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Abstract

The hippo pathway effector, Yes-associated protein (YAP) is a transcriptional co-activator 

implicated in cholangiocarcinoma (CCA) pathogenesis. YAP is known to be regulated by a serine/

threonine kinase relay module (MST1/2 - LATS1/2) culminating in phosphorylation of YAP at 

Serine 127 (S127) and cytoplasmic sequestration. However, YAP also undergoes tyrosine 

phosphorylation, and the role of tyrosine phosphorylation in YAP regulation remains unclear. 

Herein, YAP regulation by tyrosine phosphorylation was examined in human and mouse CCA 

cells, as well as patient-derived xenograft (PDX) models. YAP was phosphorylated on tyrosine 

357 (Y357) in CCA cell lines and PDX models. SRC family kinase (SFK) inhibition with 

dasatinib resulted in loss of YAPY357 phosphorylation, promoted its translocation from the 

nucleus to the cytoplasm, and reduced YAP target gene expression; including cell lines expressing 

a LATS1/2-resistant YAP mutant in which all serine residues were mutated to alanine. Consistent 

with these observations, precluding YAPY357 phosphorylation by site-directed mutagenesis 

(YAPY357F) excluded YAP from the nucleus. Targeted siRNA experiments identified LCK as the 

SFK that most potently mediated YAPY357 phosphorylation. Likewise, inducible CRISPR/Cas9-

targeted LCK deletion decreased YAPY357 phosphorylation and its nuclear localization. The 
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importance of LCK in CCA biology was demonstrated by clinical observations suggesting LCK 

expression levels were associated with early tumor recurrence following resection of CCA. 

Finally, dasatinib displayed therapeutic efficacy in PDX models.
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INTRODUCTION

Cholangiocarcinoma (CCA) is a tumor with features of biliary epithelial differentiation and 

extremely limited treatment options. The underlying molecular mechanisms of both 

tumorigenesis and progression remain incompletely understood; however, accumulating data 

implicates the Hippo pathway and its effector Yes-associated protein (YAP) in CCA 

pathogenesis.(1–3)

The Hippo pathway is a developmental pathway important for organ size control.(4) 

Alterations in this pathway have been implicated in the pathogenesis of multiple types of 

cancer, including CCA, although mutations in the pathway components themselves are rare.

(5–9) The paucity of specific Hippo pathway mutations and the lack of a dedicated cell-

surface receptor have increased interest in understanding the role of signaling cross-talk 

between the Hippo and other signal transduction pathways. Indeed, cross-regulatory 

networks have been demonstrated for a wide variety of cell surface receptors including G-

protein linked receptors and more recently receptor tyrosine kinases such as fibroblast 

growth factor (FGF), endothelial growth factor (EGF), and platelet-derived growth factor 

(PDGF) in Hippo regulation.(2, 8, 10) The Hippo pathway itself consists of an upstream 

serine kinase relay module (comprised of MST1/2 and LATS1/2) which regulates the co-

transcriptional activators YAP and TAZ.(4) Although YAP and TAZ are both regulated by 

the Hippo pathway, YAP has been more strongly implicated in CCA biology.(1, 2, 8) Hippo 

pathway activation acts as a “brake” to transcription. This serine phosphorylation of YAP 

restrains the protein in the cytosol through interactions with protein 14-3-3, limiting its 

function as a transcriptional co-activator. The role of serine phosphorylation regulating YAP 

in the context of developmental processes is well described, however emerging data suggests 

that tyrosine phosphorylation of YAP may also play a role in regulating YAP localization 

and transcriptional activity, especially in cancer.(2, 11)

We recently described cross-talk between the PDGF and Hippo signaling pathways in CCA.

(2) We demonstrated regulation of YAP localization by tyrosine phosphorylation in a 

manner independent of the core Hippo serine/threonine kinase relay module. Inhibition of 

PDGF receptors induced a redistribution of YAP from the nucleus (transcriptionally active) 

to the cytosol (transcriptionally inactive) even when YAP was mutated at the canonical 

LATS 1/2 phosphorylation site, serine 127 (S127). The baseline nuclear localization of YAP 

appeared to be mediated by SRC family kinases (SFK), acting by phosphorylation of 

tyrosine 357 (Y357) on YAP. However, the specific SFK regulating YAPY357 

phosphorylation was not examined in these studies. Neither was the potential therapeutic 
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role of inhibiting SFK in CCA explored. Given the lack of therapeutic options for CCA and 

the role of YAP in its pathogenesis, these questions merit further consideration.

Herein, we examine tyrosine phospho-regulation of YAP cellular compartmentation and 

target gene expression in CCA cells and tissue. The results demonstrate enhanced YAP 

tyrosine phosphorylation in CCA as compared to normal human cholangiocytes. More 

importantly, the SFK inhibitor dasatinib blocks YAP tyrosine phosphorylation, induces YAP 

redistribution form the nucleus to the cytosol, and downregulates expression of YAP target 

genes. siRNA targeted knockdown studies suggest a pivotal role for the SFK member LCK 

in mediating YAPY357 phosphorylation, a previously unrecognized function for LCK. Most 

significantly this tyrosine phospho-regulation of YAP subcellular localization was 

independent of serine phospho-regulatory mechanisms; suggesting separate cytosolic and 

nuclear retention signals for YAP, a novel concept in YAP regulation. The efficacy of YAP 

downregulation by SFK inhibition translated therapeutically to increases in CCA cell death 

both in vitro and in vivo, providing further evidence supporting the evaluation of SFK 

inhibition as a therapeutic strategy in CCA.

MATERIALS AND METHODS

Cell culture

The human cholangiocarcinoma cell line HuCCT-1, mouse cholangiocarcinoma cell line 

SB1, and normal human cholangiocyte (NHC) cell line (12), were cultured in Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum and 0.2% primocin 

under standard conditions. The murine SB1 cell line was isolated from our murine model of 

YAP associated CCA and has been described in detail.(13) This cell line expresses flag-

tagged-YAPS127A and myr-AKT. Due to cell density and serum regulation of the Hippo 

pathway, cell culture experiments were performed at near confluence (~80%) in serum 

starved cells. Serum starved cells were cultured overnight in media without serum. The 

media was replaced again three hours prior to initiation of experimental conditions. For 

authentication of the HuCCT-1 cell line, short tandem repeat (STR) analysis was performed 

by the Genome Analysis Core of the Medical Genome Facility (Mayo Clinic, Rochester, 

MN). All cell lines underwent Mycoplasma contamination testing periodically using 

PlasmoTestTM -Mycoplasma Detection kit (InvivoGen). Cell lines were used within 40 

passages of reanimation.

Antibodies and reagents

Dasatinib (Selleckchem), KW-2449 (Selleckchem), sodium orthovanadate (Sigma), and/or 

latrunculin A (Abcam) was added to cells at final concentrations from 0.1–10 µM per 

experimental design. The following primary antisera were used for immunoblot analysis: 

actin (C-11 Santa Cruz, Dallas, TX), phospho YAPY357 (ab62751 abcam, Cambridge, MA), 

phospho YAPS127 (4911 Cell Signaling), total YAP (63.7 Santa Cruz, 4912 CST), lamin B1 

(D8P3U Cell Signaling), GAPDH (MAB374 Millipore, Temecula, CA), phospho SRCY416 

(2101 Cell Signaling), SRC (L4A1 Cell Signaling), YES (3201 Cell Signaling), LCK (2657 

Cell Signaling), FYN (4023 Cell Signaling), LYN (44 Santa Cruz), LATS1 (C66B Cell 

Signaling), phospho LATS1 (S909 Cell Signaling) and MCL-1 (S-19 Santa Cruz). The 
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following primary monoclonal antibody were used for immunofluorescence and/or 

immunohistochemistry: total YAP (63.7 Santa Cruz), phospho YAPY357 (ab62751 abcam, 

Cambridge, MA), SOX9 (AB5535 Millipore) and anti-FLAG M2 (F1804 Sigma Adrich). 

ProLong Antifade with 4’,6-diamidino-2-phenylindole (DAPI, Life Technologies) was used 

for nuclear staining.

Immunoprecipitation and Immunoblot analyses

Whole-cell lysates were collected by adding ice cold lysis buffer (Cell Signaling 

Technologies) containing protease inhibitors (Sigma-Aldrich), phosphatase inhibitors 

(Roche Diagnostics) and 1 mM PMSF. Cells were then scraped to collect cells, vortexed and 

lysed on ice for approximately 20 minutes. The lysed cells were then centrifuged at 12,000g 

for 15 minutes to remove cellular debris. Supernatant was transferred to a clean tube and 

protein concentration determined by the Bradford (Sigma-Aldrich) protein assay. For 

immunoprecipitation, whole-cell lysates of SB1 cells that contain the FLAG-YAPS127A 

were incubated with equilibrated anti-FLAG M2 magnetic beads (Sigma-Aldrich) overnight 

at 4°C. The FLAG-YAPS127A was then eluted from the beads with FLAG peptide 

following manufacturer’s instructions and evaluated by mass spectroscopy (Supplemental 

Methods). For immunoblot, proteins were then resolved by SDS-PAGE electrophoresis and 

transferred to nitrocellulose membranes. Membranes were blotted with primary antibodies at 

4°C overnight in 5% BSA-TBS Tween. The primary antibody dilution was 1:1000 unless 

otherwise indicated. After overnight incubation membranes were washed for 30 minutes in 

TBS Tween and then horseradish peroxidase-conjugated secondary antibodies against 

mouse, rabbit and goat (Santa Cruz) were added to membrane at a concentration of 1:5000 

and incubated for 1 hour at room temperature. Immunoblots were visualized with enhanced 

chemiluminescence (ECL) or ECL prime (GE Healthcare Life Sciences). For experiments in 

which multiple proteins were evaluated, membranes were stripped and reblotted.

Immunofluorescence

Cells were grown on glass coverslips, once the cells reached desired confluency they were 

treated per experimental conditions. Cells were then fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X-100. The fixed cells were then incubated at room 

temperature with blocking buffer containing 5.0% bovine serum albumin (BSA) and 0.1% 

glycine. After blocking, the cells were incubated with primary antibody in blocking buffer 

overnight at 4°C. After washing, the cells were incubated with the corresponding secondary 

antibodies diluted in blocking buffer for 1 hour at room temperature in the dark. After 

secondary incubation, the coverslips were again washed and mounted onto slides using 

ProLong Antifade (Invitrogen-Molecular Probes) containing DAPI. The slides were 

analyzed by fluorescent confocal microscopy (LSM 780, Zeiss).

Immunohistochemistry

Liver sections were fixed in 10% buffered formaldehyde and embedded in paraffin. Blocks 

were sectioned into 3.5 µM slices. Sections were deparaffinized, hydrated, and incubated 

with primary antibody overnight at 4° C. Sections were stained with antibody for SOX9 

(1:1000), YAP (1:50), and phospho YAPY357 (1:50). Bound antibody was detected with 

biotin-conjugated secondary antibody and diaminobenzidine as a substrate.
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Quantitative and qualitative PCR

mRNA was isolated from cells using TRIzol Reagent (Ambion). Reverse transcription was 

performed using Moloney murine leukemia virus reverse transcriptase and random primers 

(Life Technologies). After reverse transcription, cDNA was analysed using real-time PCR 

(Light Cycler 480 II, Roche Diagnostics) for the quantitation of the target genes; SYBR 

Green (Roche Diagnostics) was used as the fluorophore. Expression was normalized to 

either 18 S or GAPDH and relative quantification performed according to the 2−ΔCT or 

2−ΔΔCT method as previously described.(14) Data are reported as fold expression compared 

to calibrator as geometric mean and geometric standard deviation of expression relative to 

calibrator. Technical replicates were completed for each run and a minimum of three 

biologic replicates completed for each condition/cell line. The primers used are listed in 

Supplemental Table 1.

In vitro kinase assay

The LCK kinase enzyme system and ADP-Glo kinase assay (Promega) were used to asses 

LCKs ability to phosphorylate YAP in vitro. The protocol for the LCK kinase assay was 

followed as described by manufacturer. Briefly for luminescent assay, 50 µM DTT, 2 mM 

MnCl2, 10 mM ultra pure ATP and 0.1 µg of LCK enzyme were added to wells containing 

1× reaction buffer. Recombinant YAP (abcam) 1µg or Poly (Glu4,Tyr1) peptide 1 µg were 

added and enzyme reaction was incubated at RT for 60 minutes. 25 µl of ADP-Glo reagent 

was added to well and incubated at RT for 40 minutes, 50 µl of kinase detection reagent was 

then added and incubated at RT for 60 minutes. Luminescence was then measured on 

Synergy H1 (Biotek) plate reader. For immunoblot detection 50 µM DTT, 2 mM MnCl2, 10 

mM ultra pure ATP and 90 ng or recombinant YAP protein were incubated for 1 hour with 

and without the presence of 0.1 µg of LCK enzyme. After enzyme reaction incubation 4× 

laemmli sample buffer was added, samples were boiled for 10 minutes and then resolved on 

10% gel for transfer and immunoblotting.

RNA Interference & transfection

SRC, YES, LCK, FYN, and LYN were transiently knocked down in the HuCCT-1 cell line 

with validated siRNAs (Dharmacon). Cells were grown in 6 well plates and transfected with 

Lipofectamine RNAiMAX (Invitrogen) following manufacturer’s instructions. After 48 

hours of incubation they were used for indicated studies. The efficiency and specificity of 

knockdown was assayed by immunoblot and RT-PCR.

CRSPR/Cas9 knockdown and doxycycline induction

The sequences of single guide RNA (sgRNA) for LCK was designed using online CRISPR 

design tool (http://crispr.mit.edu/) and was 5′-TCCCGACCCACTGGTTACCTACGA -3′. 
DNA oligonucleotides for the sgRNA were synthesized and cloned into the FgH1tUTG 

plasmid, a kind gift of Dr. Marco Herold.(15) To produce lentiviruses, FgH1tLCK or 

FUCas9Cherry plasmids were transiently co-transfected into HEK293T cells with the 

packaging plasmids pRSV-Rev, pMDLg/pRRE and pCMV-VSV-G (all from Addgene, 

Cambridge, MA, USA) using FuGENE® HD Transfection Reagent (Promega Corporation, 

Madison, WI, USA). After 48 and 72 hours, supernatant containing lentiviruses was 
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harvested and passed through a 0.45-µM filter. Target HuCCT-1 cells were transduced with 

the lentiviruses in the presence of 8 µg/mL polybrene for 24 hours. After the additional 3 

days culturing, m-cherry (Cas9) and GFP (inducible sgRNA) dual-positive cells were sorted 

on a single cell-basis into a 96 well plate by flow cytometry. To induce sgRNA expression, 

doxycycline hyclate (SIGMA) was added to culture medium at a final concentration of 7.5 

µg/mL. The efficacy of CRISPR/Cas9-mediated gene deletion was determined by 

immunoblot analysis.

YAP serine mutant generation

pCMV-Flag-YAP-5SA/S94A was a gift from Kunliang Guan (Addgene plasmid # 33103). 

HuCCT-1 cells were transfected using FugeneHD (Promega) following the manufacturer’s 

instructions. Following 48 hour transfection the cells were used for subsequent experiments.

YAP tyrosine mutant generation

To construct pEGFP-YAP, pENTR-YAP (a generous gift from Dr. Xin Chen, UCSF) was 

digested with BglII and EcoRI and purified YAP fragment was ligated into a fragment of 

BglII-EcoRI pEGFP-C3 vector. For site-directed mutagenesis of tyrosine residues, primers 

were designed using NEBaseChanger on-line tool and PCR was performed using Q5 Site-

Directed Mutagenesis Kit (New England Biolabs). To make pEGFP-YAP Y357F, PCR was 

performed with pENTR-YAP as a template using oligonucleotides 5’- 

ATGAGCAGCTTCAGTGTCCCTC -3’ and 5’-GCTTAGTCCACTGTCTGTAC-3’ as 

primers (the complementary sequences underlined). Triple mutant pEGFP-YAP 

Y341,357,394F was prepared in a similar way by consecutive mutations of pENTR-YAP 

Y357F using primers 5’-AGTGGCACCTTTCACTCTCGAG-3’ and 5’-

GTTAAGGAAAGGATCTGAGC-3’, followed by TTCCCAGACTTCCTTGAAGCCATTC 

and 5’-ACGGTTCTGCTGTGAGGG-3’. Finally, pENTR plasmids with mutated YAP were 

digested with BglII and EcoRI and YAP fragments were inserted into a BglII-EcoRI pEGFP-

C3 vector. All constructs of YAP contain a FLAG epitope at the amino-terminus.

RNA sequencing and bioinformatics

Following IRB approval, patient derived xenografts of resected intrahepatic 

cholangiocarcinoma tumors were created as described previously(2). RNA sequencing was 

undertaken in 7 resected ICC PDX. Clinicopathologic features and recurrence free and 

overall survival were abstracted for the patients. Differentially expressed genes were 

identified between early recurrence (<10 months) and late recurrence with a log2 threshold 

of 1.5 with a p-value of <0.01. For this cohort of patients spliced aligned was carried out 

using TopHat v2.1.0 (TopHat2) with two conditions, one corresponding to early recurrence 

(L10 group) and the second condition corresponding to late recurrence (G10 group) with 4 

and 3 replicates, respectively.(16) The reference genome and the annotation transcriptome 

utilized in this work for all the alignments were based on the iGenome package provided by 

Illumina. TopHat2 package utilized Bowtie v2.2.3.0 as the underlying read-alignment 

software.(17) For downstream analysis we utilized cufflinks v2.2.1 to assemble transcripts 

for all the samples.(18–21) These programs rely on the accepted_hitms.bam generated after 

running TopHat2. Finally, Cuffdiff v2.2.1 was used to generate differential gene expression 

and the results were analyzed via the cummeRbund package v2.10.0.(22) Differential gene 
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expression was measured using fragments per kilobase of transcript per million fragments 

mapped (FPKM). We calculated the fragment per kilobase of transcript per million (FPKM) 

of each transcript and gene using statistical significance in Cuffdiff, which reports statistical 

significance based on whether the p-value is greater than the false discovery rate (FDR) after 

applying the Benjamini-Hochberg correction.(22) The Biomarker Discovery RNA-seq 

(BMD_RNA-seq) pipeline workflow was utilized to carry out alignment and differential 

gene expression.(23)

Quantification of cell death/proliferation

Cell death and proliferation was quantified by counting using Celigo (Nexcelom) after 

staining with propidium iodide (Sigma) and Hoechst 33342 (Invitrogen), respectively.

PDX generation and treatment

Mayo Clinic, Rochester, has an ongoing IRB approved protocol for collection and 

xenotransplantation of resected biliary tract cancers. In accordance with this protocol and an 

established IACUC protocol, human CCA tumors were implanted in NOD/SCID mice as 

previously described by us.(8) Once the tumors had reached palpable size (~125 mm3), size 

was recorded and treatment with dasatinib (15 mg/kg) or vehicle begun daily for 3 days or 2 

weeks via gavage as previously described.(24) At the end of the treatment period, all mice 

were sacrificed and tumor tissue obtained for further studies.

TUNEL staining

The fluorescent TUNEL assay (in situ cell death detection kit, Roche) was utilized on tissue 

sections. Sections were paraformaldehyde-fixed and hydrated. The TUNEL assay was then 

performed using the manufacturer’s protocol. Slides were mounted with ProLong Antifade 

(Invitrogen-Molecular Probes) containing DAPI. The slides were analyzed by fluorescent 

confocal microscopy (LSM 780, Zeiss). Dead cells were quantified by counting TUNEL-

positive nuclei in 20 random microscopic fields (20×).

Methods regarding mass spectrometry, protein identification, and statistical methods are 

located in the supplemental methods.

RESULTS

Tyrosine 357 phosphorylation is increased in cholangiocarcinoma cells and tissue

Initially, we examined the phosphorylation status of YAP tyrosine 357 (YAPY357) at baseline 

in multiple models of cholangiocarcinoma as compared to normal human cholangiocytes. 

YAPY357 phosphorylation was readily identified in HuCCT-1 and SB1 cells as compared to 

normal human cholangiocytes (Figure 1A). The YAPY357 phosphorylation observed in these 

cell lines was consistent with the YAPY357 phosphorylation observed in both CCA patient 

derived xenografts (PDX) (Figure 1B) and parental tumors from which the SB1 cell line was 

derived (Figure 1C). Similar to our previous observations that phosphorylated YAPY357 was 

enriched in the nucleus of HuCCT-1 cells, immunohistochemistry also demonstrated 

significant enrichment of the phosphorylated YAPY357 in the nuclei of tumors from the PDX 

and our YAP-driven murine model of CCA (Figures 1B,C). Consistent with the minimal 
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phosphorylated YAPY357 noted in normal human cholangiocytes by immunoblot analysis; 

immunohistochemistry of normal adjacent liver from SB1 tumor bearing mice also revealed 

minimal nuclear phosphorylated YAPY357 in cholangiocytes despite the presence of 

unphosphorylated YAP in this cell type (Fig. 1C). These data indicate that although nuclear 

YAP is present in normal cholangiocytes, the YAP is not Y357 phosphorylated. In contrast, 

in CCA a significant proportion of YAP localized to the nucleus is phosphorylated at Y357.

Multiple SFK are expressed in cholangiocarcinoma

We next evaluated the expression pattern of SFK in the SB1 cell line and multiple CCA 

patient-derived xenografts. We have previously demonstrated that five SFK are expressed in 

the HuCCT-1 cell line similar to the normal human cholangiocyte cell line. These five 

include the ubiquitously expressed SRC, YES, and FYN, as well LCK, and LYN. Evaluation 

of the SB1 cell line demonstrated expression of these five SFK as well (Figure 2A). We then 

profiled CCA patient derived xenografts from multiple unique patients. These intrahepatic 

CCA xenografts all expressed these five SFK similar to the CCA cell lines (Figure 2A and 

Supplemental 1). We next evaluated the effect of SFK activity on YAP target gene 

expression. Incubation of both the HuCCT-1 and SB1 cell lines with the SFK inhibitor 

dasatinib (clinically utilized as a BCR-ABL inhibitor but with nanomolar affinity for SRC 

family kinases) led to downregulation of the YAP target genes CTGF, CYR61, and MCL-1 

(Figure 2B). Similar to our previous observations in HuCCT-1 cells, incubation of the SB1 

cell line with dasatinib also blocked the activating phosphorylation of SFK at tyrosine 419 

(SFKY419) (Figure 2C). The positive autoregulatory catalytic domain is highly conserved 

across the SFK members precluding definitive identification of individual members by 

immunoblot; however, inhibition of SFK tyrosine phosphorylation was accompanied by a 

parallel decrease in YAPY357 phosphorylation (Figure 2D). Given that c-Abl kinase 

inhibition could also account for the observations with dasatinib treatment, we also 

examined YAPY357 phosphorylation and YAP subcellular localization following treatment 

with KW-2449, a structurally dissimilar c-Abl kinase inhibitor. This more specific c-Abl 

kinase inhibitor displayed minimal effect on YAPY357 phosphorylation, and no effect on 

YAP subcellular localization (Supplemental Figure 2). We next evaluated the effects of SFK 

inhibition by dasatinib in vivo, in a CCA PDX model following a short course of treatment 

(3 days). Similar on-target effects were noted in the PDX including reduced SFKY419 

phosphorylation, YAPY357 phosphorylation, and YAP target gene expression (Figures 2B–

D). Importantly, a significant decrease in YAPY357 phosphorylation was also observed by 

immunohistochemistry (Figure 2E). These data strongly suggest that in CCA, SFK activity 

is linked to YAPY357 phosphorylation, and pharmacologic inhibition can decrease YAPY357 

phosphorylation and YAP target gene expression both in vitro and in vivo.

The SFK member LCK selectively regulates YAP tyrosine phosphorylation and target gene 
expression, and LCK expression levels are associated with tumor recurrence

Given the multiple members of the SFK expressed in CCA, we next sought to determine 

which member was responsible for YAPY357 phosphorylation. Each previously identified 

family member was targeted by siRNA in HuCCT-1 cells. Targeted knockdown was verified 

for each member by immunoblot analysis and RT-PCR (Figure 3A and Supplemental 3). 

Only knockdown of LCK was associated with a significant decrease in YAPY357 

Sugihara et al. Page 8

Mol Cancer Res. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation (Figure 3B). Utilizing the YAP target genes CTGF and CYR61 as markers 

of YAP co-transcriptional activity we demonstrated downregulation of co-transcriptional 

activity with knockdown of multiple SFKs; however the most dramatic downregulation of 

YAP co-transcriptional activity was noted in the siLCK-HuCCT1 cells as compared to a 

non-targeted control (Figure 3C). Cell proliferation was evaluated by cell counting following 

transfection with siSFK or a non-targeting siRNA control (NC-1) in HuCCT-1 cells. Only 

siLCK-HuCCT-1 cells demonstrated a significant downregulation of proliferation as 

compared to controls (Figure 3D). In order to overcome the possible effect of residual LCK 

expression following siRNA knockdown, we next evaluated YAPY357 phosphorylation and 

nuclear localization in HuCCT-1 cells utilizing an inducible CRISPR/Cas9 system. 

Incubation of the sgLCK-Cas9-HuCCT-1 cell line with doxycycline lead to a more complete 

loss of LCK (Figure 3E). Genetic deletion of LCK was paralleled by a near complete 

repression of YAPY357 phosphorylation, and subsequent redistribution of nuclear YAP to the 

cytosol, with undetectable levels at 72 hours (Figures 3E,F). To confirm our findings 

implicating LCK as a direct mediator of YAP tyrosine phosphorylation, we next examined 

the ability of LCK to phosphorylate YAP directly in vitro. Utilizing recombinant YAP as a 

phospho-substrate with LCK in a cell free assay, we were able to directly demonstrate 

efficient YAP Y357 phosphorylation by LCK (Figure 3G). Finally the role of SFK 

expression in patients with resected intrahepatic cholangiocarcinoma was examined by 

comparing RNA sequencing profiles in patient-derived xenografts from patients who had 

undergone curative-intent resection of their tumors. Differential expression was evaluated for 

patients with early tumor recurrence (less than 10 months) as compared to patients with late 

tumor recurrence (greater than 10 months) and identified 200 genes. The patient cohort with 

early recurrence had a markedly upregulated expression of LCK, log2 fold change 7.77, 

p=0.00005, representing the third highest upregulated gene in this patient group 

(Supplemental Table 2). No other SFK were noted to be differentially expressed. 

Interestingly, tumor specimens from patients with early recurrence also displayed 

upregulation of ARID3a, a known binding partner of the YAP-TEAD4 complex (Figure 3H). 

Taken together, these data suggest a role for LCK in regulating YAPY357 phosphorylation 

and YAP co-transcriptional activity in cholangiocarcinoma.

YAP tyrosine phosphorylation regulates nuclear retention, independent of S127 serine/
threonine phosphorylation

We next sought to confirm the role of tyrosine phosphorylation in regulating YAP 

subcellular localization. The SB1 cells express an epitope-tagged YAP containing the S127A 

mutation, rendering S127A-YAP insensitive to serine/threonine kinase phosphorylation, 

providing a useful reagent to determine if YAP subcellular localization may be controlled 

independent of the canonical serine/threonine kinase cascades. We examined S127A-YAP 

subcellular localization in SB1 cells at baseline and following incubation with dasatinib. 

Following treatment with dasatinib, S127A-YAP translocated from the nucleus to the 

cytoplasm (Figure 4A). Next, we examined potential S127A-YAP binding partners in the 

presence and absence of dasatinib by immunoprecipitation of the FLAG epitope followed by 

mass spectroscopy. We identified multiple tyrosine phosphatases associated with S127A-

YAP and this association increased following incubation with dasatinib (Table 1). In keeping 

with these findings we observed that incubation of HuCCT-1 cells with the tyrosine 
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phosphatase inhibitor sodium orthovanadate (Na3VO4) abolished the dasatinib-induced 

nuclear to cytosplasmic redistribution of YAP (Figure 4B). Similarly, S127A-YAP cellular 

localization in the SB1 cells incubated with Na3VO4 plus and dasatinib remained nuclear 

(Figure 4A). These data suggest that YAP nuclear retention in CCA cells is likely 

independent of S127 phosphorylation by serine/threonine kinases and that YAP nuclear 

retention is due, in part, to a balance between tyrosine kinase and tyrosine phosphatase 

activity. To further validate this nuclear retention pathway and rule out the possibility that 

the Hippo kinase complex could be regulating YAP localization through phosphorylation of 

serine residues other than S127, we next overexpressed a FLAG-tagged YAP in which eight 

serine residues are mutated to alanine (FLAG-5SA-YAP), in HuCCT-1 cells. The 

localization of this 5SA-YAP as determined by immunofluorescence of the epitope-tag was 

examined following dasatinib incubation. Confirming our previous findings, 5SA -YAP also 

redistributed from the nucleus to the cytosol in dasatinib treated cells and this redistribution 

was abrogated by pre-incubation with Na3VO4 (Figure 4C). To exclude an effect of dasatinib 

on the actin cytoskeleton, which is known to regulate YAP cellular localization, we also 

examined wild-type YAP localization after pretreatment with the actin inhibitor latrunculin-

A. Following incubation with latrunculin-A, the cells rounded as expected, however YAP 

was still localized to the nucleus and subsequently redistributed to the cytosol only after 

dasatinib treatment (Figure 4D). Recent work has also suggested a role for tyrosine 

phosphorylation in regulating LATS1 activity.(25) In order to exclude an effect of dasatinib 

on LATS1 activity as a mechanism of regulating YAP subcellular compartmentation in CCA 

cells, we examined the phosphorylation status of serine 909 on LATS1 (LATS1S909) in the 

presence and absence of dasatinib. LATS1S909 phosphorylation signifies an enzymatically 

active LATS1. Incubation of HuCCT-1 cells with dasatinib led to the expected decrease in 

YAPY357 phosphorylation with no appreciable effect on LATS1S909 phosphorylation (Figure 

4E). Previous work has demonstrated that SFK may also phosphorylate YAP on tyrosines 

341, 357, and 394(26). Therefore, we also examined the role of these tyrosine phospho sites 

in regulating YAP cellular compartmentation by expressing an eGFP-fusion protein in which 

these three tyrosine residues were mutated to phenylalanine (Y341F, Y357F, Y394F-YAP-

eGFP). Compared to the wild-type YAP-eGFP, which was located in both the nucleus and 

cytosol, Y341,357,394F-YAP-eGFP was enriched in the cytosol and was excluded from the 

nucleus (Figure 4F). We next examined whether mutation of the Y357 site was sufficient to 

limit YAP localization to the cytosol. Indeed, Y357F-YAP-eGFP was also excluded from the 

nucleus; suggesting that phosphorylation of the Y357 residue was sufficient to regulate 

nuclear retention of YAP in cholangiocarcinoma cells (Figure 4F). Importantly, incubation 

of the wild-type YAP-eGFP HuCCT-1 cells with dasatinib lead to rapid redistribution of the 

YAP to the cytosol, suggesting transport kinetics for the GFP-tagged protein were similar to 

untagged protein (Figure 4G). Taken together, these data suggest a nuclear retention pathway 

for YAP regulated by tyrosine phosphorylation of Y357 and independent of YAP serine 

phosphorylation and therefore LATS1 activity.

The SFK inhibitor dasatinib is therapeutic in vitro and in vivo

Incubation of HuCCT1 and SB1 cells with dasatinib lead to an increased cell death (Figure 

5A), and loss of cell number in a concentration dependent manner with significant effects 

noted at clinically achievable concentrations (≤ 1 µM) (Figure 5B). Consistent with prior 
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observations that the pro-survival protein MCL-1 is a YAP target gene, dasatinib treatment 

of the CCA cells lead to a decrease in MCL-1 protein and gene expression (Figure 2B, 

Figure 5C). Next, we examined dasatinib therapeutic efficacy in NOD/SCID mice bearing 

CCA PDX. Patient-derived xenografts from three different patients (PDX 42, 115, 135) were 

implanted bilaterally in the mice and tumor-bearing animals treated with daily gavage of 

dasatinib (15 mg/kg) or vehicle; initiated once the tumors were palpable (~125 mm3). 

Following 14 days of treatment there was a dramatic difference in the size of tumors from 

dasatinib treated animals as compared to vehicle treated (Figure 5D). This was accompanied 

by a marked increase in cell death as indicated by TUNEL staining. (Figure 5E) The 

increase in cell death was an early process and present even after short course treatment (3 

days). Collectively, SFK inhibition with dasatinib was tumor suppressive in vitro and in vivo 
suggesting the LCK-mediated YAP tyrosine phosphorylation pathway in CCA is potentially 

therapeutically targetable.

DISCUSSION

This study delineates a regulatory role for YAP tyrosine phosphorylation in 

cholangiocarcinoma cell lines and patient-derived xenografts (Figure 6). These data indicate 

that: (1) tyrosine phosphorylation regulates YAP nuclear retention independent of the serine/

threonine cytosolic retention pathway, (2) the SRC-family kinase LCK mediates YAPY357 

phosphorylation and subsequent activity, and (3) SFK inhibition is therapeutic in vitro and in 
vivo. These findings are discussed in greater detail below.

The canonical regulatory pathway described for YAP involves a core Hippo serine/threonine 

kinase relay module involving MST1/2 and LATS1/2. This serine/threonine kinase relay 

culminates in phosphorylation of regulatory serine residues on YAP; regulatory serine 

phosphorylation promotes YAP cytosolic sequestration and/or proteasomal degradation.(4, 

27) This pathway, which we have termed the cytosolic retention pathway, restrains the 

activity of YAP; and consistent with these concepts we and others have demonstrated 

complete exclusion of phosphorylated YAPS127 from the nucleus.(2, 28) However, 

accumulating evidence also implicates receptor tyrosine kinases in the regulation of YAP 

cellular compartmentation.(2, 8) In the current study, we further examined the role of 

tyrosine phosphorylation in regulating YAP nuclear localization, a so-called nuclear 

retention pathway. We were able to separate the serine/threonine and tyrosine phospho-

regulation effects by utilizing our CCA cell line expressing an epitope-tagged S127A-YAP 

and subsequently by enforced expression of an epitope tagged 5SA-YAP in a human CCA 

cell line. S127A-YAP is predominantly compartmentalized to the nucleus. Utilizing an 

inhibitory paradigm to inform the regulatory pathways, we noted redistribution of S127A-

YAP from the nucleus into the cytosol following SFK inhibition. This redistribution of 

S127A-YAP out of the nucleus was accompanied by its association with tyrosine 

phosphatases and was blocked by a tyrosine phosphatase inhibitor. These data suggest a 

regulatory process whereby YAP tyrosine phosphorylation promotes nuclear retention. 

Conversely, dephosphorylation, either through decreased tyrosine kinase activity or via 

tyrosine phosphatase activity, enhances transport of YAP out of the nucleus. While S127 is 

the most comprehensively studied serine residue regulating YAP cellular compartmentation, 

other potential regulatory serine phosphorylation sites exist in YAP, and one possibility is 
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that the Hippo kinase module could be regulating the subcellular localization by 

phosphorylation at serines other than S127. Moreover, LATS1 tyrosine phosphorylation may 

also negatively regulate LATS1 serine kinase activity.(25) In this scenario, SFK inhibition 

may increase LATS1 activity and subsequent YAP phosphorylation on multiple serine 

residues. Our data argue against this mechanism in CCA cells as YAPS127 phosphorylation 

did not increase in HuCCT-1 cells treated with dasatinib, the 5SA-YAP (in which 8 serine 

residues have been mutated to alanine) still redistributed to the cytosol with dasatinib 

treatment, and p-LATS1S909 was not altered. Additional studies will be required to fully 

understand the interplay between the cytosolic and nuclear retention pathways and potential 

cross regulation, however our data suggest functions for both serine and tyrosine phospho-

regulation of YAP and its cellular compartmentation.

Based on our previous observations linking SFK activity to PDGF regulation of YAP activity 

and localization, we sought to determine more precisely which SFK may be involved in this 

pathway. In IDH1/2 mutated CCA, Saha et al, demonstrated a central role for SRC itself.(29) 

In our studies we did not find a significant effect on YAP tyrosine phosphorylation with 

downregulation of SRC levels. We did however note a decrease in YAP tyrosine 

phosphorylation and transcriptional activity with siRNA targeted knockdown of LCK. This 

association between LCK and YAP phosphorylation has not been previously reported. In 

fact, LCK is most comprehensively described in its role in signal transduction from the T-

cell receptor to downstream intracellular signaling molecules.(30) We found LCK is 

expressed in not only normal human cholangiocytes, but both of the CCA cell lines we 

utilized, and the CCA PDX tumors examined. Interestingly, when dasatinib was undergoing 

development as a pan-SRC kinase inhibitor it was LCK that was utilized as the binding 

partner for the compound screen and subsequent optimization strategies.(31) It is possible 

that other SFK are involved in YAP regulation in a redundant fashion, but that thresholds for 

expression may be different; such that more complete knockdown of the other expressed 

family members may be necessary to see effects on YAP phosphorylation and localization. 

The degree of homology between the family members makes pharmacologic inhibition of 

individual members challenging; however, other strategies such as CRISPR/Cas9 constructs 

would further delineate the roles of the individual SFK.

The tyrosine phosphorylation of YAP is an attractive therapeutic target as it represents an 

activating phosphorylation (versus the inhibitory serine phosphorylation). SFK inhibition 

can be achieved with the pan-SRC inhibitor dasatinib and efficacy has previously been 

demonstrated in IDH-mutated intrahepatic cholangiocarcinoma models.(29) We found 

dramatic sensitivity to dasatinib in all of our models, cell lines and PDX. The effect appears 

to be, at least partially, due to downregulation of the pro-survival YAP target gene MCL-1. 

Further studies are underway to determine if targeted downregulation of LCK has a similar 

effect on tumor survival, however the accumulated preclinical data suggest SFK inhibition as 

a therapeutic strategy in intrahepatic cholangiocarcinoma.

Overall our study contributes to the understanding of YAP function and regulation in cancer. 

Our observations extend the concept of phospho-regulation of YAP to include a role for 

tyrosine phosphorylation independent of LATS 1/2 serine phosphorylation and a separation 

of the cytosolic and nuclear retention signals. Additionally we have identified a potentially 
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novel role for LCK in the regulation of YAP in CCA. Finally we have generated additional 

pre-clinical data supporting the role of SFK inhibition in the treatment of intrahepatic 

cholangiocarcinoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. YAPY357 is phosphorylated in cholangiocarcinoma cell lines and tumors
(A) Cell lysates from the NHC, HuCCT-1, and SB1 were subjected to immunoblot for 

phosphorylated YAP tyrosine 357 (pYAPY357). Total YAP and actin were used as loading 

controls. (B,C) Representative images of immunohistochemistry used to detect SOX9, YAP, 

and phosphorylated YAP (pYAPY357) expression in CCA patient derived xenografts (PDX)

(B), parental tumor from which the SB1 cell line was derived (C), and from normal adjacent 

liver (C). Secondary only controls are included. N=5 tumors/livers were stained. Original 

magnification 40×. Abbreviations: H&E, hematoxylin and eosin. Scale bar = 50 microns.
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Figure 2. SFK inhibition downregulates YAP target gene expression, YAPY357 phosphorylation, 
and YAP nuclear localization in cholangiocarcinoma cell lines and tumors
(A) RT-PCR identified five SFK expressed in the HuCCT-1, NHC, and SB1 cell lines, as 

well as PDX42. (B) mRNA expression in HuCCT-1 and SB1 CCA cell lines, and PDX42 +/

− SFK inhibitor dasatinib (1 µM, 2 hours) for cell lines and dasatinib (15mg/kg) daily × 3 

days for PDX. Fold expression treated/control is depicted as geometric mean +/−geometric 

standard deviation (n=3). *p<0.05 (C) Cell lysates from the HuCCT-1 and SB1 cell lines, 

and PDX42 tumors treated with dasatinib at the same concentration as (B) were subjected to 

immunoblot for phosphorylated SRC (Y416). Total SRC and Actin were used as loading 

controls. (D) Cell lysates from the HuCCT-1 and SB1 cell lines, and PDX42 tumors treated 

Sugihara et al. Page 17

Mol Cancer Res. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with dasatinib at the same concentration as (B) were subjected to immunoblot for 

phosphorylated YAP (pYAPY357). Total YAP and Actin were used as loading controls. (E) 

(Upper panel)Representative images of immunohistochemistry used to detect pYAPY357 

localization in intrahepatic CCA xenografts +/− dasatinib (15mg/kg, 3days). Secondary only 

controls are included. Original magnification 40×. Scale bar = 10 microns. N=5 tumors 

stained per treatment. (Lower panel) Quantification of nuclei with nuclear pYAPY357. 

*p<0.002
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Figure 3. The SFK member LCK regulates YAP tyrosine phosphorylation and transcriptional 
activity in cholangiocarcinoma
(A) Cell lysates from HuCCT-1 cell lines transfected with targeting and non-targeting 

siRNA were subjected to immunoblot for SRC, YES, LCK, FYN, LYN. GAPDH was used 

as a loading control. (B) Cell lysates from HuCCT-1 cell lines transfected with non-targeting 

siRNA and siRNA for five SFKs were subjected to immunoblot for phosphorylated YAP 

(pYAPY357). Total YAP and GAPDH were used as loading controls. (C) CTGF and CYR61 

mRNA expression in HuCCT-1 cell line transfected with non-targeting siRNA (NC1) and 

siRNA for five SFKs. Fold expression targeting/non-targeting is depicted as geometric mean 

+/−geometric standard deviation (n=3). *p<0.05 (D) Relative cell proliferation in HuCCT-1 
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cell lines transfected with targeting and non-targeting siRNA for five SFKs, quantitation. 

*p<0.05 (E) HuCCT-1 cell lines transfected with a doxycycline inducible CRISPR/Cas9 

construct targeting LCK were incubated with doxycycline (7.5 µg/mL) for the noted time. 

Cell lysates were subjected to immunoblot for pYAPY357 (total YAP as loading control) and 

LCK (GAPDH as loading control). (F) HuCCT-1 cell lines transfected with a doxycycline 

inducible CRISPR/Cas9 construct targeting LCK or empty vector were incubated with 

doxycycline (7.5 µg/mL) for the noted time. Immunofluorescence for YAP was undertaken 

and representative images are displayed (upper panel) with quantification of YAP 

localization (lower panel). Original magnification 40×. Scale bar = 10 microns. (G) 

Phosphorylation of recombinant YAP in a cell free system by recombinant LCK was 

evaluated by luminescence and immunoblot (inset). (H) Heat map representation of FPKM 

for LCK and ARID3a from PDX derived from patients undergoing curative intent liver 

resection with recurrence in less than 10 months (L10) versus recurrence in greater than 10 

months (G10).
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Figure 4. Phosphorylation of YAPY357 regulates nuclear retention in cholangiocarcnoma
(A) Representative images of FLAG immunofluorescence in the SB1 CCA cell line 

incubated with vehicle, dasatinib (100 nM, 1 hour), or dasatinib (100 nM, 1 hour) and 

sodium orthovanadate (10 mM, 1 hour) (upper panel) and quantification of YAP nuclear 

localization (lower panel). (B) Representative images of YAP immunofluorescence in 

HuCCT-1 cells incubated with vehicle, dasatinib (100 nM, 1 hour), or dasatinib (100 nM, 1 

hour) and sodium orthovanadate (10 mM, 1 hour) (upper panel), quantification of YAP 

nuclear localization (lower left panel), and cell fractionation evaluated by immunoblot 

(lower right panel). Lamin B1 and GAPDH were used as nuclear and cytoplasmic markers 
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respectively. (C) Representative images of FLAG immunofluorescence in HuCCT-1 cells 

transfected with FLAG-5SA-YAP incubated with vehicle, dasatinib (100 nM, 1 hour), or 

dasatinib (100 nM, 1 hour) and sodium orthovanadate (10 mM, 1 hour) (upper panel) and 

quantification of YAP nuclear localization (lower panel). (D) Representative images of YAP 

immunofluorescence in HuCCT-1 cells incubated with vehicle, latrunculin A (1 µM, 1 hour), 

or latrunculin A (1 µM, 1 hour) and dasatinib (100nM, 1 hour) (upper panel) and 

quantification of YAP nuclear localization (lower panel). (E) Cell lysates from HuCCT-1 

cells treated with dasatinib (1µM, 2 hours) were subjected to immunoblot for pYAPY357, 

pYAPS127 (total YAP as a loading control) and pLATS1S909 (total LATS1 as a loading 

control). Actin was used as a loading control. (F) Representative images of fluorescent 

microscopy in HuCCT-1 cells expressing wild-type or mutated YAP-eGFP. (G) 

Representative images of time lapse fluorescent microscopy in HuCCT-1 cells expressing 

wild-type YAP-eGFP. Original magnification 40×. Scale bar = 10 microns for all images.
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Figure 5. The SFK inhibitor dasatinib is therapeutic both in vitro and in vivo
(A) Cell death was evaluated after staining with propidium iodide in HuCCT1 and SB1 cells 

treated with dasatinib (1 µM, 24hrs). *p<0.05 (B) HuCCT-1 and SB1 cells were incubated 

with vehicle or the indicated concentration of dasatinib for 3 days. Cell proliferation was 

evaluated by cell counting after staining with Hoechst 33342 and was normalized to vehicle 

treatment. *p<0.01 (C) Cell lysates from HuCCT-1 cell lines incubated +/− dasatinib (1µM, 

2hrs) were subjected to immunoblot for MCL-1. GAPDH were used as loading control. (D) 

Tumor bearing NOD/SCID mice from PDX42, PDX115, and PDX 135 were treated with 

daily gavage of vehicle or dasatinib (15 mg/kg, 14 days)(n=7/treatment) and tumor volumes 
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recorded daily. Day 14 tumor volumes are displayed for all three PDX. *p<0.05 ***p<0.001 

(E) Representative images following TUNEL staining in tumors from vehicle and dasatinib 

treated animals (upper panel), with quantification of TUNEL positive cells (lower panel). 

Original magnification 10×. Scale bar = 50 microns.
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Figure 6. YAP nuclear and cytosolic retention pathways model
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Table 1

Tyrosine Phosphatases Associated with YAP in Murine SB1 Cells: Ratio of Total Spectrum Count(TSC) in 

Dasatinib Treated/Untreated Controls

Phosphatase
Ratio TSC

Treated/Control

PTPN11 3.5

PTPRK 3.0

PTPN1 2.0

PTPN23 2.0
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