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Abstract

Background & Aims: YAP aberrant activation is implicated in intrahepatic cholangiocarcinoma
(iCCA). TEAD mediated transcriptional regulation is the primary signaling event downstream

of YAP. The role of Wnt/pB-Catenin signaling in cholangiocarcinogenesis remains undetermined.
Here, we investigated the possible molecular interplay between YAP and p-Catenin cascades in
iCCA.

Methods: Activated Akt (Myr-Akt) was co-expressed with Yap (YapS127A) or Tead2VP16

via hydrodynamic tail vein injection into the mouse livers. Tumor growth was monitored, liver
tissues were collected and analyzed using histopathologic and molecular analysis. Yap, p-Catenin,
and TEAD interaction in iCCAs was investigated through co-immunoprecipitation. Conditional
Ctnnb1 KO mice were utilized to determine p-Catenin function in murine iCCA models. RNA
sequencing (RNASeq) was performed to analyze the genes regulated by YAP and/or p-Catenin.
Immunostaining of total and non-phosphorylated/activated g-Catenin staining was performed in
mouse and human iCCAs.

Results: We discovered that TEAD factors are required for YAP-dependent iCCA development.
However, transcriptional activation of TEADs did not fully recapitulate YAP’s activities in
promoting cholangiocarcinogenesis. Notably, B-Catenin physically interacted with YAP in
human and mouse iCCA. Ctnnb1 ablation strongly suppressed human iCCA cell growth and
Yap-dependent cholangiocarcinogenesis. Furthermore, RNASeq analysis revealed that YAP/TAZ
regulate a set of genes significantly overlapping with those controlled by p-Catenin. Importantly,
activated/non-phosphorylated p-Catenin was detected in over 80% of human iCCAs.

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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Conclusion: YAP induces cholangiocarcinogenesis via TEAD-dependent transcriptional
activation and interaction with p-Catenin. p-Catenin binds to YAP in iCCA and is required for
YAP full transcriptional activity, revealing the functional crosstalk between YAP and p-Catenin
pathways in cholangiocarcinogenesis.

Lay summary:

YAP drives cholangiocarcinogenesis via TEAD mediated transcriptional activation and functional
crosstalk with p-Catenin. p-Catenin physically interacts with Yap in cholangiocarcinoma and is
required for YAP’s oncogenic activity.

Graphical Abstract
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Introduction

Cholangiocarcinomas (CCAS) are highly heterogeneous hepatobiliary malignant tumors
with features of cholangiocyte differentiation. They can be subdivided into three subtypes
according to the anatomical location: intrahepatic (iCCA), perihilar (pCCA), and distal
(dCCA) 1. iCCA is the second most common type of primary liver tumor after
hepatocellular carcinoma (HCC), accounting for ~10-15% of all hepatobiliary malignancies
2,3 iCCA incidence is increasing globally 1. Due to limited therapeutic options, there is an
urgent need to uncover signaling pathways underlying iCCA tumorigenesis to develop novel
and effective therapies against this deadly malignancy.

Hippo is a tumor suppressor pathway inactivated in several tumor types, including iCCA 4,
YES-associated protein (YAP) acts as a transcriptional coactivator downstream of Hippo.
YAP exerts its functions predominantly by interacting with the TEA domain (TEAD)-

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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containing transcription factors and additional proteins (Fig. S1) ©. Structurally, YAP is

a multidomain protein, possessing an N-terminal proline-rich domain, the TEAD binding
domain (TBD), WW domain(s), the SH3-binding motif, the transcriptional activation
domain (TAD), and a C-terminal PDZ-binding motif 7. TBD and TAD are essential for
YAP transcriptional activities, whereas the other domains mediate YAP-protein interactions
(Fig. S1). YAP is critical for cancer initiation, progression, and metastasis 8. Studies have
demonstrated increased YAP nuclear expression in human iCCA specimens, and activated
YAP levels correlate with a worse prognosis in iCCA patients 1. The oncogenic role of YAP
in cholangiocarcinogenesis has been further substantiated /77 vivo. Indeed, the co-expression
of activated forms of Akt (myr-Akt) and Yap (YapS127A) induces iCCA formation in mice
(Akt/Yap)®.

The Wnt/B-Catenin pathway is an evolutionarily conserved pathway with a critical role

in regulating liver homeostasis, regeneration, and carcinogenesis. Activated Wnt/p-Catenin
is implicated in hepatoblastoma (HB) and HCC development, as gain of function (GOF)
mutations in the CTNNBI gene, encoding p-Catenin, occur in these two tumor entities.
CTNNBI mutations are instead infrequent in iCCA 10, A few studies have reported the
activation of the Wnt/B-Catenin signaling in human iCCA 11, and the precise function(s) of
this pathway in cholangiocarcinogenesis remains poorly understood.

Using the Ak#/Yap induced iCCA model, we investigated the molecular mechanisms
whereby YAP drives cholangiocarcinogenesis. The present data suggest that YAP induces
iCCA development via TEAD mediated transcriptional activation and crosstalk with -
Catenin.

Materials and Methods

Constructs and Reagents

The plasmids used for /n vitroand in vivo studies are detailed in Sup. Table 1. All plasmids
were extracted using the Endotoxin Free Prep Kit (Sigma-Aldrich, St. Louis, MO, USA).
Detailed cloning information is available in Supporting Materials and Methods.

Cell lines and cell Culture

Human iCCA cell lines RBE, HUCCT-1 and KKU156, mouse iCCA cell lines M1-1a,
M4-2a, and M4-2b (kindly provided by Dr. Gregory J. Gores of Mayo Clinic, Rochester,
MN), and human embryonic kidney cell line HEK-293FT were used in this study. All cells
were cultured in Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich, St. Louis,
MO) with 10% fetal bovine serum (FBS) (Sigma-Aldrich) and 1% penicillin-streptomycin
(PS) (Sigma-Aldrich), and incubated at 37°C, 5% CO2.

siRNA transfection

Cells were plated in a 6-well culture plate. When cells reached 60% confluence, cells
were transfected with siRNA (siCon, siYAR siTAZ, or sIYAP/TAZ) and Lipofectamine
RNAIMAX Transfection Reagent (ThermoFisher Scientific) diluted in Opti-MEM (Gibco,
Grand Island, NY). siCon, siYAP (cat AM16708, assay ID 17374), siTAZ (cat AM16708,

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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assay ID 23134) were purchased from ThermoFisher Scientific. Detail dosage and
procedures were conducted according to the manufacturer’s protocol. After 48 hours of
transfection, cells were harvested for RNA analysis.

Lentivirus packaging and cell transduction

Early passaged HEK-293FT cells were cultured in a DMEM medium without PS before
producing lentiviral particles. HEK-293FT cells were plated in a 10 cm dish and incubated
at 37°C, 5% CO,. When cells reached 60-70% confluence, cells were co-transfected with
plasmids mixture (9.2 ug psPAX2 + 2.8 ug pMD2.G + 12 g Plenti-Gene) and 30 pl
Lipofectamine 2000 reagents (Invitrogen) diluted in 500ul Opti-MEM. Cells were incubated
at 37°C, 5% CO, for 48 or 72 hours. Lentiviral supernatant was harvested, spun at 500 g
for 3 minutes, and filtered through a 0.45-mm PES filter (Millipore, Bedford, MA). RBE,
HUCCT-1, and KKU156 cells were infected with virus and fresh culture medium at the
volume ratio 1:1. Then, 48 hours later, cells were treated with puromycin-containing media
(2 pg/ml for RBE, 1.0 pg/ml for HUCCT-1, and 1.5 pg/ml for KKU156) to select for cells
with stable expression of the target gene with the puromycin resistance. Stable selected
cells were used for IF, qRT-PCR, co-1P, WB, colony formation assay, and RNA Sequencing
Analysis. Detailed protocols and information are available in Supporting Materials and
Methods.

Human Tissue Samples

For Co-immunoprecipitation (co-IP) studies, human CCA tissues were obtained following
curative surgical resections from patients with CCA at the West China Hospital (Sichuan
University, Chengdu, China). Additional human CCA and corresponding non-tumorous
liver tissues were retrieved from the Clinical Biospecimen Repository and Processing
Core, Pittsburgh Liver Research Center (Pittsburgh, PA). For the CTANNBI expression and
B-Catenin activation studies, human iCCA and corresponding surrounding non-tumorous
liver tissues were collected at the Universities of Greifswald (Greifswald, Germany) and
Regensburg (Regensburg, Germany). Institutional Review Board approval was obtained at
the local Ethical Committee of the Sichuan University (Chengdu, China, approval code:
2013-210), University of Pittsburgh (approval codes: 20040276 and 19070068), and the
Medical Universities of Greifswald (approval code: BB 67/10) and Regensburg (approval
code: 17-1015-101), in compliance with the Helsinki Declaration. Written informed consent
was obtained from all individuals.

Mouse experiments

Wildtype FVB/N mice and Ctnnb1f0x/flox mice (in the FVB/N genetic background) were
from the Jackson Laboratory (Sacramento, CA). Yap™o¥flox mice (in the FVB/N genetic
background) were kindly provided by Dr. Eric Olson from the University of Texas
Southwestern Medical Center (Dallas, TX). At five to seven weeks of age, mice of the

same gender were subjected to hydrodynamic tail vein injection in parallel, as described in
our previous study 12, to induce iCCA formation. The dosages of plasmids used for iCCA
murine models are shown in Sup. Table 2. Mice were maintained and monitored continually
following the Committee for Animal Research protocols at the University of California, San
Francisco (San Francisco, CA). Mouse liver tissues were harvested for H&E, IHC, IF, co-IP,

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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WB, and qRT-PCR analysis. Detailed protocols and information are available in Supporting

Materials and Methods.

Statistical Analysis

Results

Data were analyzed using the Prism 6.0 software (GraphPad, San Diego, CA). Comparisons
between the two groups were performed using the Mann-Whitney U test for non-parametric
data or the Unpaired t-test for parametric data. Survival curves were analyzed using the
Log-rank (Mantel-Cox) test. Data are presented as mean = SD. £< .05 was considered
statistically significant.

TEAD mediated transcriptional activation is required for YAP driven
cholangiocarcinogenesis

YAP primarily functions via TEAD mediated transcriptional activation. Based on The
Cancer Genome Atlas (TCGA) CHOL dataset, the expression levels of TEADI-4were all
significantly increased in human iCCAs compared to non-neoplastic surrounding livers (Fig.
S2). Furthermore, we consistently observed nuclear accumulation of TEAD in human iCCA
cell lines (Fig. S3-S5). Thus, we hypothesized that YAP/TEAD mediated transcriptional
activation is sufficient and necessary for YAP-induced cholangiocarcinogenesis. To test

this hypothesis, we utilized the Akt/Yap-induced murine iCCA model 9. Specifically, mice
were subjected to hydrodynamic injection of activated Akt together with either activated
YapS127A (Akt/Yap) or YapS127AS94A, a Yap mutant form unable to bind to TEADs
(Akt/YapS94A) (Fig. 1A). Notably, the prevention of YAP/TEAD interaction completely
inhibited liver tumor formation in mice. Indeed, Akt/YapS94A mice appeared healthy by 21
weeks post-injection, while all Ak#/Yap mice were moribund due to a high tumor burden
within 11 weeks after injection (Fig. 1B). Numerous highly proliferative iCCAs occupied
most liver parenchyma in Ak#/Yap mice (Fig. 1C). In striking contrast, liver tissues from
Akt/YapS94A mice were normal, with few Ki67 positive proliferating cells, at the same
time point (Fig. 1C). Even by 21 weeks post-injection, no tumor nodules were detectable on
Akt/YapS94A livers. Histologically, only AKT-induced hepatic steatosis 13 was appreciable
in those livers (Fig. S6).

Next, we determined whether inhibiting Yap/TEAD interaction could suppress iCCA
growth. For /n vivo experiments, we co-expressed Akt/Yap oncogenes together with the
dominant-negative form of TEAD2 (dnTEAD?2) (Akt/Yap/dnTEAD?2), or the competitive
TEAD binding protein VGLL4 (Akt/Yap/VGLL4) in mice. pT3-EF1la empty vector was co-
injected with Akt/Yap as control (Akt/Yap/pT3) (Fig. STA). Notably, Yap/TEAD interaction
inhibition strongly hampered Akt/Yap-driven iCCA formation (Fig. S7TB-S7C), leading

to prolonged mouse survival and decreased iCCA tumor burden. Consistently, in human

and mouse iCCA cell lines, overexpression of dnTEAD?2 decreased YAP target genes’
expression, including CTGFand CYRé61, and strongly inhibited iCCA cell growth (Fig. S8).

Altogether, the data demonstrate the requirement of TEAD for YAP-induced
cholangiocarcinogenesis.

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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TEAD dependent transcriptional activation does not fully recapitulate YAP activation
during cholangiocarcinogenesis

Using the Tead2VVP16 construct, we demonstrated recently that TEAD mediated
transcription fully recapitulates Yap activities during Yap/B-Catenininduced hepatoblastoma
(HB) development 14, To determine whether Yap/TEAD mediated transcriptional activation
is sufficient to drive Yap-driven iCCA formation /n vivo, activated Akt and Tead2VVP16
plasmids were co-injected into mice (Akt/Tead?V/P16) (Fig. 2A). It is important to note that
Tead2VP16 fusion induces TEAD-mediated transcription independent of the endogenous
TEAD proteins. Intriguingly, Akt/Tead2\/P16 co-expression drove iCCA formation in mice,
although tumor development required a significantly longer latency than Akt/Yap mice

(Fig. 2B-2C). Tumor lesions were appreciable in Akt/Yap liver as early as 2.5 weeks
post-injection (Fig. S9A and S9C). At this time point, no iCCA lesions developed in Akt/
Tead?V/P16 mice (Fig. S9A and S9C). In the Akt/Tead?V/P16 model, small iCCA lesions
were detected ~8 weeks post-injection, when numerous iCCA lesions occupied most of the
liver parenchyma in Akt/Yap mice (Fig. S9B-S9C). Consistently, a significantly smaller
CK19 positive area and a lower tumor cell proliferation characterized Akt/Tead?VP16
mouse livers (Fig. 2D-2E). The data imply that TEAD mediated transcriptional activity is
not entirely equivalent to YAP activation during iCCA development.

To investigate the molecular mechanisms underlying this phenotype, we performed
molecular analyses of iCCA lesions from Akt/Yap and Akt/Tead?V/P16 mice. Similar AKT/
mMTOR activation levels were detected in the iCCA lesions from the two mouse models
(Fig. S10A-S10B). Intriguingly, most Yap target genes, such as Ctgf, Cyr61, Notch2, and
Jag1, and downstream Notch pathway genes, such as Hes1, Hey1, and HeyZ, were expressed
at lower levels in Akt/Tead2V/P16iCCA lesions (Fig. 2F), suggesting a lower level of

Yap transcriptional activity in Akt/Tead2V/P16 driven iCCA. Consistently, RNA sequencing
(RNASeq) analysis of the Akt/Yap and Akt/Tead?\/P16 iCCA transcriptome revealed that
multiple YAP target genes 1° were expressed at lower levels in Akt/Tead2V/P16iCCA

(Fig. S10C, Supplementary Dataset). Furthermore, the lower expression of NOTCH2 and
JAGGED1 was confirmed at the protein level (Fig. SI0A-S10B). In addition, CcndI and
c-Myzc, known to be regulated by multiple pathways, also exhibited lower expression levels
in Akt/Tead2V/P16iCCA lesions (Fig. 2F). Besides, Western blotting revealed lower levels
of PCNA and SURVIVIN in Akt/Tead?VVP16iCCAs (Fig. SLOA-S10B), supporting lower
cell proliferation in this model.

In summary, these findings imply that in addition to TEAD mediated transcriptional
activation, other mechanisms support the full activation of YAP and its oncogenic properties
in cholangiocarcinogenesis.

Yap promotes cholangiocarcinogenesis independent of WW, SH3, and PDZ domains

Yap interacts with various proteins through the WW, SH3, and PDZ domains (Fig. S1).
We hypothesized that one of these domains might be required for the full activation of
Yap in iCCA. Therefore, we generated different recombinant Yap constructs by deleting
WW, SH3, or PDZ domains (YapAWW, YapASH3, or YapAPDZ). The expressions of the
resulting proteins were confirmed by Western Blotting (Fig. S11A). Each construct was

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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co-injected into mice associated with activated Akt, with Ak#/Yap as the control (Fig. S11B).
Surprisingly, all the truncated Yap forms effectively induced iCCA in mice (Fig. S11C-
S11D). Ablation of SH3 did not affect iCCA formation, as Akt/YapASH3 and Akt/Yap mice
developed cholangiocellular tumors with similar latency. Notably, deletion of WW or PDZ
significantly accelerated tumor progression (Fig. S11D-S11E), suggesting that WW and
PDZ domains negatively regulate Yap-mediated iCCA development.

Overall, the findings suggest that the major protein interaction domains, including WW,
SH3, and PDZ, are dispensable or negatively regulate Yap-driven cholangiocarcinogenesis.

Yap physically interacts with B-Catenin in cholangiocarcinoma

RNASeq on Akt/Yap iCCA and Akt/Tead?VP16iCCA lesions identified 1354 genes
differentially regulated in the two models (Fig. S12A, Supplementary Dataset). We focused
on genes downregulated in Akt/Tead2V/P16iCCA. Pathway analyses revealed that the Wnt
signaling was enriched in the downregulated genes (Fig. S12B), suggesting the possible
involvement of Wnt/B-Catenin cascade in YAP-driven cholangiocarcinogenesis. Previous
studies indicate that YAP binds to B-Catenin in various cell types 16-19, Therefore, we
hypothesized that YAP/B-Catenin interaction might be necessary for Yap full activation in
iCCA.

First, we determined whether YAP physically binds to B-Catenin in human and mouse
iCCAs. For this purpose, the RBE and KKU156 cell lines were transfected with a Flag-
tagged YapS127A plasmid. Immunoprecipitation (IP) of YAP followed by immunoblotting
for B-Catenin revealed that YAP directly interacts with p-Catenin in RBE and KKU156 cells
(Fig. 3A). Similarly, direct binding of YAP and p-Catenin was detected in Ak#/Yap mouse
iCCA lesions (Fig. 3B), as well as human iCCAs collected at two different medical centers
(Fig. 3C and Fig. S13A). Furthermore, additional experiments demonstrated that B-Catenin
could also co-IP with TEADs, suggesting that B-Catenin, YAP, and TEADs form a complex
in iCCA cells (Fig. S13B).

Next, we analyzed the cellular localization of YAP and B-Catenin in human and mouse
iCCA cells using immunofluorescence. In human iCCA cell lines, pronounced nuclear
and weak cytoplasmic immunoreactivity for YAP was detected, whereas p-Catenin showed
predominantly membranous staining. However, a small subset of RBE and KKU156 cells
exhibited a positive B-Catenin nuclear staining. In these cells, p-Catenin co-localized with
Yap (Fig. S14-S15). Similar results were obtained in Ak#/Yap iCCA lesions (Fig. S16A).
Isolating the cytoplasmic and nuclear extracts and performing co-IP revealed that YAP and
[B-Catenin interacted in both cytoplasmic and nuclear fractions (Fig. S16B). Consistently,
immunohistochemical staining of YAP and B-Catenin in human iCCA sections revealed
the simultaneous nuclear and cytoplasmic localization of YAP and p-catenin as well as
activated/non-phosphorylated g-Catenin (non-p-p-Catenin) (Fig. S17).

Finally, we investigated the functional domains allowing the YAP interaction with
B-Catenin. In mouse iCCAs induced by various YAP deletions, including YapAWW,
YapASH3, and YapAPDZ (Fig. S11), we could readily detect the binding of p-Catenin
and TEAD with these YAP truncated forms (Fig. 3D). We made additional truncated

Gastroenterology. Author manuscript; available in PMC 2023 August 01.
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forms of Yap constructs, including YapATBD and YapA(TAD+PDZ) (Fig. S18). When
transfected into the cells, p-Catenin successfully bound to most truncated Yap forms,
including YapAPDZ, except for YapA(TAD+PDZ) (Fig. 3E). The results demonstrate that
Yap interacts with B-Catenin via its transcriptional activation domain in iCCA.

YAP/TAZ and p-Catenin regulate an overlapping set of genes in human iCCA cells

Based on these observations, we hypothesized that p-Catenin interacts with YAP in iCCA
cells. Once associated, this complex might regulate the expression of a set of target genes
in cholangiocarcinogenesis. To test this hypothesis, we silenced p-Catenin in RBE human
iCCA cells using shp-Catenin (shpCat) (Fig. S19) and performed RNASeq. We identified
3338 genes downregulated and 3259 genes upregulated by shpCat, respectively (Fig. S20A,
Supplementary Dataset). Knockdown of g-Catenin in iCCA cells decreased mRNA levels
of CTNNBI and its targets AXINZ, c-MYC, and CCND1, but not many other canonical
Whnt target genes, such as GLUL, TBX3, TCF7, LEF1, RNF43, TIAM1, MMP7, and CD44
(Fig. S20B). Consistently, further analysis of the canonical Wnt/B-Catenin pathway genes
revealed that this gene expression signature was not enriched in the genes downregulated
by shpCat (Fig. S20C). The results suggest that f-Catenin might regulate distinct pathways
instead of the canonical Wnt cascade in iCCA. The analysis of the Kyoto Encyclopedia

of Genes and Genomes (KEGG) revealed that pathways downregulated by shpCat were
involved in RNA transport, DNA replication, cell cycle, and p53 signaling (Fig. S21).

Next, we specifically searched for canonical Hippo/YAP/TAZ targets to assess whether

they are regulated by p-Catenin in iCCA cells. Notably, silencing of B-Catenin triggered
consistent downregulation of Hippo/YAP/TAZ effectors, including CTGF, NOTCHZ,
ABCBI1, TXN, CRIMI1, CCDC80, AREG, and ASAPI (Fig.4A), most of which are TEADs-
dependent YAP target genes. The results support our hypothesis that an intact g-Catenin
might be necessary for YAP’s full activation in iCCA.

To further substantiate this observation, we analyzed genes regulated by Hippo or g-Catenin
in human iCCA cells globally. Studies have shown that YAP and its paralog TAZ may play
redundant roles in regulating target gene expression in tumors 20, Indeed, knockdown YAP
alone only led to a moderate reduction of its target gene expression, while simultaneous
depletion of YAP and TAZ resulted in robust suppression of CTGFand CYR61 levels

in human iCCA cells (Fig. S22). Therefore, we performed RNAseq following YAP/TAZ
knockdown (siYT) in RBE cells (Fig. S23). RNASeq identified 2519 genes downregulated,
including YAPI and WIWTRI (which encodes TAZ), and 1994 genes upregulated by siYT,
respectively, in RBE cells (Fig. S24A and Supplementary Dataset). Among the genes
downregulated by siYZ are the canonical Hippo/YAP/TAZ target genes, such as C7GF,
NOTCHZ, ABCB1, TXN, CRIM1, and CCDC80 (Fig. S24B and Supplementary Dataset).
KEGG analysis revealed that the pathways downregulated by siYT include RNA transport,
p53 signaling, DNA replication, and cell cycle pathways (Fig. S25). Further investigation
showed that 1003 genes were commonly downregulated in siYZ- and shpCat-treated RBE
cells (Fig.4B). These overlapping genes belong to RNA transport, DNA replication, and
cell cycle categories (Fig. 4C) and have prominent roles during tumorigenesis. In all siYZ

Gastroenterology. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

p-Catenin is

Page 10

downregulated genes, 39.8% were downregulated by shpCat, whereas only 8.3% were
induced by shpCat. The difference was statistically significant (P < .01).

Altogether, YAP/TAZ and p-Catenin regulate an overlapping set of genes with critical roles
in tumorigenesis. Thus, B-Catenin might significantly contribute to the full activation in
iCCA.

critical for Yap dependent iCCA development in mice

Our data suggest that an intact p-Catenin signaling is necessary to fully activate YAP

and cholangiocarcinogenesis. In human iCCA cells, B-catenin knockdown significantly
inhibited cell growth and YAP target gene expression (Fig. S26). If the hypothesis is
correct, one would predict that ablation of CtnnbZ would significantly suppress Yap-driven
iCCA formation in mice. For this purpose, we utilized conditional CtnnbI KO mice
(Ctnnb170X/floxy - Cinpp1flox/flox mice were hydrodynamically injected with Akt and Yap
plasmids together with the pCVVM/Cre construct (Akt/Yap/Cre). This strategy allowed the
deletion of Ctnnb1 while co-expressing Akt and Yap oncogenes in the same set of mouse
hepatocytes. Additional Ctnnb1™0X/flox mice were injected with Akt, Yap plasmids and the
pCVM empty vector (Akt/Yap/pCMV) as a control (Fig. 5A). Ablation of endogenous
[B-Catenin strongly delayed tumor development in mice (Fig. 5B and S27A). Specifically,
all Akt/Yap/pCMV mice became moribund by 7 to 10 weeks post-injection due to a high
tumor burden, similar to Ak#/Yap injected wildtype mice (Sup. Table 3). In striking contrast,
all Akt/Yap/Cre mice appeared healthy, and no liver tumor developed (Sup. Table 3). When
mice were harvested at around 21 weeks post-injection, most mice showed only a few small
tumor nodules on the liver (Fig. 5C and Sup. Table 3). To exclude that the co-injection of
Cre interferes with transformation efficiency, wildtype FVB/N mice were co-injected with
Akt, Yap, and Cre plasmids. Akt/Yap/Cre mice in wildtype background became moribund
by 7 to 10 weeks post-injection, similar to Akt/Yap/pCMV injected Ctnnb17oX/flox mijce
(Fig.S27B).

Histological evaluation revealed that ablation of B-Catenin did not change the tumor
phenotype, as tumors developing in Akt/Yap/pCMV and Akt/Yap/Cre mice shared similar
histological features (Fig.5C, Fig. S27C, and Sup. Table 3). All tumors stained positive

for CK19 and Kl67 (Fig.5C and S27C). IHC and Western blotting confirmed AKT and
YAP overexpression in Akt/Yap/pCMV and Akt/Yap/Cre lesions (Fig. S27C and S28A). All
Akt/Yap/pCMViCCAs demonstrated positive p-Catenin staining, whereas all Akt/Yap/Cre
lesions showed only sporadic p-catenin staining (Fig. 5C and S28B). Using double
immunofluorescence (IF) staining, we confirmed that the p-Catenin positive cells within
the iCCA lesions were either fibroblasts (VIMENTIN (+)) or endothelial cells (CD31 (+)),
whereas all tumor cells (CK19 (+)) lost B-Catenin expression (Fig. S28B—S28E). The results
indicate that ablation of B-Catenin strongly suppresses the initiation of AkZ/Yap-driven
iCCA development /n vivo, but does not affect iCCA differentiation program.

To further substantiate our conclusion, we injected Akt and Yap plasmids together with
AXIN2, a known B-Catenin inhibitor, into mice (Akt/Yap/Axin2). Akt/Yap/pT3 mice
were used as the control (Fig.S27D). As expected, p-Catenin inhibition via AXIN2
overexpression strongly inhibited Ak#/Yap-driven iCCA formation (Fig.S27E).
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Notch signaling is a critical pathway downstream of Yap in Akt/Yap-driven

iCCA development, as blocking the Notch cascade suppressed Akt/Yap-dependent
cholangiocarcinogenesis 21. Co-expression of activated Akt and Notch (Nicd) led to rapid
iCCA formation (Akt/Nica) 22. While Yap expression could be detected in Akt/Nicd iCCA
lesions, Yap ablation only mildly delayed Ak#/NicdiCCA development (Fig. 6A-6C and
S29A). Thus, if p-Catenin modulates Yap activity, we predicted that B-Catenin has a limited
role in Akt/Nicd iCCA formation. To test this hypothesis, we hydrodynamically injected
Akt/Nicd/pCMV or Akt/Nicd/Cre plasmids into Ctnnb10X/floX mice (Fig. 6D). Distinct
from Akt/Yap mice, where ablation of Ctnnb1 strongly suppressed tumor development

(Fig. 5B), deletion of p-Catenin only mildly delayed Ak#/Nicd iCCA formation (Fig.

6E), phenocopying Yap deletion in this iCCA model (Fig. 6B). Importantly, histological
and biochemical analysis confirmed that all Akt/Nica/Cre tumor cells were p-Catenin
negative (Fig. 6F and S29B), indicating that Ak¢/Nicd readily induces iCCA formation in
the Ctnnb1 KO genetic background. As Tead2V16 mimics TEAD mediated transcription,
Akt/Tead?V/16 drives iCCA formation in a largely Yap-independent and endogenous TEAD-
independent manner. Consistently, we found that ablation of Ctnnb1 only mildly affected
Akt/Tead2V/16 driven iCCA pathogenesis (Fig. S30).

To further validate that intact B-catenin is indispensable for Yap-dependent iCCA
development, we selected another mouse iCCA model induced by Akt, Jagl, and Fak
co-expression (Akt/Jagl/Fak). Akt/Jagl/Fak combination induces iCCA formation in a
Yap-dependent manner 23. Thus, we hydrodynamically injected Akt/Jag1/Fak/jpCMV or
Akt/Jag1/Fak/Cre plasmids into Ctrnb1™0X/floX mice (Fig. 7A). Notably, ablation of Cinnbi
strongly suppressed Akt/Jag1/Fak induced iCCA formation, recapitulating the results from
the Akt/YapiCCA model (Fig. 5B and 7B). Akt/Jagl/Fak/oCMV livers were almost entirely
occupied by numerous large iCCAs at 11 weeks post-injection when Akt/Jag1/Fak/Cre livers
were virtually normal (Fig. S31). Even 35 weeks post-injection, Akt/Jag1/Fak/Cre mice
were still alive (Fig. 7B), and, upon dissection, only small tumor nodules were detected.
Histologically, the lesions were iCCA, characterized by the loss of B-catenin expression

in tumor cells and low proliferation (Fig. 7C). These data indicate that p-Catenin deletion
significantly delays Yap-dependent Akt/Jag1/Fak iCCA development.

Overall, the present findings indicate that functional B-catenin is indispensable for Yap-
dependent iCCA development.

Inactivation of Hippo and activation of the Wnt/g-catenin pathway in human iCCA

Inactivation of the Hippo cascade and consequent upregulation of YAP/TAZ are prominent
molecular events in human iCCA 4 °. This finding was validated here using genes
downregulated in siYT cells. Notably, this gene list was enriched in genes upregulated in
iCCA samples using the TCGA CHOL dataset and the NCI human iCCA dataset 2% 25 (Fig.
S32A). Furthermore, KEGG pathway analysis revealed that genes downregulated in siYT
cells and upregulated in human iCCA samples are predominantly involved in cell cycle and
DNA replication (Fig.S32B-S32C).

However, whether the p-Catenin pathway is activated in human iCCA remains unclear as
genetic events leading to p-Catenin activation, such as mutations of CTNNBI or AXINI,

Gastroenterology. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 12

are rarely found in human iCCA. Analysis of the TCGA CHOL dataset revealed that the
canonical target genes of B-Catenin, such as GLUL, TBX3, SP5, LGR5, LECTZ, OAT,
HADH, and PLOD?, are not upregulated in human iCCAs (Fig. S33). These data suggest the
lack of activation of the canonical Wnt/g-Catenin signaling in iCCA. Interestingly, increased
CTNNBI, multiple WNT ligands, and FZDs mRNA expression was observed in human
iCCA based on the TCGA database (Fig. S34-S35) and in Akt/Yap iCCAs (Fig. S36).

The increased CTANNBI mRNA expression in iCCA was further validated using our human
iCCA collection (n=58; Fig. S37A, Sup. Table 4). We also found that human iCCA patients
with high CTNNBI mRNA expression display a poor prognosis (Fig.S37B). Furthermore,
this association remained strongly significant after multivariate Cox regression analysis
(Supplementary Material), suggesting CTAMNBI mRNA levels as an independent prognostic
factor for iCCA.

Next, we analyzed whether the genes downregulated in shpCat RBE cells were enriched

in human iCCA samples. Notably, 28.7% of shpCat-downregulated genes were upregulated
in iCCA based on the NCI dataset, and this was statistically significant (P< .001) (Fig.
S38A). KEGG analysis of these overlapping genes revealed that they are associated with
cell cycle and DNA replication (Fig. S38B). Similar results were obtained using the TCGA
CHOL dataset (Fig. S38A, S38C). Altogether, these data support the activation of p-Catenin
in human iCCA.

To further investigate this important question, we analyzed a collection of human

iCCA (n=225) by immunohistochemistry (Fig. S39). In nontumorous surrounding liver
tissues, weak staining for B-catenin was observed in hepatocytes, whereas a more robust
membranous and cytoplasmic staining characterized the biliary cells. In contrast, strongly
homogeneous membranous and cytoplasmic immunoreactivity for total and activated/non-
phosphorylated p-catenin was predominant in iCCA samples (182/225; 80.9% and 191/225;
84.8%, respectively). In addition, intense and homogeneous nuclear staining was detected
in 7 samples (3.11%; Fig. S40), while 12 (5.3%) iCCA exhibited uniform or sparse areas

of intense p-catenin cytoplasmic immunoreactivity containing scattered tumor cells with
nuclear p-catenin accumulation (Fig. S40).

Consistent with human iCCA data, overexpression of non-phosphorylated p-Catenin was
detected in all Akt/Yap, Akt/Nicd, and Akt/Jag1/Fak iICCA tumors when compared with
normal livers (Fig.S41-S42).

Altogether, these results demonstrate the increased non-p-p-Catenin expression regardless
of the patients’ clinicopathological data, implying that activation of f-Catenin is a general
phenomenon in human iCCA. The data highlight the increased expression and activation of
B-Catenin independent of CTNNBI mutations in iCCA.

Discussion

A major conclusion of the current study is the discovery of p-Catenin activation in human
and mouse iCCAs. As CTNVNBI mutations are rare in iCCA, it is most likely that B-Catenin
is activated via the Wnt ligands. Indeed, we observed increased expression of multiple
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Whnt ligands and FZD receptors in human iCCA samples and mouse Ak#/Yap iCCA lesions
(Fig.S34-S36). We further analyzed the single cell RNASeq data from mouse iCCA data
set 26, Multiple Wnt ligands could be found to be expressed in cancer-associated fibroblasts
(CAFs) (Fig. S43). These data together indicate that tumor microenvironment might be

the major sources of Wnt ligands in iCCA, and the activation of B-Catenin in iCCA is
likely Wnt-ligand dependent. Nevertheless, additional studies, for example, by deleting the
Whnt co-receptors Lrp5/6 10 in iCCA, are necessary to demonstrate the requirement of

the Wnt pathway in cholangiocarcinogenesis. Previous studies revealed that B-Catenin is
predominantly localized in the membrane of human iCCA cells, suggesting the lack of
[B-Catenin activation. However, several studies have suggested that IHC staining is not a
sensitive technique to address B-Catenin activation status in subsets of liver tumors as can
be seen by lack of clear nuclear B-Catenin but an increase of its target genes like GLUL,
TBX3, and AXIN227. Therefore, a more reliable approach to determine the Wnt/B-Catenin
pathway activation status in the absence of C7NNBI mutations is evaluating activated/
non-phosphorylated B-Catenin levels using either IHC or Western blotting. Using activated/
non-phosphorylated p-Catenin levels as a surrogate marker of p-Catenin activation, our data
support a broad activation of p-Catenin in human and mouse iCCA samples.

In addition, the current study revealed that p-Catenin is a YAP/TEAD partner required for
YAP-dependent cholangiocarcinogenesis. Since p-Catenin is known to function via TCF4
mediated transcriptional regulation, we asked whether TCF4 is the major p-Catenin partner
in iCCA. We thus performed RNASeq on RBE cells with overexpression of the dominant-
negative form of TCF4 (dnTCF4) (Fig. S44A), which blocks p-Catenin/TCF4 mediated gene
expression?8, We found that overexpression of dnTCF4 downregulated multiple canonical
Whnit/B-Catenin target genes, including AXINZ, RNF43, MMP7, and TIAMI (Fig. S44B).
However, dnTCF4 only led to the downregulation of 167 genes and upregulation of 143
genes in RBE cells (Fig. S44C, Supplementary Dataset), significantly less than those
modulated by B-Catenin or YAP/TAZ (Fig. S20A and S24A). Importantly, KEGG analysis
revealed that pathways downregulated by dnTCF4 were different from that by shpCat (Fig.
S45). These data indicate that the primary function of B-Catenin in regulating iCCA is
independent of TCF4. The results might also explain why the canonical Wnt/B-Catenin
pathway, regulated by the p-Catenin/TCF4 complex, is not activated in human iCCAs.

To further investigate how B-Catenin modulates YAP-dependent cholangiocarcinogenesis,
we performed RNASeq studies of Akt/YapiCCAs in wildtype mice and Ctnnbl KO
background (Fig. S46A, Supplementary Dataset). Pathway analysis revealed that the

Ras and MAPK signaling pathways were significantly downregulated in f-Catenin (=)
Akt/Yap iCCA lesions (Fig. S46B). Moreover, several genes controlling the RassrMAPK
signaling, including ERBBZ, SHC1, GRBZ, HRAS, NRAS, KRAS, ARAF, BRAF, RAFI,
MAP2K1, and MAPK1, were downregulated in RBE shpCat cells (Fig. S47. Consistent
with RNASeq results, a lower level of phosphorylated/activated (p-)Erk1/2 characterized -
Catenin () Akt/YapiCCA lesions (Fig. S48A-S48B). Furthermore, silencing of p-Catenin
led to diminished p-Erk1/2 in human iCCA cell lines (Fig. S48C). These data suggest

that, in addition to supporting Yap activity, B-Catenin contributes to iCCA tumorigenesis
through the Ras/MAPK cascade. Moreover, RNASeq analysis revealed decreased expression
of cholangiocarcinoma stem cell markers, such as Cd24, Ca44, and Cd1332°, in B-
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Catenin (=) Akt/Yap iCCAs (Fig. S49), suggesting that p-Catenin might also regulate
cholangiocarcinogenesis by inducing stemness features in cancer cells.

One of the interesting observations of our study is that WW and PDZ domains

negatively regulate Yap-mediated iCCA development. As these domains mediate YAP-
protein interactions, the specific proteins that mediate these inhibitory effects on Yap-driven
cholangiocarcinogenesis should be determined. Previous studies suggest that PRGP2 and
ARID1A sequester YAP via its WW domain and attenuate its transcriptional activity 30: 31,
In addition, zona occludens proteins have been identified as YAP/TAZ negative regulators
via the PDZ domain 32. It would be of interest to determine whether these proteins interact
with YAP in iCCA via the WW or PDZ domain and how they function to inhibit iCCA
development. These studies will provide novel insight into how YAP activity is regulated in
iCCA and possible new targets for iCCA treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What You Need to Know:
BACKGROUND AND CONTEXT:

YES-associated protein (YAP) aberrant activation is a predominant oncogenic event in
human intrahepatic cholangiocarcinoma. However, the precise molecular mechanisms by
which YAP induces cholangiocarcinoma development remain unclear.

NEW FINDINGS:

YAP drives cholangiocarcinogenesis via TEAD mediated transcriptional activation and
interaction with p-Catenin. p-Catenin is activated/non-phosphorylated in most human
cholangiocarcinoma and is required for YAP-dependent cholangiocarcinoma formation.

LIMITATIONS:

As CTNNBI mutations are rare in human cholangiocarcinoma, the molecular
mechanisms leading to the activation of B-Catenin in cholangiocarcinoma remain
undetermined.

IMPACT:

Our findings provide novel mechanisms by which the non-mutant form of g-Catenin
contributes to cholangiocarcinoma formation.
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Figure 1. TEADs is required for Yap-driven iCCA formation in mice.
(A) Study design. FVB/N mice were subjected to HTVi of either Akt/Yap (n=18) or

Akt/YapS94A (n = 11) plasmids. (B) Mouse survival curves. (C) Representative gross
images, H&E, and immunohistochemistry for CK19, HA-TAG and K167 of liver sections
from Akt/Yap (M10.8w.p.i) and Akt/YapS94A (F10.8w.p.i) mice. The red arrow indicates
K167 positive stained nuclei. Scale bar: 500 pm (40x), 100 pm (100x), and 50 um (400x).
Abbreviations: H&E, hematoxylin and eosin staining; w.p.i, weeks post-injection.
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Figure 2. TEAD mediated transcriptional activation is not sufficient to induce Yap-dependent
cholangiocarcinogenesis.

(A) Study design. FVB/N mice were subjected to HTVi of either Ak#/Yap (n=18) or Akt/
Tead2V/P16 (n = 22) plasmids. Akt/Yap, Akt/YapS94A (Fig.1B), and Akt/ead2V/P16 mice
were generated in parallel. (B) Mouse survival curves. (C) Representative gross images,
H&E, and immunohistochemistry for CK19 and K167 of liver sections from Akt/Yap
(M7.9w.p.i) and Akt/Tead2VP16 (M7.9w.p.i) mice. (D) Analysis of CK19-positive areas

in Akt/Yap and Akt/Tead2V/P16 mouse liver tissues at 2.5-11 w.p.i. (E) Quantification of the
K167 positive staining in liver sections from the depicted mice. (F) mRNA expression of Yap
and Notch targets. Data were analyzed by the Mann-Whitney test. Statistical significance:
*P< .05, **P< .01, ***P<.001, ****P< ,0001. Scale bar: 500 pm (40x), 100 um (100x)
and 50 pm (400x). Abbreviations: H&E, hematoxylin and eosin staining; w.p.i, weeks
post-injection.
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Figure 3. Yap physically interacts with g-Catenin in iCCA.
Co-immunoprecipitation assays to detect g-Catenin and Yap interaction. (A, B) Lysates

from human CCA cells transfected with the pT3-EF1aH-FLAG-YapS127A plasmid (A)

or Akt/Yap iCCA tumors (B) were subjected to immunoprecipitation with an anti-Yap
antibody. (C) Lysates from human CCA samples were subjected to immunoprecipitation
with an anti-B-Catenin antibody. (D, E) Lysates from Akt/Yap (FL), Akt/YapAWW,
Akt/YapASH3, Akt/YapAPD.Ztumors (D), or 293FT cells transfected with truncated Flag-
Yap and Myc-p-Catenin plasmids (E) were subjected to immunoprecipitation with anti-
FLAG beads. FVB/N mouse livers (WT) (D) and untreated 293FT cells (E) were used as the
controls.
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Figure 4. Genomic profiling reveals the crosstalk between YAP and B-Catenin signaling cascade

in iCCA.

(A) Fragments per kilobase of transcript per million mapped reads (FPKM) results of YAP
target genes expression. (B) The overlapping downregulated genes in the shpCat and siYT
RBE cell lines. (C) KEGG analysis of downregulated genes in both shpCat and siYT RBE
cell lines. P-value ranked the genes. Red inserts indicate overlapping pathways related to

tumorigenesis.
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Figure 5. Deletion of B-Catenin significantly inhibits Akt/Yap iCCA development in mice.
(A) Study design. Ctnnb1flox/flox mice were subjected to HTVi of either Akt/Yap/pCMV

(control, n = 11) or Akt/Yap/Cre (n = 14) plasmids. (B) Mouse survival curves. (C)
Representative gross images, H&E, and immunohistochemistry for CK19, p-Catenin, and
K167 of liver sections from Akt/Yap/oCMV (M9.8w.p.i) and Akt/Yap/Cre (M20.9w.p.i)
mice. Data were analyzed using the Mann-Whitney test. Scale bar: 500 um (40x) and 50 pm
(400x). Abbreviations: H&E, hematoxylin and eosin staining; w.p.i, weeks post-injection.
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Figure 6. Deletion of B-Catenin mildly delays Akt/Nicd driven iCCA.
(A) Study design. Yap1oX/flox conditional knockout mice were subjected to HTVi of either

Akt/NicdipCMV (control, n = 7) or Akt/Nicd/Cre (n = 6) plasmids. (B) Mouse survival
curves. (C) Representative gross images, H&E, and immunohistochemistry for CK19, YAP,
and K167 of liver sections from YagloXflox Axz/NicapCMV (M3.8w.p.i) and Yapflox/flox
Akt/Nica/Cre (M6.0w.p.i) mice. (D) Study design. Ctnnb1 f1oX/flox mice were subjected to
HTVi of either Akt/Nicd/pCMV (control, n = 7) or Akt/Nicd/Cre (n = 8) plasmids. (E)
Mouse survival curves. (F) Representative gross images, H&E, and immunohistochemistry
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for CK19, B-Catenin, and K167 of liver sections from Ctnnb1foxflox Axt/Nicapcmyv
(M6.0w.p.i) and Ctnnb1MoX/Tlox Akt/Nica/Cre (M6.0w.p.i) mice. Scale bar: 500 pm (40x)
and 50 pm (400x). Abbreviations: H&E, hematoxylin and eosin staining; w.p.i, weeks
post-injection.
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Figure 7. Deletion of B-Catenin strongly suppresses Akt/Jagl/Fak-induced iCCA.
(A) Study design. Ctnnb1fox/flox mice were subjected to HTVi of either Akt/Jagl/Fak/

PCMV (control, n = 4) or Akt/Jagl/Fak/Cre (n = 6) plasmids. (B) Mouse survival curves.
(C) Representative gross images, H&E, and immunohistochemistry for CK19, p-Catenin,
and K167 of liver sections from Akt/Jagl/Fak/pCMV (F11.3w.p.i) and Akt/Jagl/Fak/Cre
(F35w.p.i) mice. Scale bar: 500 pm (40x) and 50 pm (400x). Abbreviations: H&E,
hematoxylin and eosin staining; w.p.i, weeks post-injection.
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