/SNF complex
interacts with and inhibits the YAP/TAZ pathway by directly
binding to YAP/TAZ through ARID1A*’; the authors pro-
posed that 2 requirements must be met to fully activate the
YAP/TAZ responses: promotion of YAP/TAZ localization in
the nucleus and inhibition of ARID1A-SWI/SNF activity. In
agreement with this, we found that a single deletion of
Aridla or Pten did not alter YAP/TAZ target gene expression
in pancreatic ductal cells, whereas concurrent deletion of
Aridla and Pten significantly induced YAP/TAZ-TEAD target
gene expression. We also demonstrated direct binding of the
SWI/SNF complex to YAP and TAZ in pancreatic ductal cells.
Furthermore, our ATAC-seq data showed that the chromatin
structure of YAP/TAZ-TEAD target genes did not change in
pancreatic ductal cell organoids from HP and HPA mice,
suggesting that loss of Aridla induces YAP/TAZ activation
by suppressing the ARID1A-SWI/SNF-YAP/TAZ inhibitory
axis and not through chromatin remodeling, which is a well-
known function of the SWI/SNF complex. Taking all these
findings into consideration, our data suggest that activation
of the PI3K/Akt pathway and Arid1a deletion synergistically
promote YAP/TAZ pathway activation.

We found that the expression of glycolysis-related genes
was increased in pancreatic ductal cells from HPA mice
compared with those from HP mice. The expression of these
genes were suppressed by inhibition of the YAP/TAZ-TEAD
pathway, suggesting that the elevated expression of
glycolysis-related genes was caused by aberrant activation
of the YAP/TAZ-TEAD pathway. Regarding the relationship
between glycolysis and dedifferentiation or ITPN develop-
ment, high rates of glycolysis even in the presence of oxy-
gen, a phenomenon known as the Warburg effect, is
prevalent in pluripotency and appears to be dynamically
regulated to facilitate the differentiation process.*® Future
studies are required to investigate the contribution of
changes in cellular metabolism to dedifferentiation of
pancreatic ductal cells and ITPN development.

We also demonstrated that inhibition of the YAP/TAZ-
TEAD pathway suppressed the dedifferentiation of pancre-
atic ductal cells and inhibited the development of ITPN and
ITPN-derived PDAC in HPA mice. Consistent with this, a
recent study demonstrated that aberrant activation of YAP
in pancreatic ductal cells is sufficient to induce rapid
transformation,*’ supporting the notion that the YAP/TAZ
pathway plays an important role in the development of
premalignant lesions of PDAC. However, a previous report
showed that Sox9 expression is sustained in pancreatic
ductal cells after induction of aberrant YAP/TAZ activation
and that this aberrant activation results in the formation of
PanIN but not ITPN.*” These data suggest that additional
changes, including loss of Arid1a, may be required to induce
dedifferentiation of pancreatic ductal cells and specification
toward ITPN development. In addition, a previous study
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showed that Ptfla-Cre; Kras®??; Gnas®?°’“ mice developed phenotypes. They also reported that YAP1 was inactivated
IPMN- and IPMN-derived PDAC, which was more differen- in cells from Ptfla-Cre; Kras“*?P; Gnas™°¢ mice through
tiated and expressed more genes associated with ductal Hippo pathway activation. Given that Hippo pathway
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negatively regulates the both YAP and TAZ, these data are
consistent with our conclusion that aberrant activation of
YAP/TAZ-TEAD induces dedifferentiation of pancreatic
ductal cells and ITPN development.

A previous study reported that the activating mutation
of the PI3K/Akt pathway in pancreatic ductal cells leads to
the formation of IPMN but not ITPN in mice.”® Potential
reasons for this contradictory result is the difference in TAZ
activity. In line with the previous report showing that the
PI3K/Akt pathway positively regulates the YAP/TAZ
pathway,*®**** we found that the expression level of pAkt
was elevated in ITPN compared with IPMN in mice. These
data suggest the potential contribution of the PI3K/Akt
pathway in the ITPN development in HPA mice. On the other
hand, in human tissues, the expression level of pAkt was not
different between IPMN and ITPN. These data suggest that
aberrant activation of the PI3K/Akt pathway is important,
but not sufficient for specification toward ITPN. The role of
PI3K/Akt pathway activation in the ITPN development
needs to be investigated in future studies. We observed
elevated TAZ expression in both mouse and human ITPNs
but not in mouse and human IPMNs. In support of our
findings, several genes that were upregulated in human
ITPN, including MLL1 and BAP1, were reported to be
involved in YAP/TAZ pathway activation.*””° Furthermore,
FGFR2, whose fusion gene was found in 18% of ITPN cases,’
is important for YAP activation in cholangiocarcinoma.”
Our data, together with previous studies, highlight that
activation of the YAP/TAZ pathway is a distinctive feature of
ITPN and ITPN-derived PDAC.

Of note, we found that the expression level of ARID1A
protein was not different between ITPN and IPMN in
humans, whereas the expression of Aridla was completely
lost in HPA mice due to Aridla deletion. The possible
explanation for this inconsistency is that the YAP/TAZ
pathway could be activated by various pathways other than
loss of ARID1A. It is known that the YAP/TAZ pathway is
regulated by variety of cellular signaling such as the Hippo
pathway, Wnt pathway, and PI3K/Akt pathway. Therefore, it
is likely that YAP/TAZ expression and activity is elevated
through the mechanisms other than loss of ARID1A in hu-
man ITPNs. Interestingly, the expression of TAZ, but not
YAP, was elevated in mouse and human ITPNs. Although
they are generally considered functionally redundant,
increasing evidence supports differential roles for YAP and
TAZ in many contexts, from organ morphogenesis and tissue
homeostasis to cancer development and progression.>’ YAP
and TAZ activity is strictly regulated by several post-
translational modifications that control their stability and
intracellular localization. Recent studies have revealed that
there are paralog-specific regulatory mechanisms to regu-
late the activity of YAP and TAZ. For example, S58 and S62
on TAZ, which are not present in YAP, can be phosphory-
lated by glycogen synthase kinase 3 (GSK3), creating a
binding site for B-TrCP and leading to TAZ degradation
through the ubiquitination pathway.>’ Further studies are
needed to reveal the precise mechanisms underlying the
elevated protein expression and functional importance of
TAZ in the pathogenesis of ITPN.

Gastroenterology Vol. 163, No. 2

In summary, the findings revealed the functional roles of
Airdla and the PI3K/Akt pathway in the development of
PDAC, which arises via ITPN, a precursor PDAC lesion
subtype. Specifically, loss of Aridla and activation of the
PI3K/Akt pathway in pancreatic ductal cells synergistically
induce dedifferentiation of pancreatic ductal cells and the
development of ITPN and ITPN-derived PDAC; ARID1A acts
as a tumor suppressor in the context of an activated PI3K/
Akt pathway through regulation of the YAP/TAZ pathway;
and TAZ expression is elevated in human ITPN and ITPN-
derived PDAC samples but not in mouse and human
[PMNs. Thus, our findings provide novel insights into the
molecular pathogenesis of ITPN and ITPN-derived PDAC
and highlight the YAP/TAZ pathway as a potential thera-
peutic target.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2022.04.020.
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Supplementary Methods

Organoid Culture

Pancreatic ductal organoid cultures were established
from the murine pancreas as described previously with
slight modifications." The mouse pancreas was minced into
small pieces and digested with 1.5 mg/mL collagenase type
V (Cat. no. C9263; Sigma-Aldrich) and 10 mg/mL DNase
type 1 (Cat. no. DN25; Sigma-Aldrich) in Ad-DMEM/F12
(Cat. no. 12634-028; Invitrogen, Carlsbad, CA) at 37 °C for
15 to 20 minutes; the reaction was stopped by adding
0.9 g/L glucose and 47.6 uM CaCl; in chilled Hank’s Buff-
ered Salt Solution (HBSS) (Cat. no. 14175-095; Invitrogen).
Cells were centrifuged and the pellet was further digested
with 0.05% trypsin-EDTA solution (Cat. no. 25300-054;
Invitrogen) at room temperature for 5 minutes, and the
reaction was stopped by adding chilled HBSS. The tissue
suspension was passed through a 100-um cell strainer and
washed twice with Ad-DMEM. Washed cells were mixed
with 50 uL Matrigel (Cat. no. 356231; Corning Inc., Corning,
NY) per well in a 24-well plate and cultured with organoid
medium. Passaging was performed at 1:4 to 1:8 split ratios
twice a week. For passaging, organoids were digested in
TrypLE (Invitrogen) for 10 minutes at 37 °C. Cells were
centrifuged and the pellet was mixed with Matrigel and
plated to a 24-well culture dish. The organoid medium
consisted of Ad-DMEM/F12 supplemented with B27 (Cat.
no. 17504-044; Thermo Fisher Scientific, Waltham, MA) and
N2 (Cat. no. 17502-048; Thermo Fisher Scientific), 1X Glu-
tamax (Cat. no. 35050-061; Thermo Fisher Scientific), 10
mM HEPES (Cat. no. 15630-080; Thermo Fisher Scientific),
penicillin-streptomycin (Cat. no. 15070-063; Thermo Fisher
Scientific), 1 mM N-acetylcysteine (Cat. no. A7250; Sigma-
Aldrich), 10 mM nicotinamide (Cat. no. N0636; Sigma-
Aldrich), 50 ng/mL epidermal growth factor (Cat. no. AF-
100-15; Peprotech, Rosemont, IL), 1 ug/mL Rspondin-1
(Cat. no. 120-38; Peprotech), 50 ng/mL Wnt3a (Cat. no.
5036-WN; R&D systems, Minneapolis, MN), 100 ng/mL
Noggin (Cat. no. 121-10C; Peprotech), 100 ng/mL FGF10
(Cat. no. 100-26; Peprotech), 10 uM Y-27632 (Cat. no. 1254;
Tocris Bioscience, Bristol, UK), and 2 uM SB431542 (Cat. no.
1614; Tocris Bioscience).

RNA isolation and gRT-PCR

Total RNA was extracted using the RNeasy Micro Kit
(Qiagen, Hilden, Germany) and reverse transcribed to
single-strand complementary DNA using the ReverTra Ace
qRT-PCR RT Kit (TOYOBO, Tokyo, Japan). qRT-PCR was
performed using the SYBR Green Master Mix (Roche Di-
agnostics, Mannheim, Germany) on a LightCycler 96 (Roche
Diagnostics). Relative expression levels were determined by
normalizing to Gapdh levels. Primer sequences are listed in
Supplementary Table 3.

RNA-seq and Analysis
The pancreases from 3 HP and 3 HPA mice were har-
vested 4 weeks after tamoxifen administration. Each
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pancreas was digested as described in the organoid culture
section. The filtrated cell suspension was incubated for 10
minutes on ice with 200 uL of 1:200 diluted DBA lectin-
fluorescein isothiocyanate (Cat. no. FL-1031; Vector Labo-
ratories, Burlingame, CA) in sorting buffer (HBSS containing
0.5% bovine serum albumin [Sigma-Aldrich] and 2 mM
EDTA [Invitrogen]). The cells were washed with 700 uL
sorting buffer, centrifuged, and then the pellet was incu-
bated for 15 minutes on ice with anti-fluorescein isothio-
cyanate MicroBeads (Cat. no. 130-048-701; Miltenyi Biotec,
Bergisch Gladbach, Germany). The cells were again washed
in 1 mL sorting buffer and centrifuged, after which the
pellet was resuspended in sorting buffer and magnetically
sorted using an mass spectroscopy column (Cat. no. 130-
042-201; Miltenyi Biotec). Isolated pancreatic ductal cells
were used for RNA-seq, which was performed by Macrogen,
Inc (Seoul, South Korea) on the Novaseq6000 platform with
2 x 100 base pair paired-end sequencing using SMART-Seq
v4 Ultra Low Input RNA kit and TruSeq RNA Sample Prep
Kit v2. Adaptors and low-quality bases were trimmed from
the reads using Trimmomatic (version 0.39)* with default
parameters. Reads were mapped to the Mus musculus
reference genome build mm10 using STAR (version 2.7.3a)*
and counted by RSEM (version v1.3.1).* Read count data
were normalized using the iDEGES/edgeR method.”
Normalized count data were used for GSEA® and differen-
tially expressed genes were determined using TCC (Tag
Count Comparison)® with a false discovery rate cutoff value
< 0.05.

ATAC-seq and Analysis

Pancreatic ductal cell organoids were harvested using
TrypLE and washed twice with fresh medium, after which
1:100 volumes of 100X DNase buffer (250 mM MgCl, and
50 mM CaCl in H,0) and 1:100 volumes of 100X DNase I
solution (resuspended in HBSS at 20,000 units per mL; cat.
no. LS002006; Worthington Biochemical Corporation,
Lakewood, NJ) was added to the medium. Cells were incu-
bated in DNase at 37°C for 30 minutes in a tissue culture
incubator. After adding phosphate-buffered saline to the
medium, cells were centrifuged and resuspended in 500 uL
of 50% fetal bovine serum/40% culture media/10%
dimethyl sulfoxide (DMSO) solution in a slow cooling
chamber. Approximately 50,000 cells were then shipped to
Active Motif (Carlsbad, CA) for ATAC-seq and bioinformatic
analysis.

Co-immunoprecipitation and Western Blotting
Co-immunoprecipitation was performed as previously
described, with slight modifications.” Cells were collected in
lysis buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 50 mM
KCl, 1% Triton X-100, 5% glycerol, 0.5% NP-40, 2 mM
MgCl2, 1 uM DTT, and phosphatase and protease inhibitors)
and lysed by sonication at 4 °C. The extracts were cleared
by centrifugation, incubated with anti-BRG1 antibody
(ab110641; Abcam, Cambridge, UK) or control rabbit
immunoglobulin G (ab172730; Abcam), and immobilized on
Dynabeads using the Dynabeads Antibody Coupling Kit (cat.
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no. 14311D; Thermo Fisher Scientific) overnight at 4°C. The
immunocomplexes were then collected using a magnet,
washed with cold lysis buffer 3 times, resuspended in 2X
Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules,
CA), incubated at 95°C for 5 minutes, and subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blot analysis. Proteins were run on 4% to 15%
Mini-PROTEAN TGX gels (Bio-Rad Laboratories) and trans-
ferred onto polyvinyl difluoride membranes using the
Trans-Blot Turbo Transfer System (Bio-Rad Laboratories).
Membranes were incubated with blocking buffer (Blocking
One; cat. no. 03953-95; Nacalai Tesque, Kyoto, Japan) for 1
hour at room temperature followed by the indicated pri-
mary antibodies at 4°C overnight. The samples were washed
in 0.05% TBST buffer and probed with confirmation-specific
horseradish peroxidase-conjugated secondary antibodies
(1:2,000; #5124; Cell Signaling Technology, Danvers, MA)
for 1 hour. Immunoblot signals were developed using the
Super Signal West Pico PLUS Chemiluminescent Substrate
(cat. no. 34577; Thermo Fisher Scientific) and imaged using
the Amersham Imager 600 (GE Healthcare, Chicago, IL).

In Vivo VP Administration

VP (AOBIOUS, Gloucester, MA) was dissolved in corn oil
containing 10% DMSO at a concentration of 5 mg/mL. Four
weeks after tamoxifen administration, vehicle or VP was
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intraperitoneally injected 3 times a week at a dose of 50
mg/kg. After 4 weeks of treatment, the mice were killed, and
pancreatic tissue was collected for histologic analysis.
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Supplementary Figure 1. Expression of Pten, Muc1, Muc2, and Mucb5ac in mouse pancreas. (A) IHC for Pten in the pancreas
of H, HA, HP, and HPA mice. Scale bar, 50 um (n = 3 per group). (B) IHC for Muc1, Muc2, and Muc5ac in in the pancreas of H,
HA, and HP mice. Scale bar, 50 um (n = 3 per group).
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Supplementary Figure 4.Expression of pAkt in mouse
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of Ptfla-Cre; Kras®'?P: Arid1a™™* mice 45 to 52 weeks
after birth and HPA mice 12 weeks after tamoxifen adminis-
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Supplementary Figure 5. Expression of ARID1A in human pancreas premalignant lesions. IHC for ARID1A in IPMN (n = 21),
ITPN (n = 5), and adjacent normal pancreas (n = 3) specimens. Images of the adjacent normal pancreas were captured from
the same tissue slide as ITPN if available. Scale bar, 50 um. Tables on the right show the number of samples classified as ITPN
or IPMN and their staining intensity. Statistical analysis was performed using the Mann-Whitney test.
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Supplementary Table 1.Primary Antibodies for
Immunohistochemistry

Antibodies Source Dilution  Catalog no.
ALDH1A1 Abcam 1:300 ab23375
CK19 Abcam 1:200 ab52625
HNF18 Proteintech 1:200 12533-1-AP
Ki67 BD Biosciences 1:400 550609
MUCH Abcam 1:200 ab15481
MUC 2 SantaCruz 1:200 sc-15334
MUCS5AC Abcam 1:200 ab3649
ARID1A Abcam 1:400 ab182560
phospho-Akt S475 Cell Signaling 1:200 #4060
SOX9 Millipore 1:1000 AB5535
PDX1 Abcam 1:10000 ab47308
YAP CST 1:100 #14074
TAZ CSsT 1:400 #72804
CTGF Santa Cruz 1:100 sc-365970
Birc5 CSsT 1:400 #2808
PTEN CST 1:125 #9188
CD133 Thermo Fisher 1:200 14-1331-82

Supplementary Table 2.Primary Antibodies for Western

Blotting
Antibodies Source Dilution Catalog no.
ARID1A CST 1:1000 #12354
YAP CST 1:1000 #14074
TAZ CST 1:1000 #72804
BRG1 CST 1:1000 ab110641

a-tubulin CST 1:1000 #2125
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Supplementary Table 3.Primer Sets for Quantitative Reverse-Transcription Polymerase Chain Reaction Analyses

Gene symbol Forward Reverse

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Aldhia1 ATACTTGTCGGATTTAGGAGGCT GGGCCTATCTTCCAAATGAACA
Ankrd1 GCTTAGAAGGACACTTGGCGATC GACATCTGCGTTTCCTCCACGA
Birc5 GAGGCTGGCTTCATCCACTG CTTTTTGCTTGTTGTTGGTCTCC
Ctgf TGCGAAGCTGACCTGGAGGAAA CCGCAGAACTTAGCCCTGTATG
Hnf4a TGCGAACTCCTTCTGGATGACC CAGCACGTCCTTAAACACCATGG
Sox17 GATGCGGGATACGCCAGTG CCACCTCGCCTTTCACCTTTA
Cd133 CTGCGATAGCATCAGACCAAGC CTTTTGACGAGGCTCTCCAGATC
Nes AGGAGAAGCAGGGTCTACAGAG AGTTCTCAGCCTCCAGCAGAGT
Klf4 CTATGCAGGCTGTGGCAAAACC TTGCGGTAGTGCCTGGTCAGTT
Hk2 CCCTGTGAAGATGTTGCCCACT CCTTCGCTTGCCATTACGCACG
Slc16a3 TCCATCCTGCTGGCTATGCTCT CAGAAGGACGCAGCCACCATTC
Arid1a TGTTGCCATGCATGTTGCTG TGCCAGCATACTATTGATCCC
Pten TGAGTTCCCTCAGCCATTGCCT GAGGTTTCCTCTGGTCCTGGTA
Sox9 CACACGTCAAGCGACCCATGAA TCTTCTCGCTCTCGTTCAGCAG
Hnf1b GCCTTAGTGGAGGAGTGTAACAG TCTGCCTGAACGCCTCTTCCTT
Ccna2 TTGTAGGCACGGCTGCTATGCT GGTGCTCCATTCTCAGAACCTG
Ccnb1 AGAGGTGGAACTTGCTGAGCCT GCACATCCAGATGTTTCCATCGG
Cdk1 CATGGACCTCAAGAAGTACCTGG CAAGTCTCTGTGAAGAACTCGCC
Cdh1 GGTCATCAGTGTGCTCACCTCT GCTGTTGTGCTCAAGCCTTCAC

Cdh2

CCTCCAGAGTTTACTGCCATGAC

CCACCACTGATTCTGTATGCCG
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