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EphA3 inhibits migration and invasion of esophageal cancer cells
by activating the mesenchymal-epithelial transition process
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Abstract. Eph receptor tyrosine kinases are critical for cell-cell
communication during normal and oncogenic development.
Eph receptor A3 (EphA3) expression is associated with
tumor promotion in certain types of cancer; however, it acts
as a tumor suppressor in others. The expression levels of
EphA3 and its effects on tumor progression in esophageal
squamous cell carcinoma (ESCC) cell lines were determined
using reverse transcription-quantitative polymerase chain
reaction analysis and a Transwell invasion assay. The present
study demonstrated that EphA3 expression was decreased
in ESCC tissues and cell lines. Treatment with the DNA
methylation inhibitor 5-aza-2'-deoxycytidine increased the
mRNA expression levels of EphA3 in the ESCC cell lines
KYSES510 and KYSE30. In addition, overexpression of EphA3
in KYSE450 and KYSES10 cells inhibited cell migration
and invasion. EphA3 overexpression also decreased RhoA
GTPase. Furthermore, EphA3 overexpression induced
mesenchymal-epithelial transition, as demonstrated by
epithelial-like morphological alterations, increased expression
of epithelial proteins (E-cadherin and the tight junction
protein 1 zonula occludens-1) and decreased expression of
mesenchymal proteins (Vimentin, N-cadherin and Snail).
Conversely, silencing EphA3 in KYSE410 cells triggered
epithelial-mesenchymal transition, and promoted cell
migration and invasion. These results suggested that EphA3
may serve a tumor-suppressor role in ESCC.
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Introduction

Esophageal cancer is the eighth most prevalent type of
cancer worldwide (1,2), of which, esophageal squamous cell
carcinoma (ESCC) is a predominant histological type (3).
Despite advances in diagnostic tools, surgical techniques and
chemotherapy over the past few decades, the 5-year survival
rate for patients with esophageal cancer ranges between
15 and 20% (4). Therefore, novel diagnostic tools, therapeutic
strategies and molecular prognostic markers are urgently
required for this disease.

Eph receptors are the largest known family of receptor
tyrosine kinases, which participate in vital functions, including
cell migration and axon guidance during development and
homeostasis (5). Eph receptors and ephrin ligands tend to
be highly expressed during development. In addition, Eph
receptors have been reported to be aberrantly expressed in
numerous types of cancer (6-8). Epithelial-mesenchymal
transition (EMT) is an evolutionarily conserved developmental
process, during which epithelial cells lose polarity and develop
a mesenchymal phenotype. EMT progression triggers the
dissociation of carcinoma cells from the primary tumor;
these cells subsequently migrate and disseminate to distant
sites (9). Eph receptor A3 (EphA3) is a member of the Eph
family of receptors, which is highly expressed in embryonic
tissues (10,11) and appears to serve a critical role in EMT (12).
Overexpression of EphA3 has been detected in some types of
cancer, including lung cancer, leukemia, melanoma, lymphoma
and gastric carcinoma (10,13-16). Conversely, Eph A3 mutations
have also been identified, thus suggesting a tumor-suppressor
role for EphA3 in other types of cancer, including breast,
colorectal and lung cancer (17-19). Although EphA3 deletions
have been identified in patients with ESCC and in ESCC cell
lines (20,21), the role of EphA3 in ESCC remains unknown.

The present study aimed to investigate the expression
levels and functions of EphA3 in ESCC. The results indicated
that the expression levels of EphA3 were decreased in ESCC,
and its forced overexpression in the ESCC cells (KYSE450
and KYSES510) triggered mesenchymal-epithelial transition
(MET), and inhibited cell migration and invasion. These
results suggested that EphA3 may serve a tumor-suppressor
role in ESCC.
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Materials and methods

Reagents and tissues. f-actin mouse monoclonal (cat.
no. sc-130065) and EphA3 rabbit polyclonal antibodies (cat.
no. sc-919) were obtained from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). RhoA rabbit antibody (cat. no. E11-0568B)
was obtained from Enjing Biotech Co., Ltd. (Nanjing, China).
Antibodies for zonula occludens (ZO)-1 (cat. no. 5406),
Snail (cat. no. 3879), Vimentin (cat. no. 3932), E-cadherin
(cat. no. 14472), N-cadherin (cat. no. 14215) and horseradish
peroxidase-linked anti-mouse/anti-rabbit immunoglobulin G
(cat. nos. 7076 and 7074) were all purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). ESCC and
adjacent non-cancerous tissue specimens were collected from
patients who underwent surgical treatment for ESCC between
July 2010 and November 2013 at Changhai Hospital (Shanghai,
China). Tissue specimens were obtained from patients who
had not received preoperative treatment, such as chemotherapy
or radiotherapy. The patients comprised eight men and seven
women, with a median age of 62.2 years (range, 52-74 years).
The present study was approved by the Ethics Committee of
the Second Military Medical University (Shanghai, China).
Written informed consent was obtained from each patient.
Prior to initiation of the study, histopathological examinations
were performed to confirm that there were enough cancer cells
in the tumor samples and that no cancer cells contaminated the
non-cancerous tissues.

Cell culture. The human ESCC cell lines (KYSE450, KYSE30,
KYSE410 and KYSES510) were kindly provided by Professor
Tao Qian (Chinese University of Hong Kong, Hong Kong,
China). These cells were maintained in Dulbecco's modified
Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and RPMI-1640 (Gibco; Thermo Fisher
Scientific, Inc.) in a 1:1 ratio, supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) and 100 U/ml penicillin, 100 yg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc.). All cells were cultured
in a humidified atmosphere containing 7% CO, at 37°C.

Generation of stable cell lines. For the production of stable
cells, the full-length coding sequence of human EphA3
(GenBank accession number, NM_005233; https://www.ncbi.
nlm.nih.gov/genbank/) was cloned into Lenti-X lentiviral
expression vectors (Clontech Laboratories, Inc., Mountainview,
CA, USA). The recombinant lentiviruses or control (empty
vector) were then used to infect KYSE450 and KYSE510
cells grown to 30% confluence at multiplicity of infection 50.
Infected cells were cultured for 24 h prior to selection using a
pre-optimized dose of 2 ug/ml puromycin (Invitrogen; Thermo
Fisher Scientific, Inc.) for 2 weeks. Morphological alterations
of the infected cells were observed by using an Olympus
IX71 fluorescence microscope (Olympus Corporation, Tokyo,
Japan).

Plasmid construction. The full-length EphA3 cDNA was
cloned into Lenti-X lentiviral expression vectors (Clontech
Laboratories, Inc.). Tyrosine residues Y596, Y602, Y779
and lysine residue K653 were mutated using site-directed
mutagenesis by overlapping polymerase chain reaction (PCR),
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as previously described (22). The recombinant lentiviruses were
then used to infect KYSES10 cells grown to 30% confluence
at multiplicity of infection 50. Infected cells were cultured for
24 h at 37°C prior to selection using a pre-optimized dose of
2 ug/ml puromycin (Invitrogen; Thermo Fisher Scientific, Inc.)
for 2 weeks, in order to generate stably infected cell lines.

EphA3 knockdown by RNA interference. Short hairpin (sh)
RNA-mediated EphA3 silencing was performed in KYSE410
cells using BLOCK-iT™ lentiviral RNAi expression system
(Invitrogen; Thermo Fisher Scientific, Inc.) after packaging in
293FT cells (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacture's protocol. The recombinant
lentiviruses or control were then used to infect KYSE410 cells
grown to 30% confluence at a multiplicity of infection 50 at
37°C for 72 h. A respective scramble control shRNA (5'-GAT
CCCCGTACGCGGAATACTTCGATTCAAGAGATCGAA
GTATTCCGCGTACGTTTTTA-3") was also used. The
sequences were as follows: shl, 5-GCCCATTTACAGTGAA
GAATCcgaaGATTCTTCACTGTAAATGGGC-3'; sh2,
5'-GC AGGTGTGAGAATAATTACTcgaaAGTAATTATTCT
CACACCTGC-3'; and sh3, 5-GGAAAGATGTTACCTTCA
ACAcgaaTGTTGAAGGTAACATCTTTCC-3"; lower-case
letters indicate linker sequences.

5-Aza-2'-deoxycytidine (5-Aza-dC) treatment. KYSES10 and
KYSE30 cell lines were split to obtain cells with a low conflu-
ence (30%) 12 h prior to treatment. Subsequently, cells were
treated with 5-Aza-dC (Sigma-Aldrich; Merck KGaA), at a
concentration of 5 M, in a humidified atmosphere containing
7% CO, at 37°C. All media were replenished daily, and cells
were harvested after 3 or 4 days of treatment.

Immunocytochemistry. For immunocytochemistry, cells were
grown on coverslips to 80% confluence and were washed with
PBS, fixed with 4% paraformaldehyde in PBS for 15 min at4°C
and permeabilized with 0.2% Triton X-100 for 10 min at room
temperature. Subsequently, cells were blocked for 60 min at
room temperature in PBS/0.1% bovine serum albumin (BSA;
Roche Diagnostics, Minneapolis, MN, USA). Cells were
then incubated with the EphA3 antibody (cat. no. sc-514209;
Santa Cruz Biotechnology, Inc.) at a dilution of 1:50 for 1 h
at 4°C, washed with PBS and incubated with Alexa Fluor®
488-labeled secondary antibody (cat. no. ab150113; Abcam) at
a dilution of 1:200 for 1 h at 4°C. For actin staining, permea-
bilized cells were stained with rhodamine-labeled phalloidin
(0.1 pug/ml; Cytoskeleton, Inc., Denver, CO, USA) for 1 h at
room temperature. Stained cells were viewed under a fluores-
cence microscope (Olympus IX71; Olympus Corporation).

Migration and invasion assays. Cell migration and invasion
assays were performed using Transwell chambers (pore
size, 8 um; Corning Incorporated, Corning, NY, USA)
with or without a thin coating of Matrigel (Sigma-Aldrich;
Merck KGaA). Briefly, 1x10° cells were seeded into the
upper chamber of the plate in serum-free medium. Medium
containing 10% FBS was used as chemoattractant in the
lower chamber. After 28 and 50 h, respectively, migration and
invasion were evaluated by measuring the number of cells that
had moved into the lower chambers. Cells that remained on
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the upper chamber were removed using a cotton swab, after
which, the membranes were fixed in ice-cold methanol for 1 h
at 4°C and stained with 0.5% crystal violet for 30 min at room
temperature. Migrated/invasive cells on the underside of the
filter were counted in five random fields at x200 magnification
using an Olympus IX71 microscope (Olympus Corporation),
and the mean number of cells was calculated. The experiments
were performed in triplicate.

Protein extraction and western blotting. Cells were lysed with
ice-cold radioimmunoprecipitation assay buffer (50 mM Tris,
pH 7.4; 150 mM NaCl; 1% sodium deoxycholate; 1% sodium
dodecyl sulfate; 1% NP-40) supplemented with protease
inhibitor cocktail (Roche Diagnostics). Cell lysates were incu-
bated on ice for 0.5 h and insoluble proteins were removed
by centrifugation at 10,000 x g for 10 min at 4°C. Protein
concentrations were determined using the Bicinchoninic
Acid Protein Assay kit (Beyotime Institute of Biotechnology,
Haimen, China). Protein samples (20-50 ug) were separated by
SDS-PAGE (5% stacking and 10% separating gels) and were
transferred onto polyvinylidene difluoride membranes (EMD
Millipore, Billerica, MA, USA). The membranes were then
blocked for 1 h at room temperature using 5% BSA, and the
proteins were detected with specific primary antibodies and
peroxidase-conjugated secondary antibodies at the dilutions
recommended by the manufacturers, according to the protocols
(Cell Signaling Technology, Inc.). Blots were visualized using
the Chemiluminescent Substrate kit (Thermo Fisher Scientific,
Inc.) and the Gel Doc™ XR system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Detection of GTP-bound RhoA. The RhoA-binding domain
(RBD) of the rhotekin protein was amplified by PCR from
the MDA-MB-231 cell line cDNA bank (contained in our
laboratory at the International Joint Cancer Institute, Second
Military Medical University), cloned into the pGEX-4T-2
expression vector (Amersham; GE Healthcare, Chicago,
IL, USA), and was expressed as a glutathione S-transferase
(GST) fusion protein in BL21 (DE3) cells (International
Joint Cancer Institute, Second Military Medical University).
The levels of GTP-bound RhoA (active RhoA) in cell lysates
were measured using immunoprecipitation, as previously
described (23). Briefly, control and EphA3-overexpressing
KYSES5I10 cells were lysed in M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, Inc.) containing
protease inhibitor cocktail (Roche Diagnostics) and were
precleared with glutathione beads. The GST-RBD protein was
allowed to bind to the glutathione bead at 4°C overnight and
the supernatants of the precleared protein lysates were applied
to these beads, allowing the active form of RhoA to bind to
the RBD domain. Total RhoA levels in the cell lysate were
compared to the pulled-down active RhoA by western blotting
and were measured using Bio-Rad Quantity One 4.52 software
(Bio-Rad Laboratories, Inc.).

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was isolated from cultured cells or
clinical samples using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. RT-qPCR was performed as described previously (24).
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Briefly, cDNA was prepared from 1 ug total RNA using AMV
reverse transcriptase (Promega Corporation, Madison, WI,
USA) and random primers (Promega Corporation), according
to the manufacturer's protocol. For each gene, PCR reactions
were run three times on each sample. PCR was performed
using the Chromo4 Multicolor Real-Time Detection system
(Bio-Rad Laboratories, Inc.) in 20-ul reactions using
SYBR™-Green PCR Master Mix (Takara Bio, Inc., Otsu,
Japan). The PCR thermal cycling conditions were as follows:
Predenaturation at 95°C for 30 sec, followed by 40 cycles at
95°C for 10 sec and 60°C for 40 sec, and a final extension step
at 72°C for 5 min. The relative mRNA expression levels were
normalized to the endogenous control (-actin. Relative
expression values were calculated using the 222 method (25).
Because SYBR-Green binding is not sequence specific, careful
design and validation of each primer pair, as well as cautious
manipulation of RNA were undertaken to ensure that only
target gene sequence-specific, non-genomic products were
amplified by qPCR. To achieve this, primers were designed to
either span or flank introns. A dissociation curve analysis was
performed at the end of amplification, in order to verify
specificity of the PCR products. The same PCR products were
also evaluated by agarose gel electrophoresis. Data are
presented as the means + standard deviation of three
independent experiments. The primers used are as follows:
EphA3, forward 5'-ATTTTGGCAATGGGCATTTA-3',
reverse 5'-ATGTATGTGGGTCAACATAAGTCC-3'; ZO-1,
forward 5'-GGTCAGAGCCTTCTGATCATTC-3', reverse
5'-CATCTCTACTCCGGAGACTGC-3"; E-cadherin, forward
5'-AGGGGTCTGTCATGGAAGGT-3, reverse 5'-GCGGCA
TTGTAGGTGTTCA-3"; Vimentin, forward 5“-TGGTCTAAC
GGTTTCCCCTA-3', reverse 5'-GACCTCGGAGCGAGA
GTG-3'; N-cadherin, forward 5-GGTGGAGGAGAAGAA
GACCAG-3, reverse 5'-GGCATCAGGCTCCACAGT-3";
Snail, forward 5“TGGTTGCTTCAAGGACACAT-3', reverse
5-GCAAATGCTCTGTTGCAGTG-3"; and p-actin, forward
5'-CCCGCGAGTACAACCTTCT-3' and reverse 5'-CGTCAT
CCATGGCGAACT-3.

RT-PCR. RT-PCR (Takara PCR Amplification kit, cat.
no. RO11; Takara Bio, Inc.) was performed on cDNA using
EphA3-specific primers (forward, 5-ATGTTTCCAGAC
ACGGTACC-3' and reverse, 5'-CCATCTTCCTGAGTAGAA
CTGTGAGG-3"), which yielded a 269 bp product. To serve as
an internal control, a 335-bp fragment of (3-actin cDNA was
co-amplified using primers (forward, 5"TTCCTGGGCATG
GAGTCCTGTGG-3' and reverse 5'-CGCCTAGAAGCATTT
GCGGTGG-3"). PCR was conducted as follows:
Predenaturation at 94°C for 3 min, followed by 25-30 cycles at
94°C for 1 min, 55°C for 0.5 min and 72°C for 0.5 min, and
followed a final extension step at 72°C for 5 min. All PCR
experiments were repeated at least twice and the products
were separated by 1.5% agarose gel electrophoresis and were
stained with ethidium bromide (cat. no. 160539; Sigma-Aldrich;
Merck KGaA).

Statistical analysis. Statistical analyses were performed
using Microsoft Excel Version 2007 (Microsoft Corporation,
Redmond, WA, USA). Data are presented as the
means + standard deviation. Differences between two groups
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Figure 1. Expression levels of EphA3 are downregulated in esophageal cancer. The expression levels of EphA3 were detected in tissues and cell lines.
(A) EphA3 mRNA expression levels were detected in esophageal cancer tissues and normal counterparts. (B) EphA3 mRNA expression levels were detected in
esophageal cancer cell lines. (C) Western blotting of EphA3 protein expression in esophageal cancer cell lines. (D) EphA3 mRNA expression was observed in
esophageal cancer cell lines (KYSE510 and KYSE30) treated with or without 5-Aza-dC. "P<0.05 vs. non-cancerous tissues. 5-Aza-dC, 5-aza-2'-deoxycytidine;

EphA3, Eph receptor A3.

were compared using the Student's t-test. Differences between
more than two groups were compared using one-way analysis
of variance, followed by post hoc pairwise comparisons with
the application of Dunn's test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression levels of EphA3 in ESCC. To investigate EphA3
expression in ESCC, we assessed mRNA expression levels
in clinical cancer specimens, and in a series of ESCC
cell lines (Fig. 1). In the collected ESCC tissues, 11 out of
15 cancerous tissues expressed lower levels of EphA3 than
their normal counterparts; further statistical analysis revealed
that ESCC tissues were significantly decreased compared
with in adjacent normal tissues (Fig. 1A). There was minimal
or undetectable expression of EphA3 in three of the four
cancerous cell lines (Fig. 1B and C). However, treatment with
the DNA methylation inhibitor 5-Aza-dC increased the mRNA
expression levels of EphA3 in the KYSES510 and KYSE30 cell
lines (Fig. 1D).

Overexpression of EphA3 inhibits the migration and invasion of
KYSE450and KYSES510 cells. Since EphA3 was downregulated

in the majority of ESCC tissues compared with in adjacent
normal tissues, the present study aimed to investigate the role
of EphA3 in ESCC. For this purpose, KYSE450 and KYSES10
ESCC cells were infected with an EphA3-expressing lentiviral
vector or a control vector. Notably, KYSE450 and KYSES10
cells express low endogenous levels of EphA3. Infected cells
were cultured for 24 h, after which, cell that stably expressed
EphA2 were selected using puromycin. These cell lines were
used to determine whether EphA3 could affect migration and
invasion of ESCC cells (Fig. 2).

To determine the effects of EphA3 on migration and
invasion of KYSE450 and KYSESI10 cells, in vitro assays
were performed using a Transwell chamber. Overexpression
of EphA3 significantly inhibited the migration of KYSE450
and KYSES510 cells in Transwell chambers (Fig. 2A and D).
Furthermore, as determined following the addition of a thin
layer of Matrigel onto the Transwell chamber membranes,
EphA3 overexpression significantly inhibited the invasion of
KYSE450 and KYSESI10 cells (Fig. 2B and E). These data
indicated that overexpression of EphA3 may suppress the
migration and invasion of KYSE450 and KYSES510 cells.

EphA3 overexpression induces MET of KYSE450 and
KYSESIO0 cells. Cells overexpressing EphA3 were analyzed to
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Figure 2. Overexpression of EphA3 inhibits the migration and invasion of KYSE450 and KYSESI10 cells. (A and D) Cell migration was determined using
Transwell chambers. EphA3 overexpression significantly inhibited cell migration. (B and E) Following the addition of a thin layer of Matrigel on the Transwell
chamber membrane, cell invasion was determined in cells overexpressing EphA3 and control cells. Invasion was significantly inhibited in EphA3 overex-
pressing cells. Magnification, x200. (C and F) Western blot analysis of EphA3 protein expression in KYSE450 or KYSES510 cell lines post-transduction with
an EphA3 overexpression vector. Data are presented as the means + standard deviation from three separate experiments. ‘P<0.05 vs. the V-con group. EphA3,

Eph receptor A3; V-con, vector control.

determine the effects of EphA3 on EMT and MET (Fig. 3).
Notably, morphological alterations characteristic of MET
were observed in KYSE450 and KYSES510 ESCC cells stably
expressing EphA3. As shown in Fig. 3A and D, while the
control cells appeared elongated, which is a characteristic of
mesenchymal cells, cells overexpressing EphA3 exhibited
the more rounded shape characteristic of epithelial cells.
The morphological observations and Transwell assay results
resulted in the hypothesis that EphA3 overexpression may
affect the EMT process of ESCC during tumor metastasis. In
addition, the expression levels of EMT-associated genes were
detected by RT-qPCR. As shown in Fig. 3B and E, the mRNA
expression levels of the epithelial cell markers E-cadherin and
Z0-1 were upregulated, whereas the mesenchymal cell markers
Vimentin and N-cadherin were downregulated compared with
in the control cells. Furthermore, the mRNA expression levels
of Snail, which is an E-cadherin-suppressing gene, were also
downregulated (Fig. 3B and E). Concordantly, western blotting
confirmed the upregulated expression of E-cadherin and ZO-1,
and downregulated expression of Vimentin compared with in
the vector control cells (Fig. 3C and F). These data suggested
that EphA3 overexpression may induce the MET process in
KYSE450 and KYSES510 cells.

EphA3 function depends on its kinase activity and
tyrosine phosphorylation status. To examine the molecular

mechanisms underlying the effects of EphA3 overexpression
on cell morphology and behavior, the present study addressed
the dependence of these cellular effects on EphA3 kinase
activity and tyrosine phosphorylation status within the EphA3
cytoplasmic domain. Briefly, the effects of the kinase-null
mutant K653R (a mutant containing a lysine to arginine
mutation at amino acid position 653, which is known to
inactivate Eph A3 kinase activity) (26,27) and the phenylalanine
replacement mutants of conserved tyrosine residues (Y596,
Y602, Y779) were determined. These tyrosine residues are
believed to function together to regulate the kinase activity of
EphA3 (27,28). Wild type and mutant receptors were expressed
at comparable levels in transduced cells (Fig. 4A).

Transduction of cells with EphA3 harboring mutations in
all three tyrosines (3YF) or a kinase-null mutation (K653R)
did not induce drastic MET-like alterations (Fig. 4B). Cell
migration and invasion assays revealed that these mutations
alleviated the inhibitory effects of EphA3 (Fig. 4C and D).
These observations suggested that the functions of EphA3
were dependent on its kinase activity and tyrosine phosphory-
lation status in vitro.

Silencing EphA3 induces EMT, and promotes migration
and invasion of KYSE410 cells. Three shRNA sequences
corresponding to the EphA3 gene, and one control shRNA
sequence, were designed and inserted into a lentiviral vector,
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which was infected into KYSE410 cells, in order to generate
a EphA3 knockdown cell line. KYSE410 cells express high
endogenous levels of EphA3. As shown in Fig. 5, knockdown
of EphA3 induced EMT morphological alterations, and

promoted cell migration and invasion. Furthermore, the
mRNA expression levels of the epithelial cell markers
E-cadherin and ZO-1 were downregulated, whereas the
mesenchymal cell markers Vimentin and N-cadherin were
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EphA3, Eph receptor A3; V-con, vector control.

upregulated compared with in the control cells (Fig. 5C).
Furthermore, the mRNA expression levels of Snail were
also upregulated. These data suggested that silencing EphA3
may induce EMT, and promote migration and invasion of
KYSE410 cells.

EphA3 functions are mediated by reducing RhoA activity.
Small Rho GTPase signaling has been reported to contribute

to invasion and metastasis, and participates in regulating EMT,
MET and cytoskeletal signaling events (29,30). Their activities
are modulated by cycling between a GDP-bound inactive form
and a GTP-bound active form. To analyze the possible signal
transduction machinery in ESCC underlying EphA3-mediated
inhibition of migration and EMT, the present study focused on
the Rho signaling pathway. The activated RhoA levels were
detected in cell lysates using a GST pull-down assay, by virtue
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Figure 5. Silencing EphA3 induces EMT, and promotes migration and invasion of KYSE410 cells. (A) shRNA-mediated knockdown of EphA3 in the
KYSE410 cell line. (B) Morphological alterations mediated by knockdown of EphA3 in KYSE410 cells. EphA3 knockdown induced EMT-like morphological
alterations; cells became slender and had more protrusions. Magnification, x200. (C) Reverse transcription-quantitative polymerase chain reaction results
indicated downregulation of epithelial marker genes (E-cadherin and ZO-1) and upregulation of mesenchymal marker genes (Vimentin and N-cadherin). The
mRNA expression levels of Snail were also upregulated. (D) Silencing EphA3 in KYSE410 cells promoted cell migration, as determined by Transwell assay.
(E) Silencing EphA3 in KYSE410 cells promoted cell invasion. Magnification, x200. Data are presented as the means + standard deviation from three separate
experiments. "P<0.05 vs. shCon EMT, epithelial-mesenchymal transition; EphA3, Eph receptor A3; sh/shRNA, short hairpin RNA; shCon, control shRNA;
Z0-1, zonula occludens-1.

of its binding ability to the RBD of rhotekin protein, according  cells (Fig. 6A). Furthermore, staining of permeabilized cells
to Wahl et al (31). with rhodamine-phalloidin revealed that the actin cytoskeleton

The RBD-bound, active RhoA-GTP level was reduced network was largely reorganized and intracellular stress fiber
in EphA3-overexpressing cells compared with the control  formation was reduced in EphA3-overexpressing cells. There
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EphA3

Figure 6. EphA3 function in ESCC cells is mediated by reducing RhoA activity. (A) GST pull-down and western blotting were used to determine active
RhoA. (B) Intracellular actin distribution in EphA3-overexpressing cells, as determined by rhodamine-phalloidin staining. Magnification, x400. EphA3, Eph
receptor A3; GST, glutathione S-transferase; RBD, RhoA-binding domain; con, control.

were more complex actin networks with distinct fiber bundles
extending into cell protrusions and lamellipodia in the control
cells (Fig. 6B).

Discussion

The Eph receptors and their ligands, ephrins, mediate important
processes in embryonic development, particularly in tissue
organization, by modulating cell adhesion or repulsion. Altered
expression of Eph receptors and ephrins is associated with
angiogenesis and tumor vasculature in numerous types of human
cancer, including breast, lung and prostate cancer, melanoma
and leukaemia (8,32-34). Alterations in their expression
profiles in several types of cancer have resulted in this protein
family being considered prime targets for cancer prognosis and
therapy (35-38). EphA3 (formerly known as HEK) is presently
one of the most promising therapeutic targets (39,40). EphA3
expression is associated with tumor promotion in various
cancer types, whereas it serves a tumor-suppressor role in
others (40). EphA3 gene copy numbers and/or expression
levels have been reported to be decreased in lung cancer,
and re-expression of wild-type EphA3 in cell lines increases
apoptosis by suppressing activity of prosurvival protein kinase
B, and inhibits the growth of tumor xenografts (41).

The present study revealed that EphA3 expression was
decreased in ESCC tissues and cell lines compared with in
the normal counterparts. These findings were concordant with
those of previous studies, which revealed that the Eph A3 gene is
deleted in ESCC (20,21). In addition, treatment with 5-Aza-dC
increased the mRNA expression levels of EphA3 in KYSES510
and KYSE30 cells, thus suggesting that inhibition of DNA
methyltransferase can enhance EphA3 expression. Silencing
of EphA3 expression by DNA hypermethylation also occurs
in leukemia (14). In addition, irradiation of metastatic human
melanoma cells leads to decreased cell migration alongside
downregulation of EphA2 and upregulation of EphA3 (42). In
this study, overexpression of EphA3 inhibited the migration
and invasion of KYSE450 and KYSE510 cells. Furthermore,
shRNA-mediated knockdown of EphA3 in KYSE410 cells
promoted cell migration and invasion, thus suggesting that it
may act as a tumor suppressor in ESCC. Future studies are
required to test and verify the tumor-suppressor role of EphA3
in ESCC using an animal model of metastasis.

The EMT process is an important event in the tumor
invasion-metastasis cascade (43), during which epithelial cells

lose their sheet-like architecture, cell polarity and cell to cell
adhesion, and then undergo marked cytoskeletal remodeling, and
gain migratory and invasive properties to become mesenchymal
stem cells. These effects are largely mediated through the
recruitment of signaling molecules associated with cytoskeletal
organization and integrin signaling (44). During actin cytoskeletal
reorganization, important dynamic structures, such as membrane
protrusions (including lamellipodia, membrane ruffles, lamellae
and filopodia) and stress fibers are formed. It has been reported
that this process is mediated by the actions of the three
best-characterized small GTPases, including Rho, Rac and cell
division control protein 42. Furthermore, it has been indicated that
the RhoA/ROCK-dependent pathway participates in regulating
EMT, MET and cytoskeletal signaling events, and is crucial for
cell motility. EphA3-knockout mice have been reported to have
a heart valve defect, which is thought to result from defective
EMT, with fewer migrating mesenchymal cells (12). Conversely,
EphA3 overexpression promotes EMT in chick atrioventricular
cushion explants (45). However, the present study observed
MET-like morphological alterations in EphA3-overexpressing
ESCC cells, as determined using phase-contrast micrographs. In
addition, overexpression of EphA3 upregulated epithelial proteins
(E-cadherin and ZO-1) and downregulated mesenchymal
proteins (Vimentin, N-cadherin and Snail). Furthermore, stress
fiber formation was reduced in EphA3-overexpressing cells, as
determined by phalloidin staining. EphA3 overexpression also
decreased RhoA GTPase, thus suggesting that EphA3 may
suppress ESCC cancer migration and invasion, at least partially
through small GTPase RhoA activation.

Together with the activation-loop tyrosine, two conserved
tyrosines in the juxtamembrane region of Eph receptors
function to regulate kinase activity, and their phosphorylation is
crucial for full enzyme activity (28,46). These juxtamembrane
tyrosines are important for signal transfer, and have been
suggested to act as docking sites for some known signaling
molecules, including Fyn, Src, RasGAP and Nck (47.48); the
majority of these molecules are involved in organization of the
cytoskeleton (49,50), thus supporting an emerging concept that
Eph receptors regulate cell adhesion and plasticity of the actin
cytoskeleton (51). It is well known that the K653R mutant is a
kinase-null mutant of EphA3 that results in inactivation of its
kinase activity; in addition, phosphorylation of the conserved
residue Y596 is critical to its kinase activity. Tyrosine
phosphorylation of the other two conserved residues, Y602
and Y779, has also been reported to collaborate to execute the
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full cellular activity of EphA3 (27,28,52). In the present study,
cells infected with EphA3 harboring mutations in all three
tyrosines (3YF) or a kinase-null mutation (K653R) did not
exhibit marked MET-like alterations, and cell migration and
invasion were not significantly inhibited. A limitation of the
present study is that kinase activity assays were not conducted
and the phosphorylation levels of these specific mutants were
not detected. The results of the present study suggested that
the functions of EphA3 were dependent on kinase activity
and tyrosine phosphorylation status. In conclusion, this
study indicated that EphA3 expression was significantly
suppressed in ESCC due to promoter methylation, whereas its
overexpression prevented cancer cells from undergoing EMT,
and inhibited cell migration and invasion via the Rho GTPase
signaling pathway.
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