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EMX2 is epigenetically silenced and suppresses
epithelial-mesenchymal transition in human
esophageal adenocarcinoma
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Abstract. Esophageal adenocarcinoma (EAC) is an aggres-
sive and challenging disease to treat, with an overall five-year
survival rate of <20%. Early malignant cell dissemination
contributes to this poor prognosis. Epithelial-mesenchymal
transition (EMT) induces the invasion and metastasis of
carcinoma cells. Empty spiracles homeobox 2 (EMX2) is
a homeodomain-containing transcription factor, which is
associated with numerous cancer types, and has been demon-
strated to regulate EMT. In the present study, 48 pairs of
EAC and adjacent normal tissues were analyzed. The results
revealed that EMX2 was downregulated in EAC tissues, and
its expression was negatively correlated with the DNA hyper-
methylation of its promoter. Additionally, the OE19 and OE33

Correspondence to: Dr Yueyan Huang, Department of
Pharmacology, Medical College of Jiaxing University, Jiaxing,
Zhejiang 314000, PR. China

E-mail: hyylinda@163.com

Dr Feng Ding, Department of Biotechnology and Biomedicine,
Zhejiang Provincial Key Laboratory of Applied Enzymology,
Yangze Delta Region Institute of Tsinghua University Zhejiang and
ACCB Diagnostics, Jiaxing, Zhejiang 314006, P.R. China

E-mail: fding7@foxmail.com

*Contributed equally

Abbreviations: DAC, 5-aza-2'-deoxycytidine; EAC, esophageal
adenocarcinoma; EMT, epithelial-mesenchymal transition; N, normal;
p, phosphorylated; RT-qPCR, reverse transcription-quantitative PCR;
gMSP, quantitative methylation-specific polymerase chain reaction;
T, tumor; UCSF, University of California San Francisco

Key words: empty spiracles homeobox 2, epithelial-mesenchymal
transition, esophageal adenocarcinoma

EAC cell lines were treated with the DNA methyltransferase
inhibitor 5-aza-2'-deoxycytidine, and the results indicated that
EMX?2 expression was increased. Overexpressing EMX2 in
EAC cell lines enhanced the expression of apoptotic markers,
inhibited cell migration and invasion, led to the upregula-
tion of E-cadherin and the downregulation of mesenchymal
markers, and suppressed AKT, mTOR and S6K phosphoryla-
tion. Furthermore, EMX?2 overexpression sensitized EAC cells
to cisplatin. These results demonstrated that EMX?2 inhibited
the AKT/mTOR/S6K signaling pathway and decreased EMT.
However, the downregulation of EMX2 was revealed to be
associated with EMT in EAC, indicating that EMX2 may be a
potential target for the management of EAC.

Introduction

Worldwide, esophageal cancer is the eighth most common
cancer, but the sixth most common cause of cancer-associated
deaths (1). Esophageal cancer is comprised of two patho-
logically and epidemiologically distinct subtypes: Esophageal
adenocarcinoma (EAC) and esophageal squamous carcinoma
(ESCC). EAC resembles a chromosomally unstable variant
of gastric adenocarcinoma, whereas ESCC shares many
characteristics with squamous cell carcinoma of the head and
neck (2). Although ESCC is the most prevalent subtype world-
wide, EAC incidence rates have risen in developed countries
over the past four decades (3). The majority of patient admis-
sions exhibit locally advanced or metastatic disease, and as a
result of this late diagnosis, EAC is an aggressive and difficult
disease to treat, with an overall five-year survival rate of
<20% (4). Early malignant tumor cell dissemination contrib-
utes to the poor prognosis of EAC (5). Therefore, there is an
urgent requirement for research into the mechanisms of EAC
tumor invasion and metastasis. With the information gained
from these studies, novel treatment options can be explored.
Epithelial-mesenchymal transition (EMT) is a process that
induces the invasion and metastasis of epithelial cancer cells (6-9).
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During EMT, epithelial cells lose their apical-basal polarity and
intercellular adhesion, and gain mesenchymal cell characteris-
tics, including increased migratory activity and fibroblast-like
morphology. EMT is modulated by changes at the genomic,
epigenomic, transcriptomic and proteomic levels (6-9). In previous
studies investigating EMT in EAC, the downregulation of epithe-
lial markers, and the upregulation of mesenchymal markers with
concomitant transforming growth factor (TGF)-f31, were observed
in invasive margins compared with the central tumor (10). The
signaling of bone morphogenetic protein 4 (BMP4), a TGF-family
protein, has been revealed to induce the EMT-like phenotype in
EAC cell lines (11). Additionally, a recent study has demonstrated
that AKT inhibition reduces EMT, whereas glioma-associated
oncogene (GLI) activation promotes EMT in EAC (12).
Furthermore, the overexpression of EMT-promoting transcrip-
tion factors, including SLUG (13) and snail family transcriptional
repressor 2 (SNAL2) (14) have been associated with poor EAC
prognosis. Despite these recent research advances, the process of
EMT in EAC remains poorly understood.

Empty spiracles homeobox 2 (EMX?2) is a member of the
Homeobox gene family, which is comprised of a large group
of developmental regulators that are vital for growth and
differentiation (15). EMX2 serves important roles in cortical
development (16), neurogenesis (17,18), early hair cell devel-
opment (19), the stereociliary bundle orientation of sensory
hair cells (20) and mammalian reproduction (21). Recent
studies have indicated the potential involvement of EMX?2 in
various different human cancer types, including lung (22-25),
gastric (26), endometrial (27) and colorectal cancer (28,29).
It has also been revealed that EMX2 inhibits the prolif-
eration of lung (23), gastric (26) and colorectal (29) cancer
cells, and suppresses the invasive phenotype of lung (23)
and colorectal (28,29) cancer cells. These results indicate a
possible role of EMX2 in the process of EMT. In the present
study, EMX2 expression was determined in EAC tissues and
cell lines, and the role of EMX2 in the EMT of EAC was
investigated. The results demonstrated that the downregulation
of EMX?2 was associated with EMT in EAC, and that EM X2
may suppress EMT via the inhibition of AKT signaling in the
AKT/mTOR/S6K pathway.

Materials and methods

Tissue specimens. Tissue specimens were collected between
March 2015 and February 2016 from 48 patients (age, 67.5+10.6;
males 29; females 19) who underwent surgical resection for EAC
at the University of California San Francisco Thoracic Oncology
Program (Table SI). Tissue samples were snap-frozen in liquid
nitrogen immediately after resection and stored at -170°C prior
to use. The present study was conducted in accordance with the
ethical standards of the Declaration of Helsinki, as well as national
and international guidelines, with the approval by the institutional
review board of the University of California, San Francisco
(UCSF). Studies involving patient tissues were approved by
the Committee on Human Research (CHR approval number:
H8714-11647-10) at UCSF, and written, informed consent was
obtained for each patient prior to tissue specimen collection.

Protein extraction and western blot analysis. Total protein was
extracted from OE19 and OE33 cells using M-PER Mammalian
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Protein Extraction Reagent (Thermo Fisher Scientific, Inc.) and
Complete Protease Inhibitor Cocktails (Roche Diagnostics),
according to the manufacturer's protocol. Protein concentra-
tions were determined using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, Inc.), and 10 ug protein/lane was
separated using SDS-PAGE on a 4-20% gel, prior to transfer to
Immobilon-P membranes (EMD Millipore). The membranes
were then blocked in 5% non-fat milk and incubated with
primary antibodies overnight at 4°C. The membranes were
then incubated with the appropriate secondary antibodies
(goat anti-rabbit IgG HRP conjugate 31460 at 1:20,000 or goat
anti-mouse IgG HRP conjugate 31430 at 1:10,000; Thermo
Fisher Scientific, Inc.), and signals were detected using an
ECL blotting analysis system. The primary antibodies used
were as follows: Cyclin D1 (cat. no. sc-8396 at 1:200 dilution),
B-cell lymphoma 2 (BCL2; cat. no. sc-7382 at 1:200 dilution
), and fas cell surface death receptor (FAS; cat. no. sc-8009 at
1:500 dilution; all from Santa Cruz Biotechnology, Inc.); phos-
phorylated (p) m-TOR (cat. no. ab1093; 1:200 dilution) and
p-S6K1 (cat. no. ab131436; 1:250 dilution) (both from Abcam);
N-cadherin (cat. no. 05-915; 1:200 dilution), E-cadherin (cat.
no.07-697; 1:100 dilution) and B-catenin (cat. no.04-958; 1:200
dilution; all from Sigma-Aldrich, Merck KGaA); vimentin
(cat. no. 3932; 1:200 dilution), and p-AKT (cat. no. 9271; 1:200
dilution; both Cell Signaling Technology, Inc.); GAPDH (cat.
no. sc32233; 1:500 dilution; Santa Cruz Biotechnology, Inc.)
and EMX2 (cat. no. PA5-84687; 1:400 dilution; Thermo Fisher
Scientific, Inc.).

Cell culture and transfection. Human EAC cell lines OE19
and OE33 were purchased from the American Type Culture
Collection and cultured in RPMI-1640 medium (Thermo
Fisher Scientific, Inc.). Cells were supplemented with 10%
FBS and penicillin/streptomycin (100 mg/ml) at 37°C in a
humidified 5% CO, incubator. To establish cell lines exhib-
iting EMX2 overexpression, cultured OE19 and OE33 cells
were transfected with empty pCDNA3.1 vector controls or
with pCDNA3.1 vectors containing EMX2. Transfection
was performed using Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.).

Treatment with 5-aza-2'-deoxycytidine (DAC). To analyze
the restoration of EMX2 gene expression, cells were treated
with 5 uM DAC (Sigma-Aldrich; Merck KGaA) for 4 days, as
previously described (23). Medium was replaced daily with
fresh medium containing the same dose of DAC. Control cells
were cultured with fresh medium containing DMSO. Cells
were subsequently isolated for further analysis using DNA and
RNA extraction.

Quantitative methylation-specific PCR (gMSP).
Formalin-fixed, paraffin-embedded tissues were de-paraf-
finized in xylene (Sigma-Aldrich; Merck KGaA) and rehydrated
in graded ethanol prior to bisulfite treatment, according to the
manufacturer's protocol. Bisulfite conversion from tissues and
cells was performed, without the prerequisite DNA purifica-
tion step, using an EZ DNA Methylation-Direct kit (Zymo
Research Corp.). Genomic DNA was extracted using Qiagen
DNeasy kits (Qiagen, Inc.). gqMSP was performed using the
ABsolute Blue gPCR SYBR-Green ROX Mix (Thermo Fisher
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Scientific, Inc.) with MSP primers, which recognized either
methylated or unmethylated EMX?2 promoter sequences after
bisulfite treatment. PCR conditions were as follows: 10 min
at 95°C; 40 cycles of 30 sec at 95°C, 30 sec at 50°C and 30 sec
at 72°C; with a final 7 min extension at 72°C. Primers were
designed and purchased from Eurofins MWG Operon, Inc.
Sequences are as follows: ATCB forward, 5" TGGTGATGG
AGGAGGTTTAGTAAGT-3" and reverse, 5" AACCAATAA
AACCTACTCCTCCCTTAA-3"; MSP-M forward, 5'-TAG
TTTTTTGTTCGTTTCGCGTTTC-3' and reverse, 5'-GAA
TTAAAATAAACGCCCCTACCGAC-3"; and MSP-U
forward, 5-GTTTTTTGTTTGTTTTGTGTTTTGA-3' and
reverse, 5-CCAAATTAAAATAAACACCCCTACCAAC-3.
All qMSP assays were performed in triplicate using the ABI
7900HT Fast Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Relative EMX?2 methylation
levels were determined using the 2444 method (30) and
normalized to the housekeeping gene, ACTB, prior to calcu-
lating the ratio of tumor/paired normal tissue per patient.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was isolated using the Qiagen RNeasy
kit, and cDNA was transcribed from 500 ng RNA using the
iScript cDNA Synthesis kit (Bio-Rad Laboratories, Inc.)
according to the manufacturer's protocol. EMX?2, Aurora
Kinase (AURK)A, AURKB, caspase (CASP)-3 and GAPDH
mRNA expression were subsequently examined using
RT-qPCR with commercially available primers and probes
(Thermo Fisher Scientific, Inc.) and Relative Quantification
Software (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Gene expression was normalized to GAPDH expression using
the 2444 method (30).

Wound healing, Transwell invasion and cell survival assays.
In the wound healing migration assays, four scratch wounds
were made in each treatment condition and cell migration was
determined using the average differences in distance between
0-24 h. Transwell invasion assays (Thermo Fisher Scientific,
Inc.) were performed using six-well plates, according to the
manufacturer's protocol. EAC cells were placed on the upper
layer of a cell culture insert (Matrigel-coated membrane), and
incubated for 24 h. The migrated cells were then fixed with
methanol and stained with crystal violet. For each well, three
representative fields of view were selected to measure the inva-
sion level.

To evaluate cell survival after chemotoxic treatment,
cells were plated in 96-well plates at a density of 500-1,000
cells/well. The medium was changed daily. Logarithmically
growing cells were treated with 5 M cisplatin or DMSO
(vehicle control) for 24-72 h. Cell survival was assessed using
CellTiter-Glo Luminescent Cell Viability Assay reagent
(Promega Corporation), according to the manufacturer's
protocol. Luminescence was measured using a GloMax-96
Microplate Luminometer (Promega Corporation). The
percentage cell survival was calculated based on the measure-
ment of untreated cells as 100% using GraphPad Prism 6.0
software (GraphPad Software, Inc.), which was also used to
generate dose-response curves and ICy, values. All experi-
ments were conducted in triplicate and data were standardized
to DMSO-treated cells.
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Statistical analysis. Two-tailed Student's t-tests were
performed for wound healing (migration) and Transwell (inva-
sion) assay analyses. ANOVA and Scheffe tests were used to
determine significance in luciferase reporter and qPCR data.
P<0.05 was considered to indicate a statistically significant
difference.

Results

EMX?2 expression is downregulated by methylation in the
tissues of patients with EAC, and EAC cell lines. To deter-
mine whether EMX2 served a role in the progression of EAC,
EMX2 protein expression was assessed in the EAC tissues and
paired adjacent normal tissues of 48 patients with EAC, using
western blot analysis. The results demonstrated that 79.2%
(38/48) of tumor samples exhibited lower EMX2 protein
expression compared with paired normal tissue expression
(Fig. 1A and Fig. S1).

Homeobox (HOX) gene silencing by promoter methyla-
tion has been previously reported for HOXAS and HOXA9 in
breast cancer (31) and testicular germ cell tumors (32),
respectively. Previous studies have revealed that the down-
regulation of EMX2 is associated with the hypermethylation
of its promoter in lung (23) and gastric cancer (26). To deter-
mine whether promoter hypermethylation was responsible
for the downregulation of EMX2 in EAC tissues, the EMX2
promoter methylation status was determined using qMSP (33).
Decreased EMX2 protein expression in EAC tissues was
revealed to be associated with hypermethylation of the EMX?2
promoter in EAC when compared with adjacent normal tissues
(Fig. 1A).

EMX2 expression in two EAC cell lines, OE19 and OE33,
was also determined. When treated with the methyltransferase
inhibitor, DAC, the methylation levels of EMX2 promoter
decreased in OE19 and OE33 cells (Fig. 1B), and the expres-
sion of EMX2 transcripts was activated (Fig. 1C). These data
indicated that EM X2 expression is downregulated by promoter
hypermethylation in EAC tissues and cell lines.

EMX?2 induces apoptotic marker expression in EAC cells.
Genes or proteins that are associated with apoptosis or cell
cycle regulation, in OE19 and OE33 cells, were assessed to
determine the biological function of EMX2 in EAC progres-
sion. EMX2 expression was induced via transient transfection
with a EMX2 vector, and pCDNA3.1 was used as a control, as
previously described (23). mRNA expression, measured using
RT-qPCR, indicated that EMX?2 expression increased by 4-5
orders of magnitude subsequent to transfection with an EMX2
expression vector (P<0.01; Fig. 2A).

AURKA and AURKB are essential regulators for mitosis,
and have been demonstrated to inhibit apoptosis (34-36). In
the present study, EMX2 expression significantly inhibited
AURKA and AURKB expression in OE19 (63% reduction;
P<0.01; Fig. 2B) and OE33 (40% reduction; P<0.01; Fig. 2B)
cell lines. AURKA and AURKB protein expression also
decreased following EMX?2 expression (Fig. 2D). CASP3, an
apoptosis marker, was upregulated following EMX2 expres-
sion and exhibited a 1.5- and 2-fold upregulation in OE19
and OE33 cells, respectively (P<0.01; Fig. 2C). Furthermore,
regulators of apoptosis and cell cycle progression, including
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Figure 1. EMX2 expression is downregulated by methylation in EAC tissues and cell lines. (A) Western blot analysis of EMX?2 and qMSP in 12 matched pairs
of N and T tissues. Samples are presented with corresponding EM X2 protein levels. qMSP results were normalized to paired normal tissues, and GAPDH was
used as an internal control for EMX2 protein expression. (a) N and T pairs 1-6, with values of T1 and T2 in the broken region of the y-axis. (b) N and T pairs
7-12, with values of T7, T10, T11 and T12 in the broken region of the y-axis. (B) DAC treatment reduced EMX2 promoter methylation in OE19 and OE33 cells.
EAC cells were treated with 5 uM DAC, followed by gMSP analysis of EMX?2 promoter methylation using reactions specific to methylated (Me) or unmethyl-
ated (U) targets. (C) DAC treatment restored EMX2 expression in OE19 and OE33 cells. The EAC cells were treated with 5 M DAC, followed by reverse
transcription-quantitative PCR examination of EMX2 mRNA expression. “P<0.05 and “P<0.01. EMX2, empty spiracles homeobox 2; EAC, esophageal
adenocarcinoma; qMSP, quantitative methylation-specific polymerase chain reaction; N, normal; T, tumor; DAC, 5-aza-2'-deoxycytidine.

BCL2 (37,38), cyclin D1 (39,40) and FAS (41,42) were exam-
ined using western blot analysis (Fig. 2D). The expression
of BLC2, a cell death suppressor, and cyclin D1, a protein
required for G1 phase progression in the cell cycle, were
negatively correlated with EMX?2 expression. In contrast, the
expression of FAS, which can induce apoptosis, was positively
associated with EMX2. These results indicated that EMX2
promotes apoptosis and inhibits cell cycle progression in EAC.

EMX?2 attenuates EAC cell migration and invasion. To deter-
mine the role of EMX2 in EAC cell migration and invasion,
wound healing and Transwell invasion assays were performed
in OE19 and OE33 cells. Over a period of 24 h, OE19 and
OE33 cells exhibited significantly slower migration in cells
transfected with EMX2 (Fig. 3A and B). Statistical analysis
indicated that the migration of OE19-EMX2 and OE33-EM X2

cells was ~40% of the migration exhibited by the vector control
cells (P<0.01). Furthermore, in the Transwell invasion assays,
OE19 and OE33 cells transfected with EMX2 demonstrated
decreased invasion of >50% compared with cells transfected
with the vector control (P<0.01; Fig. 3C and D).

EMX? inhibits EMT marker expression in EAC. An impor-
tant hallmark of EMT is the loss of E-cadherin expression,
a cell-to-cell adhesion molecule that is encoded by CDH, a
tumor suppressor gene. It has been previously revealed that
E-cadherin expression is reduced in EAC, and this decreased
expression is associated with an increased frequency of
lymph node metastasis and decreased patient survival (43). A
previous study indicated that E-cadherin protein expression
was reduced in the tumor tissues of patients with EAC.
In contrast, two mesenchymal markers, N-cadherin and
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Figure 2. EMX2 induces apoptotic marker expression in EAC cells. (A) mRNA expression of EMX2 in two EAC cell lines, OE19 and OE33, that were
transfected with an empty pCDNA3.1 vector control or EMX2, as determined using RT-qPCR. (B) mRNA expression of AURKA and AURKB in OE19 and
OE233 cells transfected with an empty pCDNA3.1 vector control or EMX2, as determined using RT-qPCR. (C) CASP3 mRNA expression in OE19 and OE33
cells transfected with an empty pCDNA3.1 vector control or EMX2, as determined using RT-qPCR. (D) Western blot analysis of key cell cycle and apoptosis
markers (BCL2, cyclin D1 and FAS), and AURKA and AURKB protein expression in OE19 and OE33 cells transfected with an empty pCDNA3.1 vector
control or EMX2. GAPDH was used as a loading control. "P<0.05, “P<0.01 and ""P<0.001. EMX2, empty spiracles homeobox 2; EAC, esophageal adenocar-
cinoma; RT-q, reverse transcription-quantitative; AURK, aurora kinase; CASP3, caspase-3; BCL2, B-cell lymphoma 2; FAS, fas cell surface death receptor.

vimentin, and cell adhesion and signaling molecule, f-catenin,
were overexpressed (12). Due to the fact that cell migration
and invasion have been associated with altered levels of EMT
biomarkers, the effect of EMX2 expression on epithelial
features of EAC cells was assessed in the present study. The
expression of epithelial markers, including E-cadherin, and of
mesenchymal markers, including N-cadherin and vimentin,
were examined. As presented in Fig. 3E, EMX2 expression
in OE19 and OE33 cells increased E-cadherin expression and
decreased N-cadherin, vimentin and [-catenin expression.
These results indicated that EM X2 suppresses EMT in EAC.

EMX?2 inhibits EMT by suppressing AKT/mTOR/S6K1
signaling in EAC. The present study also investigated the
mechanism by which EMX2 inhibits EMT in EAC. AKT
genes are overexpressed in EAC, and their expression has
been associated with the pathologic response of EAC treated
with neoadjuvant therapy (44). A previous study revealed the
upregulation of the AKT pathway proteins p-AKT, p-mTOR
and p-S6K1 in the tumor tissues of patients with EAC (12).
The results of the present study demonstrated that the
upregulation of AKT pathway markers was correlated with
EMX2 downregulation in EAC tumor tissues (Fig. 4A). These
results prompted the hypothesis that EMX?2 inhibits EMT by
suppressing the AKT signaling cascade. In OE19 and OE33
cells, EMX2 overexpression decreased p-MTOR, p-AKT and
p-S6K1 levels (Fig. 4B). These findings indicated that EMX?2

inhibits EMT in EAC cells, at least in part, by suppressing the
AKT/mTOR/S6K1 signaling pathway.

EMX2 sensitizes EAC cells to cisplatin. It has been revealed
that EMT serves a critical role in drug resistance. Therefore, in
the present study, whether EM X2 overexpression could sensi-
tize EAC cells to cisplatin, a widely used chemotherapy agent
for EAC, was assessed (45). A cell viability assay revealed
that OE19 and OE33 cells transfected with a control vector
were resistant to cisplatin treatment. In contrast, when treated
with cisplatin, the viability of EMX2-overexpressed OE19
and OE33 cells was reduced by at least 30% compared with
cells transfected with a vector control (Fig. 5SA). EMX2 protein
expression was further confirmed using western blot analysis
(Fig. 5B). These results indicated that EMX2 overexpression
can sensitize EAC cells to cisplatin.

Discussion

Despite recent advances in cancer research, the survival rates
of patients with EAC remain low, and EAC continues to be a
poorly understood disease. EMT is an important mechanism
in epithelial cancer cell invasion and metastasis, with local
invasion and metastasis occurring early in the pathogenesis of
EAC. Although EMT has been indicated to serve a role in the
early metastasis of EAC, the regulatory mechanisms of EMT
in EAC remain undetermined.
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Figure 3. EMX2 reduces cell migration and invasion and EMT marker expression in EAC cells. (A) Wound healing assay of OE19 and OE33 cells transfected
with EMX2 or a vector control. Representative images from 0-24 h, captured using a light microscope (x100). (B) Quantification of the migration of EAC cells
after 24 h. Results are expressed as the fold change compared with the control group. (C) Transwell invasion assay of OE19 and OE33 cells transfected with a
control vector or EMX?2. Representative images, captured using a light microscope at 0-24 h (x100). (D) Quantification of the invasion of EAC cells. Results
are expressed as the fold change compared with the control transfection group. (E) Western blot analysis of EMT markers (N-cadherin, E-cadherin, $-catenin
and vimentin) in OE19 and OE33 cells transfected with EMX2 or a vector control. GAPDH was used as a loading control. “P<0.01. EMX2, empty spiracles
homeobox 2; EMT, epithelial-mesenchymal transition; EAC, esophageal adenocarcinoma.

The results of the present study demonstrated, to the best
of our knowledge, for the first time, that EMX2 suppresses
EMT in EAC. EMX2 is downregulated in a variety of
cancer types and has been revealed to be associated with
the EMT process. In a previous study, it was revealed that
the overexpression of EMX2 in lung squamous cell carci-
noma cells inhibited cell migration and downregulated
EMT markers, whereas the knockdown of endogenous
EMX?2 promoted cell migration and upregulated EMT
markers (25). Zhang et al (29) demonstrated that the over-
expression of EMX?2 significantly inhibited cell migration
and invasion, and upregulated EMT marker expression,
in a human colorectal cancer cell line. The present study
revealed that EMX2 is downregulated in EAC tissues and
cell lines, and the restoration of EMX2 in EAC cell lines
induced the expression of apoptotic markers, inhibited cell
migration and invasion and induced E-cadherin expression
while inhibiting mesenchymal marker expression. These
data indicated that EMX2 suppresses EMT in EAC.

In a previous study with lung squamous cell carci-
noma (25), 12 cell lines were screened and the majority
exhibited low EM X2 expression. Only two cell lines had high
EMX2 expression and were used for silencing experiments.
For EAC, the available cell lines were limited and none of the
tested cell lines exhibited a high level of EMX2 expression.
As revealed in Fig. S1, the esophageal adenocarcinomas had
much lower EMX2 expression compared with the adjacent
normal tissues, and some were below the detection limit. The

two cell lines used in this study, OE19 and OE33, had barely
detectable EMX2 (Fig. 2A and 2D). Due to the intrinsic low
level of EMX2 expression, the silencing experiment was
infeasible.

To illustrate the relationship between EMX?2 promoter
methylation and gene expression, the methylation levels of
EMX?2 in OE19 and OE33 cells with or without 5-aza-2'-de-
oxycytidine (DAC) treatment were measured. The promoter
regions of EMX2 in OE19 and OE33 cells were highly
methylated, which revealed decreased methylation upon
DAC treatment (Fig. 1B). Consequently, EMX2 expression
was increased (Fig. 1C). These results demonstrated that
the downregulation of EMX2 in EAC tissues is correlated
with hypermethylation of its promoter, and suggested that
epigenetic silencing is an important mechanism for the
downregulation of EMX2 in EAC. It corresponds with
previous findings regarding epigenetic silencing of EMX?2
in lung (23) and gastric cancer (26). Previous studies have
revealed that in a variety of cancer types, the inhibition of
Homeobox genes by hypermethylation of their promoters
contributes to tumorigenesis (46). Furthermore, a recent
study by Kikuchi et al (47) demonstrated that HOP homeobox
promoter methylation independently predicts poor prognosis
in human epidermal growth factor receptor 2-negative
breast cancer. These results highlighted the clinical value of
Homeobox gene epigenetic silencing, and the requirement
for future investigations into the clinical value of EMX2
epigenetic silencing.
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Figure 4. EMX2 inhibits EMT by suppressing AKT/mTOR/S6K1 signaling in EAC. (A) Western blot analysis of EMX2 and AKT signaling pathway proteins
(p-mTOR, p-AKT and p-S6K1) in matched pairs of N and T tissues. GAPDH was used as a loading control. (B) Western blot analysis of EMX2 and AKT
signaling pathway proteins (mnTOR, AKT, S6K1, and p-mTOR, p-AKT and p-S6K1) in OE19 and O33 cells transfected with a vector control or EMX2. EMX2,
empty spiracles homeobox 2; EMT, epithelial-mesenchymal transition; EAC, esophageal adenocarcinoma; p, phosphorylated; N, normal; T, tumor.

The PI3K/AKT and mTOR signaling pathways are crucial
to numerous aspects of cell growth, survival and EMT, and
have been implicated in tumor cell motility, invasion and
metastasis (48-51). For instance, AKT activation was revealed
to induce EMT in human oral squamous cell carcinomas (52),
and subsequently it was revealed that AKT induced EMT
by activating NF-kB (53). Conversely, the inhibition of AKT
activity reversed EMT in these cells (54). AKT genes are over-
expressed in EAC, and their expression has been associated
with the degree of pathologic response during neoadjuvant
therapy for EAC (44). S6K1 is positively regulated by mTOR,
and the activation of mTOR/S6K1 signaling has been
suggested to be involved in EAC progression (55). A previous
study revealed that AKT signaling proteins were upregulated
in the tumor tissues of patients with EAC, and AKT inhibition
reduced EMT and cell cycle activity in EAC cell lines (12).
In the present study, the observation that the loss of EMX?2

is correlated with increased levels of p-AKT, p-mTOR and
p-S6K1 in the tumor tissues is consistent with the hypothesis
that the loss of EMX?2 may be associated with the upregula-
tion of AKT signaling pathways (Fig. 4A). A limitation of the
study is that due to limited amount of patient samples, the
total protein levels of AKT/mTOR/S6K1 were not assessed.
It is unknown whether the elevated levels of p-AKT, p-mTOR
and p-S6K1 were due to increased total protein levels or
increased phosphorylation per se. In OE19 and OE33 cancer
cell lines, the phosphorylation levels of these proteins upon
EMX2 expression were decreased more prominently than
the changes in their total protein levels (Fig. 4B), suggesting
that the suppression of AKT/mTOR/S6K1 pathway by EMX?2
was not simply due to direct inhibition of AKT/mTOR/S6K1
gene expression in these cells. These data support the notion
that EMX2 inhibits EMT via inhibition of AKT/mTOR/S6K1
signaling in EAC cells.
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Figure 5. EMX2 sensitizes EAC cells to cisplatin. (A) Cell survival assay in (a) OE19 and (b) OE33 cells transfected with a vector control or EMX2. Cells
were treated with either DMSO or cisplatin. Columns from left to right are: Vector control cells treated with DMSO, vector control cells treated with cisplatin,
EMX2 transfected cells treated with cisplatin. (B) Western blot analysis of EMX2 in OE19 and OE33 cells transfected with a vector control or EMX2. GAPDH
was used as a loading control. "P<0.05 and “"P<0.01. EMX2, empty spiracles homeobox 2; EAC, esophageal adenocarcinoma.

AKT/mTOR/S6K1 is a major hub of signal transduction
pathways, and is interconnected with multiple regulatory
factors. Since EMX2 is a homeobox protein, it is speculated
that it may function as a specific transcription factor to regulate
the expression of genes upstream of the AKT/mTOR/S6K1
pathway. Recently, the induction of EMT by GLI activation
was reported in colon (56) and breast cancer (57). A previous
study revealed that GLI is upregulated and is correlated with
EMT and the activation of AKT pathway markers both in EAC
cell lines and tissue samples (12). These studies indicated that
AKT and GLI activation may be a general mechanism in EMT.
Currently, it is unknown whether EMX?2 functions upstream or
downstream of GLI, which is the focus of the ongoing research.

Previous studies investigating EMT in EAC have revealed
that the reduced expression of the E-cadherin-catenin complex,
and upregulation of AKT genes in EAC, is correlated with poor
prognosis (43,44). The results of the present study demonstrated
that EMX2 induced the upregulation of E-cadherin and inhib-
ited AKT signaling in OE19 and OE33 cells. Furthermore, the
downregulation of EMX2 in lung cancer and colorectal cancer
has been associated with decreased overall survival (22,24,28).
Therefore, it can be suggested that the downregulation of
EMX2 may be associated with a worse EAC prognosis. The
manipulation of the EMX2 pathway could be used to prevent
EAC progression. It may take years for this goal to be reached,
however, two recent studies have made this more feasible. A
previous study demonstrated that adenoviral EMX2 delivery in
gastric cancer suppressed cancer cell proliferation and improved
overall survival in vivo (26). Falcone et al reported that EMX?2
overexpression exhibited antioncogenic activity and induced the
collapse of glioblastoma cells in vitro and in vivo (58). Recent
studies have also indicated an unexpected role of EMT in cancer
chemoresistance (59-61). A previous study demonstrating that
the knockdown of EMX2 expression in lung squamous cell

carcinomas cells promoted chemoresistance (25), and the
results of the present study revealing that EMX2 overexpression
sensitized EAC cell lines to the chemotoxic reagent cisplatin,
are consistent with these data. These observations indicate that
the role of EMX2 in chemotherapy sensitivity may be general
in different types of cancer. At present, the study on the role of
EMX2 in chemosensitivity is limited. With further investiga-
tion, EMX2 may become a novel antitumor target, synergistic
with chemotherapy options, for patients with EAC.

In summary, the present study revealed that EMX2 is
epigenetically silenced in EAC, and a strong association exists
between EMX2 and EMT, apoptotic and cell cycle markers
and the AKT/mTOR/S6K1 pathway in EAC. These findings
suggest that silencing EMX2 may prove critical in promoting
cell survival, metastasis and resistance to chemotherapy.
Restoration of EMX2 expression via the alleviation of epigen-
etic silencing may serve as a potential therapeutic strategy for
the treatment of human EAC. With the advances in pharma-
ceutical development of safe and potent epigenetic regulatory
reagents, this potential should be investigated in the future.
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