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Abstract

Cholangiocarcinoma (CCA) is a lethal hepatobiliary neoplasm originating from the biliary
apparatus. In humans, CCA risk factors include hepatobiliary inflammation and fibrosis. The
recently identified IL-1 family member, IL-33, has been shown to be a biliary mitogen which also
promotes liver inflammation and fibrosis. Our aim was to generate a mouse model of CCA
mimicking the human disease. Ectopic oncogene expression in the biliary tract was accomplished
by the Sleeping Beauty transposon transfection system with transduction of constitutively active
AKT (myr-AKT) and Yes-associated protein (YAP). Intrabiliary instillation of the transposon-
transposase complex was coupled with lobar bile duct ligation in CL57BL/6 mice, followed by
administration of IL-33 for three consecutive days. Tumors developed in 72% of the male mice
receiving both oncogenes plus 1L-33 by 10 weeks, but in only 20% of the male mice transduced
with the oncogenes alone. Tumors expressed SOX9 and pancytokeratin (PanCK) [features of
cholangiocarcinoma] but were negative for HepParl [a marker of hepatocellular carcinoma
(HCC)]. RNA profiling revealed substantive overlap with human CCA specimens. Not only did
IL-33 induce IL-6 expression by human cholangiocytes, but IL-33 likely facilitated tumor
development in vivo by an IL-6 sensitive process, as tumor development was significantly
attenuated in 11-6 -/- male animals. Furthermore, tumor formation occurred at a similar rate when
IL-6 was substituted for IL-33 in this model. In conclusion, the transposase-mediated transduction
of constitutively active AKT and YAP in the biliary epithelium coupled with lobar obstruction and
IL-33 administration results in the development of CCA with morphological and biochemical
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features of the human disease. This model highlights the role of inflammatory cytokines in CCA
oncogenesis.
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AKT; murine model; oncogene transduction; Sleeping Beauty transposon; YAP

Cholangiocarcinomas (CCA) are highly lethal hepatobiliary malignancies with features of
biliary epithelial cell or cholangiocyte differentiation, and hence are thought to arise from
the biliary apparatus. Risk factors include chronic biliary tract inflammation and
cholestasis.!: 2 Indeed, transcriptome profiling of human CCA has identified an
inflammatory signature associated with signal transducer and activator of transcription 3
(STAT3) signaling presumably initiated by an interleukin (IL)-6 signaling cascade.3 Diverse
developmental, metabolism, and cell growth signaling cascades regulated by Notch,
isocitrate dehydrogenase (IDH), AKT, fibroblast growth factor, and Hippo pathway have
been implicated in the molecular pathogenesis of this cancer.l CCAs are also highly
desmoplastic cancers and are associated with dense populations of myofibroblasts termed
cancer-associated fibroblasts (CAF) which promote tumor progression.* Despite these
advances in our understanding of CCA biology, therapeutic advances have been modest and
overall 5-year survival is only 10%.° Preclinical animal models of CCA have been
instrumental in helping to elucidate the molecular pathogenesis of this cancer and will
become increasingly useful to identify therapeutic strategies.

A number of rodent models of CCA have been developed including transgenic mice, human
xenografts, syngeneic orthotopic transplantation with rodent CCA cells, and in vivo liver cell
transduction paradigms.l ® Each of these models has strengths and weaknesses, but none is
ideal. The optimal preclinical animal model of CCA would generate a tumor arising in situ
from the biliary tract, recapitulate human signaling pathways for CCA, develop in an
immunocompetent host with species-matched tumor microenvironment, permit evaluation of
diverse oncogenic signaling processes, and be time-efficient. Finally, the therapeutic results
in the preclinical model should ultimately be informative for the human disease.

We sought to develop a mouse model of CCA that would help fulfill the above objectives.
We selected a Sleeping Beauty transposon approach to directly transduce the biliary tree.
Such a model would help ensure that CCA arose in situ from the biliary tree, provide
flexibility in interrogating a variety of oncogenic pathways, be time-efficient, and
recapitulate many features of the human disease. Constitutively active AKT and Yes-
associated protein (YAP), the effector of the Hippo pathway,” were employed to transduce
the biliary epithelia, as both pathways contribute to the pathogenesis of human hepatobiliary
malignancies.8-10 Unilobar bile duct ligation was conducted to induce cholestasis in a local
biliary microenvironment. In the absence of an exogenous inflammatory cytokine, tumor
development was modest. However, the biliary mitogen IL-331, which also induces
inflammation and tissue fibrosis!2, was found to promote tumor development. Preliminary
reports of this model have recently been published.1: 13 Herein, we define this model in
detail by demonstrating that the cancers arise from the biliary epithelia and duplicate many
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phenotypic and genetic features of human cholangiocarcinoma including desmoplasia and
overlapping mRNA expression profiles. STAT3 activation occurs, implying an
inflammatory pathway of carcinogenesis as described in human cholangiocarcinomas.3
Finally, IL-6, in part, contributes to this inflammatory oncogenesis.

Experimental Procedures

Genetic murine model of cholangiocarcinoma

All animal experiments were performed in accordance with a protocol approved by the
Mayo Clinic Institutional Animal Care and Use Committee. Male and female wild type and
male 11-6 -/- C57BL/6 mice from Jackson Labs were anesthetized by intraperitoneal
pentobarbital injections (40-85 mg/kg). Under deep anesthesia, the abdominal cavity was
opened by a midline approach, and the liver was gently retracted and allowed to rest on the
diaphragm. The common bile duct located below the liver was clamped with a small animal
surgical clip (F.S.T., 00396-01; Foster City, CA, USA) to prevent the injected material from
rapidly flowing into the duodenum. The bile duct draining the left lateral liver lobe was
identified and a ligature (6.0 silk) was placed loosely around the duct. Another ligature was
placed around the base of the gallbladder where it meets the cystic duct. Ectopic oncogene
expression in the biliary tract was achieved by the Sleeping Beauty transposon transfection
system with transduction of murine constitutively active AKT (myr-AKT) and human YAP
(YAPS127A). The following DNA constructs were utilized for intra-biliary oncogene
transduction: 11.25 pg AKT-PT3EF1a, 11.25 ug YAP2-PT3EF1a, 11.25 pg GFP-PT3F1d,
and 2.5 ug pCMV-Sleeping Beauty (SB) transposase. The transposase was generated as
previously described.1* 100 pL of the plasmid solution in in vivo jetPEl (Polyplus; New
York, NY, USA) was prepared according to the manufacturer's instructions and injected into
the gallbladder with enough pressure to allow the solution to distend the biliary system. A
sterile cotton tipped applicator was held over the injection site for about a minute to prevent
leakage. The ligature around the left lateral liver lobe duct was then tied off so as not to
allow the plasmid solution to flow from this bile duct to the common bile duct. Following
plasmid injection and the left lateral bile duct ligation, the common bile duct was
unclamped. The ligature around the base of the gallbladder was then tied and a
cholecystectomy performed. Internal organs were returned to their original position. The
abdominal wall and skin were closed in separate layers with absorbable chromic 3-0 gut
suture material. Then, each animal was injected with 1 ug of IL-33 or 1 pg of IL-6 (R&D;
Minneapolis, MN, USA) i.p. starting on postoperative day 1 for 3 days.

Cell lines and culture

The non-malignant, SV40-immortalized human cholangiocyte cell line H69 was maintained
as previously described.1® 16 The murine non-malignant, immortalized cholangiocyte cell
line 603B17: 18 was cultured in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 pg/mL) in a
humidified 5% CO» incubator at 37°C.
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Immunofluorescence in mice liver specimens

Frozen tissue samples of mice tumors and corresponding samples of normal liver tissue were
sectioned into 5 um frozen sections on a cryomicrotome (Leica, Buffalo Grove, IL), air-
dried and stored at -80°C. Sections were fixed with 4% paraformaldehyde and permeabilized
using Triton-X. Sections were subsequently blocked for 1 h at room temperature with
calcium- and magnesium-free Dulbecco's phosphate buffered saline (PBS) containing 5%
bovine serum albumin (BSA), and incubated with primary antibody for 12 h at 4°C.
Antibodies were diluted in PBS containing 5% BSA. Primary antibodies and their dilutions
were as follows: green fluorescent protein (GFP) (1:50; Santa Cruz Biotechnology, Santa
Cruz, CA), ST2 (1:50; Abcam, Cambridge, MA), cytokeratin 19 (1:50; Santa Cruz
Biotechnology), and a-smooth muscle actin (a-SMA,; 1:100, Abcam). After washing, slides
were incubated with corresponding secondary antibodies in the dark for 1 h at room
temperature, washed again, and mounted using Prolong Antifade with 4/,6-diamidino-2-
phenylindole (DAPI, Invitrogen, Grand Island, NY) to visualize the nuclei. The slides were
analyzed using fluorescent confocal microscopy equipped with an ultraviolet laser (LSM
780; Zeiss, Jena, Germany).

Immunohistochemistry in human CCA and mice liver specimens

Tissue samples of human cholangiocarcinomas and corresponding samples of normal liver
tissue (n=18) were obtained with Institutional Review Board approval. Liver tissue from
euthanized mice was fixed in 4% paraformaldehyde for 48 h, embedded in paraffin, and
sectioned into 3.5 pm slices. Human CCA specimens were prepared in a similar manner.
Paraformaldehyde-fixed, paraffinembedded liver tissue sections were deparaffinized,
hydrated and incubated with primary antibody overnight at 4°C. Antibody sources and
dilutions are as follows: pAKT (1:50), YAP (1:25), and phospho-STAT3 (1:200) from Cell
Signaling (Danvers, MA); a-smooth muscle actin (1:500), ST2 (1:500), and CK-19 (1:500)
from Abcam (Cambridge, MA); PanCK (1:500; Dako, Carpinteria, CA), SOX9 (1:1000;
Millipore, Billerica, MA), HepParl (1:40; Thermo Fisher Scientific, Waltham, MA). PanCK
antibody was used as it only recognizes biliary epithelia in mice liver.1® Bound antibodies
were detected with biotin conjugated secondary antibodies and diaminobenzidine (Vector
Laboratories, Burlingame, CA) as a substrate and the tissue slices were counterstained with
hematoxylin.

Quantitative real-time and qualitative polymerase chain reaction

mMRNA was isolated from fresh frozen tissue sections and cells using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany). Reverse transcription was performed using Moloney
Murine Leukemia Virus Reverse Transcriptase (Promega Co., Tokyo, Japan) and random
primers (Invitrogen, Grand Island, NY). Real-time polymerase chain reaction (PCR; Light
Cycler, Roche, Indianapolis, IN) for quantification of the cDNA template was performed
using SYBR green (Roche, Indianapolis, IN) as the fluorophore.20 Target gene expression
was calculated using the standard curve method. For qualitative gene expression, PCR
products were subjected to electrophoresis on a Tris-Borate-EDTA gel containing 1.5%
agarose and subsequently viewed using the Alphaimager HP system (Proteinsimple, CA)
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according to the manufacturer's protocol. Expression was normalized to 18S rRNA. Primers
used are listed in Supplementary Table 1.

RNA Sequencing

RNA sequencing was conducted by the Mayo Medical Genomics Facility. RNA libraries
were prepared according to the manufacturer's instructions for the TruSeq RNA Sample
Prep Kit v2 (Illumina, San Diego, CA). The liquid handling Eppendorf (Hamburg, GER)
EpMotion 5075 robot was employed for TruSeq library construction. All AMPure bead
clean up, mRNA isolation, end repair and A-tailing reactions was completed on the 5075
robot. Reverse transcription and adaptor ligation was performed manually. Briefly, poly-A
MRNA was purified from total RNA using oligo dT magnetic beads. The purified mMRNA
was fragmented at 95°C for 8 minutes, eluted from the beads and primed for first strand
cDNA synthesis. The RNA fragments were then copied into first strand cDNA using
SuperScript 111 reverse transcriptase and random primers (Invitrogen, Carlsbad, CA). Next,
second strand cDNA synthesis was performed using DNA polymerase | and RNase H. The
double-stranded cDNA was purified using a single AMPure XP bead (Agencourt, Danvers,
MA) clean-up step. The cDNA ends were repaired and phosphorylated using Klenow, T4
polymerase, and T4 polynucleotide kinase followed by a single AMPure XP bead clean-up.
The blunt-ended cDNAs were modified to include a single 3’ adenylate (A) residue using
Klenow exo- (3’ to 5’ exo minus). Paired-end DNA adaptors (Illumina) with a single “T”
base overhang at the 3’ end were immediately ligated to the ‘A tailed” cDNA population.
Unique indexes, included in the standard TruSeq Kits (12-Set A and 12-Set B) were
incorporated at the adaptor ligation step for multiplex sample loading on the flow cells. The
resulting constructs were purified by 2 consecutive AMPure XP bead clean-up steps. The
adapter-modified DNA fragments were enriched by 12 cycles of PCR using primers
included in the Illumina Sample Prep Kit. The concentration and size distribution of the
libraries were determined on an Agilent Bioanalyzer DNA 1000 chip (Santa Clara, CA). A
final quantification, using Qubit fluorometry (Invitrogen, Carlsbad, CA), was done to
confirm sample concentration. Libraries were loaded onto paired end flow cells at
concentrations of 8-10 pM to generate cluster densities of 700,000/mm? following Illumina's
standard protocol using the Illumina cBot and cBot Paired End Cluster Kit version 3. The
flow cells were sequenced as 51 x 2 paired end reads on an Illumina HiSeq 2000 using
TruSeq SBS Sequencing Kit version 3 and HCS v2.0.12 data collection software. Base-
calling was performed using Illumina' s RTA version 1.17.21.3.

Bioinformatics analysis workflow

Bioinformatics analysis was performed by the Mayo Bioinformatics Core Facility to
interpret differential expression of mouse tumor tissue, adjacent liver tissue, normal control
and human tumor tissue and adjacent liver tissue. The processing of the mRNA data was
performed using MAP-RSeq (v1.2.1.3).21 MAP-RSeq consists of the following steps:
alignment, quality control, obtaining genomic features per sample and finally summarizing
the data across samples. The pipeline provides detailed quality control data across genes
using the RSeQC (v2.3.2) software.22 Paired-end reads are aligned by TopHat (v2.0.6)23
against the mm 10 genome build using the bowtiel aligner2* option. Gene counts were
generated using HTSeq (v0.5.3p9) software and the gene annotation files were obtained

Hepatology. Author manuscript; available in PMC 2015 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yamada et al.

Page 6

from Illumina. Differential expression analysis comparing mouse tumor tissue vs. adjacent
liver, mouse control samples vs. adjacent liver, and human tumor tissue vs. adjacent liver
were computed using the edgeR package (v2.6.2).2° Human tissue was derived from CCA
patients with advanced disease and consisted of 24-paired samples from patients with
intrahepatic CCA and 6-paired samples from patients with extrahepatic CCA. To facilitate
comparison across species, only genes that coincide in humans and mouse were included in
the analysis. Genes that were differentially regulated over 2-fold, with a false discovery rate
or FDR<0.1 were analyzed using Ingenuity Pathway Analysis as well as uploaded for
visualization to Panda Xplorer.

Immunoblot analysis

Whole cell lysates were prepared as previously described.® Proteins were resolved by SDS-
page and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories Inc.).
Membranes were blotted with primary antibody at the indicated dilutions. Antibodies
sources were as follows: Actin (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA) and
ST2 (1:1000; Abcam, Cambridge, MA). Fluorochrome-labeled secondary antibodies for
rabbit and goat (1:10000) were from LICOR (Lincoln, NE). Bound antibodies were detected
using Odyssey (LICOR, Lincoln, NE) infrared scanning.

Enzyme-Linked ImmunoSorbent Assay (ELISA)

200 mg of liver tissue was homogenized in 500 uL PBS and subsequently centrifuged at
10,000 x g at 4°C for 15 min. Protein concentration of the supernatant was measured using
DC protein assay kit (Bio-Rad, Hercules, CA). The concentration of IL-6 in the supernatant
was measured by IL-6 ELISA Kit using the manufacturer's protocol (R&D Systems,
Minneapolis, MN). The concentration of CA 19-9 was measured by CA 19-9 ELISA kit
using the manufacturer's protocol (Elabscience, WuHan, P.R.C.).

Statistical analysis

Results

Data are expressed as mean + standard error from at least three independent experiments.
Statistical analysis was performed using Student's t-test or Fisher's exact test for categorical
data. The chi-square test was used to examine differences in tumor occurrence rate.
Differences were considered as significant at levels of p < 0.05. All statistical analysis was
completed using JMP 10.0 software (SAS Institute, Tokyo, Japan).

Biliary tract transduction of AKT and YAP is IL-33 independent

In male C57BL/6 mice, we first sought to determine whether the combination of unilobar
bile duct ligation, oncogene transduction, and 1L-33 enhances liver inflammation. Serum
aminotransferase levels were higher when bile duct ligation was coupled with oncogene
transduction. However, serum aminotransferase levels did not increase significantly
following IL-33 administration (Fig. 1A). Hence, acute 1L-33 administration does not
modulate liver injury in this model. Intrabiliary instillation of a Sleeping Beauty transposon-
transposase complex expressing GFP revealed significant transduction of the
cholangiocytes, but not hepatocytes, in the bile duct ligated lobe 7 days later; GFP
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transduction did not require IL-33 administration (Fig. 1B). Next, expression of AKT and
YAP was assessed by immunohistochemistry following biliary instillation to further
determine the efficiency of the oncogene transduction. AKT and Y AP expression was noted
in cholangiocytes (PanCK positive cells) in the ligated biliary lobe of mice with transduction
of these oncogenes but not in the control group (Fig. 1C). Consistent with our observation
with GFP transduction, addition of IL-33 did not enhance transduction of AKT or YAP.
Hence, 1L-33 does not enhance transposon transduction of the biliary epithelium, which is
unexpectedly quite efficient.

Biliary transduction of AKT/YAP combined with systemic IL-33 facilitates tumor
development

Next, we set out to determine whether the combination of unilobar bile duct ligation and
oncogene transduction promotes biliary tumorigenesis in male C57BL/6 mice. Ten weeks
after surgery with bile duct ligation and oncogene transduction, CCA tumors developed in
20% of animals with biliary transduction of both AKT and YAP in the absence of I1L-33
(Fig. 2A, Supplementary Fig. 1). Interestingly, systemic IL-33 significantly increased tumor
development when combined with both AKT and YAP transduction, with 72% of these
animals developing tumors (Fig. 2A). Tumors predominantly occurred in the ligated bile
duct lobe. 1L-33 administration alone did not induce tumor occurrence. Tumor occurrence
appears to be a diffuse process along the biliary system rather than one restricted to certain-
sized bile ducts. Expression of AKT and YAP as ascertained by immunohistochemistry and
mMRNA analysis was significantly enhanced in tumor tissue compared to corresponding liver
tissue (Fig. 2B). Collectively, these observations indicate that transposase-mediated
transduction of constitutively active AKT and YAP in the biliary epithelium coupled to
IL-33 administration facilitates hepatobiliary tumor development.

Murine tumors are morphologically and phenotypically similar to human CCA

Murine tumors had marked histological resemblance to human CCAs with features such as
hyperplasia of irregular glands and presence of dyskaryotic cells (Fig. 3A). Similar to
resected human CCA specimens, immunohistochemistry analysis of murine tumors
demonstrated the presence of both pancytokeratin (PanCK) and SOX9 (Fig. 3A,
Supplementary Fig. 2). In contrast, HepPar1, a marker of hepatocellular carcinoma, was not
expressed in murine tumors or human CCA resected specimens. Murine CCA also contained
abundant a-SMA positive myofibroblasts, therefore duplicating the desmoplasia observed in
human CCA (Fig. 3B). Similar to human CCA,! levels of the serum marker CA 19-9 were
significantly elevated in the murine tumors (Fig. 3C).

RNA sequencing analysis of mouse tumors compared to adjacent liver and control mice
indicated upregulation of a number of genes and signaling pathways. Similar analysis of
human CCA specimens and adjacent livers was conducted. Differential expression analysis
of murine CCA gene expression coupled with human CCA gene expression demonstrated
that 774 genes were upregulated and 879 genes were downregulated in both mice and
human tumors (Fig. 4A, 4B, Supplementary file 1). The top 25 upregulated and
downregulated genes common to both the murine and human CCA specimens are depicted
in Tables 1 and 2, respectively.
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A number of signaling cascades including developmental, proliferative, and metabolic have
been linked to pathogenesis of CCA.1 Additionally, it has recently been demonstrated that
Y AP activates the Notch pathway by upregulating jagged 1 (JAGL) in human hepatocellular
carcinoma.2’ To further elucidate whether these tumors recapitulate these human
phenotypes, Notch and IL-6 pathways were investigated. Expression of Notchl, Notch2,
Jagl, and Hesl, a transcription target of the Notch signaling pathway, was significantly
increased in murine tumors compared to corresponding liver tissue (Fig. 4C). Furthermore,
murine tumors had abundant expression of 11-6 and its transcription target anti-apoptotic
protein myeloid cell leukemia-1 (Mcl-1) (Fig. 4C).20 Taken together, these findings suggest
that murine tumors in our model are morphologically and phenotypically similar to a subset
of human CCA.

The IL-33 receptor, ST2, is present in murine tumors and human cholangiocytes

As exogenous IL-33 facilitated tumorigenesis in our murine model, we therefore examined
expression of its cognate receptor, ST2. Both cholangiocyte cell lines expressed ST2 (Fig.
5A). Notably, a significant increase in 2 mRNA expression was observed in murine
tumors compared to the corresponding liver tissue (Fig. 5B). Furthermore,
immunohistochemistry and immunofluorescence also demonstrated abundant ST2
expression in murine tumors (Fig. 5C, 5D). ST2 expression was observed in both the cancer
cells and the cancer-associated fibroblasts, suggesting ST2 plays a role in tumor and tumor
stroma biology. These data indicate that the mouse CCAs recapitulate the human CCA
phenotype in which a significant increase in ST2 expression was also observed (Fig. 5E,
5F). Hence, cholangiocytes and cholangiocarcinoma cells are likely direct targets of IL-33 in
our model, and CCA retains the ST2 expression present in non-malignant cholangiocytes.

IL-33 induces IL-6 expression in murine tumors

We have previously demonstrated that IL-6 contributes to the pathogenesis of CCA by
increasing Mcl-1 expression via activation of JAK/STAT signaling cascades.2? To elucidate
the potential mechanism underlying IL-33 mediated tumor development, we assessed its
effect on various developmental, proliferative, and metabolic pathways. Exposure to I1L-33
significantly enhanced IL-6 expression in a human immortalized, but non-malignant
cholangiocyte cell line (Fig. 6A). Furthermore, mouse tumor tissue displayed a significant
increase in IL-6 levels as assessed by ELISA compared to adjacent liver and control mouse
tissue (Fig. 6B). Correspondingly, STAT3 nuclear expression was observed in murine tumor
tissues (Fig. 6C). These findings suggest that I1L-33 facilitates tumor development by
promoting IL-6 expression. Accordingly, CCA development following biliary transduction
of AKT/YAP coupled with systemic IL-33 was significantly attenuated in I1-6 -/-mice (Fig.
6D). Interestingly, tumor development was noted in only one mouse. This tumor had
expression of PanCK, SOX9, plus HepParl (Fig. 6E), features of mixed CCA-HCC,
suggesting that IL-6 potentiates both efficient oncogenesis and differentiation to the CCA
phenotype. Estrogen-mediated inhibition of IL-6 has been shown to reduce the risk of
hepatocellular carcinoma in female mice.28 Interestingly, we also had a reduction in tumor
development in female mice compared to male mice consistent with a role for IL-6 in this
oncogenic model (Fig. 6F). Consequently, we next sought to determine whether IL-6 can
substitute for IL-33. Indeed, systemic administration of IL-6 following biliary transduction
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of AKT/YAP resulted in tumor development at a rate similar to that observed with oncogene
transduction coupled with I1L-33 administration (Fig. 6G); these tumors were histologically
indistinguishable from those tumors forming following IL-33 administration. Taken
together, our data support a novel and important role of the biliary mitogen IL-33 in
promoting tumorigenesis by enhancing IL-6 expression, and, indeed, IL-6 can substitute for
IL-33 in this carcinogenesis model.

Discussion

This study describes a new model of murine CCA. These data indicate that: i) direct
instillation of a Sleeping Beauty transposase with oncogene containing transposons is
sufficient to transduce the biliary epithelia; ii) I1L-33 administration facilitates tumor
development following transduction of the biliary epithelia; iii) the tumors which develop
are morphologically and phenotypically similar to human CCA; and iv) IL-33 promotion of
tumor development appears to be, in part, IL-6-dependent. These findings are discussed in
greater detail below.

Hydrodynamic injection of Sleeping Beauty transposase plus oncogene containing
transposons via the tail vein will transduce a sufficient number of hepatocytes to induce liver
tumors.14 Indeed, transduction of the liver with active Notch plus AKT signaling oncogenes
results in the development of intrahepatic cholangiocarcinoma.2? However, these tumors are
cystic in morphology and are derived from hepatocytes and hence may not mimic
desmoplastic human CCA arising from the biliary epithelia. Therefore, we extended this
model by direct instillation of the transposon transduction system into the biliary tree.
Despite the absence of a hydrodynamic process, transduction of biliary epithelial cells with
the oncogenes was observed, suggesting biliary epithelial cells are unexpectedly susceptible
to this transduction approach; perhaps, components in bile (lipids and bile acids) may
support the uptake of transposons via the apical surface of cholangiocytes.

We chose AKT and YAP oncogenes to develop this model given the importance of AKT in
many cancers including CCA,8 2 and YAP because not only is it a relevant oncogene but
also preliminary data from the systemic hydrodynamic transduction approach demonstrated
development of desmoplastic liver cancers with this oncogene (data not shown), a cardinal
feature of human CCA. Although the combination of intrabiliary instillation of
constitutively active AKT and YAP oncogenes did result in the development of CCA, the
efficiency was modest. Based on this experience, we reasoned a potent biliary mitogen
would promote the necessary chromatin changes required for efficient oncogenic signaling
and thereby promote CCA development. IL-33 was recently identified to be a potent biliary
mitogen and participate in biliary repair processes.!! Given this information, we examined a
role for IL-33 in oncogene-induced murine CCA development, and observed a 3-fold
increase in mice developing this CCA in the presence of this cytokine. Whether this effect of
IL-33 is direct or indirect is unclear. The receptor for 1L-33, ST2, was observed in murine
cholangiocytes and a human cholangiocyte cell line and responded to 1L-33 by generating
IL-6, a canonical cellular response to ST2 stimulation. The importance of this pathway in
CCA oncogenesis was substantiated by demonstrating that IL-6 can substitute for IL-33 in
facilitating tumorigenesis in this model, and by the observation that a significant reduction
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in CCA development occurs in 11-6 -/- mice. IL-6 dependence of this tumor development is
similar to the requirement for IL-6 in the development of murine hepatocellular
carcinoma.30 IL-33 also has been shown to promote liver inflammation and fibrosis, 2
processes providing a substrate for hepatobiliary tumor development.! Hence, likely by
affecting multiple pro-tumor processes, direct and indirect, 1L-33 facilitates oncogene-
induced CCA in mice.

Our current model employs Y AP oncogenesis, an inflammatory cytokine, and segmental
bile duct obstruction to cause CCA. All three components of this model are germane to
human CCA. First, YAP nuclear expression is present in a large subset of human CCA,
implicating dysregulation of the Hippo signaling pathway in human cancer.3! Second, our
model of CCA appears to be phenotypically similar to the inflammatory subset of human
CCAs described by Sia et al.3 For example, the cancers were desmoplastic and manifest
activated STATS3, key features of the inflammatory subset of CCA. IL-6, a major
inflammatory cytokine, is richly expressed by human CCA,32 and plays a survival role in
these cells by a STAT3-dependent upregulation of the antiapoptotic Bcl-2 protein Mcl-1.8
Identical pathway activation was also present in our murine model of CCA. Finally, our
employment of segmental bile duct obstruction (used to retain the transposons within the
biliary system) may also promote oncogenesis by inducing obstructive cholestasis, a known
contributor to human CCA development.! Thus, our model of murine CCA matches a subset
of human CCA.

In summary, we have developed a murine model of murine CCA which is time-efficient,
robust, arises in situ from the biliary epithelia, and mimics many features of the human
disease. The model should prove quite useful in exploring oncogenic signaling in these
cancers. For example, the role of IDH mutations or FGFR2 fusion genes described in human
CCA can now be readily examined in our model. The model also lends itself to therapeutic
studies, and exploitation of this feature may be its greatest potential.
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pancytokeratin
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Figure 1.
Biliary tract oncogene transduction of AKT and YAP is an efficient, IL-33-independent

process. (A) Levels of the aminotransferases AST and ALT were increased in mice which
underwent biliary tract transduction of AKT and YAP and BDL compared to control mice
which did not undergo BDL.. IL-33 administration did not result in a further increase in
aminotransferase levels. [Control (n=5), Control+IL-33 (n=5), SB (n=5), SB+IL-33 (n=5),
SB+AKT+YAP (n=10), SB+AKT+YAP+IL-33 (n=25)]; Mean + SD are depicted. (B)
Immunofluorescence was used to detect GFP in cholangiocytes (CK19 positive cells) in
mice which had undergone biliary transduction of SB+GFP with or without systemic IL-33
administration and BDL (upper panel). The number of GFP and CK19 positive cells was
quantified in 5 high power fields and expressed as a percentage of total (lower panel). Mean
+ SD are depicted for n=5. Original magnification: 63x. (C) Representative
photomicrograph of hematoxylin and eosin-stained (H&E) sections from the ligated lobes of
mice sacrificed 10 weeks after undergoing biliary transduction of SB +/-AKT +/-Y AP with
or without systemic IL-33 administration (top panels). Immunohistochemistry was used to
detect PanCK, pAKT, and YAP expression in these mice (2", 39, and bottom panels,
respectively). Original magnification: 60x.
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Figure 2.
Biliary transduction of murine AKT plus human YAP combined with systemic IL-33

facilitates biliary tumorigenesis. (A) Liver appearance of mice ten weeks after having
undergone biliary transduction of SB+/-AKT+/-YAP coupled with BDL and subsequent
systemic IL-33 administration (1 pg i.p. for 3 days) (upper panels). Black line surrounds the
ligated lobe. Percentage of animals with tumors (lower panel). (Control, n=5; Control
+IL-33, n=5; SB, n=5; SB+IL-33, n=5; SB+AKT, n=5; SB+AKT+IL-33, n=5; SB+YAP,
n=5; SB+YAP+IL-33, n=5; SB+AKT/YAP, n=10; SB+AKT/YAP+IL-33, n=17). (B) Mice
with biliary transduction of AKT and Y AP have increased expression of these oncogenes.
Expression of Akt and YAP was quantified in mouse tumor tissue, corresponding adjacent
tissue, and control mouse liver tissue by qRT-PCR (left panels). Mean + SD are depicted for
n=5 (control mouse liver tissue) and n=4 (tumor and corresponding adjacent tissue).
Immunohistochemistry was used to detect phospho-AKT (pAKT) and YAP in mouse tumor
and corresponding adjacent liver tissue (right panels). Original magnification: 60x. I.p.,
intraperitoneal.
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Murine tumors have histological resemblance and phenotypic features of human CCA. (A)
Representative photomicrograph of hematoxylin and eosin-stained tumor sections and
adjacent liver from mice having undergone biliary transduction of AKT+YAP coupled with
BDL and systemic 1L-33 administration (1 ug daily for 3 days) (upper panel) and human
CCA tissue are shown (lower panel). Immunohistochemistry was used to detect PanCK,
SOX9, and HepParl in these murine tumors (upper panels) and human CCA (lower panels).
Original magnification: 20%. (B) Immunohistochemistry was used to detect a-SMA in
murine tumors (left panel) and human CCA (right panel). Original magnification: 60x. (C)
ELISA was used to detect CA 19-9 levels in murine tumor tissue and control liver.
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Comparison of upregulated and downregulated genes in murine tumors. (A) Venn diagram
illustrating genes that are upregulated in both murine tumors and human CCA specimens
(n=30) compared to corresponding normal livers. (B) Venn diagram illustrating genes that
are downregulated in both murine tumors and human CCA specimens (n=30) compared to
corresponding normal livers. (C) Expression of Notchl, Notch2, Jagl, Hes 1, Mcl-1, and 11-6
was quantified in murine tumors, corresponding adjacent liver, and mouse control liver by
gRT-PCR. Mean + SD are depicted for n=5 (control mouse liver tissue) and n=4 (tumor and
corresponding adjacent tissue).
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ST2 mRNA, relative expression
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Figureb.
The IL-33 receptor, ST2, is present in murine tumors and human immortalized, non-

malignant cholangiocytes and its expression is increased in murine tumors. (A) Expression
of ST2 was assessed in mouse (603B) and human immortalized, non-malignant (H69)
cholangiocytes using qualitative PCR (left panel) and immunoblot analysis (right panel). 18s
was used as a normalization control for PCR and -Actin was used as a loading control for
immunoblot analysis. (B) Expression of 2 was quantified in murine tumors, corresponding
adjacent liver, and mouse control liver by gqRT-PCR. Mean + SD are depicted for n=5
(control mouse liver tissue) and n=4 (tumor and corresponding adjacent tissue). (C)
Immunohistochemistry was used to detect ST2 in murine tumors and corresponding adjacent
liver. Original magnification 20x. (D) Immunofluorescence was used to detect ST2 in
murine CCA cells (CK19 positive) compared to CAF (a-SMA positive) (left panel). The
number of ST2 positive CCA cells and CAF was quantified in 5 high power fields and
expressed as a percentage of total. Mean + SD are depicted for n =7 (right panel). Original
magnification: 63x. (E) Expression of ST2 was quantified in human resected CCA
specimens and corresponding normal livers by gRT-PCR. Mean + SD are depicted for n=12.
(F) Immunohistochemistry was used to detect ST2 in human resected CCA specimens.
Original magnification: 60x.
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Figure6.
IL-33 induces IL-6 expression in murine normal cholangiocytes and tumors. (A) Expression

of I1-6 was quantified using gqRT-PCR in murine immortalized, non-malignant
cholangiocytes prior to 1L-33 exposure and 24 and 48 h after IL-33 (10 ng/mL) exposure.
Mean + SD are depicted for n=5, ** P < .01. (B) ELISA was used to detect IL-6 levels in
murine tumor tissue, corresponding adjacent liver, and control liver. Mean + SD are
depicted for n=3 (murine tumor and corresponding adjacent liver) and n=5 (murine control
liver). (C) Immunohistochemistry was used to detect phospho-STAT3 (pSTAT3) in murine
tumors. Original magnification: 60x. (D) I1-6 -/- mice were sacrificed 10 weeks after having
undergone biliary transduction of SB+AKT+YAP coupled with BDL and subsequent
systemic IL-33 administration (1 pug i.p. for 3 days). Percentage of animals with tumors
(n=5). (E) Representative photomicrograph of hematoxylin and eosin-stained tumor sections
(H&E) and adjacent liver are shown. Immunohistochemistry was used to detect pAKT,
YAP, PanCK, SOX9, and HepParl expression in these mice. Original magnification: 20x.
(F) Female C57BL/6 mice were sacrificed 10 weeks after having undergone biliary
transduction of SB+AKT+YAP coupled with BDL and subsequent systemic I1L-33
administration (1 g i.p. for 3 days). Percentage of animals with tumors (n=8). (G) Male
C57BL/6 mice were sacrificed 10 weeks after having undergone biliary transduction of SB
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+AKT+YAP coupled with BDL and subsequent systemic IL-6 administration (1 pug i.p. for 3
days). Percentage of animals with tumors (n=7).
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Table 1

Genes upregulated in murine tumors and human CCA. RNA sequencing was used to analyze genes
upregulated in murine tumors compared to corresponding adjacent liver, and in human CCA specimens and
corresponding adjacent liver. The differential gene expression in murine tumors and human CCA specimens
was compared to determine genes that are upregulated in both. The top 25 upregulated genes in both the
murine tumors and human CCA specimens are listed.

Mouse CCA Human CCA

Gene Fold-change (log2) p-value Fold-change(log2) p-value

Tgfb2 5.13 8.1E-46 3.33 6.5E-31
Wnk2 5.59 2.3E-45 2.34 5.7E-17
Krt19 5.06 4.3E-44 2.10 2.0E-06
Semaba 6.00 2.2E-41 3.39 4.1E-73
Clicé 8.27 5.8E-37 3.46 1.3E-29
Glis3 5.48 2.0E-34 2.66 1.7E-40
Flnc 6.37 2.5E-33 3.04 2.4E-16
Hmgcll1 7.81 4.9E-33 5.26 1.1E-104
Mki67 4.52 8.9E-33 2.47 1.1E-17
Myo5c 591 3.8E-32 3.89 3.0E-49
Pcdh19 11.75 3.2E-31 7.21 5.9E-142
Egflam 5.48 8.1E-31 2.53 4.9E-21
Itgb4 5.10 9.0E-31 511 5.5E-33
Top2a 4.27 1.1E-30 7.24 5.9E-82
Sh3pxd2b 5.25 4.6E-30 1.37 2.2E-07
Ptpn13 5.11 3.5E-29 4.65 3.0E-74
Plat 5.09 5.8E-29 2.11 7.4E-16
Sncg 5.87 1.3E-28 7.69 8.8E-100
Prom1 3.89 1.3E-28 1.56 6.7E-07
Pcytlb 5.66 4.7E-28 2.22 3.3E-36
Ptpn14 4.06 9.1E-28 1.19 1.0E-07
Afapl 4.18 1.9e-27 6.47 1.4E-21
uncshb 4.03 2.1E-27 1.12 2.9E-07
Hepacam 5.90 3.4E-27 2.44 7.5E-11
B4galté 4.05 9.3E-27 1.50 1.7E-03
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Table 2

Genes downregulated in murine tumors and human CCA. RNA sequencing was used to analyze genes
downregulated in murine tumors compared to corresponding adjacent liver, and in human CCA specimens and
corresponding adjacent liver. The differential gene expression in murine tumors and human CCA specimens
was compared to determine genes that are downregulated in both. The top 25 downregulated genes in both the
murine tumors and human CCA specimens are listed.

Mouse CCA Human CCA

Gene Fold-change (log2) p-value Fold-change(log2) p-value

Hal -3.45 7.5E-06 -3.93 1.6E-22
Igfbp2 -3.39 1.4E-05 -12.98 8.7E-135
Pck1 -3.36 3.8E-04 -1.97 7.6E-60
Hsd17b6 -3.23 5.7E-09 -1.21 9.2E-03
Leap2 -3.04 3.9E-14 -12.50 2.0E-114
Gnmt -3.02 4.2E-05 -8.97 7.1E-49
Hpd -2.88 8.5E-04 -10.47 1.4E-80
Agxt -2.85 1.4E-05 -1.76 3.6E-05
Cesda -2.81 6.2E-04 -9.38 1.8E-55
Scnnla -2.79 2.9E-06 -5.56 5.6E-41
Nr0ob2 -2.75 3.0E-06 -1.85 4.0E-08
Gls2 -2.70 5.6E-08 -4.83 1.7E-35
Nnmt -2.63 4.3E-09 -6.89 4.4E-20
Kbtbd12 -2.57 4.0E-05 -10.57 1.2E-124
Ponl -2.56 3.4E-04 -8.56 4.0E-39
Assl -2.54 1.0E-08 -11.57 1.2E-220
Ang -2.52 3.0E-05 -12.69 7.8E-116
Eif4ebp3 -2.52 2.2E-08 -6.82 2.7E-10
Slc26a4 -2.50 7.4E-05 -3.56 2.1E-17
Cypla2 -2.48 1.2E-03 -17.90 0.0E+00
C8g -2.48 2.5E-07 -3.40 2.9E-27
Cyp2el -2.48 7.0E-03 -15.94 3.1E-79
Tymp -2.44 8.1E-09 -6.76 1.6E-150
Slc27a5 -2.44 6.1E-04 -9.88 9.6E-91
Lipc -2.43 3.8E-06 -13.42 6.3E-90
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