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BACKGROUND & AIMS: The Notch signaling pathway is an
important pathway in the adult pancreas and in pancreatic
ductal adenocarcinoma (PDAC), with hairy and enhancer of
split-1 (HES1) as the core molecule in this pathway. However,
the roles of HES1 in the adult pancreas and PDAC formation
remain controversial. METHODS: We used genetically engi-
neered dual-recombinase mouse models for inducing Hes1
deletion under various conditions. RESULTS: The loss of Hes1
expression in the adult pancreas did not induce phenotypic al-
terations. However, regeneration was impaired after caerulein-
induced acute pancreatitis. In a pancreatic intraepithelial
neoplasia (PanIN) mouse model, PanINs rarely formed when
Hes1 deletion preceded PanIN formation, whereas more PanINs
were formed when Hes1 deletion succeeded PanIN formation. In
a PDAC mouse model, PDAC formation was also enhanced by
Hes1 deletion after PanIN/PDAC development; therefore, Hes1
promotes PanIN initiation but inhibits PanIN/PDAC progression.
RNA sequencing and chromatin immunoprecipitation-
quantitative polymerase chain reaction revealed that Hes1
deletion enhanced epithelial-to-mesenchymal transition via
Muc5ac up-regulation in PDAC progression. The results indi-
cated that HES1 is not required for maintaining the adult
pancreas under normal conditions, but is important for regen-
eration during recovery from pancreatitis; moreover, Hes1 plays
different roles, depending on the tumor condition.
CONCLUSIONS: Our findings highlight the context-dependent
roles of HES1 in the adult pancreas and pancreatic cancer.
bovine serum; GFP, green fluorescent protein; HES1, hairy and enhancer
of split-1; Hes1KO, Hes1-negative cells; Hnf1b;Hes1KO, Hnf1b-CreER-
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Pmalignancy with a high mortality rate. PDAC is the
third-/fourth-leading cause of cancer-related deaths in the
United States, Europe, and Japan.1–3 Although several efforts
have been made to establish effective therapies for PDAC,
the 5-year survival rate in PDAC is w5% to 10%.2,4,5 To
overcome the limitations in PDAC treatment, it is important
to understand the molecular mechanism underlying PDAC
formation and identify suitable therapeutic targets.
Reportedly, human PDAC involves gene mutations in 10
core signaling pathways, with the Notch signaling pathway
considered as one of the main pathways.6 Hairy and
enhancer of split-1 (HES1) is the primary downstream
target of the Notch signaling pathway and is known to play
important roles in cell and tissue development.7 However,
the role of HES1 in PDAC remains controversial.

In the development of the pancreas, HES1 is expressed
in stem/progenitor cells at the embryonic stage and is
considered to be important in the maintenance of these cells
as well as in deciding their fate.8,9 Indeed, global Hes1
knockout (KO) mice show pancreatic hypoplasia, which in-
dicates the essential role of Hes1 in pancreas development.9

Although HES1 expression is limited to duct/centroacinar
cells in the adult pancreas under normal conditions, it is
also observed in acinar-to-ductal metaplasia (ADM),10,11

which represents a state of temporal dedifferentiation of
acinar cells under inflammatory conditions. We previously
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The roles of Hes1 in adult pancreas and pancreatic ductal
adenocarcinoma remain controversial.

NEW FINDINGS

Under inflammatory condition, loss of Hes1 in
centroacinar/terminal duct resulted in pancreatic
atrophy. Hes1 deletion inhibited pancreatic intraepithelial
neoplasia/pancreatic ductal adenocarcinoma initiation,
while it could promote pancreatic intraepithelial
neoplasia/pancreatic ductal adenocarcinoma
progression.

LIMITATIONS

This study was performed using mice, murine cells, and
human RNA sequencing data, hence further studies are
warranted in humans.

IMPACT

Hes1 plays distinct roles in pancreas based on the cellular
context and tumor phase. Hes1 plays an important role in
pancreatic regeneration after inflammation, whereas Hes1
has a suppressive role in pancreatic ductal
adenocarcinoma progression.
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reported that HES1 is nonessential for the maintenance of
adult acinar cells under normal and inflammatory condi-
tions.11 In contrast, another study showed that Hes1 dele-
tion in the adult duct cells of Sox9-IRES-CreERT2 knock-in
mice promoted transdifferentiation from duct to acinar cells
with Sox9 suppression.12 Therefore, the precise roles of
HES1 in the adult pancreas are yet to be determined.

PDAC is believed to primarily form from acinar cells
bearing mutant Kras that transform into pancreatic intra-
epithelial neoplasia (PanIN) through ADM.13 In pancreatic
tumor development, HES1 expression commences at the
ADM stage and continues during PanIN and PDAC forma-
tion,10,14 suggesting the involvement of Hes1 in both PDAC
initiation and progression. However, 2 conflicting reports
have been published on the role of HES1 in pancreatic
tumorigenesis.11,15 One report showed that simultaneous
Hes1 deletion and KrasG12D induction in the whole embry-
onal pancreas accelerated KrasG12D-induced PDAC forma-
tion.15 In contrast, simultaneous Hes1 ablation with KrasG12D

induction in adult acinar cells was shown to induce tumor
suppression, and HES1 in acinar cell-derived ADM was
shown to be essential for PanIN formation in mice.11 Both
reports were based on studies on the KrasG12D-driven PDAC
mouse model, but the timing and the cells used for KrasG12D

induction and Hes1 ablation were different.
Given that HES1 is involved in pancreatic development,

our strategy with conditional gene modification in adults
may be more suitable for analyzing pancreatic tumorigen-
esis. Furthermore, to clarify the roles of HES1 in PDAC
initiation and progression more precisely, it is necessary to
induce Hes1 deletion independently of KrasG12D induction.
However, in Cre-loxP PanIN/PDAC mouse models, it was
impossible to induce Hes1 deletion independently of
KrasG12D induction.
In the present study, we combined a flippase-
recombinase-recombination target and a CreERT2-loxP
recombination system16 to generate a dual-recombinase
mouse model for conditional Hes1 deletion in the adult
pancreas at various stages of tumor development indepen-
dent of mutant Kras induction. Using this dual-recombinase
mouse model, we confirmed that HES1 is not required for
the maintenance of the adult pancreas under normal set-
tings, but is indispensable for regeneration after caerulein-
induced acute pancreatitis. With respect to tumor devel-
opment, we found that the loss of Hes1 expression sup-
presses PanIN formation; however, once PanINs develop,
the loss of Hes1 expression promotes tumor progression.
Collectively, our data indicate the context-dependent roles
of Hes1 in the adult pancreas as well as in pancreatic tumor
formation.

Methods
Mice

The generation of Hes1 flox mice (generously provided by
Ryoichiro Kageyama, Institute for Virus Research, Kyoto Uni-
versity, Kyoto, Japan),17 LSL-KrasG12D mice (The Jackson Labo-
ratory, Bar Harbor, ME),18 FSF-KrasG12D mice,16 Pdx1-Flp
mice,16 FSF-R26CAG�CreERT2 mice,16 Trp53frt/þ mice,19 and
Hnf1b-CreERT2 mice (generously provided by Jorge Ferrer,
Imperial College, London, United Kingdom)20 has been re-
ported previously. The mice were maintained in a specific
pathogen-free facility at the Kyoto University Faculty of Medi-
cine (Kyoto, Japan). Male and female mice were both used
without any specific criteria, and randomization and blinding
were not used in the analysis of the mouse model.

Acute pancreatitis was induced by 8-hourly intraperitoneal
injections of 100 mg/kg caerulein (Sigma-Aldrich, St Louis, MO)
dissolved in phosphate-buffered saline for 2 consecutive days.
For caerulein-induced pancreatitis, the mice were provided ad
libitum access to food and water. Tamoxifen (Sigma-Aldrich)
was administered at a dose of 4 to 6 mg for each mouse by
subcutaneous injection to mice carrying the FSF-R26CAG�CreERT2

gene and its control, or 10 mg of tamoxifen was administered
via oral gavage for 5 days to mice carrying the Hnf1b-CreERT2
gene and its control.

Serum amylase levels were measured using SPOTCHEM EZ
(Arkray, Kyoto, Japan) according to the manufacturer’s
instructions.

Histology
Mice were euthanized, and pancreatic tissues were har-

vested. Pancreatic tissues were fixed in 10% neutral
phosphate-buffered formalin and embedded in paraffin. The
paraffin-embedded tissues were cut into 5-mm sections. For
histologic and immunohistochemistry (IHC) analyses, the
paraffin-embedded sections were stained with H&E, Alcian
blue, nuclear fast red (Kirkegaard & Perry Laboratories, Gai-
thersburg, MD), Masson’s trichrome solution (Muto Pure
Chemical, Tokyo, Japan), and IHC.

IHC analysis was performed using standard methods. The
sections were treated overnight with primary antibodies at 4�C.
For detection, an EnVisionþ kit (Dako, Glostrup, Denmark) or
VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame,
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CA) was used, according to the manufacturer’s instructions. For
all immunolabeling experiments, the sections were developed
using the Liquid DABþ Substrate Chromogen System (Dako)
and counterstained with hematoxylin. The primary antibodies
for IHC are listed in Supplementary Table 1. The HES1 primary
antibody was provided by Tetsuo Sudo21 (Toray Industries,
Tokyo, Japan).

Morphometric Quantification
Morphometric analysis was performed using the ImageJ

1.53a software (National Institutes of Health, Bethesda, MD).
For specific lesion quantification, PanIN, PDAC, and pancreatic
tissues in each field were encircled manually, and the respec-
tive areas were calculated using the imaging software. For
determining the number of cells expressing cleaved caspase-3
and Ki-67, labeled cells from 6 to 10 optical fields of each
pancreas were counted manually.

Cell Culture
To isolate primary PDAC cells, fresh tumors were minced

using sterile razor blades and maintained in Dulbecco’s modi-
fied Eagle medium (DMEM; Thermo Fisher Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific) and a 1% penicillin/streptomycin antibiotic
mixture (Thermo Fisher Scientific) at 37�C under a humidified
atmosphere with 5% CO2.

Murine Model of Hepatic Metastases
A hepatic metastasis model was established by intrasplenic

injection of 3 � 105 PDAC cells in 100 mL DMEM. A small left
abdominal flank incision was made where the spleen was
exteriorized for the intrasplenic injection under general anes-
thesia. The prepared cells were injected into the spleen of 8-
week-old female C57BL/6N mice (Japan SLC, Shizuoka, Japan)
with a 27-gauge needle. Hes1-wild-type (WT) and Hes1-KO
PDAC cells were injected in 3 mice each. The livers were
assessed 3 weeks after injection.

Isolation of Aldehyde Dehydrogenase-Positive
Cells Using Fluorescence-Activated Cell Sorting

Aldehyde dehydrogenase (Aldh)-positive cells were isolated
using fluorescence-activated cell sorting (FACS), according to a
previously described method.22 Adult mouse pancreata were
dissected, washed in iced Hank’s balanced salt solution
(Thermo Fisher Scientific), and minced into small pieces. The
pancreata tissues were digested with 1 mg/mL collagenase D
(Roche, Basel, Switzerland) dissolved in DMEM and supple-
mented with 2 U/mL deoxyribonuclease I (Promega, Madison,
WI) and 1% bovine serum albumin (FUJIFILM Wako Pure
Chemical Corp, Osaka, Japan) for 20 minutes on a shaker at
37�C. The cells were pipetted through a 1-mL pipette tip every
5 minutes. The reaction was terminated by adding ice-cold
DMEM supplemented with 5% FBS. The cells were then
passed through a 100-mm, 70-mm, and 40-mm cell strainer
sequentially, centrifuged at 300g for 3 minutes at 4�C, resus-
pended in DMEM, and counted.

The cell suspension was treated with the ALDEFLUOR re-
agent (STEMCELL Technologies, Vancouver, British Columbia,
Canada) for 30 minutes in the dark at 37�C on a shaker.
Diethylaminobenzaldehyde, an inhibitor of Aldh, was also
added to the cells in the negative control group. After the
ALDEFLUOR reaction, the cells were centrifuged and resus-
pended in DMEM. FACS Aria II (Becton Dickinson, Franklin
Lakes, NJ) was used for FACS. The cell debris were removed by
forward scatter and side scatter. Aldh-positive cells were iso-
lated based on ALDEFLUOR activity (fluorescein isothiocyanate
channel) and collected in 100% FBS supplemented with 1%
penicillin/streptomycin.

Statistics
Statistical analysis was performed using the JMP (SAS

Institute, Inc, Cary, NC), GraphPad Prism (GraphPad Software,
San Diego, CA), or Excel (Microsoft, Redmond, WA) software
programs. A 2-tailed Student’s t test was used to analyze dif-
ferences between 2 groups for continuous data. The c2 test was
used for the analysis of categorical data. Statistical significance
was set at P < .05. Data are presented in as mean ± standard
error of the mean.

Study Approval
All animal experiments were approved by the Ethics Com-

mittee for Animal Experiments and performed under the
Guidelines for Animal Experiments of Kyoto University (Med-
Kyo 16207, 17196, 18546, 19234, 20267, and 21213).
Results
Hairy and Enhancer of Split-1 Is Not Essential for
Homeostasis of Adult Pancreas Under Normal
Conditions

By inducing Hes1 deletion in acinar cells, we previously
reported that HES1 is not essential for homeostasis of adult
acinar cells.11 However, the effect of Hes1 deletion in the
whole adult pancreas has not been evaluated.9,15,23 To
elucidate the roles of HES1 in the adult mouse pancreas, we
adopted a dual-recombinase system16 to generate Pdx1-
Flp;FSF-R26CAG-CreERT2;Hes1flox/flox mice (referred to as
Pdx1;Hes1KO), with Hes1 gene deletion in all adult
pancreatic cells, including acinar cells, centroacinar/termi-
nal duct cells, duct cells, and islet cells, in a tamoxifen-
dependent manner (Figure 1A). We also generated Pdx1-
Flp;Hes1flox/flox mice as controls (referred to as
Pdx1;Hes1WT).

One-month-old Pdx1;Hes1KO and Pdx1;Hes1WT mice
were subcutaneously administered 4 mg of tamoxifen for 5
consecutive days and evaluated 1 and 6 months later
(Figure 1B). To confirm Hes1 deletion, HES1 expression was
examined using IHC. As previously reported,10 HES1 was
expressed in the duct/centroacinar cells of Pdx1;Hes1WT
mice (Figure 1C). Conversely, HES1 was not expressed in
most of the duct/centroacinar cells of Pdx1;Hes1KO mice,
which confirmed successful recombination. Compared with
Pdx1;Hes1WT mice, Pdx1;Hes1KO mice showed no obvious
morphologic differences in the pancreatic acinar cells, duct
cells, and islet cells, as evaluated using H&E staining and
cytokeratin (CK) 19, amylase, glucagon, and insulin IHC at 1
and 6 months (Figure 1C). Moreover, there was no
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significant difference in the pancreas/body weight ratio
(Figure 1D) and serum amylase levels (Figure 1E) between
Pdx1;Hes1KO and Pdx1;Hes1WT mice.

We previously reported that Hes1 deletion from the
embryonic period causes a reduction of centroacinar cells,
which leads to pancreatic atrophy.23 In this study, we
examined whether Hes1 deletion in the adult pancreas af-
fects the number of centroacinar/terminal duct cells. We
evaluated centroacinar cells by sex determining region Y-
box transcription factor 9 (SOX9) expressions in peripheral
acinar cells. IHC of SOX9 in peripheral acinar cells showed
no significant difference between Pdx1;Hes1KO and
Pdx1;Hes1WT mice (Supplementary Figure 1A). Accord-
ingly, we concluded that HES1 is not essential for homeo-
stasis in the adult pancreas under normal conditions.
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Hairy and Enhancer of Split-1 Is Essential for
Regeneration of Pancreatic Tissue After Acute
Pancreatitis

Next, we evaluated the role of HES1 in pancreatic
regeneration after acute pancreatitis. We previously re-
ported that Hes1 deletion in adult acinar cells does not affect
regeneration after caerulein-induced acute pancreatitis.11

However, another study showed that Hes1 deletion in the
whole pancreas during the embryonic stage impaired
regeneration after caerulein-induced acute pancreatitis.15

The main differences between the findings from the 2
studies were attributed to Hes1 deletion during the adult or
embryonic period and in acinar cells or the whole pancreas.

We used Pdx1;Hes1KO and Pdx1;Hes1WT mice, as
described above. To examine the effect of Hes1 deletion in
the adult whole pancreas on regeneration after acute
pancreatitis, Hes1 deletion was induced in adult whole
pancreatic cells by tamoxifen administration at age 8 weeks,
followed by the induction of pancreatitis by treatment with
caerulein (Figure 2A). Compared with Pdx1;Hes1WT mice,
Pdx1;Hes1KO mice showed significant atrophy in the
pancreas at 7 days after caerulein administration
(Figure 2B), and the pancreas/body weight ratio was
significantly smaller in Pdx1;Hes1KO mice than in
Pdx1;Hes1WT mice (Figure 2C). Inflammatory cells infil-
trated more frequently in Pdx1;Hes1KO mice than in
Pdx1;Hes1WT mice at 2 days after caerulein-induced
pancreatitis (Supplementary Figure 2A). To explore the
mechanism underlying atrophy, we examined the pancreas
at 2 and 7 days after caerulein administration. The pancreas
of Pdx1;Hes1KO and Pdx1;Hes1WT mice showed wide-
spread ADM lesions, expressing both CK19 and amylase
(Figure 2D). The CK19-positive area was significantly larger
=
Figure 1. HES1 is not essential for homeostasis in the adult
inducing Hes1 deletion in the adult pancreas via time-specific t
Pdx1;Hes1KO mice. (B) Schematic representation of the exper
month. (C) H&E and IHC staining for CK19, amylase, glucagon
administration. Magnified images are shown in the inset. Scale
Pdx1;Hes1WT and Pdx1;Hes1KO mice at 1 month and 6 mon
Serum amylase levels in Pdx1;Hes1WT and Pdx1;Hes1KO mice
in each group). Plotted values represent the mean ± standard d
in Pdx1;Hes1KO mice than in Pdx1;Hes1WT mice at 7 days
after caerulein-induced pancreatitis (Supplementary
Figure 2B), showing persistence of regeneration in
Pdx1;Hes1KO mice. Moreover, the number of cleaved cas-
pase-3–positive cells was significantly higher in Pdx1;He-
s1KO mice at 2 days after caerulein administration
(Figure 2D and E), indicating that apoptosis occurred more
frequently in Pdx1;Hes1KO mice than in Pdx1;Hes1WT
mice. Proliferation analysis using the Ki-67 marker did not
show any significant difference (data not shown).

We previously showed that Hes1 deletion in adult acinar
cells does not affect pancreatic regeneration after caerulein-
induced pancreatitis.11 Accordingly, we next explored
whether Hes1 deletion in adult duct cells exerts any effect. We
induced Hes1 deletion in adult pancreatic duct cells by
tamoxifen administration in Hnf1b-CreERT2;Hes1flox/flox mice
(referred to as Hnf1b;Hes1KO) and then induced pancreatitis
by treating with caerulein (Supplementary Figure 3A and B).
No difference was observed between Hnf1b;Hes1KO and
Hnf1b;Hes1WT mice with respect to morphology and the
pancreas/body weight ratio (Supplementary Figure 3C and
D). Accordingly, we hypothesized that HES1 does not play an
important role in acinar cells or duct cells during pancreas
regeneration; therefore, we focused on centroacinar/terminal
duct cells, which exhibit a strong proliferative response to
caerulein-induced pancreatitis.24
Hairy and Enhancer of Split-1 Is Essential for the
Proliferation of Centroacinar/Terminal Duct Cells

Centroacinar/terminal duct cells express Aldh and can
be cultured as organoids.22 We collected centroacinar/ter-
minal duct cells from Hes1flox/flox mice by FACS using the
ALDEFLUOR reagent and cultured organoids (Figure 3A).
Adenoviral vectors were used to test the effect of Hes1
deletion in organoids. The organoids were dissociated into
single cells, infected with Cre recombinase and green fluo-
rescent protein (GFP)-expressing adenovirus vectors (Ad-
Cre-GFP) or only GFP-expressing adenovirus (Ad-GFP), and
cultured for 10 days. First, we examined the efficacy of Hes1
deletion on day 0 using quantitative reverse-transcription
polymerase chain reaction (qRT-PCR) and observed
considerable reduction in Hes1 messenger (m)RNA expres-
sion (Figure 3B). Ten days after adenoviral infection, the
Hes1-positive cells (Hes1WT) formed multiple organoids,
whereas the Hes1-negative cells (Hes1KO) formed few
organoids (Figure 3C). The numbers of organoids of Hes1KO
were significantly lower than that of Hes1WT. The size of
Hes1KO organoids also tended to be smaller than that of
Hes1WT organoids; however, it was not significant
pancreas under normal conditions. (A) Genetic strategy for
amoxifen-mediated CreERT2 activation in Pdx1;Hes1WT and
imental design for tamoxifen administration and analysis. M,
, insulin, and HES1 at 1 month and 6 months after tamoxifen
bars, 100 mm. (D) Ratio of pancreas weight to body weight in
ths after tamoxifen administration (n ¼ 3 in each group). (E)
at 1 month and 6 months after tamoxifen administration (n ¼ 5
eviation. n.s., not significant.
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(Figure 3C). The cell proliferation assay revealed signifi-
cantly lower proliferation in Hes1KO organoids than in
Hes1WT organoids (Figure 3D). Moreover, we evaluated
Hes1 mRNA expression in the organoids at 10 days after
adenoviral infection and confirmed Hes1 mRNA up-
regulation in both Hes1WT and Hes1KO organoids
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(Figure 3B), suggesting that the cells escaping Hes1 deletion
mainly formed Hes1KO organoids at day10. These results
indicated that Hes1 is essential for the proliferation of cen-
troacinar/terminal duct cells and that Hes1 deletion in
centroacinar/terminal duct cells may impair regeneration
after acute pancreatitis.
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Hairy and Enhancer of Split-1 Promotes
Pancreatic Intraepithelial Neoplasia Initiation but
Inhibits Its Progression

Next, we explored the role of HES1 in pancreatic tumor
formation using the KrasG12D-driven mouse PanIN model.
We previously reported that Hes1 deletion with concomitant
KrasG12D activation in adult acinar cells suppresses KrasG12D-
induced PanIN formation through the depletion of Hes1 in
ADM,11 indicating that Hes1 plays an essential role in
PanIN initiation in ADM derived from acinar cells. In this
study, we generated Pdx1-Flp;FSF-R26CAG-CreERT2;FSF-
KrasG12D;Hes1flox/flox (referred to as Pdx1K;Hes1KO) mice
and Pdx1-Flp;FSF-KrasG12D;Hes1flox/flox (referred to as
Pdx1K;Hes1WT) mice (Figure 4A).

First, we found that PanIN formation was rarely observed
at the age of 6 weeks, but was frequently observed at 3
months in all mice mentioned above, which indicated that
PanIN formation commences between 6 weeks and 3 months
(Supplementary Figure 4A–C). To confirm the stimulatory role
of HES1 in PanIN initiation in this model, tamoxifen was
administered to 1-month-old mice to induce Hes1 deletion
before PanIN formation (Figure 4B). As expected, at 3 months,
PanIN was rarely detected in Pdx1K;Hes1KO compared with
Pdx1K;Hes1WT (Figure 4C and D). Next, tamoxifen was
administered to 3-month-old PanIN-bearing mice to induce
Hes1 deletion (Figure 4E). Surprisingly, 3 months after
tamoxifen administration, Alcian blue staining revealed the
presence of more PanINs in Pdx1K;Hes1KO mice than in
Pdx1K;Hes1WT mice (Figure 4F and G), which contrasted
with the results obtained with Hes1 deletion before PanIN
development. Collectively, the findings indicated that HES1
enhances PanIN initiation but inhibits its progression, sug-
gesting the dual roles of HES1 in PanIN formation, depending
on the stage of tumor development.
Hairy and Enhancer of Split-1 Promotes
Pancreatic Intraepithelial Neoplasia Initiation and
Inhibits Its Progression in Caerulein-Induced
Pancreatitis

To elucidate whether HES1 is involved in pancreatitis-
induced PanIN formation, we investigated PanIN
=
Figure 2. HES1 is essential for tissue regeneration after acute p
design for tamoxifen administration, induction of caerulein-ind
Macroscopic view of the pancreas at 7 days after caerulein-ind
area. (C) Ratio of pancreas weight to body weight in Pdx1;Hes
caerulein-induced acute pancreatitis. (D) H&E staining; IHC stai
tissues at 2 and 7 days after caerulein-induced acute pancreatit
3–positive cells in the pancreas at 2 and 7 days after caerulein-in
represent the mean ± standard deviation. n.s., not significant; *
formation after caerulein treatment. Previous studies have
demonstrated that pancreatic inflammation, including that
observed in chronic pancreatitis, an etiological factor for
PDAC, accelerates the development of PanINs in the pres-
ence of mutant Kras.25,26 In the PanIN mouse model used in
this study (Pdx1K;Hes1KO and Pdx1K;Hes1WT mice)
(Figure 4A), PanIN formation commenced between 6 weeks
and 3 months (Supplementary Figure 4A–C).

In one group (referred to as initiation group),
Pdx1K;Hes1KO and Pdx1K;Hes1WT mice were adminis-
tered tamoxifen at the age of 6 weeks (limited PanIN for-
mation was observed at this point, as described above), and
caerulein was administered for 2 consecutive days at 1
week after tamoxifen administration (Figure 5A). In this
group, Hes1 deletion was induced before PanIN formation;
accordingly, we evaluated the role of HES1 in PanIN initia-
tion. In the other group (referred to as progression group),
Pdx1K;Hes1KO and Pdx1K;Hes1WT mice were adminis-
tered caerulein at the age of 6 weeks to induce PanIN
development and were then treated with tamoxifen at 1
week after caerulein administration (Figure 5A). In this
group, Hes1 deletion was induced after PanIN formation.
Therefore, we could evaluate the role of HES1 in PanIN
progression.

Pancreatic tissues were assessed at age 5 months in both
groups. In the initiation group, Pdx1K;Hes1KO mice showed
a significantly smaller area of PanINs than Pdx1K;Hes1WT
mice (Figure 5B and C). In contrast, in the progression
group, Pdx1K;Hes1KO mice showed a significantly larger
area of PanINs than Pdx1K;Hes1WT mice (Figure 5B and C).
These results indicate that HES1 accelerates PanIN initiation
but inhibits its progression after caerulein-induced pancre-
atitis. These results were consistent with the results of the
caerulein-unrelated PanIN model described in the previous
subsection; therefore, the roles of HES1 differ depending on
the stage of tumor initiation and progression.
Hairy and Enhancer of Split-1 Suppresses
Pancreatic Ductal Adenocarcinoma Progression

To investigate the role of HES1 in PDAC progression, we
generated a PDAC mouse model with a mutated KrasG12D

oncogene and deletion of 1 allele of the Trp53 gene
(Pdx1-Flp;FSF-R26CAG-CreERT2;FSF-KrasG12D;Trp53frt/þ;Hes1flox/flox

[referred to as Pdx1KP;Hes1KO] mice and Pdx1-Flp;FSF-
KrasG12D;Trp53frt/þ;Hes1flox/flox [referred to as Pdx1KP;
Hes1WT] mice) (Figure 6A). These mice showed the for-
mation of several PanINs and eventually developed PDAC at
w3 months after birth (data not shown). The mice were
administered tamoxifen at the age of 3 months and analyzed
ancreatitis. (A) Schematic representation of the experimental
uced acute pancreatitis, and analysis. M, month; d, day. (B)
uced acute pancreatitis. Orange dash lines indicate pancreas
1WT (n ¼ 6) and Pdx1;Hes1KO (n ¼ 5) mice at 7 days after
ning for CK19, amylase, and cleaved caspase-3 in pancreatic
is. Scale bars, 100 mm. (E) Quantification of cleaved caspase-
duced acute pancreatitis (n ¼ 3 in each group). Plotted values
P < .05; **P < .01.



Figure 3. HES1 is essential for the proliferation of centroacinar/terminal duct cells. (A) Schematic representation of the
experimental design for organoid culture (left), and histogram showing the results of the flow cytometry experiment for the
isolation of cells with high Aldh activity among pancreatic cells of Hes1flox/flox mice with (þ) or without (�) dieth-
ylaminobenzaldehyde (DEAB) treatment (right). FITC, fluorescein isothiocyanate. (B) Evaluation of Hes1 mRNA expression in
organoids from Hes1-expressing cells (Hes1WT) and Hes1-deleted cells (Hes1KO) using qRT-PCR (n ¼ 3 in each group). (C)
Organoids developed from Hes1WT and Hes1KO cells and cultured for 10 days (left). Scale bars, 500 mm. Evaluation of size
(right top) and number (right bottom) of organoids with a diameter of >100 mm from Hes1WT and Hes1KO. Organoids were
counted per field of vision. Plotted values represent the mean ± standard deviation. (D) Cell proliferation assay of Hes1WT and
Hes1KO organoids (n ¼ 3 in each group). *P < .05; **P < .01; n.s., not significant.
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3 months later (Figure 6B). Hes1 deletion was confirmed by
IHC (Figure 6C and Supplementary Figure 5A). Both the area
and the number of PDACs in Pdx1KP;Hes1KO mice were
significantly higher than those in Pdx1KP;Hes1WT mice, and
Pdx1KP;Hes1KO mice tended to show a lower survival rate
(Figure 6C–F). These data suggest that Hes1 deletion pro-
motes PanIN/PDAC progression.

Hes1 is the primary target of the Notch signaling
pathway; therefore, to ascertain whether Notch signaling is
involved in this tumor setting, we evaluated the expression
of Notch signaling components by IHC and found no dif-
ferences in Notch1-4 and Jag 1 expression between
Pdx1KP;Hes1KO and Pdx1KP;Hes1WT PDAC mice
(Supplementary Figure 5B). The data suggest that Hes1 is
regulated independently of Notch signaling in PDAC. To
confirm this hypothesis, we evaluated the correlation be-
tween Hes1 and Notch ligands and receptors mRNA ex-
pressions in human pancreatic cancer using The Cancer
Genome Atlas pancreatic cancer database. As we expected,
no correlation was found between mRNA expression of
Hes1 and Notch components (Supplementary Figure 6).

To further analyze the role of HES1 in PDAC progression,
we established 3 PDAC cell lines from the tumors of 3 Pdx1-
Flp;FSF-KrasG12D;Trp53frt/þ;Hes1flox/flox mice. Each cell line
was Ad-Cre-GFP or only Ad-GFP as a control; the cells were
named Hes1KO #1–3 and Hes1WT #1–3 PDAC cells,



Figure 4. HES1 promotes PanIN initiation but inhibits its progression. (A) Genetic strategy for Hes1 deletion in the adult
pancreas via time-specific tamoxifen-mediated CreERT2 activation after embryonal pancreatic KrasG12D induction in
Pdx1K;Hes1WT and Pdx1K;Hes1KO mice. (B and E) Schematic representation of the experimental design for tamoxifen
administration and analysis. M, month. (C) Percentage of Alcian blue-positive area in the pancreas (n ¼ 3 in each group). (D and
G) H&E, Alcian blue, and IHC staining for HES1 in the pancreatic tissues. All PanINs observed in those mice were classified as
low-grade PanIN. Scale bars, 100 mm. (F) Percentage of Alcian blue-positive area in the pancreas (n ¼ 5, in each group).
Plotted values represent the mean ± standard deviation. *P < .05; **P < .01.
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respectively. Sufficient Hes1 deletion was detected using
qRT-PCR (Figure 6G). The proliferation of Hes1WT and
Hes1KO PDAC cells was measured using the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay, and no significant
differences were observed between Hes1WT and Hes1KO
PDAC cells (Figure 6H).

We further assessed the invasiveness of the cells. In the
in vitro invasion assay, Hes1KO PDAC cells showed a
significantly higher invasion ability than Hes1WT PDAC cells
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(Figure 6I). Moreover, we analyzed the influence of Hes1
deletion on the metastatic property of cells using a murine
model of hepatic metastases. After 21 days from splenic
injection of PDAC cells, Hes1KO PDAC cells induced larger
area of liver metastases compared with Hes1WT PDAC cells
(Figure 6J). Collectively, these data suggest that Hes1 sup-
presses PDAC progression.
Hairy and Enhancer of Split-1 Directly Regulates
Muc5ac Expression by Binding to Its Promoter
Region

To elucidate the mechanism underlying Hes1 deletion-
induced PDAC progression, we performed RNA sequencing
(RNA-seq) using the PDAC cell lines described above. RNA
was extracted from the 6 PDAC cell lines (Hes1KO #1–3 and
Hes1WT #1–3) for RNA-seq (Supplementary Table 2). RNA-
seq revealed that 875 genes showed �2-fold changes, with
either significant up-regulation or down-regulation result-
ing from Ad-Cre-GFP–mediated Hes1 deletion (Figure 7A
and Supplementary Figure 7). Among the significantly up-
regulated or down-regulated genes, we focused on the up-
regulated genes in Hes1KO cells because HES1 negatively
regulates target genes.7 In the up-regulated genes, Muc5ac
showed the highest up-regulation by Hes1 deletion
(Figure 7A). Among other genes that showed changes in
expression patterns in the RNA-seq analysis, several genes
that were reportedly associated with pancreatic cancer
pathophysiology were up-regulated in Hes1KO cells,
including ITGB627 and ADAM12. 28 Gene set enrichment
analysis revealed the increased expression of several gene
sets in Hes1KO cells, including those involved in the cell
cycle and epithelial-to-mesenchymal transition (Figure 7B
and Supplementary Figure 8A). Gene ontology enrichment
analysis was performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID), with 119
genes up-regulated in Hes1KO cells, and several gene
ontology biological processes, including positive regulation
of cell proliferation, were found to be enriched
(Supplementary Figure 8B).

Recently, Ganguly et al29 reported that Muc5ac potenti-
ates oncogenic signaling in PanIN mouse models; we pre-
dicted that Hes1 deletion caused Muc5ac up-regulation,
thereby inducing tumor progression. First, we evaluated
mucin 5, subtype AC (MUC5AC) expression in our PDAC
mouse model. IHC analysis revealed that MUC5AC expres-
sion was higher in Pdx1KP;Hes1KO mice than in
Pdx1KP;Hes1WT mice (Figure 7C), although not signifi-
cantly due to the heterogeneity of each tumor
(Supplementary Figure 5A). Meanwhile, MUC5AC was also
evaluated in the murine hepatic metastasis model, and the
difference became clearer (Supplementary Figure 5C and D).
Additionally, the percentage of CK19-positive area in the
liver metastasis was higher in Hes1KO PDAC compared with
that in Hes1WT PDAC in the metastasis model
(Supplementary Figure 5C), suggesting tumor density is
higher in Hes1KO PDAC than Hes1WT PDAC.

We also evaluated MUC5AC expression in caerulein-
induced pancreatitis (Pdx1;Hes1KO and Pdx1;Hes1WT
mice) and in PanIN models (Pdx1K;Hes1KO and
Pdx1K;Hes1WT mice). In the caerulein-induced pancreatitis
model, MUC5AC was not expressed in Pdx1;Hes1KO or
Pdx1;Hes1WT mice (Supplementary Figure 2C). Conversely,
MUC5AC is generally expressed in PanIN, as previously re-
ported, 29 but evaluating its expression in these mice
quantitatively by IHC was difficult. In addition, analysis of
the pancreatitis-induced PanIN mice model revealed that
the pancreatic duct diameter of Pdx1K;Hes1KO in the pro-
gression group was larger than that of other groups:
Pdx1K;Hes1WT in the progression and initiation group and
Pdx1K;Hes1KO in the initiation group (Supplementary
Figure 9A and B). We speculate that in Pdx1K;Hes1KO
mice in the progression group, MUC5AC secreted from
PanINs might expand the ducts.

Next, we examined whether HES1 directly regulated
Muc5ac expression. In a previous study, Muc5ac was re-
ported to encode N-box, a known target of the HES1 DNA-
binding domain, in its promoter region.30 We performed
ChIP using an anti-HES1 antibody. The co-precipitated
chromatin DNA fragments extracted from Hes1WT #3
PDAC cells were amplified by PCR using primers for the
Muc5ac promoter region, including the N-box sequence
(Figure 7D). As expected, the Muc5ac promoter region was
also amplified (Figure 7D), indicating that HES1 binds to the
Muc5ac promoter and directly regulates its expression.

We tested whether the effect of Hes1 deletion on PDAC
is attributable to Muc5ac up-regulation using small inter-
fering RNA. The efficient loss of Muc5ac expression was
confirmed by qRT-PCR (Figure 7E). The invasion assay
demonstrated that the invasion potential of Muc5ac-
knockdown cells was significantly lower than that of
control cells (Figure 7F). Additionally, compared with
control cells, Muc5ac-knockdown cells showed decreased
expression of Vim and CD44 mRNA and increased
expression of Cdh1 (Figure 7G), which were reported to be
regulated by Muc5ac in PDAC.29 These results suggested
that the enhancement of PDAC progression in response to
Hes1 depletion is mediated, at least in part, by a Muc5ac-
dependent mechanism, with the up-regulation of Vim and
CD44 and down-regulation of Cdh1.
Hairy and Enhancer of Split-1 Deletion of
Pancreatic Ductal Adenocarcinoma Cells Leads
to Squamous Subtype

PDAC is classified into 2 major groups—the classical/
progenitor type and the squamous/basal type—based on
the mRNA expression patterns, where enhanced epithelial-
to-mesenchymal transition is up-regulated in the squa-
mous/basal type.6,31,32 In this study, we revealed that Hes1
negatively regulates enhanced epithelial-to-mesenchymal
transition in PDAC cells. Therefore, we determined
whether the Hes1 expression level is correlated with PDAC
subtypes. Gene set enrichment analysis showed that
Hes1WT PDAC cells have a progenitor property, whereas
Hes1KO PDAC cells have a squamous property
(Supplementary Figure 8C). We examined whether these
results of mice are applicable to human PDAC. Patients with



Figure 5. HES1 promotes PanIN initiation but inhibits its progression in caerulein-induced pancreatitis. (A) Schematic
representation of the experimental design for caerulein treatment with tamoxifen administration and analysis. M, month;
W, week. (B) H&E, Alcian blue, and IHC staining for HES1 in pancreatic tissues of 5-month-old mice. Scale bars, 100 mm.
(C) Percentage of Alcian blue-positive area in the pancreas (n ¼ 3 in each group). Plotted values represent the mean ±
standard deviation. **P < .01.
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PDAC were divided based on Hes1 mRNA expression level
and analyzed similarly to mouse PDAC. Although progenitor
subtype was not associated with the Hes1 expression level,
the Hes1-low group showed a squamous property
compared with the Hes1-high group (Supplementary
Figure 8D). Taken together, Hes1 expression level may be
correlated with PDAC subtype, and PDACs with low Hes1
expression tend to have squamous phenotype.
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The Target of Hairy and Enhancer of Split-1
Differs Based on the Tumor Phase

We investigated the reason why Hes1 deletion
has different roles in different phases of the tumor
development—tumor initiation and progression. Our pre-
vious report11 and the result of tumor initiation in this study
suggest that Hes1 plays an important role in ADM, prelesion
of PanIN; therefore, we performed acinar cell culture to
elucidate the role of Hes1 in ADM, the first important step
of pancreatic tumorigenesis. Kras-mutated acinar cells were
harvested from 8-week-old Pdx1-Flp;FSF-KrasG12D;
Hes1flox/flox mice, digested, and infected with Ad-Cre-GFP or
Ad-GFP. After a 24-hour incubation with the adenoviruses,
cells were washed and cultured for 2 days, and tran-
scriptome analysis was performed (Supplementary Table 3).
We compared RNA-seq data of cultured acinar cells and
PDAC cells, described in Supplementary Table 2 and
Figure 7. As a result, Muc5ac was commonly up-regulated in
Hes1KO cultured acinar cells and Hes1KO PDAC cells.
However, the enriched pathways were different between
Hes1KO cultured acinar cells and Hes1KO PDAC cells, and
only 6 and 9 genes were commonly up-regulated and down-
regulated, respectively, in both Hes1KO cultured acinar cells
and Hes1KO PDAC cells (Supplementary Figure 10A–C).
These differences in Hes1 target genes between cultured
acinar cells and PDAC cells might lead to different effects of
Hes1 deletion in the initiation phase vs progression phase
stages of pancreatic tumor development.

Discussion
HES1 is reported to play important roles not only in the

maintenance of homeostasis in adult pancreatic cells but
also in pancreatic tumorigenesis. However, because HES1
exhibits divergent roles depending on the developmental
stage (eg, embryonic or adult stage) and cell type, eluci-
dating its precise function at specific time points and in
specific cell types is often difficult. In this study, using a
dual-recombinase mouse model, we showed that although
HES1 does not play a major role in maintaining pancreatic
homeostasis, it is essential in regeneration in centroacinar/
terminal duct cells after acute pancreatitis. Moreover, we
showed that HES1 plays an oncogenic role in PanIN initia-
tion, but once the process of PanIN development is
=
Figure 6. Hes1 suppresses PDAC progression. (A) Genetic strat
in which the activation of oncogenic KrasG12D with the monoalle
Pdx1KP;Hes1WT (control) and Pdx1KP;Hes1KO mice. (B) Sche
administration and analysis. M, month. (C) H&E and IHC stainin
control mice at 3 months after tamoxifen administration. Scale ba
(n ¼ 8, Pdx1KP;Hes1WT; n ¼ 5, Pdx1KP;Hes1KO). (E) Average
pancreas from each mouse (n ¼ 3 in each group). (F) Survival an
in each group). (G) Analysis by qRT-PCR of Hes1 mRNA in Hes
tumors of 3 Pdx1-Flp;FSF-KrasG12D;Trp53frt/þ;Hes1flox/flox mice.
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
Hes1WT #1–3 and Hes1KO #1–3 were used, respectively). (I) Inv
Hes1WT and Hes1KO PDAC cell lines (average data of Hes1W
metastasis model established by splenic injection of PDAC ce
panel shows the analysis of tumor occupying rate (tumor area/w
values represent the mean ± standard deviation. *P < .05; **P
completed, HES1 exerts a tumor-suppressive function. Our
data demonstrated the context-dependent roles of HES1 in
the adult pancreas as well as in pancreatic tumor formation.

In the normal pancreas, Hidalgo-Sastre et al15 and Kur-
iyama et al23 independently reported using Ptf1a-Cre;
Hes1flox/flox or Pdx1-Cre;Hes1flox/flox mice that the loss of Hes1
expression in fetal pancreatic cells led to normal pancreatic
development at birth but induced pancreatic atrophy a few
months after birth. In the present study, we used Pdx1-
Flp;FSF-R26CAG-CreERT2;Hes1flox/flox mice. We induced Hes1
deletion in adult pancreatic cells, but no change was
observed in the pancreatic morphology for up to 6 months
after Hes1 deletion. Therefore, HES1 was considered to be
essential for neonatal pancreatic cell development but
dispensable for the maintenance of adult pancreatic cells
under normal conditions. Interestingly, we found that once
pancreatitis was induced, Hes1 deletion in adult pancreatic
cells impaired exocrine tissue regeneration, which was
accompanied by enhanced apoptosis of the pancreatic cells,
indicating the involvement of HES1 in regeneration after
pancreatic injury. Our data are in agreement with those
reported by Hidalgo-Sastre et al,15 who observed compro-
mised regeneration, ductal metaplasia, and fibrosis with
severe acinar atrophy after pancreatitis caused by Hes1
deletion.

We previously reported that Hes1 deletion in adult
acinar cells did not affect pancreatic regeneration after
acute pancreatitis,11 which contradicts our findings in the
present study. The difference in the findings between our
previous and present study may be attributed to the dif-
ference in the cell types in which Hes1 deletion was induced.
In this study, Hes1 deletion was induced in all pancreatic
cells, whereas in our previous study, Hes1 deletion was
induced only in acinar cells. From these data, it is reason-
able to consider that HES1 expression in duct cells or cen-
troacinar/terminal duct cells is important for pancreatic
regeneration after pancreatitis. However, we also showed
that Hes1 deletion in duct cells did not affect pancreatic
tissue regeneration after pancreatitis.

Previous studies have shown that centroacinar/terminal
duct cells play an important role in pancreatic tissue
regeneration.23,33 Accordingly, we attempted to examine the
effect of Hes1 deletion in centroacinar/terminal duct cells
in vivo; however, we were unable to do so, because
egy for Hes1 deletion after PDAC formation in a mouse model
lic inactivation of Trp53 was induced in the whole pancreas in
matic representation of the experimental design for tamoxifen
g for HES1 in the pancreatic tissues of Pdx1KP;Hes1KO and
rs, 100 mm. (D) Percentage of area with PDAC in the pancreas
number of PDACs in representative specimen sections of the
alysis of Pdx1KP;Hes1WT and Pdx1KP;Hes1KO mice (n ¼ 15,
1WT and Hes1KO PDAC cells that were established from the
(H) Cell proliferation assay with MTS (3-(4,5-dimethylthiazol-2-
) of Hes1WT and Hes1KO PDAC cell lines (average data of

asion assay (left) and quantification of invasion ability (right) of
T #1–3 and Hes1KO #1–3 were used, respectively). (J) Liver
ll lines. (Left), Liver tissues were stained with CK19; the right
hole tissue area � 100) in each section of liver tissues. Plotted
< .01.



Figure 7. HES1 directly regulates Muc5ac expression by binding to its promoter region. (A) Volcano plot of the differentially
expressed genes between Hes1KO and Hes1WT PDAC cells. Significantly down-regulated or up-regulated genes are indi-
cated in orange, and genes with nonsignificant changes in expression are indicated in blue. The black vertical dashed lines
highlight log2 fold changes of �1 and 1, and the black horizontal dashed line represents a P value of .05. (B) Gene set
enrichment analysis showing significantly up-regulated gene sets in Hes1KO PDAC cells compared with those in Hes1WT
PDAC cells. FDR, false discovery rate; FWER, family-wise error rate; NES, normalized enrichment score. (C) Pancreatic tissues
collected from Pdx1KP;Hes1KO and control mice at 3 months after tamoxifen administration were evaluated using IHC
staining for MUC5AC. Scale bars, 100 mm. (D) Schematic illustration shows the promoter lesion of Muc5ac, N-box, and PCR
primer sets. Chromatin preparations from Hes1KO #3 PDAC cells were immunoprecipitated using an anti-HES1 antibody, and
co-precipitated DNA fragments were amplified using primers specific for the N-box fragment of the Muc5ac promoter. TSS,
transcription start site. (E) Analysis by qRT-PCR of Muc5ac mRNA in Hes1KO PDAC cells (control) and Muc5ac-knockdown
Hes1KO PDAC cells (n ¼ 3 in each group). siRNA, small interfering RNA. **P < .01 vs control). (F) Invasion assay and
quantification of invasion ability of Hes1KO #3 PDAC cells (control) andMuc5ac-knockdown Hes1KO PDAC cells withMuc5ac
small interfering RNA #1-3 (Muc5ac-knockdown) (n ¼ 3 in each group). Scale bars, 200 mm. *P < .05 vs control and **P < .01
vs control. (G) Analysis by qRT-PCR of Vim, Cdh1, and CD44 in Hes1WT #3 (Hes1WT), Hes1KO #3 (control), and Muc5ac-
knockdown in Hes1 KO #3 cells with Muc5ac small interfering RNA #1–3 (n ¼ 3 in each group). Plotted values represent the
mean ± standard deviation. *P < .05 and **P < .01 vs control.
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centroacinar/terminal duct cell-specific CreERT2 mice were
unavailable. To overcome this challenge, we isolated and
cultured centroacinar/terminal duct cells using the
organoid technique and induced in vitro Hes1 deletion. We
found that Hes1-deleted centroacinar/terminal duct cells
showed impaired organoid formation, suggesting that HES1
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plays an important role in centroacinar/terminal duct cells
during pancreatic regeneration after pancreatitis.

In addition to its roles in normal pancreatic development
and regeneration, HES1 has been reported to undergo
upregulation in PDAC and promote PDAC progression.34–36

We previously showed that Hes1 deletion in adult acinar
cells suppressed KrasG12D-induced tumor formation.11

However, HES1 expression has been observed not only in
PDAC but also in PanIN and ADM.8,10,14 This may suggest
the divergent roles of HES1 in pancreatic tumorigenesis,
depending on the stage of progression. Therefore, we
induced Hes1 deletion before and after Kras-induced PanIN
formation in whole pancreatic cells. Interestingly, although
PanIN formation was inhibited when Hes1 deletion was
induced before PanIN formation, it was enhanced when
Hes1 deletion was induced after PanIN formation. Further-
more, we observed that Hes1 KO promoted Kras- and
mutant p53-induced PDAC formation.

The major difference between the findings from our
previous study and those from the present study on PanIN/
PDAC formation is the timing of Hes1 deletion. In the pre-
vious study, Hes1 deletion was performed simultaneously
with Kras induction,11,15 whereas in this study, Hes1 dele-
tion was induced after PanIN/PDAC formation. Collectively,
these data strongly suggest that HES1 acts as an accelerator
upon tumor initiation and functions as a tumor suppressor
during tumor progression. Similar dual functions of
pancreatic and duodenal homeobox 1,37 transforming
growth factor-b,38 Notch,39 p21,40 Kruppel-like factor 4,40,41

autophagy related 5,42 and autophagy related 743,44 have
been reported in pancreatic cancer. In contrast to our pre-
sent data, HES1 is generally recognized as a tumor promoter
in human PDAC, as described above.34

Recently, PDAC has been classified 2 two major groups—
the classical/progenitor type and the squamous/basal type—
based on the mRNA expression patterns.6,31,32 Classical/
progenitor PDAC shows a better prognosis than squamous/
basal PDAC. The former is considered to represent an
epithelial phenotype, whereas the latter is considered to
represent a mesenchymal phenotype. The expression of HES1
was shown to be one of the characteristic factors of classical/
progenitor PDAC.6 Here, we revealed by performing RNA-seq
analysis that mouse Hes1WT PDAC has progenitor phenotype
and Hes1KO PDAC has squamous phenotype, and Hes1-low
human PDAC has squamous subtype.

To elucidate the mechanism underlying PDAC progres-
sion induced by Hes1 deletion, we performed RNA-seq and
ChIP-qPCR in PDAC cells isolated from the tumors of Hes1-
KO mice. Among 875 significantly up-regulated or down-
regulated genes, we found Muc5ac to be the most signifi-
cantly up-regulated gene. Interestingly, we revealed that
HES1 binds to the Muc5ac promoter by using ChIP with an
anti-HES1 antibody. These data are compatible with the
finding that Muc5ac contains the N-box in its promoter re-
gion, a known target of the HES1 DNA-binding domain.30 In
addition, we showed that Muc5ac knockdown decreased the
invasive potential of PDAC cells. Collectively, our data sug-
gest that Hes1 suppresses PDAC progression, at least in part,
through Muc5ac regulation with mesenchymal-to-epithelial
transition. Although the transcriptome analysis showed
that Muc5ac was regulated by Hes1 in both cultured acinar
cell and PDAC cells, the target genes of Hes1, and the
enriched pathways induced by Hes1 KO differed between
PDAC and cultured acinar cells. These data suggest that the
distinct roles of Hes1 in the tumor formation might be
attributed to the difference of Hes1 target genes at different
stages of tumor development; however, further in-
vestigations are warranted.

Conclusion
We demonstrated that HES1 plays an important role in

tissue regeneration in pancreatitis. We also showed that
HES1 plays different roles, depending on the stage of
pancreatic tumor development.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://dx.doi.org/10.1053/
j.gastro.2022.08.048.
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Supplementary Methods

In Vitro Invasion Assay
The in vitro invasion assay was performed using a

Corning BioCoat Matrigel Invasion Chamber (Corning,
Corning, NY) in 24-well plates according to the manufac-
turer’s instructions. Briefly, pancreatic cancer cells (1.0 �
105 cells/well) were seeded with serum-free DMEM in the
upper Matrigel-coated membrane with 8-mm pores. The
lower chambers were filled with DMEM supplemented with
10% FBS (Thermo Fisher Scientific). After incubation for 20
hours, the noninvading cells were carefully removed using a
cotton swab. Cells that penetrated the Matrigel-coated
membrane were fixed with 100% methanol for 10 mi-
nutes and then stained with hematoxylin. The number of
invading cells was manually counted from the low-power
magnification images. The mean score was calculated
from 5 images.

Cell Proliferation Assay
Cell proliferation was evaluated using the Promega Cell

Titer 96 Aqueous One Solution (Promega) according to the
manufacturer’s instructions. The cells were seeded into a
well in a 96-well plate (5.0� 103 cells/well) and cultured in
100 mL of DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin antibiotic mixture, and were incu-
bated at 37�C for different durations (24, 48, and 72 hours),
and 20 mL of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) reagent was added. Cells were then incubated for 60
minutes at 37�C. Absorbance was measured at 492 nm
using a Sunrise microplate reader (Tecan, Männedorf,
Switzerland). At least 3 replicates were prepared for each
experiment.

Acinar Cell Culture
We performed acinar cell culture as previously

described,1 with minor modification. Briefly, the whole
pancreas was chopped into small pieces and digested in
Hank’s balanced salt solution (HBSS; Thermo Fisher Scien-
tific) supplemented with 0.2 mg/mL collagenase P (Sigma-
Aldrich) and 2 U/mL RQ1 RNase-Free DNase (Promega) at
37�C for 10 minutes. After 2 washes with HBSS supple-
mented with 5% FBS, collagenase-digested pancreatic tis-
sue was sequentially filtered through a 100-mm cell strainer
(Corning). The flow through was layered onto HBSS sup-
plemented with 30% FBS and centrifuged. The cellular
pellet was resuspended in Waymouth’s Media MB 752/1
1� medium (Thermo Fisher Scientific) supplemented with
10% FBS, 1% penicillin/streptomycin antibiotic mixture
(Thermo Fisher Scientific), 100 mg/mL trypsin inhibitor
(Sigma-Aldrich), and 1 mg/mL dexamethasone (Sigma-
Aldrich).

For Hes1 deletion, acinar cells were incubated at 37�C
with an Ad-GFP or Ad-Cre-GFP at a multiplicity of infection
(MOI) of 300. After incubation for 24 hours with the ade-
noviruses, acinar cells were washed and cultured in

Matrigel for 2 days, and total RNA was extracted for RNA-
seq.

Small Interfering RNA Transfection
For knockdown experiments, mouse Muc5ac small inter-

fering (si)RNA and a nontargeting negative control siRNA (ON-
TARGETplus siRNA; Horizon Discovery, Cambridge, United
Kingdom) were used. Cells were plated in 6-well plates. On the
following day, mixtures of siRNA and the Lipofectamine
RNAiMAX reagent (Thermo Fisher Scientific) were added to
each well as 30 nmol/L siRNA solutions. The effectiveness of
Muc5ac mRNA knockdown was confirmed after 48 h.

Adenovirus Infection
For Hes1 deletion in pancreatic organoids and PDAC cell

lines, an adenoviral vector was used. For adenoviral infec-
tion, pancreatic organoids and PDAC cells were incubated at
37�C with Ad-GFP or Ad-Cre-GFP at a MOI of 300 for 24 h.

Three-Dimensional Culture of Adult Pancreas
Progenitor Organoids

FACS-isolated Aldh-positive cells were seeded in 25 mL
of growth factor-reduced Matrigel (BD Biosciences, San
Jose, CA) in a 48-well plate (Corning). After gelation of the
Matrigel for 10 minutes at 37�C in an incubator, the culture
medium was added. The culture medium was composed of
Advanced DMEM/F-12 (Thermo Fisher Scientific) supple-
mented with 2% B27 (Thermo Fisher Scientific), 1% peni-
cillin/streptomycin, 1 mmol/L HEPES (Thermo Fisher
Scientific), 1% Glutamax (Thermo Fisher Scientific), 1.25
mmol/L N-acetylcysteine (Sigma-Aldrich), 10 nmol/L
gastrin (Sigma-Aldrich), 50 ng/mL epidermal growth factor
(PeproTech, Cranbury, NJ), 250 ng/mL RSP01 (R&D Sys-
tems, Minneapolis, MN), 100 ng/mL Noggin (PeproTech),
100 ng/mL fibroblast growth factor 10 (PeproTech), 10
mmol/L nicotinamide (Sigma-Aldrich), 500 nmol/L A83-01
(Tocris Bioscience, Bristol, United Kingdom), and 10 mmol/
L Y27632 (Tocris Bioscience). The culture medium was
replaced with fresh medium every 3 days. The organoids
were first passaged after 10 to 14 days, depending on their
growth. After the first passage, the organoids were passaged
every 5 to 7 days, depending on their growth. To passage
organoids, the Matrigel was dissolved by incubation in
TrypLE (Thermo Fisher Scientific) for 10 minutes on a
shaker at 37�C. Cells were washed with DMEM, counted,
and centrifuged at 300g for 3 minutes at 4�C, after which
the cell pellet was resuspended and seeded in 25 mL of
growth factor-reduced Matrigel in a 48-well plate.

Pancreatic Organoid Proliferation Assay
The proliferation of pancreatic organoids was evaluated

using PrestoBlue (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The organoids were
dissociated into single cells, and the number of cells was
counted. The cells (1.0 � 105 cells/well) were infected with
adenoviral vectors (Ad-Cre-GFP or Ad-GFP) at an MOI of
300 for 24 hours. After infection, half of the cells were used
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for RNA extraction, and the remaining cells were seeded in 5
wells of a 96-well plate.

For the proliferation assay, 90 mL of the medium supple-
mented with 10 mL of the PrestoBlue solution was added to
each well, followed by incubation for 1 hour. Absorbance was
measured using a microplate reader at 570 nm and 595 nm.

RNA Isolation and RNA Sequencing
RNA was extracted using the RNeasy RNA Mini Kit

(Qiagen, Hilden, Germany). Library construction and
sequencing were performed at Macrogen Japan (Tokyo,
Japan) using the TruSeq Stranded mRNA Library Prep Kit
(Illumina, San Diego, CA) and NovaSeq 6000 (Illumina).

RNA Sequencing Data Analysis
Gene set enrichment analysis (GSEA) was performed using

GSEA 4.1.0 software.2 To identify the PDAC subtype, the top
500 genes determining the squamous or progenitor subtype
were used to generate gene sets, referred to as Squamous-PDA
or Progenitor-PDA Identity Signature, respectively, as previ-
ously described.3,4 The Cancer Genome Atlas’s Human PDAC
RNA-seq data were obtained from the database for human
PDAC analysis. To evaluate the relationship between Hes1 and
PDAC subtype, patients with PDAC were equally divided into 3
groups based on Hes1 expression, namely, “Hes1-high,” “Hes1-
middle,” and “Hes1-low.” Hes1-high and Hes1-low groups
were used for PDAC subtype analysis. Gene ontology enrich-
ment analysis of the differentially expressed genes data was
performed using the Database for Annotation, Visualization,
and Integrated Discovery (DAVID) 6.8 software.5,6

Quantitative Reverse-Transcription Polymerase
Chain Reaction Analysis

The extracted RNA was used for complementary DNA
synthesis via the ReverTra Ace qPCR RT Master Mix
(Toyobo, Osaka, Japan) and subjected to qRT-PCR using the
SYBR Green Master Mix (Roche). The expression levels of
the indicated genes were normalized to that of GAPDH,
which was used as a housekeeping gene. The relative
expression was expressed in terms of fold change (2�DDCt),
with the value obtained in the control group set to 1. The
primer sequences are provided in Supplementary Table 4.
All reactions were performed in triplicate.

Chromatin Immunoprecipitation-Quantitative
Polymerase Chain Reaction

Immunoprecipitation was performed using the Sim-
pleChIP Enzymatic Chromatin IP Kit (Cell Signaling

Technology, Danvers, MA), according to the manufacturer’s
instructions. An HES1 antibody (generously provided by
Tetsuo Sudo) was used for immunoprecipitation. In-put
DNA or normal rabbit IgG (#2729, Cell Signaling Technol-
ogy) was used as the control. After ChIP, the DNA was
quantified using qPCR with primers specific for the N-box
fragment of the Muc5ac promoter as follows: 50-
CTGTCTGTCTCTCTGTCTCT-30 and 50-CATTT-
GAACTTTCTGGTTGC-30.

H Score
The expression of Hes1 and MUC5AC in tumor cells was

assessed using the H score,7 calculated by multiplying the
intensity (0, 1, 2, and 3) by the extent of each staining in-
tensity (%). The definition of intensity of staining was as
follows: 0, no expression; 1, weak expression; 2, moderate
expression; 3, strong expression.
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Supplementary Figure 1. IHC staining for SOX9 (sex determining region Y-box transcription factor 9) of adult Pdx1;Hes1WT
and Pdx1;Hes1KO mice (left). Quantitative analysis of SOX9-positive cells (right). Five high power fields (HPF) from each group
(n ¼ 3) were randomly selected, and the number of SOX9-positive cells in the peripheral acinar cells, which did not include
main/interlobular duct cells, was counted for each field. Scale bars, 100 mm. Plotted values represent the mean ± standard
deviation. n.s., not significant.
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Supplementary Figure 2. (A) IHC staining for CD45R, F4/80, and CD3 shows infiltration of inflammatory cells in the pancreas
of Pdx1;Hes1WT and Pdx1;Hes1KO mice at 2 days after pancreatitis. H&E staining shows diffuse expansion of interlobular
septa in both Pdx1;Hes1WT and Pdx1;Hes1KO mice 2 days after pancreatitis. (B) Percentage of CK19-positive area in the
pancreas (n ¼ 3 in each group). (C) IHC staining for MUC5AC in pancreatic tissues at 2 and 7 days after caerulein-induced
acute pancreatitis. Scale bars, 100 mm. Plotted values represent the mean ± standard deviation. **P < .01.
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Supplementary Figure 3. (A) Strategy for Hes1 deletion in adult duct cells via time-specific tamoxifen-mediated CreERT2
activation. Hnf1b-CreERT2 mice (Hnf1b;Hes1WT) and Hnf1b-CreERT2;Hes1flox/flox mice (Hnf1b;Hes1KO) are shown. (B) Sche-
matic presentation of the experimental design for tamoxifen administration, caerulein-induced acute pancreatitis, and analysis. d,
day; M, month. (C) H&E staining and IHC for HES1 at 2 and 7 days after caerulein-induced acute pancreatitis. (D) Ratio of pancreas
weight to body weight in Hnf1b;Hes1WT (n ¼ 6) and Hnf1b;Hes1KO (n ¼ 4) mice at 7 days after caerulein-induced acute
pancreatitis. Scale bars, 100 mm. Plotted values represent the mean ± standard deviation. n.s., not significant.

Supplementary Figure 4. (A) Schematic representation of the experimental design for caerulein treatment and analyses.
M, month; W, week. (B) Percentage of Alcian blue-positive area in the pancreas (n ¼ 3 in each group). Plotted values represent
the mean ± standard deviation. **P < .01. (C) H&E, Alcian blue, and IHC staining for HES1 in pancreatic tissues. Scale bars,
100 mm.
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Supplementary Figure 5. (A) H-score of HES1 and MUC5AC in PDAC of Pdx1KP;Hes1WT and Pdx1KP;Hes1KO mice (n ¼ 3
in each group). (B) IHC staining for Notch1, Notch2, Notch3, Notch4, Jag1, and vimentin, and Masson’s trichrome and Alcian
blue staining in the pancreatic tissues of Pdx1KP;Hes1WT and Pdx1KP;Hes1KO mice at 3 months after tamoxifen admin-
istration. (C) H&E, Masson’s trichrome staining, and IHC staining for MUC5AC of murine model of hepatic metastases. The
right graph shows the percentage of the CK19-positive area in the hepatic metastasis. Scale bars, 100 mm. (D) H-score of
MUC5AC for the hepatic metastasis model with Hes1WT and Hes1KO PDAC cells (n ¼ 3 in each group). Plotted values
represent the mean ± standard deviation. n.s., not significant; *P < .05; **P < .01.

December 2022 Role of Hes1 in Adult Pancreas and PDAC 1629.e6



Supplementary Figure 6. Correlation between mRNA expression of Hes1 and Notch ligands and receptors in human
pancreatic cancer using The Cancer Genome Atlas pancreatic cancer database. RSEM, RNA-seq by expectation
maximization.
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Supplementary Figure 7. Validation of mRNA expression in Hes1 (top left) and the top 10 genes of differentially expressed
genes between Hes1KO and Hes1WT PDAC cells (n ¼ 3 in each group). Plotted values represent the mean ± standard
deviation.
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Supplementary Figure 8. (A) Gene set enrichment analysis (GSEA) revealing the significant upregulation of gene sets in
Hes1KO PDAC cells compared with that in Hes1WT PDAC cells. GOBP, Gene Ontology Biological Process. (B) Gene ontology
analysis of upregulated genes in Hes1KO PDAC cells. Subtype analysis of mice (C) PDAC and (D) human PDAC via GSEA. (D)
GSEA reveals the significant upregulation of epithelial-mesenchymal transition–related genes in Hes1-low PDAC. FDR, false
discovery rate; FWER, family-wise error rate; NES, normalized enrichment score.

Supplementary Figure 9. (A) Alcian blue staining and IHC for CK19 in the pancreas of Pdx1K;Hes1KO and Pdx1K;Hes1WT
mice. Scale bar, 100 mm. (B) Comparison of the number of ducts with diameter >20 mm between Pdx1K;Hes1KO and
Pdx1K;Hes1WT mice in the initiation and progression groups. Diameter of pancreatic ducts in CK19-positive and Alcian blue-
negative area was manually measured. Plotted values represent the mean ± standard deviation. n.s.; not significant.
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Supplementary Figure 10. (A) Gene ontology analysis of upregulated genes in Hes1KO cultured acinar cells compared with
Hes1WT acinar cells. (B) Volcano plot of the differentially expressed genes between Hes1KO and Hes1WT in cultured acinar
cells. Significantly down-regulated or up-regulated genes are indicated in orange, whereas those with no significant changes
are indicated in blue. The black vertical dashed lines highlight log2 fold changes of �1 and 1, whereas the black horizontal
dashed line represents a P value of .05. (C) Venn diagram of the differentially expressed genes in PDAC and cultured acinar
cells by Hes1 KO (up-regulated [left] and down-regulated genes [right] by Hes1 KO). The number in each circle represents the
number of genes (jlog2 fold changej �1; P � .05).
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