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Intrahepatic cholangiocarcinoma (ICC) is frequently driven by
aberrant KRAS activation and develops in the liver with chronic
inflammation. Although the Notch signaling pathway is critically
involved in ICC development, detailed mechanisms of Notch-
driven ICC development are still unknown. Here, we use mice
whose Notch signaling is genetically engineered to show that the
Notch signaling pathway, specifically the Notch/Hes1 axis, plays an
essential role in expanding ductular cells in the liver with chronic
inflammation or oncogenic Kras activation. Activation of Notchl
enhanced the development of proliferating ductal cells (PDC) in
injured livers, while depletion of HesI led to suppression. In
correlation with PDC expansion, ICC development was also reg-

Introduction

Intrahepatic cholangiocarcinoma (ICC) is one of the most frequent
primary cancers in the liver and has a high worldwide mortality (1).
Chronic viral hepatitis and steatohepatitis, generally due to lifestyle
and habits, are known to be one of the causes of the development of
ICC and hepatocellular carcinoma (HCGC; ref. 2). Chronic infection
with liver flukes is also a risk factor for ICC (3, 4). Cancers in the
inflamed liver originate from proliferating liver cells with accumula-
tion of genetic alterations, which are mediated by inflammation (5).
Recent genome analyses of human ICCs revealed that genetic aberra-
tions in KRAS, TP53, and IDHI1/2 are the most critical drivers of
ICC (6, 7). Consistently, genetically modified mice, whose hepatocytes
harbor oncogenic mutations in Kras and Trp53 genes, developed
ICCs (8, 9). Trp53 deficiency with oncogenic Kras mutation also
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ulated by the Notch/Hes1 axis and suppressed by HesI depletion.
Lineage-tracing experiments using Epcam“ %" mice further con-
firmed that Hesl plays a critical role in the induction of PDC and
that ICC could originate from PDC. Analysis of human ICC
specimens showed PDC in nonneoplastic background tissues,
confirming HES1 expression in both PDC and ICC tumor cells.
Our findings provide novel direct experimental evidence that Hes1
plays an essential role in the development of ICC via PDC.

Significance: This study contributes to the identification of the
cells of origin that initiate ICC and suggests that HES1 may
represent a therapeutic target in ICC.

induced ICCs derived from both cholangiocytes and hepa-
tocytes (10). These findings suggest that ICC originates from
proliferating liver cells with KRAS and TP53 mutations localized
in chronically injured livers.

Notch signaling is also closely involved in ICC development. Notch
signaling regulates cell growth and differentiation in the embryonic
and adult livers and plays important roles in liver development,
homeostasis, and diseases (11, 12). Among Notch signaling-related
molecules, recent reports have shown the important roles of Notch2
receptor in ICC development (13-15), and their main effectors
including Hairy and enhancer of splitl (HESI) are upregulated in
human ICCs (16). In addition, liver-specific overexpression of Notch1
promoted ICC development in mice (16-19), whereas inhibition of
HES1 suppressed the growth of various tumors, including human
pancreatic ductal adenocarcinoma (20, 21). These findings suggest that
Notch signaling, particularly the Notch/Hes1 axis, contributes to the
development of ICC, although it remains unclear whether Hesl
expression directly affects ICC development.

Whether HCC and ICC are derived from differentiated hepatocytes,
cholangiocytes, or other cells is still controversial (22-24). Proliferat-
ing ductal cells (PDC), which are often observed in chronically
inflamed livers as ductular reactions and are facultative liver stem/
progenitor cells (25-27), constitute another potential source of liver
cancers (22, 24, 28). Our previous study, which labeled and traced
PDCs in genetically engineered mouse models, demonstrated that
PDCs gave rise to HCCs with upregulation of the Wnt signaling
pathway in chronically inflamed livers without abnormal expression of
the Notch signaling pathway in PDCs (28). Moreover, PDCs in the
inflamed liver also exhibit enhanced expression of Notch signaling
effectors (29). Given that PDCs have malignant potential and their
proliferation is significantly increased with Notch signaling activation,
they could be an important origin of ICC.
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In the present study, we investigated the role of Hesl in the
development of ICC using genetically engineered mouse models in
which HesI was explicitly deleted or upregulated in the liver or PDCs.
We found that the Notch/Hes1 axis critically regulates the develop-
ment of both PDCs and ICCs. Furthermore, lineage tracing analysis
confirmed that ICC develops from PDCs overexpressing Hes1. Our
findings indicate that Hes1 plays an essential role in the development
of ICC via PDCs and suggest the Notch/Hes1 axis as a promising new
target for ICC treatment.

Materials and Methods

Human samples

Immunobhistological analyses were performed on surgically
resected specimens from 25, 21, and 5 admitted patients with ICC,
HCC, and metastatic liver cancers, respectively, at Kyoto University
Hospital (Kyoto, Japan). The Ethics Committee of Kyoto University
approved the current study’s protocol. We have complied with all
relevant ethical regulations. Informed consent was obtained from
all participants.

Animals

Alb-Cre Tg mice (30), HesI flox mice (31), LSL-KrasS*?P mice (32),
LSL-Trp53°%"7°" mice (33), Rosa26-CAG-LSL-tdTomato-WPRE
mice (34), Epcam—CreERTZ Tg mice (28), and mice overexpressing
the Notchl-intracellular domain (35) have been described. We
obtained Alb-Cre Tg mice, LSL-Kras®*?® mice, and Rosa26-CAG-
LSL-tdTomato-WPRE mice from The Jackson Laboratory. LSL-
Trp53°17?" mice were kindly gifted from Dr. Tyler Jacks (Center for
Cancer Research, Massachusetts Institute of Technology, Cambridge,
MA). Notchl-intracellular domain-overexpressed mice were kindly
gifted from Dr. Douglas A Melton (Department of Stem cell and
Regenerative Biology, Harvard University, Cambridge, MA). Epcam-
CreER™ Tg mice (Department of Gastroenterology and Hepatology,
Kyoto University Graduate School of Medicine, Kyoto, Japan) and
Hesl flox mice (Institute for Frontier Life and Medical Sciences,
Kyoto University, Kyoto, Japan) were generated in our institute. Mice
were maintained in a specific pathogen-free facility at the Kyoto
University Faculty of Medicine (Kyoto, Japan). Mice were of mixed
genetic backgrounds, and there was no specific sex selection in this
study. All mouse strains (A6, EpcummER”, Kras©?P, Trp53R17 2H
Heso¥f10x, RosqtdTomato, RosagNo'hOF) have been studied previously. In
all mice experiments, the mice were monitored for signs of illness
including abdominal bloating, diminished activity, and/or poor
grooming. All animal experiments were approved by the Ethics
Committee for Animal Experiments and performed under the
Guidelines for Animal Experiments of Kyoto University.

Production of PDCs was induced by feeding 4-week-old mice with
chow containing 0.1% (w/w) 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC, Sigma-Aldrich) for 1 to 5 months. Tamoxifen (Sigma-Aldrich)
was dissolved in corn oil (Wako) at a concentration of 20 mg/mL and i.p.
injected into 6- to 8-week-old mice at a dose of 150 mg/kg body weight.

Histologic analyses

Liver tissues were fixed with 10% neutral phosphate-buffered
formalin and embedded in paraffin or optimum cutting temperature
compound (Leica Instruments). Paraffin-embedded tissues were sec-
tioned and stained with hematoxylin and eosin or following primary
antibodies for both mouse and human specimens: rabbit anti-
cytokeratin 19 (1:200 dilution; ab52625, Abcam), rabbit anti-Sox9
(1:20,000 dilution; AB5535, Merck Millipore), and rabbit anti-Hesl
(gift from Dr. Tetsuo Sudo, Toray Industries; ref. 36). Sections were
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incubated with primary antibodies overnight at 4°C and stained using
an EnVision+ kit (Dako) or LSAB2 kit (Dako), and VECTASTAIN
Elite ABC kit (Vector Laboratories) according to the manufacturer’s
instructions. The peroxidase reaction was performed with Liquid
DAB+ Substrate Chromogen System (Dako). Slides were counter-
stained with hematoxylin (Wako). Primary antibodies used for immu-
nofluorescence of mouse specimens were: rabbit anti-cytokeratin 19
(Keratin 19; 1:200 dilution; ab52625, Abcam), goat anti-cytokeratin19
(Keratin19; 1:100 dilution; sc-33111, Santa Cruz Biotechnology), rat
anti-Epcam (1:200 dilution; ab92382, Abcam), goat anti-Hnf4c. (1:250
dilution; sc-6556, Santa Cruz Biotechnology), rat anti-Ki67 (1:100
dilution; 16A8, BioLegend), rabbit anti-phospho-p44/42 MAPK
(Erk1/2) (Thr202/Try204) (D13.14.4E) XP (1:400 dilution; #4370,
Cell Signaling Technology), and goat anti-Trop2 (1:40 dilution;
AF1122, R&D Systems). Frozen sections were stained with primary
antibodies and fluorescence-conjugated secondary antibodies
(Thermo Fisher Scientific; Jackson Laboratories; or Sigma-Aldrich).
Nouclei were visualized by Hoechst staining (Thermo Fisher Scientific).

Morphometric quantification

The ratio of each Krt19-, Epcam-, Trop2-, and tdTomato-positive
area to the total area within sections was analyzed using Image]
software (National Institutes of Health, Bethesda, MD; https://
imagej.nih.gov/ij/).

Quantitative RT-PCR

Total RNA was extracted from liver tissues collected in RNAlater
(Ambion) using an RNeasy kit (QIAGEN) according to the manu-
facturer’s instruction. For complementary DNA synthesis, 1 g of total
RNA was reverse-transcribed using ReverTra Ace qPCR RT Master
Mix (Toyobo) and subjected to quantitative RT-PCR (qRT-PCR)
using the LightCycler system (Roche), FastStart Universal SYBR Green
Master (Roche), and the primers listed in Supplementary Table S1.
Expression levels of specific genes were normalized to that of the
housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase. All
qRT-PCR samples were evaluated in technical triplicate.

RNA sequencing

RNA sequencing (RNA-seq) was conducted with Novaseq 6000
platform (Illumina). RNA-seq generated 100-bp paired-end sequences,
and these raw reads were aligned to the reference genome sequence
(http://genome.ucsc.edu/, GRCm38/mm10) using HISAT2. Total
mapped raw read numbers of each gene were calculated using Stringtie,
and differential expression analysis of each group was conducted with
trimmed mean of M values (TMM) normalization and edgeR program
in the default setting using R v.4.0.1. Genes with both a P value of less
than 0.05 and an FDR of less than 0.1 were considered to be
significantly differentially expressed genes (DEG). Gene set enrichment
analysis (GSEA) was performed using public software obtained from
Broad Institute to compare the gene expression profile of each case.
Heatmap was constructed by using Z-scored log2(normalized mapped
read). Sequence data were deposited at the DNA data Bank of Japan
Sequence Read Archive (DRA), under accession number DRA010539.

Statistical analysis

Statistical analysis employed JMP (SAS Institute), GraphPad
Prism7 (GraphPad Software,), and Excel (Microsoft Corp) software.
We used the two-tailed Student £ test and x tests to analyze differences
between two groups for continuous and categorical data, respectively.
Any values of P < 0.05 were considered as statistically significant
and denoted as *, P < 0.05 or **, P < 0.01. Data were presented as the
mean = SEM (or mean =+ SD).
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Results

Hesl-positive PDCs are increased prior to development of
Kras-driven ICC

To analyze Hesl expression during ICC development, we estab-
lished two Kras-driven ICC mouse models by crossing AIb™* mice with
LSL-Kras®'?P (K) and LSL-Trp53%'7* (P) mice to generate Alb™°K
and AIb“°KP mice (Fig. 1A). Cre recombinase driven by Alb gene
promoter is expressed in embryonic hepatoblasts in these mice, and
genetically modified hepatoblasts are supposed to give rise to all liver
epithelial cell lineages, including hepatocytes, cholangiocytes, and
PDCs in adult mice. In control Alb“* mice, Krt19-positive biliary
epithelial cells expressing Hes1 protein were observed in the normal
intrahepatic bile ducts in the portal areas (Supplementary Fig. S1A).
Trop2, a known PDC-specific marker (37, 38), was not expressed in
these biliary epithelial cells (Supplementary Fig. S1A). In contrast, the
expansion of ductal cells positive for Krt19, Hesl, and Trop2 was
observed in the liver of 32-week-old AIb°K; Hes1""""" mice, without
any tumor formation (Fig. 1B, top plots). Furthermore, more than
60% of Alb™°K; Hes1"™™" mice developed both ICCs (63.6%, 7/11)
and HCC:s (63.6%, 7/11) at 48 weeks of age, and those ICCs were also
positive for Krt19, Trop2, and Hesl (Fig. 1B, bottom plots). As with
the AIb“°K mice, AIb"°KP mice developed PDCs and ICCs (25.0%,
5/20) as early as at 16 and 20 weeks of age in AIb““KP mice,
respectively. PDCs (Fig. 1C, top plots) and ICCs (Fig. 1C, bottom
plots) in Alb°KP mice were also positive for Krt19, Trop2, and Hesl.
In control AIb" mice, neither PDCs nor liver tumors were observed in
the background liver at 48 weeks of age (Supplementary Fig. S1B).
Thus, in our Kras-driven mouse models, PDC expansion was observed
prior to ICC development, and both ICC and PDCs expressed Hesl
and other PDC markers.

Hes1 plays an important role in inducing PDC formation and ICC
development

To assess the role of Hesl in healthy liver development, we first
generated liver-specific HesI knockout mice by crossing Alb”® mice
and Hes " mice (Supplementary Fig. S1C). The Hesl gene was
efficiently deleted in the liver of AIb™™; Hes %1% mice, but this did
not affect mouse body weight, liver weight, and bile duct formation,
indicating that HesI knockout did not affect the normal liver and bile
duct development (Supplementary Fig. S1ID-S1F).

Next, to evaluate the role of Hesl in Kras-driven PDC induction
and ICC development, we crossed Alb““K or AlIb“°KP mice with
HesM°* mice for liver-specific Hes1 depletion (Fig. 2A). Assess-
ment of the Krt19- or Trop2-positive area by IHC revealed significant
attenuation of PDC formation in AIb™°KP; Hes " mice compared
with that in AIb™°KP; Hes1""™"'T mice (Fig. 2B). Consistently, Krt19
and Trop2 mRNA levels in the liver were also significantly decreased in
AIb™KP; Hes /% mice compared with those in AIb"°KP; Hes1""""
mice (Fig. 2C). Notably, HesI deletion dramatically reduced ICC
development in both ALK mice (63.6% in Hes1"""" vs. 11.1% in
Hes /10%/10% a1 48 weeks of age, P = 0.028) and AIb““KP mice (25% in
Hes1™""™T vs. 0% in Hes ™% at 20 weeks of age, P = 0.047;
Fig. 2D). In marked contrast, the frequency of HCC development
was similar between AIbK; Hes % and AIb“°K; Hes"' """ mice
(66.7% 6/9 vs. 63.6%, 7/11, P = 0.742) and between Alb”*KP; Hes "/
and AIb"°KP; Hes1™"""" mice (55.0%, 11/20 vs. 80.0%, 16/20, P =
0.177), indicating that Hesl knockout did not attenuate HCC devel-
opment (Supplementary Fig. S2A). IHC staining showed that ICC and
HCC formed in AIb“K; Hes F'/°* and Alb“"°*KP; Hes V"% mice did
not express Hesl (Supplementary Fig. S2B). Taken together, in our
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Kras-driven mouse models, Hes1 knockout significantly reduced both
PDC formation and ICC development but did not affect HCC devel-
opment, suggesting a close association between PDC formation and
ICC development.

To explore the targets of Hesl in PDC induction and ICC devel-
opment, we performed RNA-seq using nonneoplastic background
liver tissues of AIb°K; Hes1"™"T and Alb“°K; Hes P mice. As a
result, we identified 170 DEGs by RNA-seq (Supplementary Fig. S2C
and S2D; Supplementary Table S2), and GSEA that the liver tissue of
AP K; Hes /' mice had reduced expression of gene sets related
with Kras activation (HALLMARK_KRAS_SIGNALING_UP), cell
cycle (e.g., HALLMARK_E2F TARGETS), and inflammation (e.g.,
TNFA_SIGNALING_VIA_NFKB) as compared with AIb“°K mice
(Fig. 2E; Supplementary Fig. S2E; Supplementary Table S3). Despite
the same status of mutant Kras between the two strains of mice, IHC
showed reduced phosphorylation of Erk (pErk) and Ki67-positive cells
in the liver epithelial cells of AIb““K; Hes 0% mice, confirming the
attenuation of RAS/ERK signaling and cell cycle compared with
AIb K mice (Supplementary Fig. S2F). These data suggest that Hes1
plays a role in maintaining activation of the RAS/ERK pathway, which
is required for proliferation of ductal cells and subsequent ICC
formation.

Hes1 plays a central role in Notch-induced PDC formation and
ICC development

To further examine the involvement of the Notch/Hes] axis in ICC
development, we genetically modified both Alb“* and Alb“°KP mice to
overexpress Hesl. First, AIb mice were crossed with mice over-
expressing the Notchl intracellular domain (AIb™% Rosa™'"" %+
mice). Liver HesI mRNA levels in these mice were higher than those
of other transcriptional factors downstream of the Notchl receptor
(Supplementary Fig. S3), confirming that Hes1 is the main target of
Notchl in the liver. Next, we analyzed the involvement of Notchl in
PDC expansion and ICC development by crossing Alb“°KP mice and
RosaN**"OF+ mice (Fig. 3A). Nontumorous liver tissues of 8-week-old
AIb™KP; Rosa™""° mice contained significantly higher numbers
of PDCs expressing Hesl, Krt19, Trop2, and other duct/progenitor
markers, such as Epcam and Sox9, than the tissues of AIb”°KP mice
(Fig. 3B and C; Supplementary Fig. S4A). Consistently, there was a
marked increase in the mRNA levels of Hes1, Krt19, Epcam, Trop2, and
S0x9 in the liver of AIb“KP; Rosa™**"O%+ mice compared with those
of AIb“KP mice (Supplementary Fig. S4B). Also, expression of pERK
and the number of Ki67-positive cells were higher in the liver of
AIb™KP; Rosa™**"OF"* mice compared with those of AIb“°KP mice
(Supplementary Fig. S4C).

To evaluate the role of Hesl in PDCs of AIbKP; Rosaz**"" %+
mice, Hes1 gene was knocked out by crossing Hes /% and Alb“KP;
Rosa™*""OF"+ mice. Histologic analysis showed a significant decrease
in PDC marker—positive cells in AIb“°KP; Rosa™**"O'"; Hes /1o
mice compared with that in AIb"“KP; RosaN*""OF+ mice at 8 weeks of
age (Fig. 3B and C). mRNA levels of Hesl, as well as PDC markers
levels, expression of pERK, and the number of Ki67-positive cells in the
nontumorous liver tissues were also significantly decreased by Hesl
deletion (Supplementary Fig. S4B and S4C). These findings indicate
that Notch signaling strongly promoted PDC formation mainly via
Hesl.

Consistently with PDC development, 66.7% (6/9) Alb“°KP;
Rosa™" MO+ mice developed ICCs much earlier (at 8 weeks old)
than AIb°KP mice, indicating that Notch/Hes1 overexpression accel-
erated ICC development (Fig. 3D). As observed in PDCs, ICC in
AIb*KP; Rosa™*""“¥'" mice presented high Hes1 expression and were
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Figure 1.

Hesl-positive PDC formation was induced prior to development of Kras-driven ICC. A, The scheme of Cre-mediated liver-specific Kras®”?° and Trp53%”7? induction.
B, Histologic analysis of liver sections in AIb“°K mice at 32 and 48 weeks of age. Representative images showing the results of hematoxylin and eosin (H&E) staining,
IHC for Krt19 and Hesl, and immunofluorescent staining for Krt19 (green), Trop2 (red), and Hoechst (blue). Top plots, PDCs formed in background liver before ICC
formation at 32 weeks of age. Bottom plots, ICC formed in the liver at 48 weeks of age. C, Histologic analysis of AIb“°KP mouse livers at 16 and 20 weeks of age.
Representative images showing the results of hematoxylin and eosin staining, IHC for Krt19 and Hes1, and immunofluorescent staining for Krt19 (green), Trop2 (red),
and Hoechst (blue). Top plots, PDCs formed in background liver before ICC formation at 16 weeks of age. Bottom plots, ICC formed in the liver at 16 weeks of age. Scale

bars, 50 um. K, Kras®™2°.

positive for Krtl9, Epcam, Trop2, and Sox9 (Supplementary
Fig. S5A). In contrast, ICC developed in only 9.1% (1/11) of
8-week-old AIbS°KP; Rosa 'm0+, Hes 0% mice, indicating
the abrogation of Notchl-mediated tumor induction following
Hesl deletion (Fig. 3D). Expression of Hesl was not observed in
ICC formed with AIb"KP; Rosa™*"OF'*; Hes /% mice (Sup-
plementary Fig. S5B). In terms of HCC formation, the frequency of
HCC development was similar between AIb““KP; Rosg™orehoF/+,
Hes1™"""T and AI“*KP; Rosa™*"O"+; Hes "% mice (100%, 9/9 vs.
90.9%, 10/11, P = 1; Supplementary Fig. S5C). Together, these
results suggest that activation of Notch signaling strongly promotes
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Kras-driven PDC proliferation as well as ICC development mainly
via Hesl activation.

Hes1 plays a role in DDC diet-induced PDC formation

To further examine the role of Hesl in PDC development, we
analyzed another mouse model in which PDCs were formed by DDC-
mediated liver damage (25). First, we fed 0.1% DDC-containing chow
to 4-week-old AL Hes ™% mice or control AlbSe; Hes1"VT/WT
mice for 4 weeks (Supplementary Fig. S6A). We observed a substantial
expansion of PDCs in AIb“*; Hesl WI/WT mice but not in AIb
Hes /0% mjce (Supplementary Fig. S6B). Quantification of the
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Hes1 plays an important role in inducing PDC formation and ICC development. A, The scheme of Cre-mediated liver-specific Kras and Trp. induction and
HesTablation. B, Percentages of Krt19- and Trop2-positive area per liver section in AIb®KP and Alb“KP; Hes1™°X mice. More than 5 mice were analyzed per group,
and 15 fields were evaluated per mouse. C, Krt19 and Trop2 mRNA expression in nontumorous liver tissues of AIb“KP and AlbKP: HesT™* % mice. More than 5 mice
were analyzed per group. D, Incidence of ICC in AIbSK; HesTV"WT, Albcrek; Hes1™%°% AlbcreKP; Hes1V™WT, and AlbTeKP; Hes1™"°% mice. E, GSEA of genome-
wide expression data using HALLMARK gene set of KRAS_SIGNALING_UP and HALLMARK_E2F_TARGETS of background liver tissue of AIbS®K; Hes1%/flox
mice compared with AIb“K: Hes1"”YT mice. Numbers in parentheses are the number of mice with tumors among the total mice examined. *, P< 0.05; **, P< 0.01,
Student t test and x2 test. K, Kras®™?P. KP, Kras®™P; Trp53%72HNES, normalized enrichment score.
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Figure 3.

Hes1 plays a central role in Notchl-induced PDC proliferation and ICC development. AIbTKP, Albe; Rosa’°h%+ and AIbSKP; Rosa™°t"OF/+ : Hes1/foX mice were
analyzed at 8 weeks of age. A, The scheme of Cre-mediated liver-specific induction of Kras®??, Trp53772", and Rosa’°"%%/+ induction and Hes] depletion. B, Images
of hematoxylin and eosin (H&E) staining, IHC for Hes1and immunofluorescence staining of Krt19 (green), Epcam (green), Trop2 (red), and Hoechst (blue) in PDCs in
each mouse model. C, Percentages of Krt19-, Epcam-, and Trop2-positive areas per liver section in each mouse model. More than four mice were analyzed per group,
and 15 fields were analyzed per mouse. D, Incidence of ICC in each mouse models. *, P< 0.05; **, P < 0.01, Student ¢ test and xz test. Scale bars, 50 um. KP, Kras®P;
Trp53Ri72H_
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Krt19- or Trop2-positive area confirmed a significant reduction of
PDC formation in AIb“%; Hes ' mice compared with that in
Alb™; Hes1"™"! mice (Supplementary Fig. S6C). These results
suggest that Hesl plays an essential role in PDC expansion in
chronically damaged livers as well.

To further directly evaluate the role of Hesl in promoting PDC
formation, we crossed Epcam-CreER™ Tg (Epcam“* '), Rosa26-
CAG-LSL-tdTomato-WPRE (Rosa'“T"%) and Hes!™*/"** mice. In
these mice, HesI deletion and genetic labeling by tdTomato in Epcam-
positive PDCs could be induced via tamoxifen dependence (Fig. 4A).
To obtain Cre recombination in Epcam-positive PDCs, PDCs were
initially induced by 0.1% DDC diet feeding for a week, and tamoxifen
was subsequently administered as previously reported (Fig. 4B).
Genetic labeling of PDCs was confirmed by detection of tdTomato
expression in PDCs positive for Krt19, Epcam, and Trop2 markers in
Epcam™®87%; Rosa™"™%; Hes1W™™T mice at 6 weeks after initiating
the DDC diet (Fig. 4B-D). In contrast, tdTomato-positive PDCs were
significantly reduced in Epcam“EX™%; Rosa'To"4%; Hes "% mice
fed with DDC diet (P = 0.007; Fig. 4D and E), indicating that HesI
deletion suppressed PDC expansion. Supporting this data, most of the
PDCs observed in EpcammERTZ; Rosa'@Tomate, Hes 10¥/f10% rhice fed the
DDC diet were positive for Hes1 expression because of insufficient Cre
recombination efficiency (Fig. 4D). These findings confirm that Hes1
plays a crucial role also in inducing PDC formation in the chronically
damaged liver.

DDC diet-induced and Kras-driven ICC originates from
Hesl-positive PDCs

PDC expansions prior to ICC development and the similar
expression patterns between PDCs and ICCs in the Kras-driven
mouse models suggest that ICCs could have originated from
PDCs. The similar effects of the Notch/Hes1 axis on PDC formation
and ICC development supported this prediction. To determine
whether Hesl-positive PDCs transformed into ICC, we generated
Epcam ERT2KP; RosgNorehOE/tTomato mice in which expression of
Kras®"?P, Trp53%17?", NotchOE, and tdTomato was specifically
induced in Epcam-positive PDCs in a tamoxifen-dependent man-
ner (Fig. 5A). Administration of DDC diet followed by tamoxifen-
induced genetic recombination PDCs, which was confirmed at 16
and 24 weeks of age (Fig. 5B and C). Importantly, the development
of tdTomato-positive ICCs, as well as premalignant lesions, was
observed at 24 weeks of age (Fig. 5C). These results confirm that
DDC diet-induced Hesl-positive PDCs give rise to premalignant
lesions and subsequent ICCs.

HES1 expression is correlated with the development of human
ICCs

Finally, we analyzed the involvement of HES1 in the development
and progression of human ICCs. The characteristics of analyzed
patients with ICC are shown in Supplementary Table S4. Histologic
and IHC analyses revealed that nontumorous liver tissues of patients
with ICC harbor a significantly higher number of PDCs positive for
Keratin 19 and HES1 markers than those with metastatic liver tumors
(P = 0.022; Fig. 6A), suggesting a close association between PDC
formation and ICC development in humans. Significant HESI expres-
sion was also noted in 52.0% (13/25) of human ICC cases, but only in
9.5% (2/21) of HCC cases (P = 0.004; Fig. 6B and C). Taken together,
these results suggest that HES1 is also closely involved in the prolif-
eration of human PDCs and the subsequent development of ICC in
humans.
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Discussion

Despite reports that human ICC profoundly expresses molecules
involved in the Notch signaling pathway, including HesI (16, 39), the
detailed mechanisms by which Notch signaling mediates the devel-
opment of ICC remain unclear. In the present study, utilizing genet-
ically engineered mouse models and human samples, we demonstrated
that Hes1 plays an essential role in promoting PDC formation and the
subsequent development of ICC. We also showed that DDC diet-
induced Hesl-expressing PDCs give rise to ICCs.

PDCs are often observed as ductular reactions in the liver with
chronic inflammation and are considered to function as liver stem/
progenitor cells (25). Studies of genetically engineered mouse models
showed that Notch signaling is involved in ductular reactions (16). In
the present study, we found higher numbers of PDCs in livers with
increased Hesl expression in the presence of chronic liver injury or
oncogenic Kras mutation. This is the first report showing that onco-
genic mutations, including Kras, cause ductular cell expansion.
Although the mechanisms underlying the oncogenic transformation
of proliferating PDCs remain unknown, the two recent articles
reported that mutated Kras activation caused a premalignant prolif-
eration of ductal cells via HesI activation in the pancreas, which is
consistent with our findings (40, 41). We demonstrated here that Kras-
driven PDC proliferation was strongly promoted by Notchl over-
expression, but significantly suppressed by HesI deletion. The reduced
PDC proliferation by specific HesI deletion in Epcam™*™ mice
further confirmed the essential role of Hesl in these cells. These
findings suggest that Hesl plays a crucial role in the expansions of
PDCs induced by oncogenic Kras mutation or chronic inflammation.
On the other hand, our RNA-seq analysis and IHC using nonneo-
plastic background liver tissues of AIb“°K; Hes1™ ™™™ and Alb™°K;
Hes "% mice revealed attenuated RAS/ERK signaling in AIb"°K;
Hes1"""T mice despite the same status of Kras mutation between the
two strains. These findings suggest a role of Hesl in maintaining
activation of the RAS/ERK pathway. Considering that Hesl is a
transcriptional repressor, it is possible that repression of genes that
block the RAS/ERK pathway contributes to the activation of the
pathway. Indeed, among the 170 DEGs, FOXO3A gene, which was
identified as a suppressor of the RAS/ERK pathway (42), was elevated
by Hes1 depletion. Given the discussion described above, mutant Kras
may induce Hesl expression, which in turn could be required for
maintaining activation of the RAS/ERK pathway, and these synergistic
effects of mutant Kras and Hes1 may induce PDCs. Hes! deletion also
suppressed E2F pathway, which controls the cell-cycle progression in
various cancers including ICC (43).

Oncogenic mutations in Kras and Trp53 genes have been reported
to promote ICC development in both humans and mice (9, 10).
Utilizing Kras/Trp53-mediated ICC mouse models, we showed here
that Hesl is upregulated in ICC. Similar to the induction of PDC
proliferation, ICC development was strongly promoted by Notchl
overexpression but inhibited by Hes1 deletion, suggesting an involve-
ment of the Notch/Hesl axis in ICC development. Jeliazkova and
colleagues demonstrated that overexpression of Notch2 also induces
ductular reaction with Hesl activation (44). However, unlike Notchl,
this phenotype was not inhibited by Hesl deletion. There can be
several reasons for this difference between Notchl and Notch2. One
reason is that dependence on Hesl in this phenotype may differ
between the two receptors. The phenotype of Notch2 overexpression
was canceled by genetic inactivation of Rbpj, suggesting that molecules
downstream of canonical Notch2 signaling other than Hesl could
compensate the loss of Hes1 (44). In contrast, Notch1 overexpression
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Figure 4.

Hes1 plays a role in DDC diet-induced PDC formation. A, The scheme of tamoxifen-induced Cre-mediated PDCs-specific Rosa™’°™® induction and Hes7 depletion.
B, Schematic diagram of the experimental design. C, Analysis of tdTomato expression (red) together with immunofluorescence staining for Krt19 (green), Epcam
(green), Trop2 (green), Hnf4a(green), and Hoechst (blue) in the liver sections of Epcam®®eR72: Rosa'?7°™2t mice fed a DDC diet for 6 weeks. D, Histologic analysis of
liver sections in Epcam®ER™; Rosat?7omato: HasIWT/WT and Epcam®ERT: Rosat@Tomato: HesT™o/foX mice. Representative images showing the results of hematoxylin and
eosin staining (H&E), IHC for HesTand immunofluorescence staining for Krt19 (green), Hoechst (blue), and tdTomato expression (red). E, tdTomato-positive area per
liver section in Epcam®eERT; Rosatd™omato. tasIWT/WT and Epcam®eERT2: RosatdTomato: s ™%/fox mica More than 5 mice were analyzed per group, and 15 fields were
counted per mouse. **, P < 0.01, Student ¢ test. Scale bars, 50 um.
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Figure 5.
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may have higher Hes1 dependency. Another reason is the difference in
experimental models. We have previously shown that MAPK activated
by mutant Kras induces Hesl in a Notch signaling-independent
manner (41), suggesting that our Kras-driven mouse cancer model
may exhibit more Hesl dependency. Consistently, some studies have
shown that the Notch/Hesl axis is involved in the development of
biliary tract cancers, including extrahepatic bile duct and gallbladder
cancers (45, 46). In contrast, HCC development was not affected by
Hes1 deletion in our study. Given that upregulation of Notch signaling
molecules has been reported in HCCs and ICCs, downstream mole-
cules of Notch signaling other than Hesl may play a role in HCC
development (17, 18). Collectively, our findings indicate that Hes]I
plays a central role as a Notch effector in ICC development.

Our findings that PDC proliferation was induced prior to ICC
development and that both ICCs and PDCs expressed ductal markers
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regulated by Hesl suggest that PDCs can transform into ICCs. This
conclusion was confirmed by lineage tracing experiments using
Epcam™ERT? mice showing that DDC diet-induced PDCs trans-
formed into premalignant lesions and subsequently into ICCs. In
agreement with our previous study showing that HCCs originate from
PDCs (28), our data showed that PDCs could also lead to both
cholangiocellular and hepatocellular cancers. Consistently, Holcza-
bauer and colleagues reported that stable expression of oncogenic H-
Ras and SV40LT in liver progenitor cells led to both ICC and HCC
development and that Epcam-positive liver progenitor cells had high
tumorigenic potential (47). Thus, in this study, we provide novel
evidence that ICCs could originate from PDCs via regulation of Hes!1
expression.

Finally, we analyzed human ICC specimens. Previous reports
showed that SOX9 is a key progenitor marker of the intrahepatic
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bile duct and is deeply involved in the initiation of ICC (10, 48); this is
consistent with our finding that ICC is derived from PDCs. Interest-
ingly, higher numbers of HES1-positive PDCs were observed in the
nontumorous liver tissue of patients with ICCs and rarely found in
metastaticliver cancers in humans. These findings suggest that HES1 is
also closely involved in PDC formation and the subsequent develop-
ment of ICC in humans. However, it is possible that increased PDCs
are a result of local liver inflammation induced by ICCs, and further
investigation is needed to clarify the relationship between PDC
formation and ICC development.

Numerous clinical studies targeting Notch signaling in various
tumors using inhibitors are currently underway (49). Our results
and those of others suggest that the Notch signaling pathway may
be a useful therapeutic target in ICCs (39). However, broad
inhibition of the Notch signaling pathway causes some severe
adverse events, such as skin cancers (50). In contrast, we previ-
ously reported that specific inhibition of Hesl in mice elicited a
tumor-suppressing effect on pancreatic cancer cells without severe
adverse events (20). In this study, liver-specific HesI deletion did
not affect the healthy liver development. Therefore, targeting a key
effector, such as Hesl, rather than the complete blockade of Notch
signaling, can provide effective tumor suppression with reduced
adverse events in ICC. There are two limitations of our study.
First, we could not discriminate PDC formation and cell viability.
Second, we could not confirm in our mouse models whether PDCs
originate from hepatocytes, bile duct epithelium, or stem cells of
the liver.

In conclusion, we elucidated a novel role for Hesl in promoting
PDC formation and ICC development. Furthermore, we demonstrated
that PDCs can transform into ICC and that Hes1 plays an essential role
in such PDC-mediated ICC development. These findings provide
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valuable insights for the development of new effective methods for
preventing or treating ICC.
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