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ARTICLE INFO ABSTRACT

Our phosphoproteomics identified that phosphorylation of EphA2 at serine 897 (pS897-EphA2) was significantly
upregulated in the high metastatic nasopharyngeal carcinoma (NPC) cells relative to non-metastatic NPC cells.
However, the role and underlying mechanism of pS897-EphA2 in cancer metastasis and stem properties
maintenance remain poorly understood. In this study, we established NPC cell lines with stable expression of
exogenous EphA2 and EphA2-S897A using endogenous EphA2 knockdown cells, and observed that pS897-
EphA2 maintained EphA2-dependent NPC cell in vitro migration and invasion, in vivo metastasis and cancer stem
properties. Using phospho-kinase antibody array to identify signaling downstream of pS897-EphA2, we found
that AKT/Stat3 signaling mediated pS897-EphA2-promoting NPC cell invasion, metastasis and stem properties,
and Sox-2 and c-Myc were the effectors of pS897-EphA2. Immunohistochemistry showed that pS897-EphA2 was
positively correlated with NPC metastasis and negatively correlated with patient overall survival. Moreover,
ERK/RSK signaling controlled serum-induced pS897-EphA2 in NPC cells. Collectively, our results demonstrate
that pS897-EphA2 is indispensable for EphA2-dependent NPC cell invasion, metastasis and stem properties by
activating AKT/Stat3/Sox-2 and c-Myc signaling pathway, suggesting that pS897-EphA2 can serve as a ther-
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apeutic target in NPC and perhaps in other cancers.

1. Introduction

Nasopharyngeal carcinoma (NPC) is a head and neck cancer that
shows a distinct endemic distribution with a high prevalence in
Southern China and Southeast Asia, where the annual incidence rate is
approximately 25-fold higher than that in the Western world [1]. NPC
is a highly malignant cancer which often invades adjacent regions and
metastasizes to regional lymphnodes and distant organs at the time of
diagnosis [2]. Radiotherapy is the major therapeutic modality used to
treat NPC, and most NPC patients can be cured if the disease is diag-
nosed and treated at an early stage. However, 20%-30% of patients will
develop recurrence and metastasis after therapy [3]. Therefore metas-
tasis is a major cause of treatment failure in many NPC patients.

Eph receptors belong to a large family of receptor tyrosine kinases
(RTKs), and are key regulators of both normal development and disease
[4,5]. Perturbation of Eph receptor and ligand system has been

observed in the various types of human cancers [6]. Particularly, EphA2
is the most frequently affected Eph receptor in human cancers. EphA2 is
often overexpressed and accompanied by the loss of its ligand Ephrin-
Al in human cancers, where it promotes invasion and metastasis [5,7],
induces epithelial-mesenchymal transition (EMT) [8], and maintains
cancer stem properties [9,10] through a ligand-independent me-
chanism. In contrast, EphA2 inhibits cancer cell migration and invasion
upon Ephrin-Al stimulation through a ligand-dependent mechanism
[6,7].

Previous studies indicate that the phosphorylation of EphA2 at
serine 897 (pS897-EphA2) plays a key role in the ligand-independent
functions of EphA2 [7,11-14]. The ligand-independent promotion of
cancer cell migration and invasion by EphA2 requires pS897-EphA2,
which is induced by AKT or RSK (ribosomal S6 kinase) [7,14]. Although
EphA2 has been shown to maintain cancer stem properties through a
ligand-independent mechanism [9,10], the roles of pS897-EphA2 in
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cancer stem properties maintenance are poorly understood [13], and
the signals downstream of pS897-EphA2 underlying its metastasis
promotion and cancer stem properties maintenance need to be eluci-
dated. We recently used phosphoproteomics to search proteins relative
to NPC metastasis, and found that pS897-EphA2 was significantly up-
regulated in the high metastatic NPC cells relative to non-metastatic
NPC cells, suggesting that pS897-EphA2 plays a crucial role in the NPC
metastasis.

In the present study, we try to determine whether and how pS897-
EphA2 promotes NPC cell invasion and metastasis and maintains cancer
stem properties. Our results demonstrate that pS897-EphA2 is indis-
pensable for EphA2-dependent NPC cell invasion, metastasis and stem
properties, and AKT/Stat3/Sox-2 and c-Myc signaling pathway med-
iates the phenotypes of pS897-EphA2, suggesting that pS897-EphA2
can serve as an attractive therapeutic target in NPC and perhaps in
other cancers.

2. Materials and methods
2.1. Patients and tissue specimens

The one hundred and twenty-seven formalin-fixed and paraffin-
embedded archival NPC tissue specimens, twenty lymphonode metas-
tases paired with primary NPCs and thirty normal nasopharyngeal
mucosa between Jan 2007 and Dec 2009 were obtained from the First
Hospital of Chenzhou City (China) at the time of diagnosis before any
therapy. In addition, eight fresh NPC biopsies were also collected. On
the basis of the 1978 WHO classification [15], all tumors were histo-
pathologically diagnosed as poorly differentiated squamous cell carci-
nomas (WHO type III). The clinical stage of the patients was classified
and reclassified according to the AJCC criteria as described in the se-
venth edition of the AJCC cancer staging manual. All the patients un-
derwent radiochemotherapy and were given follow-up. The follow-up
period at the time of analysis was 9-83 months (average, 48 + 16.5).
The total survival was defined as the time from diagnosis to the date of
cancer-related death or when censured at the latest date if patients were
still alive. The clinicopathological features of the patients used in the
present study are shown in Supplemental Table 1.

2.2. Plasmids

Plasmid expressing EphA2 or EphA2-S897A cDNA and control
plasmid pBabepuro were a gift from Dr. B Wang (Case Western Reserve
University, Cleveland, USA) [7]. Lentiviral GV101 vector expressing
EphA2 shRNA or scramble non-target shRNA were established by
Genechem (Shanghai, China), and confirmed by sequencing. The target
for human EphA2 shRNA is 5-CAGCCTTCGGACAGACATA-3’ that is
located in the 3‘UTR of EphA2 mRNA. The knockdown efficiency of the
EphA2 shRNA has been validated [16].

2.3. Cell lines and culture

High metastatic 5-8F and non-metastatic 6-10B NPC cell lines were
established and kindly gifted by Dr. HM Wang of the Cancer Center, Sun
Yat-sen University, China [17,18]. Poorly differentiated CNE2 and
highly differentiated CNE1 NPC cell lines have been described pre-
viously by us [19,20]. Cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (Life Technologies) at 37 °C
in 5% CO,. The cell lines were authenticated by short tandem repeat
profiling prior to use, and were routinely tested negative for myco-
plasma contamination using 4,6-diamidino-2-phenylindole staining.

2.4. Quantitative PM phosphoproteome analysis using 10/?%0 labeling and
LC-MS/MS

Differential plasma membrane (PM) proteome analysis in 5-8F and
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6-10B NPC cells was performed as described previously by us
(Supplemental Fig. 1A) [21-23]. MS data processing and database
search for protein identification and relative quantification were per-
formed as described by Chi LM et al. [24]. An on-line PhosphoSitePlus™
system biology resource (http://www.phosphosite.org/) was used to
annotate the phosphorylation modification sites of identified proteins.

2.5. Establishment of NPC cell lines expressing exogenous EphA2 or EphA2-
S897A using endogenous EphA2 knockdown cells

Lentiviral GV101 vector expressing EphA2 shRNA or scramble
shRNA infected high metastatic 5-8F and poorly differentiated CNE2
NPC cell lines respectively, cells were selected using neomycin for two
weeks, and 5-8F and CNE2 cell lines with stable endogenous EphA2
knockdown and control cell lines were obtained. Plasmid expressing
EphA2 or EphA2-S897A cDNA and control plasmid pBabepuro were
transfected into 5-8F and CNE2 NPC cell lines with endogenous EphA2
knockdown using Lipofectamine 2000 (Life Technologies) respectively.
Cells were selected using puromycin for two weeks, and 5-8F and CNE2
cell lines with the stable expression of exogenous EphA2 or EphA2-
S897A and control cell lines were obtained.

2.6. Identification of differential phospho-kinases by human phospho-kinase
antibody array

Membranes (#ARY003B, R&D) already captured with antibodies
were blocked with blocking buffer at room temperature for 1h. Cell
lysates extracted from 5 - 8F cells with the stable expression of exo-
genous EphA2-S897A and EphA2 (1 mg per sample) were incubated
with the membranes at 4 °C overnight, followed by three washes in
washing buffer. Biotinylated antibody cocktail, streptavidin conjugated
to horseradish-peroxidase and chemiluminescent detection reagents
were subsequently added, and chemiluminescence was detected in the
same manner as a Western blot analysis.

2.7. Cell migration and invasion assay

Cell migration and Matrigel invasion assays were performed as de-
scribed previously by us [18].

2.8. Sorting of side population cells by flow cytometry

Sorting of side population cells was performed by flow cytometry as
described previously by us [25]. The detailed procedures are described
in Supplementary information.

2.9. QRT-PCR

Real-time qRT-PCR was performed to detect the expression of Sox-2,
c-Myc and ALDH1A1 in the NPC cells as described previously by us
[18]. The primers used for the amplification of the indicated genes are
listed in Supplemental Table 2.

2.10. Western blot

Western blot was performed to detect the expression of proteins in
the indicated NPC cells and tissues as described previously by us
[18,19].

2.11. Dual luciferase reporter assay

Dual luciferase reporter assay was performed to detect the tran-
scriptional activity of human Stat3 in the indicated NPC cells as de-
scribed previously by us [18]. The detailed procedures are described in
Supplementary information.
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2.12. Tumor formation and experimental lung metastasis

Nude female mice (BALB/c nu/nu) and non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mice that were four weeks old
were obtained from the Laboratory Animal Center of Central South
University (Changsha, China), and were maintained under specific pa-
thogen-free conditions. For tumor formation experiment, serial dilu-
tions of the NPC cells were subcutaneously injected into NOD-SCID
mice (n = 8 mice each). The mice were monitored daily for palpable
tumor formation. Tumor volume (in c¢cm®) was measured by caliper
measurements and calculated by using the modified ellipse formula
(volume = length x width?/2). For experimental lung metastatic ex-
periment, mice (n = 10 mice each) were injected intravenously with
1 x 10° NPC cells/mouse via the tail vein. At the end of the five weeks,
mice were sacrificed by cervical dislocation, and subcutaneous xeno-
grafts and lungs were removed. Lung surface metastases were examined
macroscopically. The tissues were embedded in paraffin for H.E. and
immunohistochemical staining.

2.13. Immunohistochemistry and immunofluorescence

Immunohistochemistry on the paraffin-embedded tissue sections
and immunofluorescent staining of the indicated cells were performed
as described previously by us [18,19]. The detailed procedures are
described in Supplementary information.

2.14. Statistical analysis

All experiments were carried out at least 3 times. Data were pre-
sented as the mean *+ standard deviation. Statistical analysis was
conducted using SPSS 22.0 statistical software package. For compar-
isons between two groups, a Student's t-test was used, and for analysis
with multiple comparisons, One-way ANOVA, followed by Turkey's
post-hoc analysis was used. Survival curves were obtained by using
Kaplan-Meier method, and comparisons were made by using log-rank
test. Univariate and multivariate survival analyses were conducted on
all parameters by using Cox proportional hazards regression model. The
Spearman rank correlation coefficient was used to determine the cor-
relation between the expression levels of two proteins in the NPC tis-
sues based on IHC results. All statistical tests were 2-sided. P values less
than 0.05 were considered to be statistically significant.

2.15. Ethics statement

This study was approved by the Medical Ethics Committee of
Xiangya Hospital, Central South University, China. All animal experi-
ments were undertaken in accordance with the Guide for the Care and
Use of Laboratory Animals of Central South University, with the ap-
proval of the Scientific Investigation Board of Central South University.
As only archived tumor specimens were included in this study, the
ethics committee waived the need for consent and patient records/in-
formation were analyzed anonymously.

3. Results

3.1. Identification of pS897-EphA2 as a protein associated with NPC
metastasis and poor patient prognosis

Quantitative PM phosphoproteome analysis was performed to
screen the differential phospho-proteins in the high metastatic 5-8F and
non-metastatic 6-10B NPC cells. As a result, a total of thirteen differ-
ential phospho-proteins were identified (Supplemental Table 3). Among
them, pS897-EphA2 was significantly upregulated in the 5-8F cells
relative to 6-10B cells (Supplemental Fig. 1B and Supplemental
Table 3), which was confirmed by Western blot (Fig. 1A). We further
detected the levels of pS897-EphA2 in the eight fresh NPC biopsies by
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Western blot, and observed that it was significantly increased in the
NPCs with metastasis relative to NPCs without metastasis (Fig. 1A).
Next, we analyzed the levels of pS897-EphA2 and Ephrin-Al in 127
NPCs with the different metastatic potentials, 20 paired neck lympho-
node metastases (LNMs) and 30 normal nasopharyngeal mucosa (NNM)
by immunohistochemistry (IHC). The results showed that pS897-EphA2
was significantly increased in the LNMs relative to paired NPCs, in the
NPCs with metastasis relative to NPCs without metastasis, and not de-
tectable in the most of NNM (Fig. 1B and Supplemental Table 4);
pS897-EphA2 was significantly correlated with lymphonode and distant
metastasis (Supplemental Table 5), and markedly reduced patient
overall survival (Fig. 1C). A univariate and multivariate Cox regression
analysis showed that pS897-EphA2 was an independent predictor for
patient overall survival (Supplemental Table 6). These results indicate
that pS897-EphA2 is associated with NPC metastasis and can serve as a
predictor for NPC patient prognosis.

Our IHC showed that Ephrin-Al expression was significantly re-
duced in the NPCs relative to paired NNM, in the NPCs with metastasis
relative to NPCs without metastasis, and was not detectable in the most
of LNMs (Fig. 1B and Supplemental Table 4), i.e. the loss of Ephrin-Al
expression during NPC progression, indicating that the NPC promotion
of pS897-EphA2 is ligand-independent [7,11-14]. Moreover, we ob-
served that exogenous Ephrin-Al stimulation caused the obvious
downregulation of pS897-EphA2 and EphA2 (Supplemental Fig. 2A),
and inhibited cell migration and invasion, side-population cells fraction
and tumorsphere formation in the 5-8F and CNE2 cell lines with high
EphA2 expression (Supplemental Fig. 2B ~ D), supporting that the NPC
promotion of pS897-EphA2 is ligand-independent.

3.2. PS897-EphA2 maintains EphA2-dependent NPC cell migration,
invasion and metastasis

We first established 5-8F and CNE2 NPC cell lines with stable
knockdown of endogenous EphA2 by shRNA targeting to EphA2 mRNA
3‘UTR because both cell lines had high endogenous EphA2 expression
(Supplemental Figs. 3A and B). The results showed that knockdown of
EphA2, concomitant with the loss of pS897-EphA2 (Supplemental
Fig. 3B), led to an obvious reduction in ligand-independent cell mi-
gration, invasion, and tumorsphere formation (Supplemental Figs. 3C
and D). To explore the biological functions of pS897-EphA2, we
transfected plasmid expressing shRNA-resistant cDNA encoding EphA2
or EphA2-S897A into the two cell lines with endogenous EphA2
knockdown respectively, and established 5-8F and CNE2 cell lines with
stable expression of exogenous EphA2 (EphA2-WT) or EphA2-S897A
(EphA2-SA) (Fig. 2A). Western blot analysis revealed that the estab-
lished 5-8F or CNE2 cell lines expressed the equivalent levels of exo-
genous EphA2-WT and EphA2-SA, and S897A mutation abolished
pS897-EphA2, but didn't affect the tyrosine phosphorylation of EphA2
at Y588 (pY588-EphA2) (Fig. 2A). Next, we analyzed the effects of
EphA2-WT and EphA2-SA on the metastatic potentials of NPC cells, and
observed that EphA2-WT dramatically increased NPC cell migration
and invasion in vitro, whereas EphA2-SA failed to do it as compared to
endogenous EphA2 knockdown (Fig. 2B), indicating that S897A mu-
tation abolished the effects of EphA2-WT on NPC cell migration and
invasion in vitro. Moreover, we tested the effects of EphA2-WT and
EphA2-SA on NPC cell metastasis. As shown in Fig. 2C and D, EphA2-
WT markedly increased the lung metastases of NPC cells, whereas
EphA2-SA failed to do it as compared to endogenous EphA2 knock-
down, indicating that S897A mutation abolished the effects of EphA2-
WT on NPC cell metastasis in vivo. Together, these results demonstrate
that pS897-EphA2 maintains EphA2-dependent NPC cell migration,
invasion and metastasis.

3.3. PS897-EphA2 maintains EphA2-dependent NPC cell stem properties

Side-population (SP) cells, a small population of cells from cancer
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Fig. 1. PS897-EphA2 is correlated with NPC metastasis and poor patient prognosis. (A) Western blot analysis showing the expression levels of pS897-EphA2 and

EphA2 in the 5-8F and 6-10B cells (left), as well as in the eight fresh NPC tissues (right). Numbers represent mean

+

SD. *P < 0.05; **P < 0.01. (B)

Immunohistochemistry showing the expression levels of pS897-EphA2, Ephrin-A1, p-AKT, p-Stat3, c-Myc and Sox-2 in the normal nasopharyngeal mucosa (NNM),
NPC without metastasis, NPC with metastasis and paired lymphonode metastasis (LNM). Scale bars = 50 pm. (C) Kaplan-Meier survival analysis for 127 NPC patients
according to the levels of pS897-EphA2. Log-rank test was used to calculate P value.

cell lines, can efflux lipophilic fluorescent dyes and are enriched in
cancer stem cells [26,27]. Accordingly, we analyzed the effect of
EphA2-WT and EphA2-SA on the NPC SP cell fraction. As shown in
Fig. 3A, EphA2-WT significantly increased SP cell fraction, whereas
EphA2-SA had not obvious effect on it as compared to endogenous
EphA2 knockdown, indicating that S897A mutation abolished the effect
of EphA2-WT on NPC SP cell fraction. Tumorsphere formation is an in
vitro sensitive assay for determining the self-renewal capacity of cancer
stem cells (CSCs) in vitro and the abundance of CSCs in malignant po-
pulations [28,29]. Therefore, we analyzed the effect of EphA2-WT and
EphA2-SA on the tumorsphere formation of NPC cells. The result
showed that EphA2-WT significantly enhanced tumorsphere formation,
which was observed over two further serial passages, whereas EphA2-
SA failed to do it as compared to endogenous EphA2 knockdown
(Fig. 3B), indicating that S897A mutation abolished the effect of
EphA2-WT on the tumorsphere formation of NPC cells. Next, we ana-
lyzed the effect of EphA2-WT and EphA2-SA on the expression of sev-
eral known NPC stem markers including c-Myc, Sox-2 and ALDH1A1
[30-33]. As shown in Fig. 3C, EphA2 substantially increased the mRNA
and protein expression of the three stem markers in the NPC cells,
whereas EphA2-SA had not obvious affection on their expression as
compared to endogenous EphA2 knockdown, indicating that S897A
mutation abolished the effect of EphA2-WT on the stem marker ex-
pression of NPC cells.

Increasing evidences have highlighted a link between EMT and CSCs
[34]. It has been reported that EMT generates cells with the stem
properties [35]. Therefore, we analyzed the effect of EphA2-WT and
EphA2-SA on the expression of representative EMT markers in NPC

cells. We observed that EphA2-WT significantly upregulated Vimentin
and N-cadherin while significantly downregulated E-cadherin, i.e. that
EphA2-WT induced EMT-like alterations, whereas EphA2-SA only had
slight affection on the expression of the three EMT markers as com-
pared to endogenous EphA2 knockdown (Fig. 3D), suggesting that
S897A mutation abolished the effect of EphA2-WT on the EMT-like
alterations of NPC cells. Collectively, our results demonstrate that
pS897-EphA2 maintains EphA2-dependent NPC cell stem properties.

3.4. PS897-EphA2 maintains EphA2-dependent tumor initiating capacity of
NPC cells in vivo

To test whether p-EphA2-S897 affects tumor-initiating capacity of
NPC cells in vivo, serial dilutions of 5-8F and CNE2 NPC cells expressing
exogenous EphA2-WT or EphA2-SA (1 x 10% 1 x 10% 1 x 10%,
1 x 10°) and their control cells with endogenous EphA2 knockdown
were subcutaneously injected into NOD-SCID mice. After implantation,
tumor development and growth were monitored for five weeks. The
results showed that EphA2-WT markedly increased the tumor incidence
and growth rate when 1 x 103, 1 x 10* or 1 x 10° cells were injected,
whereas EphA2-SA failed to do it as compared to endogenous EphA2
knockdown (Fig. 4), indicating that S897A mutation abolished the ef-
fects of EphA2-WT on in vivo tumor-initiating capacity of NPC cells.
When 1 x 102 cells were injected, both the experimental and vector
control cells did not form tumors at week 5. The results indicate that
pS897-EphA2 maintains EphA2-dependent tumor initiating capacity of
NPC cells in vivo.
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3.5. PS897-EphA2 activates AKT/Stat3 signaling in NPC cells

Human phospho-kinase antibody array was used to screen the dif-
ferential phospho-kinases in the 5-8F cells expressing exogenous
EphA2-WT and EphA2-S897A. As shown in Fig. 5A, the levels of p-AKT
(T308 and S473) and p-Stat3 (S727) were significantly decreased in the
EphA2-SA-expressed 5-8F cells relative to EphA2-WT-expressed 5-8F
cells, whereas p-Stat3 (Y705) level had no obvious difference in the two
cell lines. Western blot analysis further showed that EphA2-WT sig-
nificantly increased while EphA2-SA failed to increase the levels of p-
AKT (T308 and S473) and p-Stat3 (S727) in the 5-8F and CNE2 NPC
cell lines as compared to endogenous EphA2 knockdown (Fig. 5B), in-
dicating that S897A mutation abolished the effect of EphA2-WT on the
levels of p-AKT (T308 and S473) and p-Stat3 (S727). Immuno-
fluorescent staining also showed that EphA2-WT increased while
EphA2-SA failed to increase the level and membrane translocation of p-
AKT (S473) (Fig. 5C). The results indicate that pS897-EphA2 activates
AKT and Stat3 signaling in the NPC cells.

Previous studies have demonstrated that EphA2 recruits or interacts
with the p85 regulatory subunit of PI3-kinase (PI3K) [36-38], and

166

activates PI3K and downstream AKT [39,40]. Therefore we investigated
whether pS897-EphA2 phosphorylates and activates AKT by PI3K in the
NPC cells. The result showed that EphA2-WT significantly increased
while EphA2-SA failed to increase p-p85 level as compared to en-
dogenous EphA2 knockdown, indicating that S897A mutation abol-
ished the effect of EphA2-WT on p-p85 (Fig. 5D). Moreover, PI3K in-
hibitor LY294002 inhibited p-AKT level in the NPC cells expressing
EphA2-WT (Fig. 5D). Together, the results indicate that pS897-EphA2
activates AKT signaling through PI3K in the NPC cells.

It has been reported that there is a functional link between AKT and
Stat3 signaling [41,42], in which activation of AKT induces phos-
phorylation of Stat3 at S727 but not Y705. Our results showed that
pS897-EphA2 phosphorylated Stat3 at S727 but not Y705, whereas
S897A mutation abolished the effect of EphA2-WT on p-Stat3 (Fig. 5A
and B). Therefore we analyzed whether pS897-EphA2 activates Stat3
through p-AKT in the NPC cells, and observed that AKT inhibitor
MK2206 decreased p-Stat3 (S727) level in the NPC cells expressing
EphA2-WT, whereas transfection of plasmid expressing AKT increased
p-Stat3 (S727) level in the NPC cells expressing EphA2-SA (Fig. 5E),
suggesting that pS897-EphA2 activates Stat3 through AKT in the NPC
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Fig. 3. PS897-EphA2 maintains EphA2-dependent NPC cell stem properties. (A) A representative result (left) and statistical analysis (right) of side-population
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cells. EphA2 activates Stat3 signaling through AKT in the NPC cells.
As phosphorylation of Stat3 at S727 leads to its transcriptional ac-

tivation [43], we performed a dual luciferase reporter assay to de-

termine the effect of pS897-EphA2 on Stat3 transcriptional activity, and 3.6. AKT/Stat3 signaling mediates pS897-EphA2-dependent NPC cell

observed that EphA2-WT significantly increased Stat3 transcriptional invasion, metastasis and stem properties
activity in the NPC cells, whereas EphA2-SA failed to do it as compared
to endogenous EphA2 knockdown (Fig. 5F), supporting that pS897- We next explore whether AKT/Stat3 signaling mediates the action

of pS897-EphA2 in the NPC cells. We observed that transfection of
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Fig. 4. PS897-EphA2 maintains EphA2-dependent tumor initiating capacity of NPC cells in vivo. (A) The representative photographs of xenograft tumors at 5
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significance.

plasmid expressing AKT or Stat3 restored the expression of the three
NPC stem markers, ability of cell invasion and tumorsphere formation,
and SP cell fraction in the NPC cells expressing EphA2-S897A (Fig. 6A
and B). IHC showed that EphA2-WT significantly increased the ex-
pression levels of p-AKT, p-Stat3, and three NPC stem markers in the
lung metastases of NPC cells, whereas EphA2-SA failed to do it as
compared to endogenous EphA2 knockdown (Fig. 6C). Collectively, the
results demonstrate that AKT/Stat3 signaling mediates pS897-EphA2-
dependent NPC invasion and metastasis and stem properties.

3.7. Sox-2 and c-Myc are the effectors of pS897-EphA2-dependent NPC cell
invasion and stem properties

Our results showed that pS897-EphA2 upregulated the expression of

168

Sox-2 and c-Myc. Because Sox-2 and c-Myc, the known direct tran-
scriptional targets of Stat3 [44,45], play a crucial role in maintaining
cancer stem properties in many malignancies including NPC
[30,32,44,45], their roles in pS897-EphA2-dependent NPC invasion and
stem properties were further studied. We observed that transfection of
plasmid expressing Sox-2 or c-Myc restored the ability of cell invasion
and tumorsphere formation and SP cell fraction in the NPC cells ex-
pressing EphA2-SA (Fig. 7). IHC showed that EphA2-WT significantly
increased the expression levels of c-Myc and Sox-2 in the lung metas-
tases of NPC cells, whereas EphA2-SA failed to do it as compared to
endogenous EphA2 knockdown (Fig. 6C). These results suggest that
Sox-2 and c-Myc are the effectors of pS897-EphA2-promoting NPC cell
invasion and stem properties.
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3.8. Levels of pS897-EphA2, p-AKT, p-Stat3, c-Myc and Sox-2 are
correlated in human NPC biopsies

Our IHC showed that the levels of pS897-EphA2, p-AKT, p-Stat3, c-

169

**P < 0.0001; ns, no significance.

Myc and Sox-2 were significantly higher in NPCs with metastasis than
those in NPCs without metastasis, and in LNMs than those in primary
NPCs (Fig. 1B and Supplemental Table 4). Correlation analyses revealed
that there were positive correlations among pS897-EphA2, p-AKT, p-
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Growth factor

Stat3, Sox-2 and c-Myc expressions in the NPCs (Supplemental Fig. 4).
Together, these results indicate that pS897-EphA2 appears to be asso-
ciated with the activation of AKT/Stat3 signaling and upregulation of
Sox-2 and c-Myc in the NPCs, which might contribute to clinical tumor
progression.

3.9. ERK/RSK controls FBS-induced pS897-EphA2 in NPC cells

It has been reported that AKT and RSK regulate fetal bovine serum
(FBS)-induced and ligand-independent pS897-EphA2 in cancer cells
[7,13,14], in which AKT or RSK directly phosphorylates EphA2 at S897.
Therefore we investigated whether AKT and RSK are also involved in
FBS-induced pS897-EphA2 in the NPC cells. 5-8F and CNE2 NPC cells
were pre-incubated with PI3K inhibitor (LY294002), AKT inhibitor
(MK-2206), MEK inhibitor (U0126) or RSK inhibitor (LJH685) for
30min and then stimulated with FBS for 30min. Western blot analysis
showed that FBS induced pS897-EphA2; pretreatment with MEK in-
hibitor or RSK inhibitor abrogated FBS-induced pS897-EphA2; FBS-in-
duced pS897-EphA2 was not inhibited by LY294002 or MK2206, while
AKT phosphorylation was significantly inhibited; FBS and all the in-
hibitors had no effect on the posphorylation of EphA2 at Y588
(Supplemental Fig. 5). The results indicate that ERK/RSK but not PI3K/
AKT signaling pathway controls FBS-induced ligand-independent
pS897-EphA2 in NPC cells in a tyrosine kinase activity-independent
manner.

4. Discussion

In this study, we found that pS897-EphA2 was upregulated in the
high metastatic NPCs, positively correlated with NPC lymphonode and
distant metastasis, and was an independent predictor for overall sur-
vival, suggesting that pS897-EphA2 plays a crucial role in clinical NPC
metastasis. To determine the effects of pS897-EphA2 on the metastasis
and stem properties of NPC cells, we established NPC cell lines ex-
pressing the equal levels of exogenous EphA2-WT and EphA2-S897A
using endogenous EphA2 knockdown cells, an appropriate cell model
for comparing the differences of biological functions in the EphA2 and
EphA2-S897A. Using the established cell lines, we observed that S897A
mutation abolished the effects of EphA2 on NPC cell invasion,

Cancer Letters 444 (2019) 162-174

Fig. 8. A model for pS897-EphA2-dependent NPC
cell invasion and metastasis and stem properties.
EphA2 is phosphorylated at S897 by growth factor
receptor/ERK/RSK  signaling by a ligand-in-
dependent manner, and phosphorylation of EphA2 at
S897 activates downstream AKT via PI3K, followed
by Stat3 activation and upregulation of Sox-2 and c-
Myc that maintain pS897-EphA2-dependent NPC cell
invasion and metastasis and stem properties.

metastasis, and stem properties. Our results demonstrate that pS897-
EphA2 is indispensable for EphA2-dependent NPC cell invasion, me-
tastasis and stem properties, which is in agreement with previous re-
ports in other cancers [7,11-14].

EphA2 is an emerging drug target in solid tumors. Various ther-
apeutic strategies targeting EphA2, such as monoclonal antibody, ki-
nase inhibitor dasatinib, EphA2 ligand Ephrin-Al, ligand-mimic pep-
tides against EphA2 and RNA interference, have been developed [46]. It
has been reported that a new ATP-competitive EphA2 RTK inhibitor,
ALW-II-41-27, effectively inhibits EphA2-mediated NSCLC growth [47],
intrahepatic cholangiocarcinoma metastasis [48] and melanoma re-
sistance to Vemurafenib [49] in vitro and in vivo. Our results demon-
strate that pS897-EphA2 is indispensable for EphA2-dependent NPC cell
invasion, metastasis and stem properties, indicating that targeting
pS897-EphA2 has the same efficacy as targeting EphA2, and pS897-
EphA2 is a promising target in NPC therapy. Because all the present
therapeutic strategies target EphA2 but not pS897-EphA2, development
of specific pS897-EphA2 inhibitors may hold promise for treatment of
NPC and perhaps other cancers.

The signals downstream of pS897-EphA2 underlying its metastasis
promotion and cancer stem properties maintenance are still unclear. We
found that pS897-EphA2 activated AKT through PI3K in the NPC cells.
It has been reported that EphA2 activates PI3K and downstream AKT by
interacting with the p85 regulatory subunit of PI3K [36-40]. Our re-
sults not only support previous publications, but also indicate that
pS897-EphA2 mediates EphA2-activating PI3K/AKT. We also found
that pS897-EphA2 activated Stat3 signaling in the NPC cells, and fur-
ther showed that it activated Stat3 through AKT, which is in agreement
with previous reports [41,42]. Next, we determined whether AKT/Stat3
signaling mediates pS897-EphA2-dependent NPC cell invasion and stem
properties, and demonstrate that pS897-EphA2 promotes NPC cell in-
vasion and stem properties by activating AKT/Stat3 signaling pathway.
Finally we analyzed the effects of c-Myc and Sox-2, the known direct
transcriptional targets of Stat3 [44,45], on pS897-EphA2-dependent
NPC cell invasion and stem properties. The results suggest that Sox-2
and c-Myc are the effectors of pS897-EphA2-promoting NPC cell inva-
sion and stem properties. Our immunohistochemistry also suggest that
pS897-EphA2 contributes to clinical NPC metastasis possibly through
activating AKT/Stat3/Sox-2 and c-Myc signaling pathway.
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Determination of the mechanism maintaining cancer stemness is one of
the most important challenges in current oncology. Our data strongly
suggest that pS897-EphA2/AKT/Stat3/Sox-2 and c-Myc axis has an
important function in the maintenance of NPC stem properties, high-
lighting the therapeutic potential of this signaling axis in targeting NPC
stemness. To our knowledge, it is first time reported that AKT/Stat3/
Sox-2 and c-Myc signaling mediates pS897-EphA2-dependent cancer
stem properties.

The last question is what phosphorylates EphA2 at S897 in NPC
cells. Our results indicate that ERK/RSK but not PI3K/AKT signaling
pathway controls FBS-induced and ligand-independent pS897-EphA2 in
NPC cells, which is consistent with previous report [14]. As there are
multiple growth factors in serum, pS897-EphA2 might be a common
mediator of growth factor-induced NPC cancer cell metastasis and stem
properties, which could have important implications in understanding
the molecular basis of malignant progression for NPC and perhaps other
cancers.

In summary, we have demonstrated that pS897-EphA2 is indis-
pensable for EphA2-dependent NPC cell invasion, metastasis and stem
properties; pS897-EphA2 promotes NPC cell invasion, metastasis and
stem properties by AKT/Stat3/Sox-2 and c-Myc signaling axis; ERK/
RSK but not PI3K/AKT signaling controls ligand-independent pS897-
EphA2 in NPC cells (Fig. 8). Our data suggest that pS897-EphA2 can
serve as an attractive therapeutic target in NPC and perhaps in other
cancers.
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