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The carcinogenic mechanism of extrahepatic cholangiocarcinoma
(ECQ) is unclear, due at least in part to the lack of an appropriate
mouse model. Because human studies have reported frequent
genetic alterations in the Ras- and TGFB/SMAD-signaling path-
ways in ECC, mice with tamoxifen-inducible, duct-cell-specific Kras
activation and a TGF receptor type 2 (TGFBR2) deletion were first
generated by crossing LSL-Kras®'?°, Tgfbr2fofox and K19<reERT
mice (KT-K19ERT). However, KT-K19°ERT mice showed only mild
hyperplasia of biliary epithelial cells (BECs) in the extrahepatic bile
duct (EHBD) and died within 7 wk, probably a result of lung ade-
nocarcinomas. Next, to analyze the additional effect of E-cadherin
loss, KT-K19"*ERT mice were crossed with CDH179f°* mice (KTC-
K19°ERT) Surprisingly, KTC-K19°5RT mice exhibited a markedly
thickened EHBD wall accompanied by a swollen gallbladder within
4 wk after tamoxifen administration. Histologically, invasive peri-
ductal infiltrating-type ECC with lymphatic metastasis was ob-
served. Time-course analysis of EHBD revealed that recombined
BECs lining the bile duct lumen detached due to E-cadherin loss,
whereas recombined cells could survive in the peribiliary glands
(PBGs), which are considered a BEC stem-cell niche. Detached dy-
ing BECs released high levels of IL-33, as determined by microarray
analysis using biliary organoids, and stimulated inflammation and
a regenerative response by PBGs, leading eventually to ECC devel-
opment. Cell lineage tracing suggested PBGs as the cellular origin
of ECC. IL-33 cooperated with Kras and TGFBR2 mutations in the
development of ECC, and anti-IL-33 treatment suppressed ECC de-
velopment significantly. Thus, this mouse model provided insight
into the carcinogenic mechanisms, cellular origin, and potential
therapeutic targets of ECC.
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holangiocarcinoma (CC) is a highly malignant tumor with

features of bile duct (BD) epithelial differentiation, the in-
cidence of which is increasing worldwide (1). CC is classified
according to anatomical location—intrahepatic and extrahepatic
cholangiocarcinoma (ICC and ECC, respectively). ECC is fur-
ther divided into hilar and distal CC, depending on the insertion
site of the cystic duct. Further classification of ICC and ECC is
based on tumor morphology: mass-forming (nodular), periductal-
infiltrating (sclerosing), and intraductal-growing (papillary) CC
(2). Although most CC cases arise sporadically, several risk factors
have been established, including primary sclerosing cholangitis
(PSC), liver flukes, hepatitis viral infection, hepatolithiasis, and
congenital abnormalities of the pancreatic and biliary ducts (1).
Most of these conditions create chronic inflammation in the biliary
tree and liver; therefore, chronic inflammation plays a key role in
CC development. However, the exact mechanism of inflammation-
associated cholangiocarcinogenesis is unclear.
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Recent next-generation sequencing technology has enabled
comprehensive mutational profiling of CC and has shown that
the mutational spectrum differs according to anatomical subtype
and underlying etiology (3, 4). In the embryonic stage, the ex-
trahepatic bile duct (EHBD) develops from the embryonic he-
patic diverticulum, whereas the intrahepatic bile duct (IHBD)
originates within the liver from the ductal plate (5). Therefore,
the IHBD and EHBD may exhibit distinct properties and dif-
ferent carcinogenetic processes. Although at present, the same
chemotherapeutic strategy is used for CC irrespective of the
underlying etiology and anatomical subtype, personalized ap-
proaches should be explored.

The cellular origin of CC is also a topic of interest. Although
CC s considered to originate from biliary epithelial cells (BECs),
recent studies have suggested that multiple cell types could develop
into CC (6-8). For example, hepatocytes can transdifferentiate into
biliary cells through activation of Notch signaling and eventually
give rise to ICC (6, 7). With regard to the EHBD, recent ana-
tomical and immunohistochemical (IHC) analyses revealed that
peribiliary glands (PBGs), clusters of epithelial cells residing in the
submucosal compartment of the EHBD, form epithelial networks
within the walls of EHBDs and might function as BEC stem-cell
niches. Therefore, PBGs have attracted attention as a candidate for

Significance

Death-driven compensatory proliferation to repair tissue de-
fects is an important promoter of inflammation-associated
carcinogenesis. Our work using a mouse model demonstrates
that a biliary epithelial injury-induced regenerative response
mediated by IL-33 accelerates development of extrahepatic
cholangiocarcinoma (ECC) from peribiliary glands, an effect
that was suppressed by anti-IL-33 treatment. Thus, IL-33 is a
potential therapeutic target for ECC, and the mouse model
reported in this study will enable identification of the mecha-
nisms of biliary injury-based carcinogenesis.

Author contributions: H.N. and N.S. designed research; K.K. supervised the entire project;
H.N., N.S., Y. Hirata, Y. Hikiba, Y. Hayakawa, H.K., and S.I. performed research; J.A., Y.S.,
K.H., and N.K. provided clinical samples; H.N., N.S., Y. Hirata, K.U., Y.N., H.Il, M.O., J.A,,
Y.S., K.H., N.K., K.T., and K.K. analyzed data; and H.N. and Y. Hirata wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. J.W.P. is a guest editor invited by the Editorial
Board.

Data deposition: Microarray data were deposited in the Gene Expression Omnibus data-
base (accession no. GSE88900).

"H.N. and N.S. contributed equally to this work.
2To whom correspondence should be addressed. Email: hanakagawa-tky@umin.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1619416114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas. 1619416114


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1619416114&domain=pdf
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88900
mailto:hanakagawa-tky@umin.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619416114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619416114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1619416114

L T

/

1\

=y

the origin of ECC (9, 10). However, no conclusive evidence
is available.

An appropriate mouse model is indispensable for understand-
ing the molecular pathogenesis and identifying the cellular origin
of cancer, as well as for exploring new therapeutic targets. Several
useful mouse models of ICC have been established recently (6-8,
11, 12). However, because most of these models were generated
by liver-specific gene manipulation or application of hepatotoxins,
CC was limited to the intrahepatic or perihilar area. The lack of an
appropriate mouse model has hampered investigation of ECC
carcinogenesis. Therefore, in this study, a mouse model of
inflammation-based ECC was established by duct-cell-specific gene
manipulation and was used to investigate carcinogenic mechanisms
and identify therapeutic targets.

Results

Generation of Mice Exhibiting Duct-Cell-Specific Kras Activation and
TGFB Receptor Type 2 Inactivation. To induce duct-cell-specific
gene manipulation, we used K1 9CERT mjce, in which tamoxifen
(TAM)-inducible Cre ERT was knocked into the endogenous
K19 locus (13). K19““RT mice were crossed with Rosa26-Lox-
Stop-Lox(LSL)-LacZ reporter mice (LacZ-K19“**R"), and oral
administration of 200 mg/kg TAM for 3 consecutive days was
confirmed to induce efficient gene recombination (~40%) in all
parts of the biliary tree, including the EHBD, PBGs, gallbladder
(GB), perihilar BD, and IHBD, on day 7 (Fig. S1A4). Because
recent human studies have reported frequent genetic alterations
of Ras and TGFp/SMAD-signaling pathways in ICC and ECC
(4), mice exhibiting duct-cell-specific Kras activation and TGFp
receptor type 2 (TGFPR2) inactivation were generated by
crossing LSL-Kras®'?P, Tgferﬂ”X/ﬂ”, and KI19°°ERT mice
(KT-K19“*ERTY (14). However, all KT-K19““*R" mice died within
7 wk after TAM administration, probably due to respiratory failure
caused by lung adenocarcinomas (n = 15) (Fig. S1B), and only mild
hyperplasia of BECs in the EHBD was observed in the biliary tree
at this time point (Fig. S1C). Thus, additional hits were deemed
necessary to induce ECC in vivo.

Loss of E-Cadherin in Combination with Mutation of Kras and TGFBR2
Results in the Development of ECC. E-cadherin, encoded by the
CDH]I gene, is an important adhesion molecule whose loss is
associated with poor prognosis in various cancers, including ECC
(15, 16). We reported previously that liver-specific deletion of
E-cadherin significantly promoted liver cancer development in
mice (17). Thus, the effect of E-cadherin deletion in addition to
Kras activation and TGFBR2 deletion on the biliary tree was
analyzed by crossing KT-K19"**RT mice with CDH/"**/"o*
mice (KTC-K19<“*RT). Surprisingly, 90% of KTC-KI9“*ERT
mice (18/20) exhibited a markedly thickened EHBD wall accom-
panied by a swollen GB within 4 wk after TAM administration (Fig.
14). In addition, 30% of KTC-KI9“***T mice showed apparent
jaundice, sometimes accompanied by hepatic atrophy, and serum
levels of total bilirubin were significantly elevated compared with
those of TAM-administered control Cre-negative LSL-Kras®%>;
Tgfbr2"ox.CDH P (KTC) mice (Fig. 14 and Fig. S24). All
KTC-K19“***" mice died within 4 wk after TAM administration,
mainly from liver failure or respiratory failure caused by lung ade-
nocarcinomas (Fig. S2 B and C). Because this EHBD phenotype
was more stable in male (10/10, 100%) than in female mice (8/10,
80%), male mice were used in subsequent experiments.
Histologically, moderately differentiated adenocarcinoma
cells resembling human ECC expanded along the EHBD wall,
and infiltration of adenocarcinoma extended to the intrahepatic
hilar area including a large IHBD (Fig. 1B). Cancer glands and
normal PBGs coexisted in the thickened EHBD tissue, and
cancer glands were negative for E-cadherin and frequently pos-
itive for the proliferative marker Ki67, unlike normal PBGs (Fig.
S2D), suggesting that cancer glands spread through the PBG
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network. Cancer cells were positive for the biliary markers
K7 and K19 and positive for phospho-ERK, which was in line with
Kras activation (Fig. S2 E and F). Recombination of the Tgfbr2 allele
in ECC tissue was confirmed by PCR (Fig. S2G). Additionally,
poorly differentiated adenocarcinomas were observed frequently,
and such cells invaded lymphatic vessels, as confirmed by double
staining of K19 and the lymphatic marker LYVE-1, and metasta-
sized to regional lymph nodes (Fig. 1C). In contrast, the peripheral
small IHBD revealed dysplastic changes in cholangiocytes with in-
flammatory cell infiltration and ductular reaction, but mass-forming
peripheral-type ICC, as reported in other mouse models of ICC, did
not develop (8, 11) (Fig. 1D). KTC-K19“*R™ mice with biliary ob-
struction by ECC revealed markedly dilated IHBDs and focal ne-
crosis of the liver parenchyma as seen in a mouse model of common
bile duct (CBD) ligation (18) (Fig. 1D). Interestingly, the cystic duct
showed wall thickening due to adenocarcinoma infiltration, whereas
the GB was almost intact (Fig. 1D), suggesting that the sensitivity to
these mutations differs depending on the location in the biliary tree
(Fig. S2H). Thus, KTC-K19“*RT mice exhibited periductal
infiltrating-type ECC with lymphatic metastasis.

To confirm that ECC in KTC-K19“““R™ mice was not due to
infiltration of hilar ICC but originated from the EHBD, KTC
mice were crossed with Albumin-Cre mice (KTC-AIb“") in which
Cre was expressed in hepatocytes and intrahepatic BECs but not
in extrahepatic BECs (Fig. S34). KTC-AIb“" mice exhibited hilar
CC and dysplastic changes in the peripheral IHBD with in-
flammation at 8 wk of age, whereas the EHBD was intact until
4 mo of age (Fig. S3 B and C). Therefore, ECC in KTC-K19£R"
mice originated from the EHBD.

We also analyzed the expression of phospho-ERK, SMAD4,
and E-cadherin using IHC in 36 surgically resected human ECC
samples, and 19.4% (7/36) of patients exhibited a similar expres-
sion pattern as that of our mouse model (phospho-ERK—positive,
SMAD4-negative, and E-cadherin—negative) (Fig. 1E).

Human CC is frequently accompanied by a desmoplastic re-
action and inflammatory cell infiltration, which support carcino-
genesis through release of humoral factors from cancer-associated
fibroblasts and macrophages (1). Masson’s trichrome staining showed
collagen deposition in the tumor tissue of KTC-KI19“***" mice, and
IHC analysis of a-smooth muscle actin confirmed the accumu-
lation of fibroblasts (Fig. 1F). Many CD45-positive immune cells,
including F4/80-positive macrophages, also infiltrated the tumor
stroma (Fig. 1F). Thus, ECC in KTC-K19“"**R" mice mimicked
the human tumor microenvironment.

Mutations of Kras, TGFBR2, and E-Cadherin Are All Required for ECC
Development. The phenotypes of LSL-Kras®’?P;CDHI"™"x;

197ERT mice (KC-K19“°ERTY and Tgfbr2olox,cDH /e,
K19“ERT mice (TC-K19“**RT) were evaluated (n = 10, each).
All KC-K19“***" mice died within 15 wk after TAM adminis-
tration, probably because of lung adenocarcinomas (Fig. S44).
At this time point, KC-K19““*R" mice revealed dysplastic changes in
the hilar and peripheral IHBD with inflammatory cell infiltration,
whereas only slightly increased numbers of PBGs with mild in-
flammation were found in the EHBD (Fig. S4B). TC-K19“*R" mice
also died within 5 mo after TAM administration for unknown rea-
sons and did not develop biliary tumors during their lifetimes (Fig.
S4C). Moreover, mice with a single genetic manipulation, i.e., LSL-
&aSGIZD},m9CmERT IIliCC (K-KZQCMERT), Tgfbr2ﬂ(1x/ﬂax;K19CreERT mice
(T-K19°°ERTY, and CDHI™o%K19*ERT mice (C-K19“**RT), were
monitored for up to 6 mo after TAM administration (n = 10, each),
but no biliary tumor of any type was observed (Fig. S4C). Thus,
genetic manipulations of Kras, TGFpR2, and E-cadherin are all
required for ECC development.

E-Cadherin-Deleted Biliary Cells Are Lost from the Surface of the

EHBD Lumen but Remain in PBGs. Interestingly, in KTC-K19<**R"
mice, cancer cells extended laterally through the subepithelial
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Fig. 1. Loss of E-cadherin in combination with mutation of Kras and TGFBR2 results in the development of ECC. (A) Representative images of the liver and bile duct of
KTC and KTC-K19*5RT mice at 3.5 wk after TAM administration. (B) H&E-stained images of sagittal sections of the EHBD of KTC and KTC-K19“*R" mice. (Scale bar: low
magnification, 500 um; middle magnification, 100 um; high magnification, 20 um.) H&E-stained images of sagittal sections of the perihilar BD of KTC-K19“*5"" mice. (Scale
bar: 200 pm.) H&E-stained image of human ECC is also shown. (Scale bar: 20 pm.) (C) Upper panels show invasion by poorly differentiated cancer cells of the lymphatic
vessels (Left: H&E-staining; Right: double IF staining of LYVE-1 and K19). (Scale bar: 20 um.) Lower panels show H&E and IHC images of K19 in regional lymph node
metastasis. (Scale bar: Left panel, 100 pm; two Right panels, 20 um.) Arrowhead indicates lymphatic invasion by cancer cells. (D) H&E-stained images of the peripheral IHBD
(scale bar: Left panel, 50 um; Right panel, 20 um), dilated IHBD, focal necrosis of the liver parenchyma (Scale bar: 100 pm), and the GB and cystic duct (Scale bar: 500 pm) of
KTC-K19“*ER mice. (E) IHC analyses of expression of phospho-ERK, SMAD4, and E-cadherin using 36 surgically resected human ECC samples. Representative images of two
patients are shown. (Scale bar: 50 pm.) Case 1 exhibits an expression pattern similar to the mouse model. Venn diagram shows the overlap among indicated categories.
(F) ECC microenvironment in KTC-K19<ER™ mice. (Left) Masson's trichrome staining. The other panels show IHC analyses of the indicated proteins. (Scale bar: 50 pm.)

connective tissue of the EHBD, whereas most surface BECs were no longer present among surface BECs at 3.5 wk after
lining the EHBD lumen were intact (Fig. 24). In fact, IHC ~TAM administration (Fig. 2B). Of note, in C-K19““*R" and
analysis of E-cadherin revealed that E-cadherin-deleted BECs ~ KC-K19““*RT mice, E-cadherin-deleted cells were not present

E3808 | www.pnas.org/cgi/doi/10.1073/pnas.1619416114 Nakagawa et al.


www.pnas.org/cgi/doi/10.1073/pnas.1619416114

L T

/

1\

=y

lumen of EHBD

U
- = P —
LacZ-K19CreERT KT-LacZ-K19CreERT

) L]
v g,

.

H < o
PO "'{'\).

T KC-KI9CreERT TC-LacZ-K19CreERT KTC-LacZ-K19CreERT
Fig. 2. E-cadherin-deleted biliary cells are lost from the luminal surface of
the EHBD but remain in PBGs. H&E staining (A) and IHC of E-cadherin (B) in
the EHBD in KTC and KTC-K19"°£R mice at 3.5 wk after TAM administration.
(Scale bar: A, 50 pm; B, 100 um.) (C) IHC analysis of E-cadherin in the EHBD of
C-K19°¢ERT and KC-K19°ER™ mice at 3.5 wk after TAM administration. (Scale
bar: Left panels, 50 pm; Right panel, 20 um.) (D) LacZ-stained image of the
EHBD from the indicated mice at 3.5 wk after TAM administration. (Scale
bar: 100 um.)

among the surface BECs of the EHBD but were detected in the
PBGs at 3.5 wk after TAM administration (Fig. 2C). Further-
more, Rosa26-LSL-LacZ mice were crossed with KTC-K19<¢ERT
mice (KTC-LacZ-KI19““ERT) or TC-K19“"**RT mice (TC-LacZ-
K19°ERT) " and recombined cells were labeled with LacZ. At
3.5 wk after TAM administration in KTC-LacZ-K19"ERT mice,
LacZ was expressed in most cancer cells but in few surface BECs
(Fig. 2D). Also in TC-LacZ-K19““*R" mice, LacZ" cells were
few in the surface BECs but remained in the PBGs (Fig. 2D). In
contrast, LacZ-K19°*ERT mice and KT-K19"ERT mice crossed
with Rosa26-LSL-LacZ mice (KT-LacZ-K19<“*RT) in which
E-cadherin was not deleted in BECs, retained many LacZ™ cells
in the surface BECs at the same time point (Fig. 2D). Based on
these findings, we considered that E-cadherin—deleted surface
BECs might not survive for long periods and that the remaining
recombined cells in the PBGs might give rise to ECC.

Time Course of Histological Progression of ECC. To assess this hy-
pothesis, the time course of histological changes in the EHBD of
KTC-K19°°ERT mice after TAM administration was analyzed.
On day 5, although the EHBD was mostly normal, the alignment
of the surface BECs was partially disrupted (Fig. 34). On day 7,
surface BECs started to detach from the BD wall, and on day 10,
many shedding BECs were observed in the BD lumen, and in-
flammatory cells had infiltrated the subepithelial connective
tissue (Fig. 34). The inflammatory reaction was seen throughout
the entire EHBD but was slightly dominant in the upper CBD.
(Fig. 34 and Fig. S54). Notably, the PBGs were enlarged and
morphologically dysplastic and accompanied by mitotic figures
(Fig. 3 4 and B). On day 15, although the shedding of surface
BECs had subsided, the cancerous glands spread through the
subepithelial area, accompanied by a fibrotic response (Fig. 34).
Wall thickening due to cancerous glands was dominantly seen
around the insertion site of the cystic duct, where PBGs are
abundant (Fig. S5B). Most of the histological features of peri-
ductal infiltrating-type ECC were completed by day 20 (Fig. 34).
In contrast, TAM-administered Cre-negative K7C mice did not
show histological changes in the EHBD during this period
(Fig. S5C).

Next, the time course of E-cadherin expression in BECs was
assessed by IHC. E-cadherin was deleted in ~30% of surface
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BECs and PBGs on day 5 and efficiently deleted in the area with
disrupted epithelial alignment (Fig. 3C). On day 10, many E-
cadherin—deleted surface BECs were falling into the BD lumen,
and as a consequence, the number of E-cadherin—-deleted surface
BECs was decreased (Fig. 3C). In contrast, the PBGs retained
many E-cadherin—deleted cells, and some PBGs were replaced
completely by E-cadherin-negative cells (Fig. 3C). On day 15,
most surface BECs had been replaced by E-cadherin—positive
cells, whereas E-cadherin—negative cancerous glands had spread
in the subepithelial area (Fig. 3C). Additionally, recombined
cells were monitored by LacZ staining using KT7C-LacZ-
K19°ERT mice. As expected, the timing of the series of events in
LacZ" cells was similar to that in E-cadherin-negative cells (Fig.
3D). Furthermore, C-K19<“*R" mice crossed with Rosa26-LSL-
LacZ mice (C-LacZ-K19*R™) showed detachment of LacZ*
BECs on day 10, whereas KT-LacZ-K1 9CERT mice did not, in-
dicating that loss of E-cadherin was responsible for the de-
tachment of BECs (Fig. S5D). On the other hand, the perihilar
and peripheral THBD in KTC-KI19““*RT mice retained E-cad-
herin—deleted/LacZ™ surface BECs at 3.5 wk after TAM ad-
ministration (Fig. S5E), although the reason for the difference
between the EHBD and IHBD was unclear.

Next, cell proliferation was analyzed by Ki67 staining. On day
7, the number of Ki67-positive cells among both the surface
BECs and PBGs increased significantly, probably reflecting a
regenerative response to the biliary epithelial injury (Fig. 3E).
Double staining of E-cadherin and Ki67 revealed that cells in the
PBGs were highly proliferative irrespective of their E-cadherin
expression, whereas the majority of proliferating surface BECs
were E-cadherin—positive (Fig. 3F and Fig. S5F). Furthermore,
on day 10, a more marked proliferative response was observed,
especially in PBGs, including E-cadherin—deleted PBGs (Fig. 3 E
and F). Hyperproliferative response in KTC-K19“**RT mice was
confirmed by immunostaining of the mitotic marker phospho-
histone 3 (Fig. S5G). Additionally, the number of Ki67-positive
cells in KTC-K19°ERT mice was much higher than that in K7-
K19“*ERT mice at the same time point (Fig. S5H), further
supporting the contribution of E-cadherin loss-induced biliary
epithelial injury to the hyperproliferative response in K7C-
K19 RT mice. On day 15, the number of Ki67-positive BECs
decreased significantly, whereas E-cadherin—negative cancerous
glands were highly proliferative (Fig. 3 E and F). Thus, E-cad-
herin—deleted surface BECs detached from the wall of the EHBD,
which induced a regenerative response by PBGs. Recombined
cells survived among PBGs, which were thus likely the cellular
origins of ECC.

Establishment of Biliary Organoid-Derived Cancer Model. To further
elucidate the molecular mechanisms of ECC development in
KTC-K19ERT mice, we cultured the biliary organoid from the
EHBD of Cre-negative KTC mice (19) and induced gene re-
combination using a lentivirus expressing Cre-recombinase (Cre™
KTC organoid) or a control lentivirus (Cre™ KTC organoid) (Fig.
44). As shown in Fig. 4B, lentivirus efficiently induced gene
recombination. Then Cre* KTC organoids and Cre™ KTC orga-
noids were transplanted subcutaneously into nude mice. Two
months later, 66.7% (8/12) of Cre™ KTC organoids formed s.c.
tumors with a histology similar to that of ECC in KTC-K19<"**R"
mice, whereas none (0/12) of the Cre™ KTC organoids formed
tumors (Fig. 4C), indicating that Cre™ KTC organoids possess a
tumorigenic ability similar to that of the in vivo model. Further-
more, the tumorigenic abilities of the biliary organoids derived
from K, T, C, KT, KC, and TC mice, in which recombination was
induced by lentivirus infection, were evaluated in the same way. As
shown in Fig. 4D, none of the organoids, with the exception of
2/12 (16.7%) TC organoids, produced s.c. tumors, suggesting that
mutations in Kras, TGFpR2, and E-cadherin cooperatively pro-
mote tumorigenesis also in the organoid-derived cancer model.
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Fig. 3. Histological progression of ECC. (A) H&E-stained images of the EHBD (middle to upper area of CBD) of KTC-K19“°RT mice after TAM administration at the
indicated time points. (Scale bar: Left panels, 100 pm; Right panels, 50 um.) Black arrowheads, disrupted epithelial alignment; blue arrowheads, BECs detaching from the
bile duct epithelium; yellow arrowheads, enlarged and dysplastic PBGs. (B) High-magnification images of PBGs in KTC-K19“5R" mice on day 10. (Scale bar: 20 um.) Yellow
dashed line represents dysplastic cells in the PBGs, and yellow arrowheads indicate the border between the dysplastic PBG cells and normal surface BECs. Blue arrowheads
indicate mitotic cells. (C) Time course of E-cadherin expression in the EHBD of KTC-K 19ERT mice after TAM administration. (Scale bar: 50 pm.) Black arrowheads indicate
E-cadherin-negative PBGs. Line graph shows percentage of E-cadherin-deleted BECs on the luminal surface of the EHBD of KTC-K19“*R" mice after TAM administration
(means + SD, n = 3 per time point). (D) LacZ-stained images of the EHBD of KTC-LacZ-K 19*ERT mice at various time points after TAM administration. (Scale bar: 50 pm.)
(E) Ki67 expression in the EHBD of KTC-K19“ER" mice at various time points after TAM administration. (Scale bar: 50 um.) Line graph shows percentage of Ki67-positive
cells in the EHBD of KTC and KTC-K19<*"T mice after TAM administration (means + SD, n =3 per time point). Surface BECs and PBGs were analyzed separately. (F) Double
IF-stained images of E-cadherin and Ki67 in the EHBD of KTC-K19“5"" mice after TAM administration. (Scale bar: 50 um.) To locate the E-cadherin-deleted duct cells,
double IF-stained images of E-cadherin and K19 in serial sections from mice killed on days 10 and 15 are shown. Yellow arrowheads, E-cadherin-deleted nonproliferating
surface BECs; white arrowheads, E-cadherin-deleted proliferating cells in PBGs; white arrows, E-cadherin-deleted proliferating cancerous glands.

Cre* KTC organoids also formed s.c. tumors in syngeneic C57BL/6  revealed loss of E-cadherin-induced BECs shedding, which was
mice (5/8, 62.5%) (Fig. S6A4). Of particular interest, as was the  most evident in KTC organoids (Fig. 4E). Thus, this system recre-
case in vivo, hematoxylin and eosin (H&E) staining of organoids  ates the in vivo conditions and facilitates analysis of carcinogenesis
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induced by genetic manipulations in BECs separately from the
tumor microenvironment.

IL-33 Links Biliary Epithelial Injury, Regeneration, and Cholangio-
carcinogenesis in KTC-K19“**" Mice. Next, a ¢cDNA microarray
analysis was conducted using Cre* KTC and Cre™ KTC organoids.
A total of 1,096 genes were up- or down-regulated at least
twofold in Cre* KTC organoids compared with Cre~ KTC
organoids (Fig. 54). Among these genes, we focused on IL-33,
which exhibited the 13th highest magnitude of up-regulation.
IL-33 is a member of the IL-1 family originally described as
an inducer of type 2 innate immunity (20), and it was recently
reported to promote BEC proliferation particularly in the
EHBD (21). Real-time PCR revealed an ~75-fold increase in
IL-33 mRNA levels in Cret KTC organoids compared with
Cre™ KTC organoids. IL-33 expression was mildly increased by
Kras activation (~2-fold), moderately increased by deletion of
TGFBR?2 or E-cadherin (~10-fold), and markedly increased by all
three manipulations combined (Fig. 5B), suggesting that three
genes cooperatively up-regulated IL-33.

Consistent with a previous report (21), i.p. administration of
IL-33 (1 pg) for 3 d to C57BL/6 wild-type (WT) mice induced
hyperplasia of surface BECs and expansion of PBGs in the
EHBD on day 5 but had little effect on the peripheral IHBD or
GB (Fig. S6B). Ki67 staining revealed marked proliferation of
BEC:s in the EHBD, especially in PBGs (Fig. S6C).

KTC-K19““RT mice revealed increased IL-33 mRNA levels
in ECC tissues and increased IL-33 protein levels in the bile and
serum compared with control KTC mice (Fig. 5C). Immunoflu-
orescence (IF) analysis of KTC-K19“*®" mice on day 5 after
TAM administration revealed increased expression of IL-33 in
the nucleus of E-cadherin—deleted BECs, especially those in the
area of disrupted alignment (Fig. 5D), and on day 10, some E-
cadherin—negative detached BECs also strongly expressed nu-
clear IL-33 (Fig. S6D). Of note, IL-33 also functions as an

Nakagawa et al.

“alarmin,” released from dying cells as an indicator of infection
or tissue injury (20). Actually, although cell lines established
from Cre* KTC biliary organoids (termed “KTC-BO cells”) did
not secrete IL-33, necrosis due to repeated freeze—thaw cycles
led to release of IL-33 (Fig. S6E). Therefore, release of excess
IL-33 from dying BECs may play a key role in regeneration of
the EHBD and subsequent carcinogenesis in KTC-KI9“ERT
mice. Additionally, cancer glands in KTC-KI9““*RT mice
exhibited abundant luminal necrosis, and necrotic cells expressed
IL-33 (Fig. S6F), suggesting that luminal necrosis might con-
tribute to persistent IL-33 release even after ECC development
in KTC-K19<“*RT mice. Furthermore, we examined the expres-
sion of IL-33 in human ECC samples analyzed in Fig. 1E; 71.4%
(5/7) of samples with an expression pattern similar to the mouse
model (phospho-ERK—positive, SMAD4-negative, and E-cad-
herin-negative) expressed IL-33, whereas 24.2% (7/29) of the
remaining patients were IL-33-positive (P = 0.028) (Fig. S6G).
Additionally, cancer cells undergoing luminal necrosis expressed
IL-33 (Fig. S6H). These findings are consistent with those in
mice. We also performed terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining in EHBD
tissue from KTC-K19““*R" mice on day 10 after TAM admin-
istration. Many TUNEL-positive cells were found in the sub-
epithelial areas and were identified as K197/CD45% immune
cells (Fig. S6I). However, most of the detached BECs were
TUNEL-negative, suggesting that the detached BECs were un-
dergoing a form of cell death other than apoptosis. In fact, it has
been shown that IL-33 is released during necrosis and cellular
stress, but during apoptosis, caspase-mediated cleavage of
IL-33 diminishes the biological activity of IL-33 (22).

A previous study reported that IL-33-induced proliferation of
BECs was mediated by type 2 innate lymphoid cells éILCZs) (21).
Thus, the number of hepatic ILC2s in KTC-KI9“"“*R" mice was
determined by flow cytometry. As expected, the number of ILC2s,
defined as lineage™ (CD37, Grl™, CD11b~, CD45R"™, Terl19"),
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IL-33 links biliary epithelial injury, regeneration, and cholangiocarcinogenesis. (A) cDNA microarray analysis of Cre™ KTC and Cre™ KTC organoids. A

total of 1,096 genes were at least twofold up- or down-regulated in Cre* KTC organoids. The top 20 up-regulated genes are shown. (B) EHBD organoids from
the indicated mice were infected with control or Cre-expressing lentivirus, and relative IL-33 mRNA levels were determined by real-time PCR. Bar graph shows
the relative IL-33 mRNA levels after infection with Cre-expressing lentivirus compared with the control lentivirus (means + SD, n = 3 per group). *P < 0.05. (C)
Relative IL-33 mRNA levels in EHBDs obtained from KTC and KTC-K19<*£R™ mice at 3.5 wk after TAM administration were determined by real-time PCR (n =
3 per group), and IL-33 protein levels in the bile and serum of KTC and KTC-K79*5R™ mice at 3.5 wk after TAM administration were measured by ELISA (bile,
n =5 per group; serum, n = 8 per group). Data are means + SD. *P < 0.05. (D) Double IF staining of E-cadherin and IL-33 in the EHBD of KTC-K719*R™ mice on
day 5. (Scale bar: 50 pm.) To locate E-cadherin—deleted duct cells, double IF staining of E-cadherin and K19 in serial sections is also shown. (E) Numbers of
hepatic ILC2s in KTC and KTC-K19*5RT mice on day 20 after TAM administration were analyzed by flow cytometry. Representative dot plots and numbers
from three independent experiments (bar graph) are shown (means + SD; n = 3 per group). *P < 0.05. (F) Relative IL-5, IL-13, and AREG mRNA levels were
determined by real-time PCR in EHBDs from K7C and KTC-K19°"¢ERT mice at 3.5 wk after TAM administration (means + SD; n = 3 per group). *P < 0.05.

ST2*, and CD90.2* cells, was significantly increased in KTC-
K19“*ERT mice compared with KTC mice (Fig. 5E). IF analysis
confirmed the accumulation of CD45%, ST2* cells in the sub-
epithelial tissue of the EHBD of TAM-administered K7C-
K19“°ERT mice (Fig. S67). In addition, infiltration of CD45*, ST2*
cells was seen in xenografts derived from Cre* KTC organoids,
and we confirmed that the IL-33-induced proliferative response of
BECs was conserved in nude mice (Fig. S6 K and L).

ILC2s have been reported to produce the effector cytokines
IL-4, IL-5, IL-9, IL-13, and amphiregulin (AREG) in response to
IL-33 (20), among which IL-13 was reported to contribute to
proliferation of BECs (21). Although IL-4 and IL-9 mRNAs
were not detected by real-time PCR, the expression levels of
IL-5, IL-13, and AREG mRNA were significantly increased in
the ECC tissues of KTC-K19““*RT mice compared with control
EHBD tissues of KTC mice (Fig. 5F). In particular, AREG ex-
pression was markedly increased in KTC-KI9““*RT mice. Ad-
ministration of IL-33 to WT mice also significantly increased the
expression of AREG in the EHBD (Fig. S74). AREG is a ligand
for epidermal growth factor receptor and has been reported to
be involved in the repair of intestinal and lung tissues as an ef-
fector of the IL-33-ILC2 axis (23, 24). In fact, i.p. administration
of AREG (10 pg for 3 consecutive days) to WT mice significantly
increased the number of Ki67-positive cells among surface BECs
and in the PBGs (Fig. S7B). Additionally, AREG promoted
proliferation of KTC-BO cells and the human ECC TFK1 cells
in vitro (Fig. S7C). These findings suggest that AREG contrib-
utes to proliferation of BECs as effectors of the IL-33 pathway.
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IL-33 Can Substitute for Loss of E-Cadherin in the Development of ECC
and Be a Therapeutic Target. If IL-33 released from dying BECs as
a result of E-cadherin loss plays a critical role in ECC develop-
ment, administration of IL-33 may be able to substitute for loss
of E-cadherin. To test this hypothesis, IL-33 was administered to
TAM-administered KT-K19“"*FRT mice or Cre-negative KT mice
on days 10, 11, and 12, and the histology of the liver and BD was
analyzed on day 28 (Fig. S84). Surprisingly, IL-33-administered
KT-K19<ERT (KT-K19“**RT411-33) mice exhibited a markedly
thickened EHBD, whereas IL-33—-administered Cre-negative KT
mice showed onl}g mild expansion of PBGs at this time point (Fig.
6A4). KT-K19“"“**T111.-33 mice revealed not only proliferation of
dysplastic glands in the subepithelial tissue of the EHBD but also
papillary tumors arising from surface BECs, probably because
E-cadherin was not deleted in the BECs of KT-K19““**" mice (Fig.
6A4). In fact, in contrast to KTC-LacZ-KI19“*®" mice, both dys-
plastic PBGs and papillary tumors occurring in IL-33-adminis-
tered KT-LacZ-K19““*®" mice expressed LacZ (Fig. 6B).
Additionally, we confirmed that the number of hepatic ILC2s in
KT-K19“*ERT111.-33 mice was increased significantly compared
with control KT-K19“*RT mice even 1 wk after initial IL-33 ad-
ministration (Fig. S8). Thus, IL-33 cooperates with Kras and
TGFpR2 mutations in the development of biliary tumors. Notably,
neoplastic changes in BECs extended to the intrahepatic hilar area
but not to the peripheral THBD in KT-K19““*R"4+11.-33 mice (F}gr
6C). Such a distribution was consistent with that in KTC-K19“**
mice. Therefore, differences in the reactivity to IL-33 among the
components of the biliary tree may explain the distribution of CC in
KTC-K19“*"*" mice.
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Next, we treated KTC-K19“*®" mice with a neutralizing anti—
IL-33 antibody (Fig. 74) (25). Anti-IL-33 treatment significantly
attenuated the thickening of the EHBD wall (Fig. 7 B and C) and
decreased the frequency of mice with a serum total bilirubin level
greater than 2 mg/mL (30% vs. 0%) and IHBD dilatation (Fig.
7D). AREG and IL-13 mRNA levels and the number of hepatic
ILC2s were also decreased by anti-IL-33 treatment (Fig. 7 E and
F). Additionally, anti-IL-33 treatment significantly suppressed
the hyperproliferative response of BECs on day 10 (Fig. 7G).
These results indicate that the excess IL-33-mediated hyper-
proliferative response to biliary epithelial injury contributes to
ECC development in KTC-K19““*®" mice (Fig. 7H). Further-
more, anti-IL-33 treatment suppressed the growth of KTC-BO
tumors xenografted into C57BL/6 mice (Fig. S9 A-C). Thus, IL-
33 may be a potential therapeutic target for ECC.

Loss of E-Cadherin-Mediated Yes-Associated Protein Activation
Promotes ECC Proliferation and Invasion. Although the above
findings demonstrate that IL-33 can promote cholangiocarcino-
genesis and substitute for loss of E-cadherin in the development of
ECC, tumors in KT-K19““*R"111-33 mice were less aggressive
than were those in KTC-K19““**" mice and did not show lym-
phatic invasion or metastasis. Thus, whether loss of E-cadherin
contributes to cholangiocarcinogenesis through not only biliary
epithelial injury but also activation of the intrinsic oncogenic
pathway was evaluated next. Loss of E-cadherin has been reported
to induce nuclear translocation of p-catenin (26), which promotes
carcinogenesis. However, expression of nuclear $-catenin was not
increased despite decreased membranous p-catenin in the ECC
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cells of KTC-K19““*R™ mice (Fig. S104). In contrast, Yes-asso-
ciated protein (YAP) expression, which plays an important role in
cholangiocarcinogenesis (27) and is reportedly activated by loss of
E-cadherin (28), was significantly increased in ECC cells (Fig.
S10B). Microarray analysis of the biliary organoids performed in
Fig. 5 also showed increased expression of YAP downstream
oncogenes in Cre™ KTC organoids, such as Birc5 (4.75-fold),
Foxm1 (4.38-fold), and Cyclin D1 (2.08-fold). In fact, knockdown
of E-cadherin in TFK1 cells inactivated the Hippo-signaling
cascade, which induces YAP degradation, resulting in in-
creased nuclear accumulation of YAP (Fig. S10C). Knockdown
of E-cadherin in TFK1 cells promoted their proliferation and
accumulation without contact inhibition, but those effects were
attenuated by knockdown of YAP (Fig. S10 D-F). Furthermore,
the invasion capacity was significantly increased by knockdown
of E-cadherin in TFK1 cells, which was inhibited by addi-
tional knockdown of YAP (Fig. S10G). Knockdown of YAP in
KTC-BO cells also significantly attenuated their proliferation
and down-regulated the expression of Birc5 and Foxm1 (Fig. S10
H-J). The YAP inhibitor verteporfin significantly suppressed
ECC development in KTC-KI9<"“*RT mice in vivo (Fig. S10K).
Thus, loss of E-cadherin-mediated YAP activation is also im-
plicated in ECC development.

Discussion

In the present study, a mouse model of biliary injury-related
ECC was established through duct-cell-specific activation of
Kras and deletion of TGFpR2 and E-cadherin. To our knowledge,
two genetically engineered mouse models have been reported to
develop extrahepatic biliary tumors: ErbB-2 transgenic mice and
duct-cell-specific Kras-activation and PTEN-deletion mice (11,
29). Although these mice were reported as models of GB cancer
and ICC, respectively, they also developed well-differentiated
papillary tumors in the EHBD. In contrast, ECC in KTC-
KI19°FRT mice spread laterally along the biliary tree, and cancer
cells were highly malignant and metastasized to the regional lymph
nodes. Periductal infiltrating growth and lymph node metastasis
are characteristics of human ECC and responsible for its poor
prognosis. Therefore, our mouse model is clinically relevant and
will facilitate investigation of the pathogenesis of human ECC.

Death-driven compensatory proliferation to repair tissue de-
fects is an important promoter of inflammation-associated car-
cinogenesis (30), and the mechanism underlying this process has
been well analyzed in hepatocellular carcinoma (31, 32). How-
ever, although CC also occurs in the presence of chronic biliary
injugy and inflammation (2), the mechanism is unclear. In K7C-
K19“°ERT mice, the surface BECs detached from the wall of the
EHBD due to loss of E-cadherin, which subsequently induced
inflammation and a regenerative response by the remaining
BECs, especially in PBGs. However, cells harboring mutations
survived in the PBGs; therefore, the regenerative response to
biliary injury resulted in ECC development from PBGs. Impor-
tantly, significant proliferation and hyperplasia of PBGs in re-
sponse to biliary injury were observed in patients with primary
sclerosing cholangitis and liver fluke infection (33, 34). Fur-
thermore, the PBGs of patients with hepatolithiasis frequently
harbor Kras mutations (35). Thus, a chronic biliary epithelial
injury-induced proliferative response may result in development
of CC from PBGs in humans, and this study provides experi-
mental evidence of this possibility.

We succeeded in culturing biliary organoids following gene
recombination capable of forming s.c. tumors, in which we
identified IL-33 as a key factor linking biliary epithelial injury,
regeneration, and cholangiocarcinogenesis. IL-33 was up-regulated
in BECs cooperatively by mutations of Kras, TGFpR2, and
E-cadherin. Although the mechanisms of regulation of IL-33 ex-
pression remain unclear, Kras activation and TGFBR2 inactivation
have been reported to up-regulate IL-33 expression in the lung and
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Fig. 7. Blocking IL-33 suppresses ECC development. (A) Protocol of anti-IL-33 treatment of KTC-K719*ERT mice. (B and C) Representative macroscopic (B) and
H&E-stained (C) images of EHBDs from KTC-K19"*fR™ mice treated with anti-IL-33 antibody or control IgG. (Scale bar: 500 um.) Bar graph shows maximum
diameter of the CBD (means + SEM; n = 10 per group). *P < 0.05. (D) H&E-stained images of the IHBDs of anti-IL-33- or control IgG-administered KTC-K19<ERT
mice. (Scale bar: 100 pm.) (E) Relative AREG and IL-13 mRNA levels in EHBDs from anti-IL-33 or control IgG-administered KTC-K19"*ERT mice were determined
by real-time PCR (means + SD; n = 6 per group). *P < 0.05. (F) Numbers of hepatic ILC2s in anti-IL-33- or control IgG-administered KTC-K79*fR™ mice on day
20 after TAM administration were analyzed by flow cytometry. Representative dot plots and numbers from three independent experiments (bar graph) are
shown (means + SD; n = 3 per group). *P < 0.05. (G) Representative Ki67-stained image of anti-IL-33 or control IgG-administered KTC-K19*cR™ mice on day
10 after TAM administration. (Scale bar: 50 pm.) Bar graph shows the frequencies of Ki67-positive cells among the surface BECs and in PBGs (means + SD; n = 5

per group). *P < 0.05. (H) Proposed mechanism of ECC development in KTC-K1

macrophages, respectively (36, 37). In addition, disruption of the
integrity of the lung and skin epithelial barrier has been reported to
induce production of IL-33 (38). IL-33 functions as a sensor of
epithelial barrier injury due to invasion of pathogens, including
helminths, and induces a Th2 immune response to eliminate
pathogens and repair the injured tissue through ILC2 activation
(20). In this sense, loss of cellcell adhesion due to E-cadherin
deletion in BECs could trigger up-regulation of IL-33. Interest-
ingly, a recent study showed significantly increased biliary epithelial
IL-33 expression and serum IL-33 levels in patients with liver hel-
minth Clonorchis sinensis infection (39). Together with our data, IL-
33 may be a link between helminth infection and CC development.
The finding that blocking IL-33 significantly suppressed ECC de-
velopment in our study suggests IL-33 as a potential therapeutic
target for ECC. Additionally, AREG, a downstream target of IL-33,
should also be explored as another candidate for a therapeutic
target for ECC in the future.
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mice.

We showed that only three administrations of IL-33 to K7-
K19°°ERT mice was sufficient to induce biliary tumors. Although
it is unknown why transient administration of IL-33 was suffi-
cient for tumor development, a recent study showed that in-
tranasal injection of IL-33 induced a sustained increase in lung
ILC2s for more than 4 wk, albeit at a low level, and once ILC2s
were primed by IL-33, they were highly responsive, even to un-
related allergens, and strongly induced inflammation (40). Thus,
ILC2s primed by IL-33 may exert a long-term effect on the BD of
KT-K19°ERT mice.

The distribution of CC is a unique characteristic of this mouse
model. CC in KTC-K19““*R" mice was seen predominantly in
the EHBD and perihilar IHBD, despite similar recombination
efficiency among the biliary tree. This difference may be due, at
least in part, to IL-33, for the following reasons. First, exogenous
administration of IL-33 induced inflammation and BEC pro-
liferation in the EHBD and perihilar BD, whereas the peripheral
IHBD and GB were largely unaffected. This finding suggests that
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reactivity to IL-33 differs among regions of the biliary tree.
Second, IL-33 is released from dying cells, and the shedding of
BECs was more prominent in the EHBD than in the IHBD in
KTC-K19°"ERT mijce. Thus, the level of IL-33 released from
dying cells might be greater in the EHBD than in the IHBD.
However, the peripheral IHBD and EHBD/large IHBD are
embryologically different and thus may exhibit distinct properties
other than IL-33 signaling.

PBGs have attracted attention as a BEC stem-cell niche and a
potential origin of ECC (10). In the present study, IHC analysis of
E-cadherin and lineage-tracing of LacZ-labeled cells suggests that
ECC can originate from cells in the PBGs. Indeed, the distribution of
CC in KTC-K19““*R" mice largely corresponded with that of PBGs
(i.e., EHBD and perihilar BD). However, to definitively determine
this issue, experiments using PBG-specific gene recombination are
needed. Because a specific marker of PBGs has not been identified
in mice, this remains a subject of future investigations.

Several studies have suggested that floxed alleles exhibit dif-
ferential sensitivities to Cre-mediated recombination (41), but
we were unable to perform histological assessment of LSL-
Kras®?P and Tgfbr2"*"* allele recombination because of a lack
of antibodies appropriate for immunostaining. This raises the
question of whether specific combinations of recombination have
a greater pro ensity to induce malignancy. The findings that only
KTC-KI19““ERT mice developed ECC and most of the organoids
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other than KTC organoids could not form s.c. tumors suggest
that all of the alleles would be recombined in cancer cells. How-
ever, further analysis is needed to obtain conclusive evidence.

In conclusion, we established a mouse model of biliary injury-
related ECC. This model provided insight into the carcinogenic
mechanisms, cellular origin, and potential therapeutic targets of ECC.

Materials and Methods

Albumin-Cre, LSL-Kras®'?P, CDH17°¥/f°X and Rosa26-LSL-tdTomato mice
were purchased from the Jackson Laboratory. K19ERT, Tgfpr2flox/fiox and
Rosa26-LSL-LacZ mice have been described previously (13, 14, 42). All mice
were of the C57BL/6 genetic background. Nude mice were purchased form
CLEA Japan. All experiments were approved by the Ethics Committee for
Animal Experimentation of the University of Tokyo and the Institute for
Adult Diseases, Asahi Life Foundation, and were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (43). Human ECC
samples were obtained from 36 patients who underwent surgical treatment
at The University of Tokyo Hospital with informed consent. This study was
approved by the Ethics Committee of the University of Tokyo. Other
methods are described in SI Materials and Methods.
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