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Abstract

Receptor tyrosine kinases (RTKs) and Yes-associated protein (YAP) are critical driv-
ing factors in tumors. Currently, the regulation of RTKs in the Hippo-YAP pathway
has been recognized as an important issue. However, the relationship between AXL,
one of the RTKs, and YAP in head and neck squamous cell carcinoma (HNSCC) re-
mains unknown. In this study, the crosstalk between AXL and YAP was thoroughly
investigated in vitro and in vivo. We determined that there was a positive correla-
tion between AXL and YAP in the HNSCC tissue samples and the Cancer Genome
Atlas (TCGA) dataset, and high co-expression was associated with poor prognosis.
Inhibiting YAP decreased AXL expression in HNSCC cells, while YAP overexpres-
sion increased AXL. Moreover, ectopic expression of AXL reversed tumor suppres-
sor phenotypes mediated by YAP silencing. This reversal effect was also confirmed
in vivo. In addition, AXL overexpression and Gasé, a ligand of AXL, stimulated YAP
dephosphorylation, nuclear translocation, and target gene transcription. AXL inhibi-
tion decreased YAP dephosphorylation and nuclear translocation. Mechanistically,
Gasé6 induced a competitive binding to phosphorylated signal transducers and acti-
vators of transcription 3 (STAT3) with large tumor suppressor kinase 1 (LATS1) and
inhibited the Hippo pathway. This study revealed a novel non-transcriptional effect
of STAT3 in Gas6/AXL-induced YAP activity, suggesting that STAT3 acted as a critical
“molecular switch” during the mutual promotion between AXL and YAP, which might

be a promising therapeutic target in HNSCC.
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1 | INTRODUCTION

HNSCCis a common and aggressive malignant cancer with 40%-50%
mortality in advanced patients.! RTKs, including EGFR and human
epidermal growth factor receptor 2 (HER2), provide growth signaling
to maintain the essential cell behaviors that have become the most
popular therapeutic targets in various tumors.? Regrettably, cetux-
imab, an EGFR monoclonal antibody, showed unsatisfactory out-
comes as a first-line targeted drug in HNSCC with a response rate of
only 13% in single-agent application.®” Thus, extensive investigation
of the RTK regulatory network during cancer progression in HNSCC
is an impending need.

Hippo-YAP plays a critical role in tumor growth, metastasis, and
chemoresistance.®’ Hippo cascade restricts YAP activity by phos-
phorylating large tumor suppressor kinase 1 (LATS1) and MOB1,
leading to YAP phosphorylation, cytoplasmic retention, and conse-
quently degradation.® When the Hippo pathway is inhibited, YAP
accumulating in nucleus interacts with the TEA domain-containing
sequence-specific transcription factors (TEADs) and initiates tar-
get gene transcription. Abnormally elevated levels of YAP and its
pro-oncogenic transcriptional regulation have attracted much atten-
tion.?1% Upstream signals that regulate the Hippo-YAP pathway in
HNSCC, however, remain poorly understood.

Recent studies have observed a strong relationship between
RTKs and the Hippo pathway. Receptor tyrosine kinase-like or-
phan receptor 1 (ROR1) phosphorylates HER3 and regulates the
Hippo-YAP pathway.'* EGF treatment dissociates the Hippo core
complex, resulting in YAP nuclear translocation.’? AXL, a member
of the RTK family, plays a critical role in HNSCC.*® If AXL regulates
YAP signaling and its details of its mechanism in HNSCC are still
unknown.

In this study, we demonstrated that AXL upregulation reversed
tumor suppressor phenotypes by YAP silencing in HNSCC. Gas6/
AXL inhibited the Hippo pathway and then induced YAP nuclear lo-
calization and transcriptional regulation. Furthermore, signal trans-
ducers and activators of transcription 3 (STAT3) activation was a key
mediator in the regulation of Gas6/AXL on Hippo-YAP. Our findings
provided an insight into the mutual regulatory mechanism of AXL
and YAP in HNSCC. STATS3 activation in this crosstalk was revealed
for the first time and was suggested as a potential therapeutic target
in HNSCC.

2 | MATERIALS AND METHODS
2.1 | Patients and specimens

In total, 63 HNSCC tumor tissue specimens were collected from
January 2009 to December 2010 at the Ninth People's Hospital,
Shanghai Jiao Tong University School of Medicine (Shanghai,
China). Informed consent was provided by all patients. This study
was approved by Ethics Committee of the Ninth People's Hospital.

Demographic characteristics are listed in Table S1.
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2.2 | Immunohistochemistry and
immunofluorescence assay

Immunohistochemistry (IHC) was performed with a tissue microar-
ray (TMA). Protein levels were evaluated by 2 clinical pathologists
using histochemistry score (H-score) criteria.'* H-score = X (stain-
ing intensity percentage of stained cells). Imnmunofluorescence assay
was performed according to protocols. Antibodies used are as fol-
lowing: AXL (AF154) (R&D Systems), Ki67 (IR626) (DAKO), LATS1
(17049-1-AP) (Proteintech).

2.3 | Cell culture

Cal27, SCC9, and SCC25 cell lines were purchased from American
Type Culture Collection (ATCC). HN4, HN6, and HN3O cell lines were
kindly provided by the University of Maryland Dental School, USA.
SCC7 cell line was kindly provided by Prof. Liu in Suzhou University,
China. Cal27, HN4, HNé6, HN30, and human embryonic kidney (HEK)
293T were cultured in Dulbecco's Modified Eagle Medium (DMEM,;
Gibco) with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco).
DMEM/nutrient mixture F12 (Gibco) medium was used for SCC9
and SCC25. Recombinant human growth arrest-specific protein
6 (rhGasé) and interleukin-6 (rhIL-6) were purchased from R&D
Systems and Proteintech, respectively. Verteporfin, BGB324, cryp-
totanshinone (Selleck), AKTi-1/2, and SCH772984 were purchased

from MedChemExpress.

2.4 | Cell transfection

Small interfering RNAs (siRNAs) were synthesized by RiboBio
(Table S2). Plasmids and lentiviruses were synthesized by Genechema
and Genomeditech. Cell transfection was performed using the

Lipofectamine® 3000 Transfection Kit (Invitrogen).

2.5 | Total mRNA extraction and quantitative Real-
time PCR

Total mRNA was extracted using TRIzol (Takara) and cDNA was syn-
thesized with PrimerScript™ RT reagent Kit (Takara). Primers were
synthesized by Sangon Biotech (Table S3).

2.6 | Western blot and immunoprecipitation
(IP) analysis

Total protein was extracted with SDS lysis buffer (Beyotime
Biotechnology). Nuclear and cytoplasmic proteins were prepared as
described previously.!® Cells for IP were lysed with RIPA lysis buffer
(Beyotime Biotechnology). Protein A/G Magnetic Beads were pur-
chased from Bimake. Antibodies are listed as follows: YAP (#14074),
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p-YAP (Ser127) (#13008), AXL (#8661), p-AXL (Tyr702) (#5724),
STAT3 (#9139), p-STAT3 (Tyr705) (#9145), AKT (#4691), p-AKT
(Serd73) (#4060), ERK (#4695), p-ERK1/2 (Thr202/Tyr204) (#4370),
MMP2 (#40994), MMP9 (#13667), MST1 (#3682), p-MST1/2
(Thr183/Thr180) (#49332), LATS1 (#3477), p-LATS1 (Thr1079)
(#8654), LATS2 (#5888), MOB1 (#13730), p-MOB1 (Thr35) (#8699)
(Cell Signaling Technology, CST), MST2 (12097-1-AP) (Proteintech).

2.7 | RNA sequencing and data analysis

Sequencing libraries were generated using NEBNext® Ultra™ RNA
Library Prep Kit. RNA sequencing was performed on lllumina
NovaSeq platform. Differential expression analysis and Gene
Ontology (GO) enrichment analysis were performed with a fold
change (FC) > 2.0 and Padj < .05.

2.8 | Dual-luciferase assay

The binding site between AXL and TEAD1 was predicted in JASPER
dataset. AXLWT—promoter, AXL®7%583 MUT—promoter, and cellular com-
munication network factor 2 (CCN2)-promoter were constructed by
Genomeditech. Promoter activities were detected using the Dual-
Luciferase Reporter Gene Assay Kit (Beyotime Biotechnology).

2.9 | Cell proliferation and invasion assay

Cell Counting Kit-8 (CCK-8; Dojindo), 5-ethynyl-2’-deoxyuridine
(EdV) (Cell-Light EdU In Vitro Kit, RiboBio), and transwell assays
were performed according to our previous study.*

2.10 | Animal studies

Lentivirus transfected CAL27 (1.5 x 10° cells per injection) and SCC7
cells (1.5 x 10° cells per injection) were subcutaneously injected into
BALB/c and C3H mice, respectively. Hematoxylin and eosin stain
(HE), IHC and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay (Beyotime Biotechnology) were performed
according to manufacturer's protocols.

2.11 | Statistical analysis

Statistical analysis and diagramming were performed using SPSS
Version 25.0, R Studio and GraphPad Prism version 6.0. X-Tile soft-
ware version 3.6.1 (Yale University School of Medicine) was used to
determine mRNA cut-off values.)” Student t test or one-way ANOVA
were used to analyze for 2 or more variables. Data were presented
as the mean + SD of 3 independent experiments. P < .05 was re-

garded as statistically significant difference.

3 | RESULTS

3.1 | A positive correlation between YAP and AXL
is observed and indicates poor prognosis in HNSCC
patients

Immunohistochemistry was performed to measure YAP and AXL
protein expressions in the TMA of 63 HNSCC patients (Table S1).
YAP was mainly localized in the cytoplasm and nucleus, while AXL
was predominantly on plasma membranes (Figure 1A). Protein ex-
pression was divided into low, moderate, or high based on H-score
criteria. We further analyzed the relationship between YAP and
AXL. A positive correlation was observed between total YAP and
AXL protein expression (Figure 1B). Given that YAP activation re-
quires nuclear translocation, we also observed a positive correla-
tion between nuclear YAP and AXL protein expression (Figure 1C).
According to the HNSCC dataset from TCGA database including
466 HNSCC samples, a positive correlation between YAP and AXL
mRNA expression was also observed, thus supporting our IHC re-
sults (Figure 1D). Clinical prognosis analysis was performed based on
YAP and AXL mRNA according to TCGA database (YAP cut-off value:
-0.33; AXL cut-off value: 1.24; Figure S1). High YAP or AXL expres-
sion was associated with poor prognosis (Figure 1E,F and Tables 1
and 2). Furthermore, patients with high expression of YAP combined
with AXL had worse prognosis than patients with respective high ex-
pression of the proteins (Figure 1G and Table 2). These results dem-
onstrated that YAP and AXL were positively correlated and indicated
poor prognosis in HNSCC.

3.2 | YAP positively regulates AXL expression
in HNSCC

We examined YAP and AXL expressions in 6 HNSCC cell lines and
normal oral mucosal epithelial cells. Most HNSCC cell lines have up-
regulated YAP and AXL expression (Figure 2A). HN4 and HN30, with
high expression levels of YAP, were selected for follow-up experi-
ments. AXL mRNA and protein levels were significantly attenuated
after YAP silencing (Figures 2B and S2). The percentage of YAP- or
AXL-positive cells was decreased after si-YAP transfection, as shown
by immunofluorescence analysis (Figure 2C). To further explore YAP
target genes, RNA sequencing analysis was performed after si-YAP
transfection. Here, 192 significantly altered genes were identified
in the si-YAP group, including 109 downregulated genes and 83 up-
regulated genes (Document S1). AXL was one of the downregulated
genes in the si-YAP group (Figure 2D). Other YAP target genes, such
as AMOTL2 and AJUBA, were also downregulated. Moreover, verte-
porfin, an inhibitor of YAP, had substantially decreased AXL expres-
sion in a dose-dependent manner (Figure 2E). Furthermore, ectopic
expression of YAP increased AXL expression (Figure 2F). Verteporfin
was used to explore the effect of YAP on AXL downstream signaling.
Previous studies have found that Janus kinase (JAK)/STAT3, phos-
phoinositide 3-kinase (PI3K)/AKT, and MEK/ERK signaling were
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FIGURE 1 A positive correlation between Yes-associated protein (YAP) and AXL is observed and indicates poor prognosis in head and
neck squamous cell carcinoma (HNSCC) patients. A, YAP and AXL protein expression was detected using tissue microarray assay (TMA)
including 63 HNSCC patients. Representative images of high, moderate, and low expression of YAP and AXL are shown. Scale bars: 50 pm.
B, A correlation between total YAP and AXL protein expression were analyzed in HNSCC TMA. C, A correlation between nuclear YAP and
AXL protein expression was analyzed in HNSCC TMA. D, A correlation between YAP and AXL mRNA expression in the HNSCC dataset
including 466 samples from the Cancer Genome Atlas (TCGA) database (https://xenabrowser.net) was performed. E, F, Five-year overall
survival analysis was performed based on YAP or AXL expression in the HNSCC dataset. G, Five-year overall survival analysis was performed
according to the combined YAP and AXL expression in the HNSCC dataset. P-value was according to Student t test

main downstream pathways mediating AXL regulation in tumors.18%?

We observed that p-STAT3 and p-AKT were reduced by verteporfin
(Figure 2G). There was no obvious change in p-ERK (data not shown).
To verify AXL as a target gene of YAP, AXL-promoter activity was
measured after cotransfection of the YAP plasmid. We observed
that YAP overexpression activated wild-type AXL transcriptional
initiation, not AXL mutant (572-583) (Figure 2H,1). Our results sug-
gested that YAP positively regulated AXL expression in HNSCC cells.

3.3 | AXL reverses tumor suppressor phenotypes
mediated by YAP silencing in vitro and in vivo

To determine the involvement of AXL in YAP oncogenic function in
HNSCC progression, salvage experiments using cotransfection with

si-YAP and AXL plasmid were performed. The inhibited proliferation

TABLE 1 Univariate Cox regression models for estimating the
overall survival

p-
Characteristics HR 95% Cl value
Overall survival
Univariate analysis
Age 1.021 1.009-1.034 .001
Gender (male vs 0.692 0.514-0.932 016
female)
Alcohol history 0.775 0.577-1.042 .092
(Alcohol vs none
Alcohol)
Pathologic stage
Ilvs | 2.018 0.728-5.591 177
s | 3.271 1.208-8.861 .020
YAP expression (high 1.346 0.819-2.214 241
vs low)
AXL expression (high 1.755 1.265-2.436 .001
vs low)
YAP/AXL expression
YAPH/AXL' & 1.338 0.785-2.281 .284
YAP/AXLM vs
YAP/ AXL"®
YAPH/ AXLM vs 1.965 1.325-2.913 .001
YAPHI/AXLY &
YAP-/AXLM

Note: P-values in bold print indicate statistical significance
Abbreviations: Cl, confidence interval, HR, hazard ratio.

mediated by YAP silencing was reversed by AXL overexpression ac-
cording to EdU and CCK-8 assays (Figures 3A,B and S3). Moreover,
colony formation was inhibited after YAP silencing and increased
after AXL cotransfection (Figure 3C). Decreases in migration and
invasion mediated by YAP knockdown were also reversed after
AXL overexpression according to wound healing and transwell as-
says (Figures 3D,E,F, S4, and S5). Moreover, 2 invasion-associated
proteins, matrix metallopeptidase 2 (MMP2) and MMP9,%° were de-
creased after YAP silencing and increased by AXL overexpression
(Figure 3G). These in vitro results demonstrated that AXL mediated
the oncogenic regulation of YAP on HNSCC.

TABLE 2 Multivariate Cox regression models for estimating the
overall survival

Characteristics HR 95% ClI value

Overall survival
Multivariate analysis of YAP expression (Figure 1E)
Age 1.025 1.011-1.040 .000
Pathologic stage
Ilvs | 2.156
Mvs | 3.917
1.940

0.778-5.979 .140
1.440-10.656  .007
YAP expression (high vs low) 1.050-3.583 .034
Multivariate analysis of AXL expression (Figure 1F)
Age 1.025 1.011-1.039 .000
Pathologic stage
Ilvs | 2.147
s | 3.621

AXL expression (high vs low) 1.571

0.774-5.952 142
1.331-9.852 .012
1.100-2.244 .013

Multivariate analysis of combined YAP and AXL expression

(Figure 1G)
Age 1.025 1.012-1.040 .000

Pathologic stage

s | 2165  0.781-6.002  .138
Hvs| 3792  1.393-10.320  .009
YAP/AXL expression
YAPHI/AXLY® & YAP-°/ 1923  1.006-3.676 048

AXLM vs YAPY?/ AXLY®

YAPM/ AXLM vs YAPM/
AXL & YAP-/AXL™

2.013 1.281-3.163 .002

Note: P-values in bold print indicate statistical significance.
Abbreviations: Cl, confidence interval; HR, hazard ratio.
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FIGURE 3 AXL reverses tumor suppressor phenotypes mediated by Yes-associated protein (YAP) silencing in vitro. A, B, EdU and CCK-8
assay was performed after cotransfection with si-YAP and the AXL plasmid for 24 h. Scale bars: 200 pm. C, Colony formation assay was
performed after cotransfection with si-YAP and AXL plasmid. D, E, Cell migration was assessed with wound healing and transwell assay after
YAP silencing and AXL overexpression for 24 h. F, Cell invasion was performed using transwell assay with coated Matrigel cotransfection
with si-YAP and AXL plasmid. G, MMP2 and MMP9 were detected after cotransfection with si-YAP and AXL plasmid for 48 h. *P < .05,

**P < .01, ***P < .001, according to one-way ANOVA

To confirm in vitro results, xenograft tumor models were es-
tablished using the lentivirus system in immunodeficient mice
(Figure 4A). Our data showed that all 12 tumors were formed in
Vector group, 4/12 tumors were observed in YAP knockdown group,
and 6/12 tumors were formed after AXL overexpression (Figure 4B).
These results indicated that YAP played a critical role during HNSCC
carcinogenesis. AXL overexpression rescued the oncogenic inhibi-
tion of YAP knockdown. Moreover, tumor volume and tumor weight
decreased in YAP silencing group were reversed by AXL overexpres-
sion (Figure 4C,D). YAP and AXL expressions in tumors were further
confirmed using IHC (Figure 4E). Ki-67 and TUNEL assays revealed
that AXL ectopic expression could reverse tumor suppressor phe-
notypes mediated by YAP silencing (Figure 4E,F). We also explored
the effect of YAP and AXL in vivo using immunocompromised mice
(Figure 5A,B). The results showed that YAP knockdown inhibited
tumor growth, which could be reversed by AXL overexpression
(Figure 5C-E). Representative HE images are shown in Figure 5F.
These in vivo results further supported that AXL acted as a down-
stream molecule of YAP in HNSCC progression.

3.4 | AXL promotes YAP nuclear translocation and
transcriptional regulation via dephosphorylation

To test whether AXL can act as an upstream signaling component
and inversely regulate YAP activity, AXL plasmids, and its ligand,
Gasé, were used to activate AXL activity. BGB324, an AXL inhibitor,
was used to inhibit AXL activity. We observed that p-YAP (Ser127)
was significantly decreased after AXL overexpression or rhGasé
stimulation in a dose-dependent manner (Figure 6A,B). Conversely,
BGB324 significantly increased the levels of p-YAP in a dose-
dependent manner (Figure 6C). To further explore whether AXL can
affect YAP cellular location, immunofluorescence assay was per-
formed. According to previous studies, lysophosphatidic acid (LPA)
from serum can also induce YAP nuclear translocation via G-protein-
coupled receptor (GPCR) signaling, regardless of Gas6/AXL.?! High
serum concentration in culture medium led to a high baseline of nu-
clear YAP expression, which would affect the observation on YAP
nuclear translocation. Therefore, before the treatment of rhGasé,
cells were pre-starved with 2% FBS to ensure enough YAP in cy-
toplasm. While BGB324 was directly added with 10% FBS to en-
sure most YAP accumulating in nucleus in the baseline. Our results
observed that Gasé stimulation substantially promoted YAP nuclear
translocation (Figure 6D) while BGB324 inhibited YAP nuclear trans-
location (Figure 6E). Cytoplasmic and nuclear proteins were sepa-

rated for semiquantitative analysis for YAP distribution, nuclear YAP

was enhanced with increasing dose of rhGasé (Figure 6F), while
BGB324 decreased YAP in the nucleus (Figure 6G). We also ob-
served that si-AXL inhibited YAP nuclear translocation induced by
rhGasé (Figures 6H and S6A). Moreover, mnRNA expression of CCN2
and AREG, 2 well known target genes of YAP,?22% were increased
after AXL overexpression (Figure 6l). To testify the effect of AXL
in YAP transcriptional regulation, we detected CCN2-promoter ac-
tivity using dual-luciferase assay. YAP knockdown decreased CCN2-
promoter activity induced by Gasé (Figure 6J). The Hippo pathway
has an inhibitory regulation on YAP activity. Activated LATS1 and
MOB1 directly promoted YAP phosphorylation (mainly at Ser127),
leading to YAP cytoplasmic retention and degradation. YAPS?7A,

t,24 was constructed to avoid LATS1 inhibition

an activated mutan
and enhance CCN2-promoter activity (Figure S7). Our result showed
that Gasé increased CCN2-promoter activities in Vector groups and
YAPWT groups. However, Gasé could not increase CCN2-promoter
activity in the presence of YAP*2”A which indicated that Gasé/AXL
activated YAP via LATS1-phosphorylated site at Ser127 (Figure 6K).
We further found that Gasé stimulation and AXL overexpression
inhibited activities of MST1/2, LATS1, and MOB1, as well as AXL
knockdown inhibited MST1/2 activity (Figures 6L and S8). These re-
sults suggested that Gas6/AXL-induced YAP dephosphorylation and
nuclear translocation via inhibiting the Hippo pathway in HNSCC.

3.5 | STATS3 activation played a critical role
in the crosstalk between Gas6/AXL and the Hippo-
YAP pathway

To explore how Gasé6/AXL promotes YAP activity, several can-
didates that could inhibit AXL were selected. A positive correla-
tion between STAT3 and YAP mRNA expression was observed in
the HNSCC dataset from TCGA database (Figure 7A). Our previ-
ous results demonstrated that the YAP inhibitor significantly at-
tenuated STAT3 and AKT phosphorylation (Figure 2G). To explore
how Gas6/AXL regulated the Hippo-YAP pathway, 3 inhibitors of
STAT3, AKT, and ERK were used. Only cryptotanshinone, an in-
hibitor blocking STAT3 phosphorylation at Tyr705,%° significantly
increased p-YAP expression (Figure 7B), suggesting that STAT3
might be involved in YAP activation. We also testified that Gasé
induced STAT3 and AKT phosphorylation (Figures 7C and S9). We
then used si-STAT3 (Figure S6B) and cryptotanshinone to further
explore STAT3 regulation on YAP activation. The data indicated
that si-STAT3 reversed p-YAP expression, which was decreased by
rhGasé (Figure 7D). Cryptotanshinone also inhibited Gasé promo-

tion in YAP nuclear translocation (Figure 7E). Moreover, CCN2 and
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FIGURE 4 AXL reverses tumor growth inhibition mediated by Yes-associated protein (YAP) silencing in vivo using immunodeficient mice.
A, YAP and AXL were detected in CAL27 after cotransfection with Lv-YAPi and Lv-AXL. B, The tumors derived from BALB/c mice are shown.
GV110 and GV365 were blank vector controls for Lv-YAPi and Lv-AXL, respectively. C, D, Tumor volume and tumor weight were measured
after the mice were sacrificed. E, Representative images of HE, YAP, AXL, and Ki-67 staining by IHC are shown. Scale bars: 50 um. F, TUNEL
staining was performed to measure cell apoptosis. Scale bars: 20 pm. *P < .05, **P < .01, ***P < .001, according to Student t test
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FIGURE 5 AXL reverses tumor growth inhibition mediated by Yes-associated protein (YAP) silencing in vivo using immunocompromised
mice. A, YAP and AXL were detected in SCC7 after cotransfection with Lv-YAPi and Lv-AXL. B, The xenograft models using C3H mice are
shown. C, The tumors derived from C3H mice are shown. D, Tumor volume was measured during the experiment. E, Tumor weight was
measured after the mice were sacrificed. F, Representative HE images are shown. Scale bars: 50 pm

AREG mRNA expression was also attenuated by STAT3 knockdown
(Figure 7F). To further explore the effect of STAT3 on the Hippo
pathway, we observed that cryptotanshinone blocked Gasé in-
hibition on p-LATS1 and p-MOB1 (Figure 7G). Overexpression of
STAT32703, lacking phosphorylation site at Tyr705, reversed the in-
hibition in LATS1/2 phosphorylation mediated by MST1 silencing
(Figures S6C and S10). We then observed a co-localization of STAT3
and LATS1 in cytoplasm (Figure S11). Immunoprecipitation experi-
ments revealed that Gasé induced binding to LATS1 with p-STAT3,
as well as inhibiting the interaction between total STAT3 and LATS1
(Figure 7H,1). In addition, Gasé dissociated the interaction between
LATS1 and other molecules in the Hippo pathway (Figure 7H). The
affinity of p-STAT3 for MST1 and MOBJ1 was also inhibited by Gasé
(Figure 7J). In addition, binding to LATS1 with p-STAT3 was inhibited
by STAT3%7%% overexpression (Figure 7K). Moreover, we also found
that IL-6-induced STAT3 activation promoted YAP nuclear translo-
cation, which could be inhibited by STAT3 silencing (Figures 7L and

S12). These data indicated that Gasé induced a competitive bind-
ing to p-STAT3 with LATS1. The interaction inhibited LATS1 ac-
tivity, then blocked the Hippo inhibitory signal on YAP, and finally
promoted YAP activity. In this study, a mutual regulation between
Gas6/AXL and Hippo-YAP was established in HNSCC progression.
Gasé-induced p-STAT3 abolished the inhibition of YAP by the Hippo
pathway, then promoted YAP dephosphorylation and nuclear trans-
location to initiate target gene transcription (Figure 7M).

4 | DISCUSSION

In this study, we found that Gasé6/AXL-induced STAT3 activation
blocked the inhibition by the Hippo pathway via competitive binding
to LATS1, and subsequently activated YAP nuclear translocation and
transcriptional regulation. This mutual promotion suggested that
AXL and YAP jointly derived HNSCC progression. Our study firstly
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FIGURE 6 AXL promotes Yes-associated protein (YAP) nuclear translocation and transcriptional regulation via dephosphorylation. A,
P-YAP was detected after AXL plasmid transfection for 48 h. B, P-YAP was detected after treatment with 2% FBS for 12 h and rhGasé

for 1 h. C, After AXL inhibitor BGB324 treatment for 24 h, p-YAP expression was assessed. D, Cells were treated with 2% FBS for 12 h

and 1000 ng/mL rhGasé for 1 h. Confocal immunofluorescence assay was used to visualize YAP localization. Scale bars: 20 pm. E, The
localization of YAP was assessed after treatment with 2 pmol/L BGB324 for 24 h. Scale bar: 20 pm. F, Nuclear and cytoplasmic YAP
proteins were separated and analyzed after treatment with 2% FBS for 12 h and 1000 ng/mL rhGasé for 1 h. G, YAP expression in nucleus
and cytoplasm were analyzed after 2 pmol/L BGB324 treatment for 24 h. H, Nuclear and cytoplasmic YAP were determined after si-AXL
transfection with 2% FBS for 48 h and 1000 ng/mL rhGasé treatment for 1 h. I, CCN2 and AREG relative mRNA expression was measured
after AXL plasmid transfection for 24 h. J, CCN2-promoter activities were detected after cotransfection of si-YAP with 2% FBS for 24 h and
1000 ng/mL rhGasé treatment for 1 h. K, CCN2-promoter activities were analyzed after cotransfection of YAPWT or YAPS127A plasmid with
2% FBS for 24 h and 1000 ng/mL rhGasé treatment for 1 h. L, P-LATS1 and p-MOB1 were determined after treatment with 2% FBS for 12 h
and 1000 ng/mL rhGasé for 1 h. *P < .05, **P < .01, ***P < .001, according to Student t test

established a non-transcriptional regulation function of STAT3, me- Upstream signals of the Hippo-YAP pathway remain poorly
diating the crosstalk between AXL and YAP, which was very useful understood. Hippo-YAP was able to receive soluble factors,

for revealing HNSCC cancer mechanisms. biomechanical signals, and metabolic products to regulate cell
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behavior.222628 Qur study indicated that AXL was an upstream reg- YAP was indirectly dephosphorylated at Ser127 by AXL activation,
ulator that triggered YAP nuclear translocation and initiated tran- which was different from YAP directly phosphorylation at tyrosine
scription of YAP target genes, CCN2 and AREG.?>?% Recent studies residues in Saab's study.?’ However, the complex regulatory mech-

also observed that AXL stimulated YAP activity.??3° We found that anism mediating AXL effect remained obscure. Considering YAP as
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FIGURE 7 STAT3 activation is involved in the crosstalk between Gas6/AXL and the Hippo-YAP pathway. A, A correlation between STAT3
and Yes-associated protein (YAP) mRNA expression in the HNSCC dataset from TCGA database was analyzed. B, P-YAP was detected after
treatment with 5 pmol/L cryptotanshinone, AKTi-1/2, or SCH772984 (STAT3, AKT or ERK inhibitors, respectively) with 2% FBS for 24 h

and 1000 ng/mL rhGasé for 1 h. C, P-STAT3 was detected after treatment with 2% FBS for 12 h and 1000 ng/mL rhGasé for 1 h. D, P-YAP
was measured after si-STAT3 transfection and 2% FBS treatment for 48 h and 1000 ng/mL rhGasé for 1 h. E, YAP expression in nucleus

and cytoplasm were analyzed after treatment with 5 pmol/L cryptotanshinone with 2% FBS for 24 h and 1000 ng/mL rhGasé6 for 1 h. F,
Relative mRNA expression of CCN2 and AREG were analyzed after si-STAT3 transfection and 2% FBS for 48 h and 1000 ng/mL rhGasé for

1 h. G, P-LATS1 and p-MOB1 were assessed after treatment with cryptotanshinone and rhGasé as described above. H, Immunoprecipitation
assay was performed using anti-LATS1 antibody after treatment with 2% FBS for 12 h and 1000 ng/mL rhGasé for 1 h. I, J, After 2% FBS
and rhGasé treatment, IP assay was performed using antibodies against p-STAT3 and STAT3. K, IP assay was performed after STAT3WT or
STAT3%7% plasmid transfection and 2% FBS treatment for 48 h and 1000 ng/mL rhGasé for 1 h. L, YAP expression in nucleus and cytoplasm
were analyzed after treatment with 2% FBS and 100 ng/mL rhIL-6 for 24 h. M, A schematic diagram illustrating that Gas6/AXL-induced
STAT3 activation blocked the Hippo inhibitory regulation on YAP by competitive binding to LATS1, which induced YAP dephosphorylation,
nuclear translocation, and transcriptional regulation. *P < .05, **P < .01, ***P < .001, according to Student t test

an effector of the Hippo pathway, we then inquired into the effect
of AXL on LATS1 and MOB1, 2 direct inhibitory regulators of YAP.
The results showed that Gasé suppressed p-LATS1 and p-MOB1
to block their inhibitory regulation on YAP. We also observed that
AXL inhibited p-MST1 in a LATS1-independent manner. We spec-
ulated that certain kinases, as adaptor proteins, bound to the AXL
cellular domain. This anchoring might lead to membrane retention of
upstream kinases and/or RASSFs which control MST phosphoryla-
tion.3! Our results indicated that AXL could inhibit the Hippo path-
way and induced YAP activity.

Given that YAP is a transcription factor driving oncogenic genes
in tumors,® we found that AXL, as a target gene of YAP, rescued
tumor suppressor phenotypes by YAP silencing in HNSCC growth
and invasion, similar to the findings for hepatocellular carcinoma.®?
A previous study found that YAP was a key factor in embryonic de-
velopment and tissue homeostasis, and that YAP activation was an
early event in liver cancer development.®*3* Our experiments in
vivo also indicated that YAP exerted a vital effect on tumorigene-
sis and tumor growth. We further found that AXL was involved in
this process to promote HNSCC progression. Therefore, our study
revealed a crosstalk between Gas6/AXL and Hippo-YAP. AXL, as a
target gene of YAP, promoted YAP activation. Recent studies also
reported the positive feedback loop between other signaling events
and the Hippo pathway.35*36 The interaction could reinforce a robust
status of YAP, which promoted tumor progression via transcription-
ally activating more oncogenes. Our results indicated that the mu-
tual promotion between YAP and AXL, both as oncoproteins, further
exacerbated tumor progression, accounting for our observation that
HNSCC patients with co-expression of YAP and AXL had a worse
prognosis.

AXL is a critical RTK in tumor growth, invasion, and therapeutic
resistance.®”38 JAK/STAT3, PI3K/AKT and MEK/ERK signaling path-
ways have been reported as AXL main downstream functions.'®?
Our inhibitors screening demonstrated that AXL-induced YAP de-
phosphorylation in a STAT3-dependent manner. JAK/STAT3 signal-
ing participates in several physiological processes.>? Cytoplasmic
STAT3 is also involved in non-transcriptional mechanisms.*® Our
results firstly demonstrated that STAT3 was a key determinant in
AXL-mediated YAP activation. A novel mechanism was revealed in
inhibiting p-LATS1 and binding to LATS1. We observed that p-STAT3

competitively bound to LATS1 and could block Hippo inhibitory reg-
ulation on YAP, which ultimately promoted YAP activation.

In conclusion, Gas6/AXL-induced STAT3 activation and then com-
petitively bound to LATS1, which blocked Hippo inhibitory regulation
on YAP and induced YAP nuclear translocation and transcriptional
regulation. Our study suggested that a novel regulation of STAT3 ac-
tivation mediated the crosstalk between Gas6/AXL and Hippo/YAP in

carcinogenesis and might be an intriguing therapeutic target in HNSCC.
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