1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
J Hepatol. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
J Hepatol. 2021 October ; 75(4): 888-899. doi:10.1016/j.jhep.2021.05.018.

Focal Adhesion Kinase (FAK) promotes cholangiocarcinoma
development and progression via YAP activation

Xinhua Song?, Hongwei Xul-2, Pan Wang:3, Jingxiao Wang?, Silvia Affo®, Haichuan
Wangl2, Meng Xu®, Binyong Liang’, Li Chel”", Wei Qiu8, Robert F Schwabe®, Tammy T
Chang?®, Marion Vogl10, Giovanni M. Pes!1, Silvia Ribback!2, Matthias Evert0, Xin Chenl,
Diego F. Calvisil0

1Department of Bioengineering and Therapeutic Sciences and Liver Center, University of
California, San Francisco, CA, USA

2Liver Transplantation Division, Department of Liver Surgery, West China Hospital, Sichuan
University, Chengdu, China; Laboratory of Liver Surgery, West China Hospital, Sichuan
University, Chengdu, Sichuan, People’s Republic of China

SCollaborative Innovation Center for Agricultural Product Processing and Nutrition & Health,
Beijing Vegetable Research Center, Beijing Academy of Agriculture and Forestry Science, Beijing,
China

4Beijing University of Chinese Medicine, Beijing, China
SDepartment of Medicine, Columbia University, New York, NY, USA

5Department of General Surgery, The Second Affiliated Hospital of Xi’an Jiaotong University,
Xi'an Jiaotong University, Xi'an, PR China

"Hepatic Surgery Center, Department of Surgery, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China

8Department of Surgery and Cancer Biology, Loyola University Chicago Stritch School of
Medicine, Maywood, IL

9Department of Surgery and Liver Center, University of California, San Francisco, CA, USA

OInstitute of Pathology, University of Regensburg, Regensburg, Germany

Correspondence, proofs, and reprint requests to: Diego F. Calvisi, Institute of Pathology, University of Regensburg, Franz-Joseph-
Strauss Allee 11, 93053 Regensburg, Germany; telephone: +49 941 944 6651; Fax: +49 941 944 6602; diego.calvisi@klinik.uni-
regensburg.de or Xin Chen, UCSF, 513 Parnassus Avenue, San Francisco, CA 94143, USA,; telephone: +1 415 502 6526; Fax: + 1 415
502 4322; xin.chen@ucsf.edu. Or Xinhua Song, UCSF, 513 Parnassus Avenue, San Francisco, CA 94143, USA, telephone: +1 415
502 6510; Fax: + 1 415 502 4322; songxinhua0726@yeah.net.

Current address: R&D Center, Legend Biotech USA Inc, Piscataway, New Jersey, USA
Author Contributions: Xinhua Song, Hongwei Xu, Pan Wang, Jingxiao Wang, Silvia Affo, Haichuan Wang, Meng Xu, Binyong
Liang, Marion Vogl, Giovanni M. Pes, Silvia Ribback, and Matthias Evert acquired experimental data. Li Che provided administrative,
technical, or material support. Diego F. Calvisi, Xin Chen, Robert F Schwabe, Wei Qiu, and Tammy T Chang were involved in study
design and obtaining funding.
Competing interests: The authors have no conflict of interest to disclose.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al. Page 2

1Department of Medical, Surgical, and Experimental Sciences, University of Sassari, Sassari,
Italy

Institute of Pathology, University of Greifswald, Greifswald, Germany

Abstract

Background & Aims: Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase
upregulated in many tumor types and a promising target for cancer therapy. Here, we elucidated
the functional role of FAK in intrahepatic cholangiocarcinoma (iCCA) development and
progression.

Methods: Expression levels and activation status of FAK were determined in human iCCA
samples. The functional contribution of FAK to Akt/YAP murine iCCA initiation and progression
was investigated using conditional Fak KO mice and constitutive Cre or inducible Cre mice,
respectively. The oncogenic potential of FAK was further examined via overexpression of FAK in
mice. /n vitro cell line studies and /in vivo drug treatment were applied to address the therapeutic
potential of targeting FAK for iCCA treatment.

Results: FAK was ubiquitously upregulated and activated in iCCA lesions. Ablation

of FAK strongly delayed Ak/YAP driven mouse iCCA initiation. FAK overexpression
synergized with activated AKT to promote iCCA development and accelerated Akt/Jag-driven
cholangiocarcinogenesis. Mechanistically, FAK was required for YAP(Y357) phosphorylation,
supporting the role of FAK as a central YAP regulator in iCCA. Significantly, ablation of

FAK after Akt/YAP-dependent iCCA formation strongly suppressed tumor progression in mice.
Furthermore, a remarkable iCCA growth reduction was achieved when a FAK inhibitor and
Palbociclib, a CDK4/6 inhibitor, were administered simultaneously in human iCCA cell lines and
Akt/YAP mice.

Conclusions: FAK activation contributes to the initiation and progression of iCCA by inducing
the YAP protooncogene. Targeting FAK, either alone or in combination with anti-CDK4/6
inhibitors, may be an effective strategy for iCCA treatment.

Lay summary
We found that Focal Adhesion Kinase (FAK) is upregulated and activated in human and mouse
intrahepatic cholangiocarcinoma (iCCA) samples. FAK promotes iCCA development, whereas
deletion of FAK strongly suppresses iCCA initiation and progression. Mechanistically, we
discovered that FAK regulates the YAP pathway. Combined FAK and CDK4/6 inhibitor treatment
is highly detrimental for the growth of /n vitroand in vivo iICCA models. This combination
therapy might represent a valuable and novel treatment against human iCCA.

Graphical Abstract
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Introduction

Intrahepatic cholangiocarcinoma (iCCA) is the second most frequent primary liver tumor
with few treatment options. A detailed portrait and understanding of the molecular
mechanisms leading to iCCA development and progression remain an unmet need.

Focal adhesion kinase (FAK), encoded by the PTKZ2gene, is a non-receptor protein tyrosine
kinase.2 Overexpression and activation of FAK are associated with the progression of many
tumor types by modulating cell survival, proliferation, and invasion,3 thus representing a
promising target for cancer therapy.*° Several FAK inhibitors have been tested in clinical
trials, with preliminary results showing cytostatic effects as single agents.> Studies on

the involvement of FAK in cholangiocarcinogenesis have been conducted previously.6.7
However, comprehensive research on the role of FAK in iCCA development and progression
is missing.

Yes-associated protein (YAP) is a main downstream effector of the Hippo pathway.

YAP’s cellular localization controls its activity: cytoplasmic YAP is indeed recruited to

the disruption complex, ubiquitinated, and degraded,® whereas nuclear YAP induces gene
transcription in association with the TEA domain transcription factor (TEAD) DNA binding
proteins.82 Previous studies demonstrated that the nuclear-cytoplasmic translocation of YAP
depends on its phosphorylation status®. Specifically, YAP S127 and S397 sites are negative
regulators of YAP nuclear localization, whereas phosphorylation at the Y357 (p-YAPY357)
residue stabilizes YAP and promotes nuclear localization.1? YAP plays a pivotal role in
iCCA, where its overexpression and nuclear localization are ubiquitous.!! Silencing of
YAP inhibits iCCA cell growth /7 vitro,12 and overexpression of the activated form of

YAP, which is modified at 127 site (YapS127A) and cannot be targeted for proteasomal
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degradation, cooperates with activated AKT to promote iCCA formation in mice.11 Notably,
several observations suggest that FAK mediates YAP nuclear translocation and induces its
full activation.13:14 The possible molecular crosstalk between FAK and YAP has not been
investigated in iCCA.

Here, we evaluated FAK expression in human iCCA and its functional contribution to
cholangiocarcinogenesis using /n vitroand in vivo models.

Materials and Methods

Mouse experiments

Wild-type (WT) FVB/N mice were purchased from Charles River Laboratories
(Wilmington, MA). Fak”f mice were provided by Dr. Hilary Beggs (University of California
San Francisco, San Francisco, CA), and Ya0” mice by Dr. Eric Olson (University of Texas
Southwestern Medical Center, Dallas, TX). Detailed information is available in Table S1.
Mice were housed and monitored under protocols approved by the Committee for Animal
Research, UCSF.

Statistical analysis

Results

Data were analyzed using the Prism 8.0 software (GraphPad, San Diego, CA) and presented
as Means + SD. A two-tailed unpaired t-test was conducted to compare two groups that
achieved Gaussian distribution, or a non-parametric test was performed when the sample
size was small. Welch correction and linear regression were applied when necessary.
Kaplan—-Meier method and log-rank test were used for survival analysis. P values < 0.05
were considered statistically significant.

Additional detailed materials and methods are available in the Supporting document.

FAK is upregulated and activated in human and Akt/YAP iCCA lesions

First, we analyzed the levels of the PTK2gene, encoding FAK, in the TCGA CHOL
dataset.1® Among 36 iCCA analyzed, 3 samples demonstrated £7K2amplification, and
1 harbored a missense mutation (H1033N) (Supplementary Figure 1A). PTKZ2 mRNA
levels were upregulated in iCCA samples compared to the surrounding non-tumorous
liver tissues (Figure 1A). The results were independently validated in the NCI iCCA
dataset (Figure 1A),1516 and our collection of human iCCA samples (Figure 2B). Using
median expression as the cut-off, higher PTK2 mRNA expression correlated with a
lower iCCA survival rate (Figure 1C and Supplementary Tables 2—4). This association
remained strongly significant after multivariate Cox regression analysis (Supplementary
Table 5), supporting PTKZmRNA levels as a possible independent prognostic factor for
iCCA. Using immunohistochemistry, positive immunoreactivity for total FAK and activated/
phosphorylated (p-)FAK Y397 was detected in most iCCA samples (45/50 and 42/50,
respectively). In contrast, a faint/absent staining for total and p-FAKY397 characterized
the non-tumorous surrounding livers (Supplementary Figures 2 and 3). Consistently, we

J Hepatol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 5

retrieved the FAK activation signature from KEGG (FOCAL),” and found that activation of
the FAK signaling pathway is evident based on the TCGA CHOL dataset (Figure 1B).

Previously, we established a mouse iCCA model induced by hydrodynamic transfection

of activated forms of AKT (myr-AKT) and YAP (YAPS127A) (Akt/YAP).1! Using
immunohistochemistry, p-FAK Y397 was readily detected in Ak#/YAPiCCA lesions (Figure
1C). We performed RNASeq analysis of Akt/YAPICCA (Figure 1D). Gene expression
signature analysis confirmed FAK cascade’s activation in Ak#/YAP mouse iCCA (Figure
1D).

Altogether, the data demonstrate FAK activation in human and mouse iCCA.

FAK is required for iCCA growth in vitro and tumor initiation in vivo

We found that FAK is expressed in KKU-M213 and HUCC-T1 human iCCA cell lines.
Culturing these cells on collagen triggered increased p-FAK Y397 levels (Supplementary
Figure 4A). PTKZ2was silenced in the two cell lines using shPTK2, which effectively
decreased FAK protein expression (Supplementary Figure 4B). FAK loss significantly
suppressed the clonogenic capacity of both iCCA cell lines cultured in the two-dimensional
culture matrix (Supplementary Figure 4B). Notably, shPTK2 decreased iCCA cell growth in
Collagen | 3D growth condition (Supplementary Figure 4C). Mechanistically, FAK ablation
induced the expression of apoptosis-related protein cleaved caspase 3 (Supplementary
Figure 4D) but did not affect proliferation-associated proteins, including p-Rb, PCNA, and
Cyclin A/D1/E. Accordingly, PTK2 silencing via specific small-interfering RNA resulted

in a mild decline of proliferation but a robust induction of apoptosis in KKU-M213 and
HUCCT-1 cells (Supplementary Figure 5A-C). These data suggest FAK is required for
human iCCA cell growth /n vitro, mainly via apoptosis suppression.

To unravel the functional significance of FAK in the regulation of Ak#/YAP-driven
cholangiocarcinogenesis /n vivo, we simultaneously deleted FAK while overexpressing
AKT and YAP oncogenes in the mouse liver using FAK conditional KO (Fak™ mice.

In brief, Aktand YAPwith pCMV-Cre (Akt/YAF/Cre) plasmids were injected into Fak”"
mice. As a control, additional Fak”f mice were injected with Akt/YAPand pCMV empty
vector (Akt/YAP/pCMV) (Figure 2A). In accordance with previous findings, 26 all control
Akt/YAP/pCMV mice developed large abdominal masses and required euthanasia by 6-10
weeks post-injection. In striking contrast, loss of FAK strongly delayed Akt/YAP-driven
liver tumor development. However, eventually all Akt/YAP/Creinjected Fak”f mice became
moribund and were harvested by 20 weeks post-injection (Figure 2B).

Grossly, when two cohorts of mice were harvested at 10 weeks post-injection, the liver
tumor burden, estimated using total liver weight, was significantly lower in the Akt/YAP/Cre
group (Figure 2C and 2D). Histologically, numerous tumor lesions occupied most of the
liver parenchyma in Akt/YAP/pCMV mice at 10 weeks post-injection. At this time point,
only small tumor lesions were appreciable instead in Akt/YAP/Cre mouse livers (Figure 2D).
Western blot analysis confirmed FAK loss in Akt/YAP/Cre mice (Figure 2E).
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Morphologically, Akt/YAP/pCMV tumors were classified as pure iCCA, as also
substantiated by positive immunoreactivity for the biliary marker CK19 and negative
immunolabeling for the hepatocellular marker HNF-4a (Figure 2F). Intriguingly, lesions
consisted primarily of hepatic adenoma or HCC, but not iCCA, in Akt/YAP/Cre liver tissues.
Even at 20 weeks post-injection, when large tumor lesions were present in Akt/YAP/Cre
mouse livers, most lesions were HCC-like. This observation was confirmed by CK19 and
HNF-4a immunohistochemistry (Figure 2F) and by gRT-PCR analysis of alpha-fetoprotein
(Afp) and Glypican 3 (Gpc3) HCC markers (Figure 2G).

Loss of FAK did not affect liver tumor cell proliferation, as indicated by equal

expression levels of PCNA and Cyclin A/B1/D1/E and Ki-67 immunohistochemistry in
Akt/YAP/PCMV and Akt/YAP/Cre tumor lesions (Figure 2E and 2H). In contrast, cleaved
caspase-3 levels significantly increased in Ak&/YAF/Cre tumor tissues (Figure 2H), revealing
augmented apoptosis in Akt/YAP lesions depleted of FAK.

Overall, the data indicate FAK requirement for iCCA /n vitro growth and survival and Akt/
YAP-induced iCCA formation /in vivo. In these mice, loss of FAK delays tumor growth and
alters the tumor phenotype.

FAK depletion represses YAP nuclear retention both in vitro and in vivo

Next, we investigated the mechanisms whereby FAK contributes to cholangiocarcinogenesis.
YAP and one of its downstream effectors, the NOTCH pathway, play a pivotal role in biliary
cell fate determination.1118 Previous studies suggested FAK as a driver of YAP nuclear
translocation.1314 It is worth noting that in Akt/YAPinduced iCCA model, we used the YAP
(S127A) construct. There are additional phosphorylation sites of YAP, including YAPY357,
which is necessary for YAP full activation.19

First, we tested whether FAK regulates YAP/NOTCH in vitro. Silencing of FAK in KKU-
M213 and HUCC-T1 cells decreased nuclear YAP accumulation (Supplementary Figures

6A and 6B). Both shPTK2and PND1186, a small FAK inhibitor, repressed p-YAPY357
expression and decreased the levels of YAP target genes, as well as the downstream NOTCH
pathway in these cells (Supplementary Figures 6 and 7). Other YAP phosphorylation sites,
including p-YAPS127 and p-YAPS397 did not show consistent changes.

In Akt/YAP mouse iCCA lesions, FAK deficiency did not affect the AKT or ERK signaling
(Figure 3A and Supplementary Figure 8). Equivalent levels of ectopically expressed human
YAPI mRNA were detected in both cohorts of mouse liver tissues (Figure 3B), indicating
the successful expression of the human YAPZ gene in these mice. In contrast, Akt/YAP/Cre
tumors exhibited significantly lower total YAP and p-YAPY357 |evels (Figure 3A and
Supplementary Figure 8). Immunohistochemistry revealed intense nuclear YAP staining

in Akt/YAP/pCMV/ICCA lesions. In Akt/YAP/Cre liver tumors, YAP expression was
weaker, and both nucleus and cytoplasm staining was appreciable, with a significantly lower
percentage of nuclear-only positive staining (Figure 3C). A decrease of YAP downstream
targets, including SOX9, NOTCH2, and Jagged1 proteins, also occurred (Figure 3A and
Supplementary Figure 8). Moreover, downregulation of canonical YAP targets (Figure 3D)
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and NOTCH targets (Figure 3E) mMRNA expression was observed in Akt/YAFP/Cre tumor
tissues.

We further investigated the FAK and YAP interplay in human iCCA specimens. Using
immunohistochemistry, we detected the concomitant activation of FAK and YAP (as
indicated by its nuclear accumulation) in most iCCA samples (37/50, 74%) (Supplementary
Figure 2). Furthermore, a direct correlation between the mRNA levels of PTK2and

YAP targets (CTGF, CYR61, NOTCH?Z, and JAGI), but not YAP mRNA, was detected
(Supplementary Figure 9). The TCGA CHOL dataset revealed similar data (Supplementary
Figure 10).

Overall, FAK ablation represses YAP activation by inhibiting p-YAPY357, leading to
decreased YAP nuclear localization and activation. Simultaneous activation of FAK and
YAP occurs in most human iCCA.

FAK overexpression synergizes with activated AKT to induce iCCA formation in mice

Next, we determined FAK oncogenic potential /77 vivo. Overexpression of FAK alone did
not result in tumor development, consistent with previous findings.2° Given that activated
AKT synergizes with YAP to induce iCCA development, and FAK can activate YAP, we
hypothesized that overexpression of FAK and AKT might trigger cholangiocarcinogenesis.
To test this hypothesis, FAK and myr-AKT plasmids were co-injected into the mouse

liver (Akt/Fak mice). Previously, we showed that overexpression of myr-AKT results

in tumor development by 28 weeks post plasmid injection.2! In Akt/Fak mice (Figure

4A), liver tumor nodules were detectable by ~15 weeks post-injection (Figure 4B). All

mice developed a significant tumor burden and became moribund by 18-19 weeks post-
injection (Figures 4B and 4C). Histologically, different from Az mice, characterized almost
exclusively by hepatocellular lesions,?! Akt/Fak tumors displayed a solid and ductular
phenotype resembling human iCCA (Figure 4B). All tumor cells were positive for CK19
and Ki-67 (Figure 4D). Western blotting confirmed that AKT and FAK pathways were
successfully activated in Akt/Fak iCCAs (Figure 4E). Intense cytoplasmic and robust
nuclear immunoreactivity for YAP was detected in Akt/Fak iCCA lesions (Figure 4D).
Similarly, protein levels of YAP and related downstream targets Jagged1 and NOTCH2 were
significantly induced (Figure 4E). The gRT-PCR analysis revealed that YAP target genes,
including Ctgf, Cyr61, and Axl/, and the NOTCH pathway’s target genes (HesZ and HeylL),
were upregulated in Akt/Faktumors (Figure 4F).

Altogether, the present findings indicate that FAK overexpression cooperates with activated
AKT to promote iCCA development, an event accompanied by YAP activation, in the mouse
liver.

FAK overexpression accelerates Akt/Jagl-induced iCCA development in mice

Previously, we established an iCCA model by co-expressing myr-AKT and the Notch

ligand Jag1 in the mouse liver (Akt/Jagl mice).?2 Akt/Jag1 co-expression induces cystic-like
iCCA lesions over long latency, characterized by low levels of YAP.22 We hypothesized

that overexpression of FAK might accelerate Akt/Jag1-driven cholangiocarcinogenesis by
activating YAP. Thus, FAK was overexpressed in AKT/Jag1 mice (Akt/Jagl/Fak mice).

J Hepatol. Author manuscript; available in PMC 2022 October 01.
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Additional AK7/Jag1 mice were injected with the pT3-EF1a empty vector as control (Ak¢/
Jag1/PT73) (Figure 5A). Mice were harvested 10 weeks post-injection (Figure 5B). At this
time point, liver tumor burden, estimated using total liver weight, was significantly higher
in Akt/Jagl/Fak than in Akt/Jagl/PT3 mice (Figure 5B). Both gross images and histological
analysis revealed only small cystic nodules in Akt/Jag1/P73 mouse livers (Figure 5C),
consistent with previous data.2? In Akt/Jagl/Fak mice, tumors showed solid and ductal
phenotypes, similar to those described in the Ak#/YAPiCCA model (Figure 5C).11 Tumor
cells in both mouse cohorts were CK19 (+), with higher CK19 (+) areas in Akt/Jagl/Fak
mice, supporting the higher iCCA burden (Figure 5C).

Mechanistically, FAK overexpression triggered increased iCCA cell proliferation (Figured
5D), with augmented expression of proliferation-related proteins, including CCND1 and
PCNA (Figure 5E). Western blotting confirmed increased total and activated/phosphorylated
FAK levels in Akt/Jag1/Fak tumor lesions (Figure 5E). Notably, while Akt/Jag1/PT3

iCCA cells exhibited YAP cytoplasmic staining, intense cytoplasmic and nuclear YAP
immunoreactivity characterized Akt/Jag1/Fak iCCA (Figure 5F). Nuclear accumulation of
YAP was paralleled by increased p-YAPY357 and NOTCH?2 levels (Figure 5E). Moreover,
the qRT-PCR analysis revealed an increased expression of YAP and NOTCH target genes in
Akt/jag1/Faktumors (Figure 5G).

To determine whether Akt/Jag1/Fak-driven iCCA development is YAP dependent, Akt/
Jag1/Fak/pCMV (control) and Akt/Jagl/Fak/Cre plasmids were injected in Yap”' mice
(Figure 5H). Nine weeks post-injection, all mice were harvested. Strikingly, Yap ablation
completely suppressed iCCA formation in Akt/Jagl/Fak mice at this time point (Figures 5I
and 5J). While Akt/Jag1/Fak/Creinjected Yap”' mice were healthy with no macroscopic
liver nodules, all Akt/Jag1/Fak/pCMV injected mice exhibited a high tumor burden.
Histological analysis revealed iCCA lesions in Akt/Jag1/Fak/oCMV injected mouse livers.
In contrast, no malignant lesions developed in Akt/Jagl/Fak/Cre livers, where hepatocytes
with enlarged clear cytoplasm owing to increased fat and glycogen storage induced by AKT
activation were detected (Figure 5J).21

Overall, the data indicate that FAK overexpression accelerates Akt/Jag1-driven
cholangiocarcinogenesis in a YAP-dependent manner.

iCCA progression in vivo requires an intact FAK

To assess the therapeutic potential of targeting FAK for iCCA treatment, we determined
whether FAK ablation after Ak#/YAPiCCA formation triggers tumor regression. Thus, we
generated a sleeping beauty transposase-based vector with Tamoxifen-inducible Cre, i.e.,
CreERT2 under the control of the CK19 promoter (pT3-CK19pro-CreERT2) (Supplementary
Figure 11A). The pT3-CK19pro-CreERT2 plasmid together with AKT and YAP constructs
was injected into Fak”" mice. Mice were aged until ~3.5 to 4 weeks post-injection when
iCCA tumors are appreciable on the mouse surface (Figure 6A and Supplementary Figure
11B). A group of mice was harvested as a pretreatment cohort, and additional mice

were either intraperitoneally injected with corn oil (control) or Tamoxifen (Supplementary
Table 6). Tamoxifen administration allows the activation of the Cre recombinase and the
subsequent deletion of FAK only in CK19(+) iCCA tumor cells. Significantly, deletion
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of FAK in Akt/YAP lesions profoundly inhibited tumor progression (Figure 6B). Indeed,
while all corn oil-injected mice required euthanasia by 5-10 weeks post hydrodynamic
injection, Tamoxifen-treated mice survived considerably longer (Figure 6B). In total, 10
Akt/YAP/CreER™Z mice were treated with Tamoxifen (Supplementary Table 6). Four mice
(Group 1) developed a significant liver tumor burden and required euthanasia by 11-15
weeks post-injection (Figure 6C and Supplementary Figure 11B). Additional 6 mice (Group
2) appeared to be healthy, with 3 exhibiting low tumor burden when harvested at 10 weeks
post-injection. The remaining 3 mice demonstrated low tumor burden even 17-20 weeks
after hydrodynamic injection (Figures 6B and 6C). Upon dissection, limited tumor burden
was observed in this mouse cohort. Indeed, few tumors were detected, and most lesions
consisted of small cell clusters (Figure 6D and Supplementary Figure 11B). When assessing
FAK by Western blotting, we found similar FAK levels in control and Tamoxifen-treated
Group 1 mice (Figure 6E). In contrast, FAK protein was significantly decreased in Group 2
mice (Figure 6E). The results indicate that Tamoxifen failed to induce sufficiently elevated
Cre activity in Group 1 mice, leading to the continuous growth of the iCCA lesions retaining
FAK expression. To rule out the possibility that Tamoxifen treatment was responsible for the
impaired tumor progression, we injected FVB/N mice with Akt/YAP/CreER™Z and repeated
the experiments (Supplementary Figure 11C). As expected, Tamoxifen treatment did not
trigger tumor growth inhibition in wild-type mice.

We focused our analysis on Group 2 mice, demonstrating efficient Cre-mediated FAK
deletion. Histological analysis and CK19 immunohistochemistry showed that Ak#/YAP mice
after Tamoxifen treatment displayed a lower tumor burden than pretreatment mice (Figure
6D). FAK ablation after iCCA formation did not result in HCC-like conversion of the lesions
(Figure 6D). Notably, large areas of necrosis were detected only in Tamoxifen-treated livers
(Figure 6F). YAP immunohistochemistry revealed nuclear YAP staining in iCCA lesions,
indicating the preservation of YAP activity in these residual iCCA lesions after FAK deletion
(Supplementary Figure 11D).

Altogether, the present data demonstrate that FAK ablation in already formed iCCA inhibits
tumor progression, implying FAK as a potentially relevant therapeutic target in iCCA.

Combined FAK and CDK4/6 inhibition is detrimental for iCCA growth in vitro and in vivo

To explore FAK as a therapeutic target for iCCA treatment, we treated the KKU-M213 and
HuCC-T1 cells with PND1186, a FAK inhibitor. PND1186 effectively inhibited the cell
growth of both cell lines with an /Cspof 4.47uM and 11.1uM, respectively (Supplementary
Figures 12A). We reasoned that FAK inhibitors might have limited efficacy for cancer
treatment as single agents. Based on our RNASeq analysis of Akt/YAP murine iCCA treated
with various drugs, Oxaliplatin/Gemcitabine combination!l, MLN01281, and Palbociclib?3
treatment had no substantial influence on FAK pathway enrichment in Ak/YAPtumors
(Supplementary Figures 1B and 1C). Therefore, FAK inhibitors may synergize with one

of these drugs, leading to more substantial tumor growth suppression. Previously, we
showed the CDK4/6 pathway activation in mouse and human iCCA. The CDK4/6 inhibitor
Palbociclib profoundly suppressed iCCA cell proliferation /n vitro.23 Moreover, most
human iCCA samples examined (35/50, 70%) displayed concomitant immunoreactivity for
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activated FAK and phosphorylated/inactivated (p-)pRb, a reliable marker of CDK4/6 activity
and response to CDK4/6 inhibitors (Supplementary Figure 13).24 We hypothesized that FAK
and anti-CDKA4/6 inhibitors might synergize against iCCA. Thus, KKU-M213 and HUCC-T1
cells were treated with Palbociclib and PND1186, either alone or in combination. Compared
to single treatments, concomitant administration of Palbociclib and PND1186 to iCCA cells
induced decreased cell viability (Supplementary Figures 12B). The combination index (CI)
was calculated,25 and all Cl values were less than 1 in Palbociclib and PND1186 treatment
groups (Supplementary Figure 12C and D), indicating a synergistic anti-tumor activity

of Palbociclib/PND1186 co-administration. This assumption was confirmed by assessing
proliferation and apoptosis rates in the same cell lines. Indeed, the Palbociclib/PND1186-
treated cohort showed the highest reduction in proliferation and massive apoptosis in
KKU-M213 and HuCC-T1 cells (Supplementary Figure 14A-D). Notably, PND1186 alone
displayed a significantly higher pro-apoptotic potential than Palbociclib in both cell lines
(Supplementary Figure 14C and D).

Subsequently, we tested the therapeutic potential of FAK inhibitor, either alone or

in combination with Palbociclib, in the Ak/YAPICCA model. We selected VVS-6063
(defactinib) as the FAK inhibitor since it is orally bioavailable and currently tested in clinical
trials for cancer therapy.2® Treatment with Palbociclib (100mg/kg) and VVS-6063 (50mg/kg)
was well-tolerated in mice. Ak/YAPtumor-bearing mice were randomly separated into 5
cohorts (Figure 7A). The first group was harvested 4.5 weeks post hydrodynamic injection
as the pretreatment group. All mice exhibited moderate iCCA liver tumor burden at this
point, with an average liver weight of ~2.5g. The remaining mice were treated with vehicle,
VS-6063, Palbociclib, or VS-6063/Palbociclib for 3 weeks. All mice developed large tumors
in the vehicle treatment cohort and were euthanized by 6.5 to 7.5 weeks post-injection
(Figure 7B). VS-6063 or Palbociclib treated mice exhibited a slower but still progressive
tumor growth, indicated by the lower tumor burden than the vehicle cohort but higher
tumor burden than the pretreatment cohort (Figure 7C). Strikingly, VS-6063/Palbociclib
combination therapy exhibited a strong anti-neoplastic effect with the lowest liver weight
(Figure 7C). No differences in liver weight between the pretreatment and combination
therapy groups were detected (Figure 7C). Histologically, iCCA lesions were identified in
all cohorts (Figure 7C). Using CK19-positive tumor area as a second measurement of iCCA
tumor burden in mice, we confirmed that either VVS-6063 or Palbociclib treatment resulted
in slower but progressive disease. Combined VS-6063/Palbociclib was effective against
Akt/YAPICCA, leading to decreased tumor burden in mice compared with single treatment
groups and the pretreatment cohort (Figure 7C and Supplementary Figure 15). Similar
effects were detected when looking at tumor area percentage. Indeed, the combination
treatment reduced the tumor burden significantly even compared with the pretreatment
cohort (Figure 7C, Supplementary Figure 15).

At the cellular level, VS-6063 or Palbociclib treatment mildly decreased Ki-67(+) positive
cells, whereas the combination treatment more potently suppressed tumor cell proliferation
(Figure 7C). In terms of apoptosis, VS-6063 administration induced apoptosis in iCCA
lesions, and the combination treatment resulted in a further increase in cell death. Previous
studies suggest the FAK modulates cancer-associated fibroblasts (CAFs) and fibrosis during
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tumor progression?’. Using immunostaining with the anti-Vimentin antibody, we found that
VS-6063 treatment did not affect CAFs in the mouse lesions (Supplementary Figure 16).

At the molecular level, VS-6063 was effective in suppressing p-FAK, Palbociclib strongly
inhibited p-Rb, and the combination treatment increased the apoptosis marker cleaved
caspase-3. Notably, consistent with the /n vitroand in vivo data, VS-6063-mediated FAK
inhibition downregulated the levels of YAP-related effectors (JAG1, NOTCH2, and HES1)
(Supplementary Figure 17).

Overall, the data indicate that FAK targeting combined with CDK4/6 inhibitors induces
tumor regression in Akt/YAP mice and might be an effective therapy for human iCCA.

Discussion

Here, we demonstrate that FAK is strongly activated in most human iCCA specimens.
The precise mechanisms responsible for FAK activation in iCCA remain undefined. iCCA
is a tumor characterized by a high desmoplastic reaction, whose components functionally
interact with iCCA cells.?8 Thus, it would be essential to determine whether the tumor
microenvironment induces the activation of FAK in iCCA and, if so, which is the primary
cell type responsible for this event.

To investigate FAK functional role in iCCA development, we applied the Akt/YAPICCA
murine model, 11 as we detected FAK activation in Akt/YAPiCCA lesions. In this model,
two sets of experiments were conducted. In the first set, we deleted FAK during tumor
initiation in Ak&/YAP mice. FAK deletion resulted in a significant delay of Akt/YAP-
dependent iCCA formation. In the second set of experiments, the cholangiocyte-specific
inducible Cre system combined with conditional Fak KO mice was employed. This
strategy allowed FAK deletion in Akt/YAPICCA after tumor formation to investigate FAK
requirement for iCCA progression. Our study shows that FAK deletion after iCCA initiation
significantly inhibited Ak&/YAP-driven iCCA development. Besides, we demonstrated that
FAK ablation promoted apoptosis. Further studies are required to address how FAK
overexpression suppresses tumor cell apoptosis. These findings support the crucial role of
FAK during both iCCA initiation and progression.

Mechanistically, we discovered that FAK induces YAP phosphorylation at the Y357 residue,
thus promoting YAP activation in iCCA cell lines and mouse models. Notably, FAK

also caused the increase of p-YAPS397 Jevels, implying inhibition of the YAP pathway.

This contradicting observation might be the result of multiple feedback mechanisms in
response to YAP activation.2? Moreover, we discovered that FAK ablation does not affect
Akt/Nicd-driven cholangiocarcinogenesis as YAP lies upstream of NOTCH (Supplementary
Figure 18). Also, it is worth noting that when deletion of Fak occurred in already formed
Akt/YAPICCA tumors, YAP activity was preserved in the residual iCCA tumor nodules.
Presumably, additional FAK-independent mechanisms maintain YAP activation and sustain
the proliferation of iCCA cells in Fak-deleted tumor cells.

The present findings have important translational implications. Indeed, we demonstrated that
FAK inhibitors combined with CDK4/6 inhibitors potently inhibited iCCA growth both /n
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vitroand in vivo. The relevance of this drug combination strategy is further supported by
the simultaneous activation of FAK and CDK4/6 cascades in over 70% of human iCCA
samples. The results open the door for testing this combination therapy for iCCA treatment
in clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

FAK is activated in human and mouse intrahepatic cholangiocarcinoma
(iCCA) samples.

Overexpression of FAK promotes cholangiocarcinogenesis, whereas deletion
of FAK strongly suppresses iCCA initiation and progression.

FAK modulates YAP nuclear localization via phosphorylating YAP at the
Y357 residue to promote iCCA development.

FAK is a potential therapeutic target for human iCCA treatment.
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Figure 1. FAK is activated in human iCCA patients and Akt/YAP-induced iCCA mouse lesions.
(A) PTKZmRNA levels in human intrahepatic cholangiocarcinoma (iCCA) from The

Cancer Genome Atlas (TCGA) and National Cancer Institute (NCI) datasets. (B)
Quantitative real-time RT-PCR analysis of PTKZ2expression in iCCA (n = 50) and
corresponding non-tumorous surrounding liver tissues (ST; n = 50) from our cohort. (C)
Kaplan—-Meier survival curves of human iCCA specimens from our cohort with high and low
PTK2mRNA levels, showing the unfavorable outcome of patients with elevated expression
of this gene. (D) GSEA analysis of FAK pathway-related proteins in iCCA from TCGA.
(E-F) FAK activation in the Ak#/YAP-induced iCCA mouse model.
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Figure 2. Deletion of FAK suppresses iCCA development in Akt/YAP mice.
(A) Study design. (B) Survival analysis of Fakf mice bearing Akt/YAP/pCMV (n =15)

and Akt/YAP/Cre (n = 10) tumors. (C) Liver weight of Akt/YAP/pCMV and Akt/YAP/Cre
mice at 10 weeks post hydrodynamic injection. (D) Gross image and H&E staining of

Ak YAP/PCMV and Akt/YAP/Cre mouse livers. (E) Western blot analysis of iCCA tissues
from Akt/YAP-pCMV and Cre Fak”f mice. GAPDH was the loading control. (F) H&E

and IHC staining of CK19 and HNF-4a. in Akt/YAP/nCMV and Akt/YAP/Cre Fak”f mice,
respectively. CK19 staining was quantified as the percentage of the positive staining area

of the whole tumor section area. HNF-4a positive cells were quantified as HNF-4a index.
(G) Relative mRNA expressions of AFPand GPC3 were analyzed using the —~AACt method
and presented as mean + SD. (H) Immunohistochemistry of Ki-67 and C-C-3 was performed
in Akt/YAPpCMV and Akt/YAP/Cre Fak”f mice. Ki-67 and C-C-3 positive cells were
quantified using the Image J. Tukey—Kramer test: at least P < 0.005; a, vs. Akt/YAP/pCMV
b, vs. Akt/YAP/Cre. Abbreviations: C-C-3, Cleaved Caspase 3; T, tumor; ST, surrounding
tissue. Scale bar: 100 pm for 200x.
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Figure 3. YAP signaling inactivation in iCCA from FAK conditional knockout Akt/YAP mice.
(A) Western blot analysis of lysates from Akt/YAP/pCMV and Akt/YAP/Cre Fak”f mice.

(B) Levels of human YapZ mRNA in Akt/YAP/pCMV and Akt/YAFP/Cre mice. (C)

Knockout of FAK reduced YAP nuclear translocation as shown by immunohistochemistry

and the percentage of positive nuclear staining. (D) YAP and (E) NOTCH signaling

inactivation at the transcriptional level, as assessed by qPCR. Tukey—Kramer test: at least P

<0.05; a, vs AK/YAP-pCMV: b, vs Akt/YAP-Cre.
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Figure 4. Co-expression of FAK and AKT leads to iCCA formation in mice.
(A) Study design. (B) Gross image and H&E staining of Akt/Fak mouse livers. (C) Liver

weight of Akt/Fak mice at 18-19 weeks post-injection. (D) Immunohistochemistry of CK19,
Ki-67, and YAP in Akt/Fak mice. (E) Western blot analysis of FVB mice and Akt/Fak
mouse model liver tissues. (F) YAP and NOTCH signaling activation at the transcriptional
level, as assessed by gPCR. Tukey—Kramer test: at least P < 0.05; a, vs FVB WT; b, vs Akt.
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Figure 5. FAK accelerates tumor development in Akt/Jag 1 mice.
(A) Study design. (B) Akt/Jagl/pT3and Akt/Jagl/Fak mice’s liver weight at ~10 weeks

post hydrodynamic injection. (C) Gross image, H&E, CK19, and (D) Ki-67 staining in
Akt/Jagl/PT3and Akt/Jagl/Fak mice. Ki-67 positive cells were quantified using Image J
software. (E) Representative Western Blot analysis of relative pathways in Akt/Jag1/P73and
Akt/Jagl/Fak mice. (F) Immunohistochemistry of YAP in Akt/Jagl/PT3and Akt/jagl/Fak
mice. (G) YAP and NOTCH signaling activation at the transcriptional level was assessed by
gPCR. (H) Study design in Yaof mice. (1-J) Liver weight (1) and gross image, H&E, CK19,
and Ki-67 staining (J) of Akt/Jag1/Fak-pCMV and -Cre Yapff mice ~9 weeks post-injection.
Tukey—Kramer test: at least P < 0.005; (G) a, vs WT; b, vs Akt/Jag1/Fak/pCMV, (1) a, vs
Akt/iagl/Fak/ipCMV.

J Hepatol. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Song et al. Page 22

Gross m ge H CK1

/PT

@

Akt/

Liver Weight (g)
S

/F k

Akt/

.
K
S
g s
= g
@
T Akt/Jag1/PT3 Akt/Jag1/Fak §
Q
MiE T e
t r Axl Amoti2 Notch2
AKT | s s s m 2 @ a a ab @ ab @
600
S 3 3 S " e .
. 32 s 3 3 3 X a0
@ o o 10 @ © o
a 5 a 2 ® a
il a T 2 b = - a - 200
:l _alle z, z, : ;| W
T PT3 Fak T PT3 Fak WT PT3 Fak WT PT3 Fak WT PT3 Fa WT PT3 Fak
1mJaggedZ o Hes1 s HHes5 ab i 2
o ab © ab o : o a o
0 + ] @ « 13 a
@ @ 91 2
L L 4w L 1 kg 4
S s g s g
3 3 H a 51 H
: ) . : 2 a : B : o : ) a
o} £ 3 3 5 3
X x € € 3
WT PT3 Fak WT PT3 Fak WT PT3 Fak T PT3 Fak T PT3 Fak
Gross m ge H CK1 K

H 5
Y ’‘mce &
;; . AKT g1 FAK pCMV S \_& c g,
/-;f) »}.) 2
\(_,,% &
o - pCMV  Cre

Figure 6. FAK downregulation after tumor formation using the CK19-CreERT2 Tamoxifen
system inhibits tumor progression.

(A\) Study design. (B) Survival analysis of Fak/f mice bearing Akt/YAP/CreER™ tumors
treated with Tamoxifen or vehicle (Control). (C) Liver weight, (D) Gross image, H&E
staining, HNF-4a, and CK19 immunohistochemistry of livers from pretreatment, control,
and Tamoxifen groups. Arrows indicate tiny lesions consisting of small cell clusters, which
were typically conserved in Tamoxifen-treated mice. (E) FAK Western blot analysis was
performed in Fak”f mice bearing Akt/YAP/CreER"2 tumors sensitized with Tamoxifen
(Group2 in C) or not (Groupl in C). (F) Large areas of necrosis (N) in livers from Group2
mice, as shown at two magnifications. Abbreviations: T, tumor; ST, surrounding tissue.
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Figure 7. Combining FAK inhibitor VS-6063 and Palbociclib has potent anti-neoplastic activity
in iCCA lesions from Akt/YAP mice.

(A) Study design. (B) Survival curve, (C) Gross images and H&E, Ki-67, CK19,

and C-C-3 staining of livers from pretreatment, vehicle-, VS-6063-, Palbociclib-, and
VS-6063/Palbociclib-treated Akt/YAP mice. Asterisks indicate necrotic areas. H&E, CK19:
Magnification x40; scale bar =500pm. Ki-67, C-C-3: Magnification x200; scale bar
=100um. CK19 positive staining, tumor area on H&E-stained slides, Ki-67, and C-C-3-
positive cells were counted and quantified by Image J software. Tukey—Kramer test: at
least P < 0.05. a, vs. Pretreatment; b, vs. Vehicle; c, vs. Palbociclib; d, vs. VS-6063.

Abbreviations: C-C-3, cleaved caspase 3.
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