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Abstract

Erythropoietin-producing hepatocellular receptor A2 (EphA2) is a key member of the receptor tyrosine kinase (RTK) family,
while YES Proto-Oncogene 1 (YES1) is a non-receptor tyrosine kinase (nRTK) and annexin A2 (ANXA?2) belongs to the
calcium-dependent phospholipid-binding protein family annexins. Here, we show that EphA2, YES1, and ANXA?2 form a
signal axis, in which YESI activated by EphA2 phosphorylates ANXA2 at Tyr24 site, leading to ANXA?2 activation and
increased ANXA2 nuclear distribution in gastric cancer (GC) cells. Overexpression (OE) of YESI1 increases, while
knockdown (KD) of YES1 or ANXA2 decreases GC cell invasion and migration in vitro and tumor growth in mouse
models. Reexpression of wildtype (WT) rather than mutant ANXA2 (Tyr24F) in ANXA2 knockdown (ANXA2-KD) GC
cells restores YES1-induced cell invasion and migration, while neither WT nor mutant ANXA?2 (Tyr24F) can restore cell
invasion and migration in YES1-KD GC cells. In addition, the activation of EphA2-YES1-ANXA?2 pathway is correlated
with poor prognosis. Thus, our results establish EphA2-YES1-ANXA?2 axis as a novel pathway that drives GC invasion and

metastasis, targeting this pathway would be an efficient way for the treatment of GC.

Introduction

Gastric cancer (GC) is a common malignancy of the
digestive tract. There are more than one million new cases
of GC every year worldwide, ranking the sixth in new cases
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of cancer and the second in the cancer caused death [1, 2].
Currently, the early diagnosis rate of GC is still very low,
many patients are already in the advanced stage at the time
of diagnosis [3, 4]. Traditional precision surgery and post-
operative chemotherapy do not significantly decrease the
recurrence and improve the 5-year-survival rate of advanced
GC patients [5, 6]. Understanding the mechanisms that
underlie the pathogenesis and progression of GC is there-
fore needed to develop novel therapeutic approaches.

EphA2 is a key member of the receptor tyrosine kinase
(RTK) family that plays important roles in multiple phy-
siological and pathological processes. Accumulating evi-
dence suggests that EphA2 is overexpressed in various
cancers, including colorectal cancer [7], breast cancers [8],
GC [9], and nasopharyngeal carcinoma [10]. As a RTK on
the cell membrane, EphA2 can regulate many oncological
behaviors of cancer cells through different signaling path-
ways [11-13]. We had reported that EphA2 promotes the
progress of GC through the Wnt/B-catenin pathway
[14, 15].

YES1 is a member of SRC kinase family (SRCs) of
nRTKs that is widely existing in the cytoplasm. The
SRCs share a common modular structure, all of which
contains the kinase domain. The kinase domain is flanked
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by two regulatory regions [16], YES1 is catalytically
activated when its Tyr426 is phosphorylated, while YES1
is enzymatically inhibited when its Tyr537 is phos-
phorylated [16, 17]. Accumulating evidences suggest that
YESI plays important roles in growth, invasion, and
metastasis of various tumors [18-21]. However, the roles
of YESI and the underlying mechanisms in GC devel-
opment are unclear.

ANXA?2 is a member of the calcium-mediated phos-
pholipid-binding protein family annexins, which comprise a
highly conserved C-terminal domain and a variable N
terminal domain that is unique to each annexin [22]. The
amino-terminal domain of ANXA2 contains three important
phosphorylation sites, which are crucial to its subcellular
locations and biological function. Ser phosphorylation of
ANXAZ2 seems to be an essential event of the secretory
process [23], while Tyr24 phosphorylation of ANXA2
(p-ANXA2-Y24) has been related to the localization of
ANXA2 to the endocytic membrane system and the
nucleus, and is associated with malignant transformation,
EMT, tumor invasion, and metastasis [23-26]. ANXA?2 has
recently been linked to the metastasis of several types of
cancer, such as prostate [27], colorectal [28], and breast
cancer [29]. High expression of ANXA?2 promotes the
development of GC and is negatively correlated with the
clinical prognosis [30, 31].

Here, we show that EphA2, YES1, and ANXA?2 form a
signal axis, in which YES1 activated by EphA2 phos-
phorylates ANXA2 at Tyr24 site, resulting in ANXA2
activation and increased ANXA?2 nuclear distribution in GC
cells, which may drive GC invasion and metastasis.

Result

EphA2 interacts with YES1 and phosphorylates YES1
at Tyr426 site

We had demonstrated that EphA2 plays important roles
in GC growth and progression [9, 14], however, the
underlying mechanisms are unclear. To identify the
interacting proteins of EphA2, we transfected AGS cells
with control or plasmid expressing HA-EphA2, 48 h later
cells were collected and immunoprecipitation (IP) was
performed using anti-HA antibody. The HA-EphA2-1P
protein complex was subjected to proteomic analysis.
We found that YES1 is one of the major proteins iden-
tified in the HA-EphA2-IP protein complex (Table S1).
Co-immunoprecipitation (Co-IP) experiments confirmed
the interaction between endogenous EphA2 and YESI
(Fig. 1A, B), as well as the interaction between exo-
genous HA-EphA2 and Flag-YES1 in MGC-803 and
AGS cells (Fig S1A, B). It should be noted that Lyn, as

one of SRCs, is also in the list of the HA-EphA2-IP
proteins, but its specific peptides and score used to pre-
dict the possibility of its interaction with EphA2 are very
low. The interaction of EphA2 with Lyn (Fig. S2A) and
other SRCs, such as Src (Fig. S2B), Fyn (Fig. S2C), and
Lck (Fig. S2D) could not be confirmed by Co-IP assay.
Confocal immuno-fluorescence microscopy imaging
analysis showed the colocalization of exogenous HA-
EphA2 and Flag-YES1 in MGC-803 and AGS cells
(Fig. 1C). Consistently, proximity ligation assay (PLA)
further supported the interaction between endogenous
EphA2 and YESI (Fig. 1D).

YESI is a member of SRCs of nRTKSs that is involved in
various physiological and pathological processes. Phos-
phorylation of SRCs at Tyr416 (corresponding to Tyr426 of
YES1) in the activation loop of the kinase domain upre-
gulates enzyme activity [32]. To investigate whether EphA2
phosphorylates and activates YES1, AGS and MGC-803
cells were transfected with HA-EphA?2 expression plasmid,
48 h later cells were collected and subjected to IP with
YES1 antibody to pull down the endogenous YES1 protein,
followed by immunoblot using Phospho-SRC family
Tyr416 antibody. We found that the Tyr426 phosphoryla-
tion of endogenous YESI increased in EphA2 over-
expression (OE) cells compared with control cells (Fig. 1E).
Furthermore, in vitro kinase assay showed that active GST-
EphA2 but not the nonactive BTN-EphA2 could phos-
phorylate YES1 at Tyr426 site (Fig. 1F). Altogether, these
results suggest that EphA2 interacts with YES1 and phos-
phorylates YES1 at Tyr426 site.

YES1 promotes GC cell proliferation and migration

To investigate the role of YES1 in GC, we examined YES1
mRNA and protein expression in a group of human GC cell
lines and normal gastric epithelium (GES-1) cell line using
gRT-PCR and western blot (WB). We found that the
expression of YES1 was relatively high in AGS cells and
low in MGC-803 cells (Fig. 2A, B). Based on the YESI
expression level, AGS cells was chosen for establishment of
YESI1 stable knockdown (KD) cells while MGC-803 cells
for YES1 stable OE cells. The expression of YES1 in YES1
knockdown (YES1-KD) or YES1 overexpression (YESI1-
OE) clones was confirmed by WB (Fig. 2C). We compared
the cell proliferation rates, colony formation, migration and
invasion among YES1-OE, YES1-KD, and their control
cells using CCK8 assay, soft agar colony formation assay,
scratch wound-healing assay, and trans-well invasion assay.
We found that YES1 OE significantly increased MGC-803
cell proliferation (Fig. 2D, left panel), colony formation
(Fig. 2E, left panel), migration, and invasion ability
(Fig. 2F, G, left panel). while YES1 KD significantly
decreased AGS cell proliferation (Fig. 2D, right panel),
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Fig. 1 EphA2 interacts with A
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colony formation (Fig. 2E, right panel), migration, and
invasion (Fig. 2F, G, right panel). These results suggest that
YES1 plays important roles in GC cell proliferation,
migration, and invasion.

YES1 promotes GC growth and metastasis in mouse
models

To further examine the role of YES1 in GC development,
YES1-OE and control MGC-803 cells or YES1-KD and
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control AGS cells were inoculated into NOD-SCID mice
and tumor development was monitored. Twenty-four or
thirty days later mice were sacrificed and tumor
were collected, weighted. We found that OE of
YESI significantly increased GC xenograft tumor devel-
opment (Fig. 3A-D), while KD of YESI significantly
decreased GC xenograft tumor development (Fig. 3E-H).
The OE of YES1 in YES1-OE xenograft tumors (Fig. 3D)
and the KD of YES1 in YES1-KD xenograft tumors
(Fig. 3H) were confirmed by WB. Furthermore, the

MGC-803
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immunohistochemistry (IHC) was significantly increased  metastasis mouse model was employed. YES1-OE and
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<« Fig. 2 YES1 promotes GC cell proliferation, migration, and

invasion. A qRT-PCR analysis for YES1 mRNA expression in GES-1
and different GC cell lines. B Western blot for the expression of
indicated proteins in GES-1 and different GC cell lines. C Western
blot for the expression of indicated proteins in control and YES1-OE
MGC-803 cells or YES1-KD AGS cells. D CCK8 analysis for the
proliferation of control and YES1-OE MGC-803 cells (left panel), or
control and YESI-KD AGS cells (right panel). E Representative
images and the quantification data of soft agar colony formation assay
for control and YES1-OE MGC-803 cells (left panel), or control and
YES1-KD AGS cells (right panel). F Representative images and the
quantification data of scratch wound-healing assay for control and
YES1-OE MGC-803 cells (left panel), or control and YES1-KD AGS
cells (right panel) at 0 and 24 h after wound scratch. G Representative
images and the quantification data of trans-well invasion assay for
control and YES1-OE MGC-803 cells (left panel), or control and
YESI-KD AGS cells (right panel).

nude mouse, 30 days later, mice were sacrificed, and tumor
metastatic nodules in the liver were counted. We found that
mice inoculated with YES1-OE MGC-803 cells had more
metastasis nodules in the liver than that inoculated with
control MGC-803 cells (Fig. 3J, K). These results further
support that YES1 drives GC growth and metastasis.

YES1 phosphorylates ANXA2 at Tyr24 site that leads
to ANXA2 activation and increased ANXA2 nuclear
distribution

To search the phosphorylated substrates of YES1, we per-
formed global phosphorproteomic and compared the phos-
phoproteins in YES-OE, YES-KD, and their control GC
cells. We found that the Tyr24 phosphorylation level of
ANXA2 was significantly upregulated in YES-OE cells
while was downregulated in YES-KD cells (Table S2),
however, OE or KD of YES1 had no effect on the
expression of total ANXA2 protein (Table S2-1). Co-IP
experiments confirmed the interaction between endogenous
YES1 and ANXA2 (Fig. 4A), as well as the interaction
between exogenous Flag-YES1 and HA-ANXA2 in MGC-
803 and AGS cells (Fig. S3A, B). WB analysis further
confirmed that the expression of p-ANXA2-Y24 was sig-
nificantly increased in YES1-OE cells while significantly
decreased in YES1-KD cells, although OE or KD of YES1
had no effect on the expression of total ANXA2 protein
(Fig. 4B). In vitro kinase assay showed that active GST-
YES1 could phosphorylate ANXA?2 at Tyr24 site (Fig. 4C).
As YAPI is one major target of YESI, to investigate
whether YES1-induced Tyr24 phosphorylation of ANXA2
is mediated by YAP1, YAP1-KD, and control AGS cells
were transfected with YES1 plasmid and the expression
of p-ANXA2-Y24 was examined. We found that YESI
increased the expression of p-ANXA2-Y24 in both control
and YAP1-KD AGS cells, suggesting that YES1-induced
p-ANXA2-Y24 is no dependent on YAP (Fig. S4A). These
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results suggest that YESI interacts with ANXA2 and
phosphorylates ANXA2 at Tyr24 site.

To investigate whether EphA?2 induces p-ANXA2-Y24
and whether YES1 mediates EphA2-induced ANXA2
phosphorylation, YES1-OE, YES1-KD and their control
GC cells were transfected with EphA2 expression or control
plasmids, 48 h later cells were collected for WB analysis.
We found that EphA2 OE significantly increased the
expression of p-ANXA2-Y24 in control cells, further
increased in YES1-OE cells, while had minor effect on
YES1-KD cells (Fig. 4D). Furthermore, MGC-803 cells
were transfected with plasmid expressing wildtype (WT),
kinase dead (Y426F) or constitutively active (Y537F) YESI
proteins and the expression of p-ANXA2-Y24 was exam-
ined. We found that WT-YES1 and YES1-Y537F sig-
nificantly increased the expression of p-ANXA2-Y24, while
YES1-Y426F had no such effect (Fig. 4E).

Considering that phosphorylation modification of
ANXA?2 affects its function and cellular distribution
[23, 33], we investigated the influence of the YES1-induced
Tyr24 phosphorylation status on ANXA?2 cellular distribu-
tion. Cell fractionation experiment showed that as compared
with controls both nuclear ANXA?2 and nuclear p-ANXA2-
Y24 protein were much higher in YES1-OE cells while
much lower in YESI-KD cells (Fig. 4F). Immuno-
fluorescent staining of ANXA2 and p-ANXA2-Y24 also
showed that the expression of nuclear ANXA?2 and nuclear
p-ANXA2-Y24 protein was increased in YES1-OE cells
while decreased in YES1-KD cells (Fig. 4G). To examine
whether the p-ANXA2-Y24 is essential for its nuclear dis-
tribution, we established ANXA2-KD AGS and MGC-803
cells by infecting with control or lentivirus engineered to
express ANXA2 shRNA which specifically targets ANXA2
3/-UTR and selected by puromycin. ANXA2-KD cells were
then transfected with control, wildtype (WT-ANXA?2) or
mutant-type ANXA2 (MT-ANXA2-Y24F) plasmids and
the cytoplasmic and nuclear protein were extracted for WB
analysis. We found that the exogenous WT-ANXA?2 protein
was expressed in both cytoplasm and nucleus while the MT-
ANXA2-Y24F protein was mainly located in cytoplasm
(Fig. 4H), suggesting that the Tyr24 phosphorylation of
ANXAZ2 can increase its nuclear distribution. Together,
these results suggest that YES1 interacts with ANXA?2 and
phosphorylates ANXA?2 at Tyr24 site, leading to ANXA2
activation and increased ANXA?2 nuclear distribution.

ANXA2 mediates YES1-induced GC cell invasion and
migration, but not YES1-induced GC cell
proliferation

To define the role of ANXA2 in GC, we compared the cell
proliferation rates, colony formation, migration and inva-
sion among ANXA2-KD and control GC cells using MTT
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<« Fig. 3 YESI1 promotes GC xenograft tumor development in mouse

models. A-D YESI-OE and control MGC-803 cells were inoculated
subcutaneously in NOD-SCID mice, tumor images are shown (A),
tumor size was measured every 6 days (B). Twenty-four days later
mice were sacrificed and tumor were collected and weighted (C), and
the expression of indicated protein in tumors was analyzed by western
blot (D). E-H YESI-KD and control AGS cells were inoculated
subcutaneously in NOD-SCID mice, tumor images are shown (E), and
tumor size was measured every 6 days (F). Thirty days later mice were
sacrificed and tumor were collected and weighted (G), and the
expression of indicated protein in tumors was analyzed by western blot
(H). I Immunohistochemical staining of YES1 and Ki-67 in indicated
mouse xenograft tumors. J, K YES1-OE and control MGC-803 cells
were injected into the spleen of nude mouse, thirty days later mice
were sacrificed, and metastatic nodules in the liver were counted (J).
Representative images of metastatic foci in paraffin-embedded liver
sections stained by hematoxylin and eosin. Arrows indicate the liver
metastatic nodules (K).

(Fig. 5F, G). These results suggest that ANXA2 promotes
GC proliferation, growth, and invasion.

To examine whether ANXA?2 mediates YES1-driven
GC cell proliferation and invasion, ANXA2-KD and
control AGS and MGC-803 cells were transfected with
control or YES1 expression plasmid, and the cell pro-
liferation rates, colony formation, migration, and inva-
sion were detected. We found that KD of ANXA2
completely blocked YES1 OE-induced GC cell migration
and invasion (Fig. 5F, G), while only partially inhibited
YES1 OE-induced GC cell proliferation and colony for-
mation (Fig. SSA, B). Furthermore, YES1-KD AGS cells
were transfected with control or plasmid expressing WT-
ANXA2 or MT-ANXA2-Y24F, and the colony formation
in cell plate and soft agar, as well as migration and
invasion were examined. We found that OE of WT-
ANXA2 or MT-ANXA2-Y24F in YES1-KD cells could
not restore GC cell migration and invasion (Fig. 5H),
however could partially restore GC cell proliferation and
colony formation (Fig. S6A). These results suggest that
ANXA?2 mediates YES1-induced GC cell invasion and
migration but not YESI-induced GC cell proliferation
although ANXAZ2 itself promotes GC cell proliferation.

Phosphorylation of ANXA2-Tyr24 is essential for
ANXA2-driven GC cell migration and invasion

To examine the role of ANXA?2 (Tyr24) phosphorylation in
GC cells, ANXA2-KD and control AGS and MGC-803
cells were transfected with WT-ANXA2 or MT-ANXA2-
Y24F expression plasmid, and the restoration of ANXA2
expression in these cells was confirmed by WB (Fig. 51).
The cell proliferation rates, anchorage-independent growth,
migration and invasion were analyzed. We found that MT-
ANXA2-Y24F had similar potency to WT-ANXA2 to
restore the proliferation and colony formation of ANXA2-
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KD cells (Fig. S7A, B), while only WT-ANXAZ2 rather than
MT-ANXA2-Y24F efficiently restored the migration and
invasion of ANXA2-KD cells (Fig. 5J, K). These data
suggest the p-ANXA2-Y24 is essential for ANXA2-driven
GC cell migration and invasion, but is dispensable for
ANXAZ2-induced GC cell proliferation.

YES1-ANXA2 pathway activation is manifested in
human GC and related to GC recurrence

We analyzed 136 cases of human GC samples and paired
adjacent normal gastric mucosa by IHC for the expression
of EphA2, YESI1, and ANXA2. We found that the
expression of EphA2 was significantly related to tumor
invasion and metastasis in our previous article [9]. The
correlation between the expression of YES1 and ANXA2
with the clinical characteristics was analyzed and sum-
marized in Supplementary Table 3 (Table S3). We found
that the expression levels of YES1 and ANXA?2 in the GC
tissues were significantly higher than the adjacent normal
gastric mucosa (Fig. 6A—C). The expression levels of
cytoplasmic ANXA?2 and nuclear ANXA?2 were positively
correlated with YES1 expression in GC tissues (Fig. 6D,
E), as well as the total ANXA2 (Fig. S8A). We also
analyzed the correlations between EphA2 and YESI or
ANXA? expression, and we found that the expression of
EphA2 was positively correlated with YES1 expression in
GC tissues (Fig. S9A), while it was not significantly
related to ANXA2 staining (Fig. S9B). The expressions of
YES1 and ANXA2 were significantly related to tumor
invasion, regional metastasis and GC relapse during
3-year follow-up period (Table S3). In addition, the
expression of YES1, ANXA2, and nuclear ANXA2 was
significantly correlated with the overall survival of GC
patients during 3-year follow-up period (Fig. 6F-H).
Consistently, the results from databases also indicated that
the expression levels of YES1 and ANXA2 mRNA in the
GC tissues were significantly higher than the adjacent
normal gastric mucosa (Fig. 6I, J), and is related to the
survival rates of GC patients (Fig. 6K, L). These results
strongly suggest that YESI-ANXA?2 pathway activation
is manifested in human GC and plays important roles in
GC progression and metastasis.

Discussion

GC is one of the most common malignancies worldwide
with poor prognosis and high death rate [1, 2]. There are
currently no effective therapies for unresectable advanced
GC. GC local recurrence, gross peritoneal dissemination,
direct invasion to other organs, and extensive distant organ
metastases are the leading causes of death for GC patients



EphA2-YES1-ANXA2 pathway promotes gastric cancer progression and...

3617

A __r ___r B YES1-OE _YES1-KD
Input IgG  YES1 Input IgG ANXA2 CON #1 #2 CON #1 #2
-src family
IB:YESL | s — ‘ s leikp  Psre
9 y ypeeay (va16)
< |1B:ANXA2 e GED W= 36KD YES1
@ -ANXA2(Y24
g IB:YEST | s e - s |161KD 3 (v24)
O [ - — z
9 ANXA2 |
2 (1B:ANXAZ |yl s (| a— - 36KD
B-actin
MGC-803
C D CON _ YES1-OE _ CON _ YES1-KD
Vector % — + - + - + - E vector % = = =
GST-YES1 ~— + EphA2 -+ + YESIwt - + - -
His-ANXA2  + + YES1-YA26F - - —
' E YES1-YS37F — -
(v24) (v24) . _
\
| e
§ g § g §8 8¢ H ANXA2-KD ANXA2-KD
(ST~ BN (SN [SHFN Vector + — — + — — + — — 4+ — —
i ANXA2-WT — + — — + — — 4 — — + —
Y551 ANXA2-MT— — + = — 4+ - — + — — 4

p-ANXA2
(v24)

ANXA2 | -
—— -

Lamin

e _

MGC-803 AGS

Lamin
A/C

Merge p-ANXA2(Y24)

AGS-YES1-KD AGS-CON MGC-YES1-OF MGC-CON

ANXA2

a-tubulin

C N

MGC-803

3 0

DAPI
T

Relative expression

0

» & & &
o° \,0 00 \‘o
e ° ¢
MGC-803

ANXA2(N) p-ANXA2 Y24(N)

o
’A‘
-

1

00\\ \:{9 00\* \*0
) )
& &
¥ oaes A

Relative expression
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pathogenesis of GC progression and metastasis is needed
to develop novel therapeutic approaches. In this work, we
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Fig. 5 ANXA2-Tyr24 phosphorylation by YES1 promotes GC
cell migration and invasion. A Western blot for the expression of
indicated proteins in ANXA2-KD AGS and MGC-803 cells. MTT
analysis for cell proliferation rates of control and ANXA2-KD MGC-
803 and AGS cells. B Representative images of soft agar colony
formation assay for control and ANXA2-KD MGC-803 and AGS
cells. C-E ANXA2-KD and control MGC-803 cells were inoculated
subcutaneously in NOD-SCID mice, tumor images are shown (C), and
tumor size was measured every 5 days (D). Twenty days later
mice were sacrificed and tumor were collected and weighted (E).
F Representative images and quantification data of scratch wound-
healing assay for control and ANXA2-KD GC cells transfected with
control or YESI expression plasmid at 0 and 24 h after wound scratch.
G Representative images and quantification data of the trans-well
migration and invasion assay for control and ANXA2-KD GC cells
transfected with control or YES1 expression plasmid. H Representa-
tive images and quantification data of the trans-well migration and
invasion assay for AGS-YES1-KD cells transfected with control, WT
and MT-ANXA?2 expression plasmid respectively. I Western blot for
the expression of indicated proteins in control and ANXA2-KD GC
cells transfected with control, WT-ANXA2, or MT-ANXA2-Y24F
expression plasmid for 48 h. J The representative images and quanti-
fication data of scratch wound-healing assay for control and ANXA2-
KD GC cells transfected with control, WT-ANXA?2 or MT-ANXA2-
Y24F expression plasmid at 0 and 24 h after wound scratch. K The
representative images and quantification data of the trans-well invasion
assay control and ANXA2-KD GC cells transfected with control, WT-
ANXA2, or MT-ANXA2-Y24F expression plasmid.

and phosphorylates YES1 at Tyrd26 site that results in
YES1 activation, activated YES1 interacts with ANXA2
and phosphorylates ANXA2 at Tyr24 site that induces
ANXA?2 activation and increases ANXA2 nuclear dis-
tribution, leading to activation of the tumor-promoting
transcription factors [33, 35-38] that promotes GC invasion
and metastasis (Fig. 7).

EphA2, as a key member of the RTKSs, controls multiple
physiological and pathological processes and is one of the
promising targets for the treatment of cancers including GC
[39]. In the early studies, we had demonstrated that EphA2
is overexpressed in GC and related to poor prognosis and
chemotherapy resistance [9, 40, 41]. In present study, we
show that YESI is one of the major EphA2 binding proteins
and phospho-substrates. EphA2 phosphorylates YES1 at
Tyr426 site, leading to the activation of YES1 that promotes
GC cell proliferation, migration, and invasion.

YES1 is a member of SRCs of nRTKs, which plays
important roles in many cellular processes, such as cell
growth, adhesion, survival, and differentiation [16, 17].
YES1 gene amplification occurs in some types of cancer
and is a key mechanism of resistance to EGFR or HER2
inhibitors, while downregulation of YESI inhibits cell
growth in several malignancies, including colon carcinoma,
rhabdomyosarcoma, and basal-like breast cancer [18]. In
present study, we demonstrate that YES1 is highly
expressed in human GC tissues and is positively correlated
with tumor invasion, regional metastasis, relapse and the

poor overall survival rate of GC patients. OE of YESI
increases while KD of YESI1 decreases GC proliferation,
growth, and metastasis in vitro and in vivo.

YESI participates in many signaling pathways, in which
YES1 activates different substrates, such as focal adhesion
kinase, BCARI, and paxillin [16, 17]. One of the well-
known substrates of YES1 is YAP. YAP is a transcriptional
coactivator in the Hippo pathway that plays important roles
in tumor development and progression [9]. In this study, we
show that YESI1 interacts with ANXA?2 and phosphorylates
ANXA2 at Tyr24 site in a YAPIl-independent manner,
leading to ANXA?2 activation and increased ANXA2 nuclear
distribution. Consistently, the expression of ANXA2 and
nuclear ANXA? is positively correlated with YES1 expres-
sion in human GC tissues.

Annexin A2 is a member of the annexin family con-
sisting of up to 160 unique annexin proteins, each of
which consists of three domains: a divergent NH,-term-
inal, a C-terminal and a preserved domain making the core
of the protein [22]. The three phosphorylation sites at the
amino-terminal domain of Annexin A2 are crucial to its
biological function and subcellular locations [23]. Serl1
phosphorylation of ANXA?2 is associated with the binding
of SI00A10 [42]. Ser25 phosphorylation of ANXAZ2,
which enriches in non-polysomal mRNP complexes in the
perinuclear region and secretory vesicles, is involved in
the process of mRNA banding and secretory process
[43, 44]. p-ANXA2-Y24 is related to the localization of
ANXAZ2 to the plasma membrane, endocytic membrane
system and nucleus. ANXA?2 has a nuclear export signal,
however, no nuclear localization signal domain is con-
tained [22, 45]. It has been reported that ANXA2 have
been found to co-localize with different nuclear bodies,
suggests that ANXA2 may enters the nucleus via inter-
acting with and binding to nuclear speckles [46]. Nuclear
ANXAZ2 may involve in DNA replication and DNA repair
[47, 48], as well as regulate the transcription via interac-
tion with some transcription factors, such as STAT6
and STAT3 [35, 37]. Our studies demonstrate that
ANXAZ2 plays a critical role in promoting GC cell pro-
liferation and metastasis, the expression of ANXA2 is
positively correlated with tumor invasion, regional
metastasis, relapse and the poor overall survival of GC
patients. p-ANXA2-Y24 increases ANXA?2 nuclear dis-
tribution in GC cells and is specifically related to GC cell
migration and invasion.

As discussed above, each individual of EphA2, YESI,
and ANXA?2 plays important roles in GC cell prolifera-
tion, invasion, and metastasis. However, activation of
EphA2-YES1-ANXA?2 axis drives GC invasion and
metastasis, while has minor effect on GC cell prolifera-
tion. YESI is one of the major mediators for EphA2-
induced GC cell proliferation, however, ANXA2 does not
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mediate YESI-induced GC cell proliferation although
KD of ANXA?2 suppresses GC cell proliferation, and
therefore ANXA?2 is not in the chain of the signaling

cascade that mediates EphA2-to-YES1-induced GC cell
proliferation. In our further investigation, it would be
interesting to know the molecules that are downstream of
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<« Fig. 6 The clinical relevance of YES1-ANXAZ2 axis in human GC.

A Representative images of the IHC staining for the expression of
YES1 and ANXA?2 in human GC tissues and paired adjacent normal
gastric mucosa. B Comparison of YES1 protein expression in human
GC tissues and paired adjacent normal gastric mucosa. C Compar-
ison of ANXAZ2 protein expression in human GC tissues and paired
adjacent normal gastric mucosa. D The correlations between YES1
and cytoplasmic ANXA?2 expression in human GC tissues (The size
of spots reflects the number of samples). E The correlations between
YES1 expression and ANXA?2 nuclear staining in human GC tissues
(The size of spots reflects the number of samples). F The correlations
of YES1 expression with patient survival analyzed by Kaplan—-Meier
Survival curve. G The correlations of total ANXA?2 expression with
patient survival analyzed by Kaplan—-Meier Survival curve. H The
correlations of nuclear ANXA2 expression with patient survival
analyzed by Kaplan—Meier Survival curve. I Comparison of YES1
mRNA expression in GC tissues (n =408) and normal tissues (n =
211) analyzed via the GEPIA (Gene Expression Profiling Interactive
Analysis). Data are from GEPIA (http://gepia.cancer-pku.cn) data-
base. J Comparison of ANXA2 mRNA expression in GC tissues
(n =408) and normal tissues (n = 211) analyzed via the GEPIA. Data
are from GEPIA (http://gepia.cancer-pku.cn) database. K The cor-
relations of YES1 expression with patient survival. Data are from the
Kaplan—-Meier Plotter  (http://kmplot.com) databases (YESI
(210917_at)). L The correlations of ANXA?2 expression with patient
survival. Data are from the Kaplan—Meier Plotter (http://kmplot.com)
databases (ANXA2 (210427_x_at)).

Extracellular Cytoplasm

YES1 and mediate the EphA2-YES1 axis-induced cell
proliferation signaling in GC cells.

In conclusion, our present studies establish
EphA2-YES1-ANXA?2 axis as a novel pathway that drives
GC invasion and metastasis, targeting this pathway would
be an efficient way for the treatment of GC.

Materials and methods
Cell lines and antibodies and reagents

AGS and MGC-803 cells were purchased from Procell Life
Science & Technology (Wuhan, China). GES-1, HGC-27,
SGC-7901, BGC-823, MKN-45, and MKN-74 cell lines are
kindly provided by Advanced Research Center and Cancer
Research Institute of CSU. Authentication of all cell lines
were confirmed by STR profiling. All cell lines have been
examined to exclude the mycoplasma contamination. Anti-
bodies and reagents were listed in Supplementary Materials.
The primers used for the amplification of indicated genes by
qRT-PCR were listed in Supplementary Table 4 (Table S4).

Cell invasion and
metastasis

Stat3,Stat6..

Gene
transcription

Fig. 7 Schematic diagram of EphA2-YES1-ANXA2 pathway in GC growth and progression. EphA2 interacts with YES1 and phosphor-
ylates YES1 at Tyr426 site that results in YES1 activation. Activated YESI interacts with ANXA2 andphosphorylates ANXA?2 at Tyr24 site that
induces ANXA?2 activation and increases ANXA?2 nuclear distribution, leading to activation of the tumorpromoting transcription factors (such as

Myec, Stat3, Stat6) that promotes GC invasion and metastasis.
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Proximity ligation assay (PLA)

The PLA was employed to detect the indicated endogenous
protein—protein interaction in situ (at distances <40 nm) in
GC cells according to the kit instructions and as described
previously [49].

In vitro kinase assay

Recombinant human GST-YES1 (100 ng) was incubated
with recombinant human active GST-EphA2 (100 ng),
nonactivated BTN-EPHA?2 (100 ng), or ANXA2 at 30 °C
for 30 min in reaction buffer containing 20 mM HEPES
(pH=7.6), 20mM MgCI2, 0.2mM ATP, 2mM DTT,
20 mM b-glycerophosphate, and 0.1 mM sodium orthova-
nadate as described previously [50]. After terminating the
reaction by adding 30pl of SDS-PAGE sample buffer,
immunoblotting was performed.

Statistical analysis

All in vitro experiments were performed in triplicate and at
least three times. Data are presented as mean = SD. Dif-
ferences in data between two groups were analyzed with
two-tailed student ¢ test. The protein expression levels and
clinicopathologic parameters were compared by chi-square
test. Bivariate correlations between study variables were
calculated by Spearman’s rank correlation coefficients.
The correlations of indicated gene expression with patient
survival were analyzed by Kaplan—Meier Survival curve.
The log-rank test was applied to compare the prognostic
significance of indicated gene on survival. Statistical
analyses were performed with SPSS software program
(version 21.0; IBM Corporation) and GraphPad Prism 6
(San Diego, CA). P<0.05 was considered to be statisti-
cally significant (*P <0.05; **P <0.01).

The detailed materials, methods, and statistical analysis
are described in the Supplementary Materials.

Acknowledgements This study was supported by Natural Science
Foundation of China (81974386), Research and Development program
in Key Areas of Hunan Province (2019SK2143), Natural Science
Foundation of Hunan Province (2018JJ6065) and Innovation Research
Project of CSU (2019zzts335). We thank Advanced Research Center
and Cancer Research Institute of CSU for providing some GC cell lines.

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

SPRINGER NATURE

distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.
Global cancer statistics 2018: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68:394—-424.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA
Cancer J Clin. 2020;70:7-30.

3. Yoshida N, Doyama H, Yano T, Horimatsu T, Uedo N, Yama-
moto Y, et al. Early gastric cancer detection in high-risk patients: a
multicentre randomised controlled trial on the effect of second-
generation narrow band imaging. Gut. 2021;70:67-75.

4. Eusebi LH, Telese A, Marasco G, Bazzoli F, Zagari RM. Gastric
cancer prevention strategies: a global perspective. J Gastroenterol
Hepatol. 2020;35:1495-502.

5. Hamamoto Y, Piao Y, Makiyama A. Achieving sequential therapy
in advanced gastric cancer: the importance of appropriate patient
management for the elderly and/or those with ascites. Gastric
Cancer. 2020;23:363-72.

6. Ajani JA, D’Amico TA, Almhanna K, Bentrem DJ, Chao J, Das P,
et al. Gastric cancer, version 3.2016, NCCN clinical practice guide-
lines in oncology. J Natl Compr Cancer Netw. 2016;14:1286-312.

7. De Robertis M, Loiacono L, Fusilli C, Poeta ML, Mazza T,
Sanchez M, et al. Dysregulation of EGFR pathway in EphA2 cell
subpopulation significantly associates with poor prognosis in
colorectal cancer. Clin Cancer Res. 2017;23:159-70.

8. Song W, Hwang Y, Youngblood V, Cook R, Balko J, Chen J, et al.
Targeting EphA2 impairs cell cycle progression and growth of basal-
like/triple-negative breast cancers. Oncogene. 2017;36:5620-30.

9. Huang C, Yuan W, Lai C, Zhong S, Yang C, Wang R, et al.
EphA2-to-YAP pathway drives gastric cancer growth and therapy
resistance. Int J Cancer. 2020;146:1937-49.

10. Li J-Y, Xiao T, Yi H-M, Yi H, Feng J, Zhu J-F, et al. S897
phosphorylation of EphA?2 is indispensable for EphA2-dependent
nasopharyngeal carcinoma cell invasion, metastasis and stem
properties. Cancer Lett. 2019;444:162-74.

11. Zhou Y, Sakurai H. Emerging and diverse functions of the EphA2
noncanonical pathway in cancer progression. Biol Pharm Bull.
2017;40:1616-24.

12. Markosyan N, Li J, Sun YH, Richman LP, Vonderheide RH. Tumor
cell-intrinsic EPHA?2 suppresses anti-tumor immunity by regulating
PTGS2 (COX-2). J Clin Investig. 2019;129:3594-609.

13. Ieguchi K, Maru Y. Roles of EphA1/A2 and ephrin-A1l in cancer.
Cancer Sci. 2019;110:841-8.

14. Huang J, Xiao D, Li G, Ma J, Chen P, Yuan W, et al. EphA2
promotes epithelial-mesenchymal transition through the Wnt/
B-catenin pathway in gastric cancer cells. Oncogene. 2014;33:
2737-47.

15. Peng Q, Chen L, Wu W, Wang J, Zheng X, Chen Z, et al. EPH
receptor A2 governs a feedback loop that activates Wnt/p-catenin
signaling in gastric cancer. Cell Death Dis. 2018;9:1-16.

16. Sirvent A, Urbach S, Roche S. Contribution of phosphopro-
teomics in understanding SRC signaling in normal and tumor
cells. Proteomics. 2015;15:232-44.


http://creativecommons.org/licenses/by/4.0/

EphA2-YES1-ANXA2 pathway promotes gastric cancer progression and...

3623

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Sun G, Sharma AK, Budde RJ. Autophosphorylation of Src and
Yes blocks their inactivation by Csk phosphorylation. Oncogene.
1998;17:1587-95.

Hamanaka N, Nakanishi Y, Mizuno T, Horiguchi-Takei K, Akiyama
N, Tanimura H, et al. YESI is a targetable oncogene in cancers
harboring YES1 gene amplification. Cancer Res. 2019;79:5734-45.
Rosenbluh J, Nijhawan D, Cox AG, Li X, Neal JT, Schafer EJ,
et al. p-Catenin-driven cancers require a YAPI transcriptional
complex for survival and tumorigenesis. Cell. 2012;151:1457-73.
Garmendia I, Pajares MJ, Hermida-Prado F, Ajona D, Bértolo C,
Sainz C, et al. YESI drives lung cancer growth and progression
and predicts sensitivity to dasatinib. Am J Respir Crit Care Med.
2019;200:888-99.

Touil Y, Igoudjil W, Corvaisier M, Dessein A-F, Vandomme J,
Monté D, et al. Colon cancer cells escape SFU chemotherapy-
induced cell death by entering stemness and quiescence associated
with the c-Yes/YAP axis. Clin Cancer Res. 2014;20:837-46.
Christensen MV, Hggdall CK, Jochumsen KM, Hggdall EV.
Annexin A2 and cancer: a systematic review. Int J Oncol.
2018;52:5-18.

Grindheim AK, Saraste J, Vedeler A. Protein phosphorylation and
its role in the regulation of Annexin A2 function. Biochim Bio-
phys Acta Gen Subj. 2017;1861:2515-29.

de Graauw M, Tijdens I, Smeets MB, Hensbergen PJ, Deelder
AM, van de Water B. Annexin A2 phosphorylation mediates cell
scattering and branching morphogenesis via cofilin activation.
Mol Cell Biol. 2008;28:1029-40.

Kpetemey M, Dasgupta S, Rajendiran S, Das S, Gibbs LD, Shetty
P, et al. MIEN1, a novel interactor of Annexin A2, promotes
tumor cell migration by enhancing AnxA2 cell surface expression.
Mol Cancer. 2015;14:156.

Wang T, Wang Z, Niu R, Wang L. Crucial role of Anxa2 in
cancer progression: highlights on its novel regulatory mechanism.
Cancer Biol Med. 2019;16:671.

Anselmino N, Bizzotto J, Sanchis P, Lage-Vickers S, Ortiz E,
Valacco P, et al. HO-1 interactors involved in the colonization of
the bone niche: role of ANXA?2 in prostate cancer progression.
Biomolecules. 2020;10:467.

Fei F, Liu K, Li C, Du J, Wei Z, Li B, et al. Molecular
mechanisms by which S100A4 regulates the migration and inva-
sion of PGCCs with their daughter cells in human colorectal
cancer. Front Oncol. 2020;10:182.

Fan'Y, Si W, Ji W, Wang Z, Gao Z, Tian R, et al. Rack] mediates
tyrosine phosphorylation of Anxa2 by Src and promotes invasion
and metastasis in drug-resistant breast cancer cells. Breast Cancer
Res. 2019;21:66.

Xie R, Liu J, Yu X, Li C, Wang Y, Yang W, et al
ANXAZ? silencing inhibits proliferation, invasion, and migration
in gastric cancer cells. J Oncol. 2019;2:4035460.

Emoto K, Sawada H, Yamada Y, Fujimoto H, Takahama Y, Ueno
M, et al. Annexin II overexpression is correlated with poor prognosis
in human gastric carcinoma. Anticancer Res. 2001;21:1339-45.
Hunter T. A tail of two src’s: mutatis mutandis. Cell. 1987;49:1-4.
Ma S, Lu C-C, Yang L-Y, Wang J-J, Wang B-S, Cai H-Q, et al.
ANXA?2 promotes esophageal cancer progression by activating
MYC-HIF1A-VEGF axis. J Exp Clin Cancer Res. 2018;37:183.
Li W, Ng JM, Wong CC, Ng EKW, Yu J. Molecular alterations of
cancer cell and tumour microenvironment in metastatic gastric
cancer. Oncogene. 2018;37:4903-20.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Das S, Shetty P, Valapala M, Dasgupta S, Gryczynski Z, Vish-
wanatha JK. Signal transducer and activator of transcription 6
(STATO) is a novel interactor of annexin A2 in prostate cancer
cells. Biochemistry. 2010;49:2216-26.

Kazami T, Nie H, Satoh M, Kuga T, Matsushita K, Kawasaki N,
et al. Nuclear accumulation of annexin A2 contributes to chro-
mosomal instability by coilin-mediated centromere damage.
Oncogene. 2015;34:4177-89.

Wang Y-q, Zhang F, Tian R, Ji W, Zhou Y, Sun X-m, et al.
Tyrosine 23 phosphorylation of annexin A2 promotes prolifera-
tion, invasion, and Stat3 phosphorylation in the nucleus of human
breast cancer SK-BR-3 cells. Cancer Biol Med. 2012;9:248.
Féhling M, Paliege A, Jonsson S, Becirovic-Agic M, Melville JM,
Skogstrand T, et al. NFAT5 regulates renal gene expression in
response to angiotensin II through Annexin-A2-mediated post-
transcriptional regulation in hypertensive rats. Am J Physiol Renal
Physiol. 2019;316:F101-12.

Pasquale EB. Eph receptors and ephrins in cancer: bidirectional
signalling and beyond. Nat Rev Cancer. 2010;10:165-80.

Hou F, Yuan W, Huang J, Qian L, Chen Z, Ge J, et al. Over-
expression of EphA2 correlates with epithelial-mesenchymal
transition-related proteins in gastric cancer and their prognostic
importance for postoperative patients. Med Oncol. 2012;29:
2691-700.

Li R, Yuan W, Mei W, Yang K, Chen Z. MicroRNA 520d-3p
inhibits gastric cancer cell proliferation, migration, and invasion
by downregulating EphA2 expression. Mol Cell Biochem.
2014;396:295-305.

Jost M, Gerke V. Mapping of a regulatory important site for
protein kinase C phosphorylation in the N-terminal domain of
annexin II. Biochim Biophys Acta. 1996;1313:283-9.

Aukrust I, Rosenberg LA, Ankerud MM, Bertelsen V, Hollds H,
Saraste J, et al. Post-translational modifications of Annexin A2 are
linked to its association with perinuclear nonpolysomal mRNP
complexes. Febs Open Bio. 2017;7:160-73.

Chasserot-Golaz S. Annexin 2 promotes the formation of lipid
microdomains required for calcium-regulated exocytosis of dense-
core vesicles. Mol Biol Cell. 2005;16:1108-19.

Eberhard DA, Karns LR, Vandenberg SR, Creutz CE. Control
of the nuclear-cytoplasmic partitioning of annexin II by a
nuclear export signal and by p11 binding. J Cell Sci. 2001;114:
3155-66.

Grindheim AK, Hollas H, Raddum AM, Saraste J, Vedeler A.
Reactive oxygen species exert opposite effects on Tyr23 phos-
phorylation of the nuclear and cortical pools of annexin A2. J Cell
Sci. 2016;129:314-28.

Jindal HK, Chaney WG, Anderson CW, Davis RG, Vishwanatha
JK. The protein-tyrosine kinase substrate, calpactin I heavy chain
(p36), is part of the primer recognition protein complex that inter-
acts with DNA polymerase alpha. J Biol Chem. 1991;266:5169-76.
Madureira PA, Richard H, Lee PWK, Waisman DM, Sue C.
Genotoxic agents promote the nuclear accumulation of annexin
A2: role of annexin A2 in mitigating DNA damage. Plos ONE.
2012;7:e50591.

Alam MS. Proximity ligation assay (PLA). Curr Protoc Immunol.
2018;123:e58.

Zhou Y, Yamada N, Tanaka T, Hori T, Sakurai H. Crucial roles of
RSK in cell motility by catalysing serine phosphorylation of
EphA2. Nat Commun. 2015;6:7679.

SPRINGER NATURE



	EphA2&#x02013;nobreakYES1&#x02013;nobreakANXA2 pathway promotes gastric cancer progression and metastasis
	Abstract
	Introduction
	Result
	EphA2 interacts with YES1 and phosphorylates YES1 at Tyr426�site
	YES1 promotes GC cell proliferation and migration
	YES1 promotes GC growth and metastasis in mouse models
	YES1 phosphorylates ANXA2 at Tyr24�site that leads to ANXA2 activation and increased ANXA2 nuclear distribution
	ANXA2 mediates YES1-induced GC cell invasion and migration, but not YES1-induced GC cell proliferation
	Phosphorylation of ANXA2-Tyr24 is essential for ANXA2-driven GC cell migration and invasion
	YES1&#x02013;nobreakANXA2 pathway activation is manifested in human GC and related to GC recurrence

	Discussion
	Materials and methods
	Cell lines and antibodies and reagents
	Proximity ligation assay (PLA)
	In vitro kinase assay
	Statistical analysis
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




