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Abstract: Yes-associated protein (YAP) is a transcription co-regulator downstream of the Hippo pathway, and plays
a critical role in cancer. Although YAP regulation in the canonical Hippo pathway is well established, the Hippo-
independent regulation of YAP is not well explored. Here, we showed the possible new mechanism of YAP regulation
by the receptor tyrosine kinase Axl. Co-immunoprecipitation and Western blot analysis demonstrated the interaction
between YAP and Axl, which was enhanced by Axl ligand Growth Arrest Specific 6 (GAS6) stimulation. Furthermore,
we found that YAP is phosphorylated at tyrosine residues by GAS6 stimulation in vivo and Axl directly phosphory-
lates YAP in vitro. Axl overexpression or GAS6 stimulation increased YAP-mediated transcriptional activity, and YAP-
mediated colony forming activity in soft agar was enhanced by co-expression of Axl. In EGFR tyrosine kinase inhibitor
(TKI)-sensitive lung cancer cells, YAP protein was downregulated in response to TKI treatment, while overexpression
of YAP attenuated TKI sensitivity, suggesting that YAP is a key determinant of TKI response. Moreover Axl overexpres-
sion reversed TKI-induced YAP downregulation and induced TKI-resistance, which was reversed by YAP knockdown,
further supporting the notion that YAP functions downstream of Axl. Together, these findings suggest a novel role of

YAP in AxlI-mediated TKI resistance.
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Introduction

Yes-associated protein (YAP) is an oncogenic
transcriptional co-regulator and the downstr-
eam effector of the Hippo signaling pathway.
The Hippo pathway is an evolutionally conser-
ved pathway that plays an important role in
organ size control in normal tissues, stem cell
regulation, and cancer development and pro-
gression [1, 2]. YAP is directly phosphorylated
by Lats1l/2 at multiple serine/threonine resi-
dues and phosphorylated YAP interacts with
14-3-3 and is sequestered in the cytoplasm or
undergoes degradation through B-TrCP-medi-
ated ubiquitination, resulting in its inactivation
[3]. In contrast, unphosphorylated YAP forms a
complex with TEAD transcription factors in the
nucleus and induces its target genes such as

CCN1, CCN2, and Axl [4]. YAP is frequently up-
regulated in various types of cancer, and kno-
wn to promote anchorage-independent grow-
th, cancer cell survival, proliferation, and meta-
stasis [4]. Moreover, YAP is also shown to be
involved in the immune evasion through vari-
ous mechanisms [5-7]. Therefore, YAP is con-
sidered as a critical oncogenic factor that re-
gulates various aspects of cancer.

Axl is the receptor tyrosine kinase that belongs
to TAM family kinase [8]. Axl is activated by its
ligand Growth Arrest Specific 6 (GAS6) or the
formation of heterodimer with other receptors
such as EGFR and HER2, resulting in the activa-
tion of downstream PI3 kinase-AKT and MAP
kinase pathways. Axl and its ligand GAS6 are
overexpressed in various cancers, and contrib-
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utes to tumor progression [8, 9]. Moreover, Axl
is known to induce epithelial-to-mesenchymal
transition (EMT) and cancer stem cells [10-12].
Therefore, Axl is a potential drug target for vari-
ous cancers, and several Axl inhibitors have
been investigated in clinical trials. In particu-
lar, because Axl is known to be involved in the
resistance to EGFR tyrosine kinase inhibitor
(TKI) in non-small cell lung cancer (NSCLC) [13,
14], the combination of EGFR TKI and Axl inhibi-
tors would be a potential therapeutic strategy
to overcome the resistance to EGFR TKI [14].
Moreover, it has been reported that Axl facili-
tates the immune suppressive tumor microen-
vironment by downregulating MHC-1 molecules
and promoting cytokine release [15].

In addition to the canonical Hippo pathway, YAP
has been shown directly to be regulated by sev-
eral kinases. For example, AMPK directly phos-
phorylates YAP at serine 94 and inhibits the
YAP-TEAD interaction [16]. CDK1 regulates YAP
activity by phosphorylating at multiple serine
residues during the G2/M phase of the cell
cycle [17]. Nemo-like kinase (NLK) phosphory-
lates YAP at serine 128, which blocks the inter-
action between YAP and 14-3-3, leading to YAP
activation [18]. To study the regulatory mecha-
nism of YAP other than the canonical Hippo sig-
naling pathway, we previously screened YAP in-
teracting proteins by tandem affinity purifica-
tion and mass spectrometry [19]. We particu-
larly focused on the enzymes that may regulate
YAP activity and stability. We identified several
protein kinases that interacts with YAP, and
have demonstrated that Aurora kinase inter-
acts with and phosphorylates YAP at serine
397, thereby regulating YAP transcriptional ac-
tivity [19]. In this study, we attempted to study
other YAP regulators and focused on Axl, which
is in the list of YAP binding proteins in our previ-
ous study [19]. Because Axl is known to be a
target of YAP, we hypothesized that YAP may
function to amplify Axl signaling through a feed-
forward mechanism. In this study, we suggest-
ed that Axl plays a critical role in the regulation
of YAP activity. Moreover, we also showed that
Axl interacts with and phosphorylates YAP in
vitro, suggesting the direct regulation of YAP by
Axl.

Materials and methods
Antibodies, chemicals, and drug

Antibodies against YAP, p-YAP, Axl, Akt, p-AKT,
ERK, p-ERK, EGFR, and pEGFR were purchased
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from Cell Signaling Technology (Danvers, MA,
USA). Anti-tubulin and Flag antibodies were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).
ATP-y-S and anti-Thiophosphate ester antibody
were purchased from Abcam (Cambridge, UK).
Recombinant GAS6 was purchased from R & D
Systems (Minneapolis, MN, USA). Erlotinib was
obtained from Selleck Chemicals (Houston, TX,
USA).

Cell culture, plasmid, transfection, and lentivi-
rus infection

All the Cell lines were obtained from ATCC
(Manassas, VA, USA) and maintained in Dul-
becco’s modified Eagle’s medium (DMEM)/F12
medium with 10% fetal bovine serum and anti-
biotics. Plasmids that express YAP or shRNA
against YAP were described previously [19].
Myc-His-tagged Axl was constructed on pCDH-
EF1-MCS-IRES-Neo vector (#CD533A-2; Syst-
em Biosciences, Palo Alto, CA, USA). 8xGTIIC-
lucifease plasmid was obtained from Addgene
(Cambridge, MA, USA). Lentivirus packaging
and infection was performed as described pre-
viously [19]. 293T cells were co-transfected
with lentivirus expression plasmid together
with packaging vectors using calcium phos-
phate method. For luciferase assay, cells were
transfected using electroporation as described
previously [20].

Co-immunoprecipitation and Western blot

Co-immunoprecipitation was performed as de-
scribed previously [21]. In brief, 1 mg of cells
lysates were incubated with 2 pg of antibodies
or control IgG in 500 pl of NP-40 lysis buffer at
4°C for overnight. Then, Protein G or A beads
(15 pl) were added to the lysates, and the sam-
ples were further incubated at 4°C for 2 hours.
The beads were then washed three times with
NP-40 lysis buffer, and subjected to Western
blot analysis. Western blot was conducted ac-
cording to standard procedures. Protein sam-
ples in in SDS sample buffer were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to
PVDF membranes using the mini-Protein sys-
tem from Bio-Rad (Hercules, CA, USA). The me-
mbranes were blocked with 3% milk, and incu-
bated with primary antibodies overnight, fol-
lowed by one hour incubation with secondary
antibodies conjugated with HRP. Signals were
detected with Clarity™ Western ECL Blotting
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Figure 1. YAP interacts with Axl and the interaction is enhanced by GAS6. A. BT549 cells were stably expressed
with vector control or Flag-YAP, and the cell lysates were subjected to immunoprecipitation with anti-Flag antibody,
followed by Western blot with anti-YAP or anti-Axl antibody. B. MCF7 cells were stably expressed with vector control
or His-tagged Axl, and the cell lysates were subjected to immunoprecipitation with anti-His-tag antibody, followed
by Western blot with anti-YAP or anti-Axl antibody. C. H1299 cells were serum-deprived overnight and then treated
or untreated with GAS6 (200 ng/ml) for 30 min. The cell lysates were then subjected to immunoprecipitation with
anti-YAP or control IgG, followed by Western blot analysis with anti-YAP or anti-Axl antibody.

Substrates (Bio-Rad) and captured on X-ray
films.

Soft agar assay and cell viability assay

Cells (5 x 103%) were mixed with 0.3% agarose/
DMEM/F12 at 42°C and were then laid on top
of 0.5% solidified agar/DMEM/F12 in 12-well
plates. After the top layer solidified, 1 ml of me-
dium was added to each well. The cells were
cultured for 14 days and medium was changed
every 5 days. To visualize the colonies, 100 pl
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide; 5 mg/ml) solution was
added and incubated the cells for several
hours. The numbers of colonies were counted
under microscope. The effects of EGFR TKI on
cell viability were determined as described pre-
viously [22]. In brief, the cells were seeded in
6-well plates at about 20% confluency and tre-
ated with 1 uM of erlotinb. The medium was
changed 4 to 5 days later and further cultured
for 10 days, and the living cells were then
stained with crystal violet.

Kinase assay

His-tagged YAP protein was purified as des-
cribed previously [19]. Purified active Axl pro-
tein was purchased from Enzo Life Science
(Farmingdale, NY, USA). The in vitro kinase as-
say was performed at 30°C for 20 min by mix-
ing 25 ng of Axl kinase with 750 ng of YAP pro-
tein in kinase buffer (50 mM HEPES-7.3; 15
mM MgCl,; 20 mM KCI; 2 mM EGTA; 100 uM
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ATP-y-S). Reactions were quenched by heating
at 95°C for 5 min in the presence of SDS-
loading buffer. The phosphorylation signals
were detected by Western blot analysis with
anti-Thiophosphate ester antibody.

Luciferase assay

H1299 cells were co-transfected with 8xGTIIC-
lucifease plasmid and B-actin promoter-Renilla
luciferase plasmid together with YAP and/or Axl
expression plasmids. 48 hours later, cells were
collected and subjected to luciferase assay. For
the GAS6 stimulation, cells were serum-starved
for overnight before GAS6 stimulation. The luci-
ferase assay was performed by using the dual-
luciferase system, according to the manufac-
turers’ protocol (Promega, Madison, WI, USA).

Results

Axl interacts with YAP, which is enhanced by its
ligand

To verify YAP-AxI interaction, which was identi-
fied in our previous screening [19], we per-
formed co-immunoprecipitation and Western
blot analysis. We ectopically expressed Flag-
tagged YAP in BT547 cells, which express rela-
tively low levels of YAP [19], and performed im-
munoprecipitation using Flag antibody. We fou-
nd that Axl was pulled down only in the cells
expressing Flag-YAP (Figure 1A). Alternatively,
we ectopically expressed His-tagged Axl in
MCF7 cells, which express low endogenous Axl

Am J Cancer Res 2019;9(12):2719-2729
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Figure 2. Tyrosine phosphorylation in YAP is enhanced by Gas6 treatment. A-C. H1299 cells were serum-starved
overnight and treated or untreated with 200 ng/ml of GAS6 for 30 min. A. The cell lysates were subjected to immu-
noprecipitation with anti-phosphotyrosine (4G10) antibody or control mouse IgG, followed by Western blot analysis
with anti-YAP antibody. B. The cell lysates were subjected to immunoprecipitation with anti-YAP antibody, followed
by Western blot analysis with 4G10 antibody (p-Tyr) or anti-YAP antibody. The intensity of the band signals were
analyzed by using ImageJ, and the relative ratio of the signals from p-Tyr and YAP was shown in the upper graph. C.
The cell lysates were subjected to Western blot analysis with the indicated antibodies. D. His-tagged YAP recombi-
nant proteins were subjected to in vitro kinase assay with purified Axl protein and ATP-y-S, followed by Western blot

analysis with anti-Thiophosphate ester antibody that recognizes ATP-y-S.

protein, and performed immunoprecipitation
using His antibody. Similar to the result from
Flag-YAP expressed cells, we found that YAP
was pulled down only in the cells expressing
His-Axl (Figure 1B). To further verify the interac-
tion, we performed immunoprecipitation of en-
dogenous YAP protein in H1299 cells. Moreover,
to study the role of Axl activity in the interac-
tion, we serum-starved cells overnight and
stimulated them with GAS6, which is the ligand
of Axl. We found that endogenous Axl interact-
ed with endogenous YAP, and the interaction
was enhanced by GAS6 stimulation. Together,
these results suggest that Axl is not only a YAP
target, but also a YAP interacting protein.

YAP tyrosine phosphorylation is enhanced by
Axl activation

Because Axl is a receptor tyrosine kinase, we
next investigated the tyrosine phosphorylation
of YAP after Axl activation. H1299 cells were
serum-starved overnight and stimulated with
GASG6. Then, we performed immunoprecipita-
tion with the anti-phosphotyrosine 4G10 anti-
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body or control mouse IgG, followed by Western
blot analysis with anti-YAP antibody (Figure 2A).
Alternatively, we performed immunoprecipita-
tion with the anti-YAP antibody, followed by
Western blot analysis with the anti-phosphoty-
rosine 4G10 antibody (Figure 2B). Axl activa-
tion was verified by evaluating phosphorylation
of AKT and ERK, which are the downstream
molecules of the Axl-mediated signaling path-
way (Figure 2C). To examine if YAP is directly
phosphorylated by Axl, we performed in vitro
kinase assay with the purified YAP protein, Axl
protein, and ATP-y-S as a kinase substrate, and
the phosphorylation was detected by Western
blot analysis with the anti-Thiophosphate ester
antibody. We identified that the YAP protein
from amino acid (aa) 271 to aa504 was phos-
phorylated but not the one from aal to 270
(Figure 2D). By using in silico analysis, we found
the potential phosphorylation sites at tyrosine
(Y) 391 and 407. Thus, we substituted Y391
and/or Y407 to phenylalanine (F), and per-
formed in vitro kinase assay. Both Y391F and
Y407F single mutants showed reduced phos-
phorylation but the phosphorylation was com-

Am J Cancer Res 2019;9(12):2719-2729
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Figure 3. Axl enhances YAP activity. A. H1299 cells were transiently trans-
fected with TEAD/YAP-responsive luciferase plasmid (8xGTIIC-luc) and YAP
expression plasmid and/or Axl expression plasmid. 48 hours after transfec-
tion, luciferase activity was determined. B. H1299 cells were transfected
with TEAD/YAP-responsive luciferase plasmid (8xGTIIC-luc) with/without YAP
expression plasmid. 48 hours after transfection, the cells were treated or un-
treated with GAS6 for 1 hour, and subjected to luciferase assay. C. Flag-YAP
and/or His-tagged Axl were stably expressed in BT549 cells, and they were
cultured in soft agar for 3 weeks. The numbers of colonies were counted
and shown as the bar graph (n = 3, the left graph). Protein expression was
confirmed by Western blot analysis (the right panels).

ation [19]. Thus, we overex-
pressed YAP together with AxI
in BT549 cells and cultured
them in soft agar. Consistent
with the results from the lucif-
erase assay (Figure 3A, 3B),
we observed that YAP-medi-
ated anchorage-independent
proliferation was further en-
hanced by overexpression of
Axl (Figure 3C). Together, the-
se results suggest that Axl
regulates YAP function.

YAP plays a role in AxI-
mediated TKI resistance

Some studies suggest that
YAP is also involved in EGFR
inhibitor resistance [23-27].
To verify the YAP-mediated re-
sistance to EGFR TKI, we over-
expressed YAP in PC9 cells,
which express mutant EGFR
and sensitive to EGFR TKI,
and investigated the TKI sen-
sitivity. Consistent with previ-
ous studies [23-27], YAP con-
ferred resistance to EGFR TKI
erlotinib in PC9 cells (Figure
4A). It has been demonstrat-
ed that Axl overexpression is
associated with resistance to
EGFR TKI in lung cancer [14].
Because YAP is also involved

in TKI resistance and we found that YAP is acti-
vated by Axl, we next investigated the role of
YAP in Axl-mediated TKI resistance. We overex-
pressed Axl in PC9 cells and confirmed that
Axl overexpression attenuated the sensitivity
to erlotinib (Figure 4B). However, when YAP was
knocked down in Axl-overexpressing cells, the
effect of Axl on TKI resistance was completely
abrogated (Figure 4B). There results suggest
that YAP functions as a downstream effector
of Axl.

pletely abrogated in the Y391/407F double
mutant, indicating that Axl can phosphorylate
Y391 and Y407 in YAP in vitro.

YAP activity is enhanced by Axl activation

Next, we studied whether Ax| affects YAP func-
tion. We transiently transfected H1299 cells
with the luciferase plasmid containing TEAD-
binding sites (8XxGTIIC-lucifease plasmid) toge-
ther with the empty vector, YAP, Axl, or YAP plus
Axl expression plasmid (Figure 3A). Alternative-
ly, we transiently transfected H1299 cells with
the 8xGTIIC-luciferase plasmid together with
the empty vector or YAP expression plasmid,
followed by stimulation with GAS6 (Figure 3B).
We observed that YAP-mediated transcriptional
activity was further enhanced by Axl overex-
pression (Figure 3A) and Axl activation (Figure
3B). In our previous study, we showed that YAP
promotes anchorage-independent cell prolifer-

Expression of YAP is downregulated by EGFR
TKI, which is reversed by Axl

We next investigated YAP protein expression in
both TKI-sensitive and resistant cells after TKI
treatment. We selected H1299, A549 and H4-
60 cells as EGFR TKI resistant lines and H322,
PC9, HCC827 as EGFR TKI sensitive lines. Both
PC9 and HCC827 cells express mutant EGFR,

2723 Am J Cancer Res 2019;9(12):2719-2729
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Figure 4. YAP is involved in Axl-mediated resistance to an EGFR inhibitor in EGFR mutant lung cancer cells. A. YAP
was stably expressed in PC9 cells, and the YAP-overexpressing cells and control cells were cultured withl uM of
erlotinib for 10 days. The cells were then fixed and stained with crystal violet. Expression of YAP was confirmed by
Western blot analysis (the right panels). B. YAP was knocked down in control or Axl-overexpressing PC9 cells. The
cells were then cultured with 1 uM of erlotinib for 10 days. The cells were then fixed and stained with crystal violet.
Expression of YAP and Axl was confirmed by Western blot analysis (the right panels).

while H322 cells express wild type EGFR but
are somehow sensitive to EGFR TKI [28]. We
observed that YAP expression was downregu-
lated in the TKI sensitive cells but not in TKI
resistant cells (Figure 5A). YAP phosphorylation
was not affected by TKI treatment (Figure 5A).
Because YAP protein is downregulated after TKI
treatment, we next studied the stability of YAP
protein after TKI treatment in PC9 cells. We
treated PC9 cells with erlotinib in the presence
of cycloheximide, and determined YAP expres-
sion levels by Western blot analysis. As shown
in Figure 5B, the YAP expression level did not
change in the absence of TKI but it was signifi-
cantly downregulated in the presence of TKI,
suggesting that the inhibition of EGFR destabi-
lizes YAP protein in EGFR-TKI sensitive cells. We
next studied the role of Axl in YAP protein stabil-
ity. PC9 wild type and Axl-overexpressing cells
were treated with erlotinib, and YAP expression
was determined by Western blot analysis. As
shown in Figure 5C, Axl overexpression signifi-
cantly inhibited the YAP downregulation by TKI.
Moreover, we investigated YAP expression in
the TKl-resistant HCC827-derived GR5 cells, in
which Axl expression is upregulated [29]. EGFR
TKI downregulated the YAP protein expression
in the parental HCC827 cells, but not in the
GR5 cells. Together, these results suggest that
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Axl is involved in YAP protein stabilization, whi-
ch may contribute to the Axl-mediated TKI re-
sistance.

YAP targets mRNA expression is associated
with AXL and GAS6 mRNA expression in lung
adenocarcinoma

To verify the clinical significance of the Axl-
mediated YAP activation, we analyzed co-occur-
rence of AXL or GAS6 expression and YAP tar-
get gene expression in lung adenocarcinoma
from The Cancer Genome Atlas (TCGA) data-
base. Using cBioPortal platform [30], we ana-
lyze the mRNA expression of AXL, GAS6 as
well as eight YAP target genes including CCN1,
CCN2, SERPINE1, REEP1, PRSS23, FGF2, and
CENPA in 568 lung adenocarcinoma (Figure
6A). Moreover, using the tool for analyzing the
tendency of their expression, we found that
most of the YAP target genes are significantly
correlated with the expression of AXL and
GASG6 (Figure 6B). These results suggest that
Ax| activation is associated with YAP activat-
ion in lung adenocarcinoma.

Discussion

In the present study, we showed that Axl inter-
acts with YAP and regulates YAP activity. Our

Am J Cancer Res 2019;9(12):2719-2729
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Figure 5. YAP is downregulated in response to EGFR inhibitors in EGFR inhibitor sensitive cells. A. Erlotinib resistant
(H1299, A549 and H460) and sensitive (H322, PC9, HCC827) cells were treated with 1 uM of erlotinib for the
indicated periods of time, and subjected to Western blot analysis with the indicated antibodies. B. PC9 cells were
treated or untreated with 1 uM of erlotinib in the presence of 50 pyg/ml of cycloheximide. Expression of YAP and
tubulin was determined by Western blot analysis. C. PC9 control and Axl-overexpressing cells were treated with 1 yM
of erlotinib for 24 hours, and subjected to Western blot analysis with the indicated antibodies. D. HCC827 parental
and TKl-resistant (GR5) cells were treated with 1 uM of erlotinib for 24 hours, and subjected to Western blot analysis

with the indicated antibodies.

data also showed that tyrosine phosphorylation
of YAP is enhanced by Axl activation and YAP is
an Axl substrate in vitro. Therefore, it is plausi-
ble that Axl interacts with YAP directly and ph-
osphorylates it in vivo. Because YAP activity
was also enhanced by Axl activation (Figure
3), the YAP tyrosine phosphorylation at Y391
and/or YA07 may be involved in enhanced YAP
activation.

It has been shown that EGFR signaling regu-
lates Yorkie (Drosophila YAP homologue) activi-
ty via the Ajuba protein in Drosophila and Yorkie
plays a role in EGFR-mediated cell proliferation
[31]. Also, another report has shown that EG-
FR regulates YAP activity via PI3K-PDK1 path-
way in hepatocellular carcinoma cells, and the
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EGFR-mediated YAP activity is critical for cell
survival rather than cell proliferation [32]. In
this report, we discovered that EGFR signaling
in EGFR-mutant lung cancer was essential pro-
tein stability of YAP (Figure 5B). Interestingly,
Axl was able to restore the YAP expression that
was downregulated by TKI treatment (Figure
5C, 5D). Therefore, it would be interesting to
study whether the YAP phosphorylation by AxI
contributes to YAP protein stability. Indeed, the
phosphorylation of S381, 384, and 387 has
been shown to be critical for the interaction
between YAP and B-TrCP [33]. Because Y391
and 407 are relatively close to these sites, the
phosphorylation by Axl may affect the interac-
tion between YAP and B-TrCP, thereby inhibiting
YAP degradation. It would be also important to

Am J Cancer Res 2019;9(12):2719-2729
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Figure 6. Co-expression of YAP target genes and Axl and GAS6. A. Heat map of mRNA expression of Axl/, GAS6,
CCN1 and CCN2 in lung adenocarcinoma from TCGA database were analyzed by using cBioPortal platform. B. The
tendency of the expression between AXL or GAS6 and YAP target genes was analyzed by using cBioPortal platform.

Figure 7. Schematic model of Axl-mediated YAP regulation in lung cancer.
EGFR activity is critical for YAP protein stability in EGFR TKIl-sensitive cells.
Axl interacts with YAP and enhances its activity. Axl also directly phosphory-
lates YAP, which may be involved in YAP activation and/or protein stability.
YAP induces the expression of various genes, which may contribute to cell
survival. AXL is a YAP target gene and YAP-mediated transcription of AXL may
contribute to the upregulation of Axl in the resistant cells, thereby amplify the

signaling through the feed-forward mechanism.

study how the EGFR signaling pathway regu-
lates YAP stability in EGFR mutant lung cancer
cells.

We showed that YAP overexpression attenuat-
ed the sensitivity of EGFR mutant lung cancer
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cells to the EGFR TKI while
the knockdown of YAP sensi-
tized the cells to it (Figure 4).
These results are consistent
with the previous reports [23,
25-27]. In the acquired resis-
tant cells, either YAP activity
or expression is upregulated,
which is accompanied with
Axl upregulation [25, 27]. One
report also showed that the
knockdown of YAP attenuates
Axl expression in the TKl-re-
sistant cells, but Axl expres-
sion in the resistant cells after
YAP knockdown is still higher
than one in wild type cells
[25]. Our results showed that
YAP knockdown did not affect
the endogenous Axl expres-
sion in PC9 cells (Figure 4B).
Moreover, TKI-treatment, whi-
ch significantly reduced the
YAP protein levels, did not
alter Axl protein levels (Figure
5C). Therefore, the upregula-
tion of Axl protein in TKI resis-
tant cells may be, at least in part, due to other
mechanisms such as gene amplification, other
transcription factors, and micro RNAs, as re-
ported previously [34]. Moreover, we found that
TKI resistance induced by Axl overexpression
was reversed by the knockdown of YAP, further
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supporting the notion that YAP can function
downstream of Axl. Considering that YAP over-
expression reduced the TKI sensitivity (Figure
4) and that YAP is significantly downregulated
only in the TKl-sensitive cells (Figure 5A), YAP
may function as a key factor that controls cell
survival after TKI exposure.

In contrast to the previous model [25], we also
found that Axl activation by GAS6 or its overex-
pression increased YAP transcriptional activity
(Figure 3A, 3B). Besides, the YAP downregula-
tion induced by TKI was reversed by Axl overex-
pression (Figure 5C). To study the clinical sig-
nificance of Axl-mediated YAP activation, we
analyzed TCGA database (Figure 6). Because
AXL is also one of YAP-target genes, co-occur-
rence of expression of AXL and other YAP tar-
get genes can be explained by only YAP activa-
tion. However, we also showed that GAS6, whi-
ch is not a YAP target gene, also positively co-
expressed with YAP target genes. Therefore,
these data further support our hypothesis that
Axl activation lead to YAP activation in lung
adenocarcinoma.

Although YAP is a potential drug target in vari-
ous cancer, there is no FDA-approved clinical
drug available. If the blockage of Axl attenuates
YAP activity in lung cancer, Axl TKIs may be
used as an alternative strategy to target YAP.
Also, the combination of EGFR TKls and Axl
TKls may be more effective to downregulate
YAP. Because both YAP and Axl are involved in
immune evasion, it would be worthwhile to test
the combination of immune checkpoint inhibi-
tors and AxI/EGFR TKis.

In summary, this study provides an entirely new
concept regarding the role of YAP and Axl in the
EGFR TKI-resistance (Figure 7). In the previous
model, YAP facilitates TKI resistance though
the upregulation of Axl. We showed the possibil-
ity that Axl also regulates YAP activity and sta-
bility, thereby amplifying the signaling through
the feed-forward mechanism (Figure 7). Clearly
further studies are required to solidify this
model in the future.
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