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MicroRNA-1 inhibits tumorigenicity of esophageal squamous
cell carcinoma and enhances sensitivity to gefitinib
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Abstract. Dysregulation of microRNAs in various types of
human cancer promote or suppress oncogenesis. MicroRNA
(miR)-1 was previously revealed to function as a tumor
suppressor in prostate cancer cells, and its expression was asso-
ciated with reduced metastatic potential in lung cancer. The
present study investigated the role of miR-1 and its association
with phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit o (PIK3CA) in the pathophysiology of esophageal
squamous cell carcinoma (ESCC), and analyzed the effects of
miR-1 inhibitor or mimics on sensitivity to epidermal growth
factor receptor-tyrosine kinase inhibitors, the alterations of cell
cycle distribution and apoptosis in ESCC cells. Compared with
normal tissues, the level of miR-1 expression was significantly
lower and PIK3CA expression was higher in ESCC tissues.
The level of miR-1 expression was also inversely associated
with the level of PIK3CA mRNA expression. Low miR-1 and
high PIK3CA expression levels were strongly associated with
lymph node metastasis, and the level of miR-1 expression was
negatively associated with clinical Tumor-Node-Metastasis
stage. Furthermore, exogenous expression of miR-1 inhibited
growth, arrested cell cycle in the G, phase and increased apop-
tosis in ESCC cells, whereas it decreased PIK3CA protein
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expression levels. Furthermore, overexpression of miR-1
increased the sensitivity of ESCC cells to the anticancer drug,
gefitinib. A possible mechanism for this increased sensitivity
to gefitinib may be inactivation of the PIK3CA signaling
pathway. To the best of our knowledge, this is the first time
that the results of the present study demonstrated that miR-1
upregulation may be a potential strategy for the treatment of
human ESCC.

Introduction

At present, esophageal cancer is the sixth most common
cause of cancer-associated mortality worldwide (1). Based on
the recent data collected from the National Central Cancer
Registry in 2016, esophageal squamous cell carcinoma
(ESCC) represents ~88% of esophageal cancer cases in
China (2). Despite a myriad of improvement in therapeutic
techniques, including chemotherapeutic, radiotherapeutic
and surgical treatment during the previous 30 years, the
prognosis of ESCC remains poor with a 5-year survival
rate of 10-15% (3). Therefore, improved treatment strategies
are urgently required. In recent years, molecular targeted
therapy against key somatic alterations has become an
important endeavor towards pathway-driven treatment.
ESCC is frequently associated with the overexpression of
the epidermal growth factor receptor (EGFR) gene (4). The
dysregulation of EGFR has been implicated in the develop-
ment of resistance to the conventional chemotherapy and
poor clinical outcome (5). Therefore, inhibition of EGFR
may be a promising approach for the management of ESCC.
Previously, numerous novel compounds, including small
molecule tyrosine kinase inhibitors, gefitinib and erlotinib,
and monoclonal antibodies (cetuximab) targeting various
proteins in the EGFR signaling cascade have been developed,
and their therapeutic effects have been extensively evaluated
in vitro and in clinical studies (6-10). Although EGFR inhibi-
tors have higher efficacies and lower toxicities compared
with conventional chemotherapeutic agents, patients have
demonstrated highly variable responses to these inhibi-
tors (11). Therefore, there is an urgent requirement to develop
clinically useful agents with optimal therapeutic efficacies.
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MicroRNAs (miRNAs) are a type of small non-coding
RNAs that bind to the 3' untranslated region of target
mRNAs. miRNAs control gene expression by degrading the
target mRNAs or inhibiting their translation into functional
proteins (12). Emerging evidence has indicated that miRNAs
may serve diverse roles in the regulation of cancer initiation
and progression (13,14). miRNAs function as oncogenes
or tumor suppressor genes depending on their specific
target mRNAs (15-19). miR-1, which was first identified as
a muscle-specific miRNA and is known to be abundantly
expressed in cardiac and skeletal muscles, was previously
identified as a tumor suppressor in various types of human
cancer, including rhabdomyosarcoma, lung, thyroid, prostatic,
bladder, colorectal and hepatocellular carcinomas (20-27).
Additionally, a lower expression level of miR-1 in lung cancer
is an indicator of poor prognosis (28). Previous studies have
revealed that miR-1 is downregulated in human ESCC tissues
and cell lines (29,30). However, the functional significance
of miR-1 in ESCC has not yet been clarified. Insights into
the association between miR-1 and its target oncogenes
may further the understanding of the molecular mechanism
underlying ESCC oncogenes and subsequently enable the
development of improved therapies.

The phosphatiditylinositide-3-kinase (PI3K) signaling
pathway is central to growth and survival of numerous types
of cancer, and PI3K signaling can be directly activated by
genetic alterations. Phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit a (PIK3CA), the pl10a subunit
of PI3K, functions as an oncogene and serves an important
role in numerous types of cancer, including ESCC (31,32).
A previous study found that higher expression of PIK3CA
is associated with a poor prognosis in non-small cell lung
cancer (28). Previous studies also revealed that PIK3CA
was amplified in ESCC (33) and that the expression level
of PIK3CA mRNA and protein was associated with lymph
node metastasis (32,34). A previous study by the present
authors has demonstrated that miR-1 inhibited tumorigenic
properties of lung cancer cells by targeting PIK3CA (35).
The present study aimed to investigate the levels of miR-1
and PIK3CA expression in resected esophageal tumor tissue
samples and determined the association between their
expression levels and clinicopathological features of patients
with ESCC.

Materials and methods

Clinical samples. A total of 74 patients (61 men and 13
women) with ESCC were included in this study, ranging in
age between 38 and 76 years (mean, 62 years). All patients
were clinically staged according to the seventh edition of the
American Joint Committee on Cancer (AJCC) system for
esophageal cancer (36). Human ESCC tissues and matched
adjacent normal tissues (2 cm between tumor and normal
tissue) were collected directly following surgical resection at
the First Affiliated Hospital of Nanjing Medical University
(Nanjing, China) between January 2011 and December
2012. None of the patients had received chemotherapy or
radiotherapy prior to surgery. All samples were immediately
frozen in liquid nitrogen and stored at -80°C. ESCC diag-
nosis was confirmed following histological evaluation, which
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was performed by a pathologist who was blinded to the aim
of the study. The present study was approved by the Ethical
Review Committee in the First Affiliated Hospital of Nanjing
Medical University. Written informed consent was obtained
from all patients prior to enrollment in the present study.

Cell culture. The TE-1 human ESCC cell line was obtained
from the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were incu-
bated in RPMI-1640 medium (HyClone, Logan, UT, USA)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml peni-
cillin and 100 pg/ml streptomycin at 37°C in a humidified
incubator containing 5% CO,. The cells in the exponential
phase were used for all subsequent assays.

Drug. Gefitinib was provided by AstraZeneca
Pharmaceuticals (Macclesfield, UK). Gefitinib was dissolved
in DMSO to obtain a stock concentration of 10 mM and stored
at -20°C. The 10 mM stocks were diluted in fresh medium
prior to each experiment. The control cells were treated with
the medium supplemented with an equal concentration of
DMSO (<0.1%).

Transfection. The cells were transiently transfected
with 50 nM miR-1 mimics or the 50 nM negative
control (Genepharma, Inc., Sunnyvale, CA, USA) using
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) diluted in Opti-MEM (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
The negative control was a scrambled oligonucleotide not
encoding any known miRNA. The sequences of miR-1
mimics and the negative control are presented in Table I.
Transfection efficiency was confirmed by analyzing miR-1
expression level using the TagMan real-time polymerase
chain reaction (PCR) system (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Quantitative
real-time PCR was run on ABI PRISM 7900HT (Applied
Biosystems; Thermo Fisher Scientific, Inc.). Subsequent
experimentation was performed 24-48 h after transfection.

Quantitative RT-PCR. Quantitative real time polymerase
chain reaction (QRT-PCR) was performed to determine the
expression of miR-1 and all related genes. Total RNA was
extracted from tissues and cells using TRIzol® (Invitrogen;
Thermo Fisher Scientific,Inc.),according to the manufacturer's
protocol. Total RNA (500 ng) was quantitated at 260 nm and
reverse-transcribed into cDNA using the PrimeScript RT
reagent kit (Takara Biotechnology, Co., Ltd., Dalian, China)
at 37°C for 15 min and 85°C for 30 sec. qPCR was performed
using the SYBR Premix Ex Taq™ kit (Takara Biotechnology,
Co., Ltd.) in the ABI PRISM 7900HT (Applied Biosystems;
Thermo Fisher Scientific, Inc.) system. The thermocycling
conditions were: 50°C for 2 min, 95°C for 10 min followed
by 40 cycles with each cycle consisting of 30s at 95°C, and
1 min at 60°C. Cycle threshold (Ct) values were determined
using the SDS version 2.4 software (Applied Biosystems;
Thermo Fisher Scientific, Inc.). PIK3CA expression levels
were normalized to fB-actin expression using the 244
method (37). All primers (Invitrogen; Thermo Fisher
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Table I. Sequences of miR-1 mimics and the negative control.

Name of the primers Sequences (5'-3")

miR-1 mimics
Forward
Reverse

UGGAAUGUAAAGAAGUAUGUAU

ACAUACUUCUUUACAUUCCAUU
Negative control
Forward UUCUCCGAACGUGUCACGUTT

Reverse ACGUGACACGUUCGGAGAATT

miR, microRNA.

Table II. Sequences of primers for reverse transcription-
quantitative polymerase chain reaction.

Name of gene Sequences (5'-3")

PIK3CA
Forward CCACGACCATCATCAGGTGAA
Reverse CCTCACGGAGGCATTCTAAAGT
Akt
Forward GCGGCATCCACGAAACTAC
Reverse TGATCTCCTTCTGCATCCTGTC
Survivin
Forward GGCTCTTTCTCTGTCCAGTT
Reverse ACCACCGCATCTCTACATTC
[-actin
Forward CCAACCGCGAGAAGATGA
Reverse CCAGAGGCGTACAGGGATAG

PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit .

Scientific, Inc.) are presented in Table II. These experiments
were performed in triplicate.

For miR-1 detection, 1 ug total RNA extracted from clinical
samples was converted to cDNA using the TagMan MicroRNA
Reverse Transcription kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol. The
resulting cDNA was diluted in the ratio 1:40 and mixed with 1 pl
miR-1 or U6 TagMan primers in triplicate wells using TagMan
Universal Master Mix II without Uracil DNA glycosylase
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The reac-
tion condition was as follows: Denaturation at 95°C for 30 sec,
and followed by 40 cycles at 95°C for 5 sec and 60°C for 30 sec,
and extension at 95°C for 15 sec. The plates were read using
the ABI PRISM 7900HT system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Ct values were calculated using the
SDS version 2.4 software (Applied Biosystems; Thermo Fisher
Scientific, Inc.). miR-1 expression level was normalized to that
of U6 using the 222t method. The TagMan probes for miR-1
(assay ID, 002222) and U6 (assay ID, 001973) were purchased
from Applied Biosystems (Thermo Fisher Scientific, Inc.). The
assay was performed in triplicate.
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Western blotting. A total of 48 h after transfection, the cells
were lysed in lysis buffer [5S0 mM Tris (pH 7.4), 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl,
1.0 mM EDTA, 1.0 mM Na;VO, and 1 pg/ml freshly added
leupeptin]. The protein concentration of the lysates was
determined using a BCA protein assay (Bio-Rad, Laboratories
Inc., Hercules, CA, USA). Equivalent amounts of protein
lysates (30 ug per lane) and loading buffer were loaded onto
7.5 or 12.5% polyacrylamide gels, separated by SDS-PAGE
and electrophoretically transferred to polyvinylidene
membranes. The membranes were blocked for 1 h with
5% non-fat milk in TBST buffer [20 mM Tris (pH 8.0),
150 nM NaCl and 0.05% Tween-20] at room temperature
and incubated overnight at 4°C with one of the following
primary antibodies: Anti-PIK3CA (cat. no. AP80166; Abgent,
Inc., San Diego, CA, USA) at 1:200, anti-Akt (cat. no. 9272;
Cell Signaling Technology, Inc., Danvers, MA, USA) at
1:1,000, rabbit monoclonal anti-phosphorylated (p)-Akt (cat.
no. 4056; Thr308; 244F9; Cell Signaling Technology, Inc.) at
1:1,000, biotinylated anti-human survivin (cat. no., BAF6471,
R&D Systems, Inc., Minneapolis, MN, USA) at 1:2,000 or
anti-GAPDH (cat. no., 5014; Cell Signaling Technology Inc.).
The membranes were incubated with the corresponding
horseradish peroxidase-conjugated rabbit anti-goat or goat
anti-rat secondary antibodies (cat. nos. MR-G100 and
2B-2305; Beyotime Institute of Biotechnology) at 1:5,000 for
1 h at room temperature, and proteins were visualized using
an ECL Chemiluminescence kit (EMD Millipore, Billerica,
MA, USA), detected and analyzed using the Bio-Rad Gel Doc
XR system (Bio-Rad, Laboratories Inc.) and ImageJ 2.1.4.7
software (National Institutes of Health, Bethesda, MD, USA).

Cell proliferation assay. Cell proliferation was assessed
using Cell Counting kit-8 (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan). Briefly, the transfected cells
(5,000 cells/well) were seeded in 96-well plates and incubated
overnight at 37°C. The cells were then treated with various
concentrations of gefitinib (0, 0.01, 0.1, 1 or 10 M) for 48 h
at 37°C. The water-soluble tetrazolium salt WST-8 (10 pl) was
added to each well and incubated for 1 h at 37°C. The optical
density was evaluated at 450 nm using a microplate reader to
determine the number of viable cells. Each experiment was
performed in triplicate.

Cell cycle arrest and apoptosis assays. Transfected cells
were treated with 3.0 uM gefitinib for 24 h at 37°C. The
cells were harvested and washed with PBS and fixed with
70% ice-cold ethanol at -20°C for 10 min. Fixed cells were
rehydrated in PBS, stained with propidium iodide (PI)/RNase
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for
30 min at 37°C and analyzed by fluorescence-activated cell
sorter (BD Biosciences, San Jose, CA, USA). The percentage
of cells in the G,/G,, S and G,/M phases were counted and
compared. The experiments were performed in triplicate.
Flow cytometry was used to determine the percentage
of apoptotic cells using the Annexin V/fluorescein isothio-
cyanate and PI Apoptosis Detection kit (BD Biosciences),
according to the manufacturer's instructions. The cells were
classified as viable, dead, early apoptotic or late apoptotic.
Flow cytometry was performed using FACSCalibur flow
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Figure 1. Inverse correlation between the levels of miR-1 expression and PIK3CA expression in ESCC tissues. (A) The relative level of miR-1 expression
was analyzed by TagMan RT-qPCR in 74 ESCC tissues and corresponding non-tumor tissues. (B) The level of PIK3CA mRNA expression was analyzed
by RT-qPCR in 74 ESCC tissues and corresponding non-tumor tissues. (C) Correlation between the levels of miR-1 and PIK3CA mRNA expression in
ESCC tissues. Data are presented as the mean + standard error from three independent experiments. “P<0.01. RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; miR, microRNA; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a; ESCC, esophageal squamous cell

carcinoma.

cytometer and analyzed using the automated CellQuest
Pro 5.1 software (BD Biosciences). The experiments were
performed in triplicate.

Statistical analysis. Statistical analysis was performed using
the GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). Values are presented as the mean + stan-
dard deviation. Differences between two groups were calculated
using the Student's t-test or the Mann-Whitney U test. The corre-
lation between the expression levels of miR-1 and PIK3CA were
analyzed using Pearson's correlation analysis. ESCC tissues
expressing miR-1 and PIK3CA at levels less than the median
expression level were assigned to the low expression group, and
those with expression above the median value were assigned to
the high expression group. Associations between clinicopatho-
logical features and the levels of miR-1 and PIK3CA expression
were analyzed using the %> test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Levels of miR-1 and PIK3CA expression in human ESCC
samples. RT-qPCR was performed to analyze the levels of
miR-1 and PIK3CA expression in 74 ESCC tissues and corre-
sponding non-tumor tissues. The relative expression level of
miR-1 in ESCC tissues was significantly lower (~64.5%)
compared with the corresponding non-tumor tissues (P<0.01;
Fig. 1A). However, the level of PIK3CA expression was
significantly higher in ESCC tissues (1.5 fold) compared with
corresponding non-tumor tissues (P<0.01; Fig. 1B).

The present study further investigated the association
between the level of miR-1 and PIK3CA expression. The
expression of miR-1 was inversely correlated with PIK3CA
mRNA expression (r=-0.5858; P<0.01; Fig. 1C). These
results suggested that miR-1 may serve an important role
in suppressing the expression of PIK3CA in patients with
ESCC.

Association between the expression of miR-1 and PIK3CA and
clinicopathological characteristics of ESCC. All patients were

divided into four groups (miR-1 high, miR-1 low, PIK3CA high
and PIK3CA low) on the basis of the mean levels of miR-1
and PIK3CA expression in 74 ESCC samples. The clinico-
pathological characteristics of these groups are summarized
in Table III. Low levels of miR-1 (P<0.001) and high levels
of PIK3CA (P=0.006) expression were strongly correlated
with lymph node metastasis. Of the 41 tissue samples without
lymph node metastasis, 25 samples (60.98%) exhibited high
miR-1 expression levels and 13 samples (31.71%) exhibited
high PIK3CA expression. Of the 33 tissue samples with
lymph node metastasis, 5 samples (15.15%) exhibited high
miR-1 expression and 21 samples (63.64%) exhibited high
PIK3CA expression. Furthermore, low miR-1 expression was
associated with high TNM stage (P<0.001). However, miR-1
and PIK3CA expression levels were not associated with
other patient characteristics, including sex, age, pathological
grading and invasion depth. These results suggested that
low miR-1 expression and high PIK3CA expression may be
associated with the pathophysiology of ESCC.

Levels of miR-1 and PIK3CA expression in transfected
cells. Transfection efficiency was detected using TagMan
RT-qPCR. In the miR-1 mimics group, miR-1 expression
level was 20.8-fold (P<0.001) higher compared with the
negative control group (Fig. 2A). The present study further
analyzed the levels of PIK3CA protein and mRNA expres-
sion by western blotting and RT-qPCR in transfected TE-1
cells, respectively. The levels of PIK3CA mRNA expression
were not significantly different between the miR-1 mimic
and negative control groups (Fig. 2B). However, the level
of PIK3CA protein expression was revealed to be mark-
edly decreased in the cells transfected with miR-1 mimics
compared with the cells transfected with control miRNA
(Fig. 2C). Akt and survivin are important downstream
targets of PIK3CA, therefore in the present study the acti-
vation of Akt and survivin following PIK3CA regulation
were analyzed. PIK3CA downregulation by miR-1 mimics
induced a marked reduction in the levels of p-Akt and
survivin expression, but not in the levels of total Akt expres-
sion, when compared with the negative control (Fig. 2C).
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Table III. Association between the levels of miR-1 and PIK3CA expression, and clinicopathological characteristics in patients

with esophageal squamous cell carcinoma.

miR-1 expression PIK3CA expression
Factors High Low P-value High Low P-value
Sex 0.650 0.551
Male 24 37 29 32
Female 6 7 5 8
Age, years 0.255 0.801
<60 17 19 16 20
=60 13 25 18 20
Pathological grading 0.450 0.830
Well-moderately 17 21 17 21
Poorly 13 23 17 19
Invasion depth 0.080 0.653
T1/T2 10 7 7 10
T3/T4 20 37 27 30
Lymph node metastasis <0.001 0.006
Positive 5 28 21 12
Negative 25 16 13 28
TNM stage 0.001 0.641
v 22 15 16 21
/v 8 29 18 19
miR, microRNA; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a.
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Figure 2. Expression of miR-1 and PIK3CA in transfected cells. TE-1 cells were transiently transfected with miR-1 mimics (50 nM) or the negative control.
The cells were obtained after 48 h for analysis. (A) TagMan RT-qPCR detection of miR-1 expression levels in TE-1 cells. (B) The level of PIK3CA mRNA
expression was detected by RT-qPCR in TE-1 cells. (C) Cell lysates were prepared and used for western blotting with antibodies specific for PIK3CA, total
Akt, p-Akt and survivin. Data are presented as the mean + standard error from three independent experiments. “'P<0.01 vs. the negative control. NC, negative
control; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; miR, microRNA; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit a; Akt, protein kinase B; p, phosphorylated.
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as the mean + standard error from three independent experiments. “P<0.01 vs. negative control. miR-1, microRNA-1; OD, optical density; FITC, fluorescein

isothiocyanate; PI, propidium iodide.

Exogenous expression level of miR-1 inhibited growth of
TE-1I cells. It was demonstrated that miR-1 expression was
downregulated in ESCC, therefore, subsequent study aimed to
establish the biological effect of this change in expression on
cell growth. TE-1 cells were transfected with miR-1 mimics,
and the effects on cell proliferation were analyzed. TE-1 cell
growth was significantly inhibited in miR-1-transfected cells
compared with control miRNA-transfected cells (P<0.01;
Fig. 3A). To further characterize miR-1-mediated inhibition
of cell proliferation, cell cycle distribution and apoptotic rate
were evaluated by flow cytometry. The cells transfected with
miR-1 had an increased percentage of G,/G, phase cells and a
decreased percentage of G,/M phase cells in comparison with
the cells transfected with control miRNA. The percentage of
S phase cells was also markedly decreased in miR-1-expressing
cells (Fig. 3B). In addition, the cells transfected with miR-1
exhibited significantly increased apoptosis, including early
and late apoptosis, compared with the control group (P<0.01;
Fig. 3C). These results suggested that miR-1 was able to inhibit
growth of ESCC cells by modulating apoptosis and cell cycle
progression.

miR-1 increased sensitivity to gefitinib in TE-1 cells. The present
study also investigated whether miR-1 is able to affect the
sensitivity of TE-1 cells to gefitinib. The half-maximal inhibi-
tory concentration value of gefitinib was significantly lower in

miR-1-expressing TE-1 cells (1.77+0.18 M) compared with
the control TE-1 cells (3.16+0.11 uM; P<0.01; Fig. 4A). Flow
cytometry was performed to determine whether the increased
sensitivity to gefitibnib was due to alternation of cell cycle
progression and apoptotic rate. Notably, that the percentage of
TE-1 cells in different stages of the cell cycle were distinct in
miR-1-expressing cells compared with control cells following
exposure to 3.0 uM gefitinib for 24 h (Fig. 4B). In the presence
of gefitinib, the apoptotic rate of TE-1 cells transfected with
miR-1 mimics was significantly higher compared with TE-1
cells transfected with the control miRNA (P<0.05; Fig. 4C).

Discussion

The carcinogenesis of ESCC is a multi-stage process involving
a variety of changes in gene expression and physiological struc-
ture. miRNA expression is aberrant in ESCC, suggesting that
miRNAs serve an important role in ESCC progression (33).
Recently, it was confirmed that miR-1 functions as a tumor
suppressor in carcinogenesis (21-29,34,35). The present study
revealed that miR-1 was significantly downregulated in ESCC
tissues compared with normal esophageal tissues. Therefore,
miR-1 may act as a tumor suppressor in ESCC.

Previous studies by the present authors revealed that
miR-1 expression was significantly lower in patients with
lung cancer compared with normal tissues, and the low-miR-1
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Figure 4. Exogenous expression of miR-1 enhanced sensitivity to gefitinib in TE-1 cells. TE-1 cells were transiently transfected with miR-1 mimics (50 nM) or
the negative control. (A) The cells following transfection were treated with various concentrations of gefitinib (0, 0.01, 0.1, 1 or 10 #M) for 48 h, and the ICj,
for gefitinib were calculated by cell counting kit-8 assay. (B) The cells following transfection were treated with gefitinib (3 M) for 24 h and were harvested for
cell cycle analysis by flow cytometry. (C) The cells following transfection were treated with gefitinib (3 M) for 24 h and were harvested for apoptosis analysis
by flow cytometry. Data are presented as the mean + standard error from three independent experiments. “P<0.01 vs. negative control; "P<0.05 vs. negative
control plus gefitinib. ICs,, half-maximal inhibitory concentrations; miR, microRNA; FITC, fluorescein isothiocyanate; PI, propidium iodide.

expression group exhibited a significantly higher recurrence
rate compared with those in the moderate-miR1 expression
level group (28,35). Therefore, detection of miR-1 expression
may be a valuable tool to evaluate invasion and metastasis of
human NSCLC. Similar to the results obtained for patients
with NSCLC, the present study demonstrated that the level
of miR-1 expression was associated with clinical stage and
lymph node metastasis in patients with ESCC, suggesting that
low miR-1 expression may be associated with ESCC progres-
sion. Functional studies in the TE-1 ESCC cell line confirmed
that upregulation of miR-1 may inhibit growth via increased
apoptosis and/or cell cycle arrest in the G,/G, phase.

The PI3K/Akt signaling pathway serves a critical role in
esophageal cancer pathogenesis (32). The involvement of the
PIK3CA gene, which encodes the PI3K protein pl10a cata-
Iytic subunit, is activated by a series of cell surface tyrosine
kinase receptors, including platelet-derived growth factor
receptor and insulin growth factor receptor (38). Upon activa-
tion of these receptors, PIK3CA binds to its heterodimer p85
and promotes Akt phosphorylation at Thr308 and/or Ser473.
P-Akt then activates a series of processes that drive tumor
progression, including cell growth, proliferation, survival
and motility (39.,40). Previously, PIK3CA was identified as a
target of miR-1 in the NSCLC A549 cell line by the present

authors (35). miR-1 overexpression in A549 cells suppressed
tumorigenic properties via PIK3CA repression and constitutive
suppression of the PI3K/Akt/survivin signaling pathway (28,35).
The present study revealed that the level of PIK3CA expression
was higher in ESCC tissues compared with normal tissues and
was inversely correlated with the level of miR-1 expression.
Upregulation of miR-1 may also inhibit growth of ESCC cells
via downregulation of the PI3K/Akt/survivin signaling pathway.
On the basis of these findings, the present study suggested that
decreased miR-1 expression modulates PIK3CA signaling
in the PI3K/Akt/survivin pathway and promotes cell growth.
Therefore, increasing miR-1 expression may be a novel approach
for the treatment of ESCC.

High expression of EGFR may correlate with a poor
response to therapy, development of cytotoxic drug resistance,
disease progression and poor survival in various types of human
cancer (41-43). Therefore, blockade of EGFR signal transduc-
tion appears to be a promising strategy for cancer therapy.
Gefitinib is an orally active EGFR tyrosine kinase inhibitor. The
antitumor activity of gefitinib has been confirmed in vitro and
in vivo in various types of human cancer, including NSCLC,
and colorectal, breast and head and neck cancer (41-44).
Approximately 40-70% of patients with ESCC demonstrated
high expression levels of EGFR (45,46). Numerous previous
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studies revealed that gefitinib had strong antitumor activity
against ESCC in vitro and in vivo (7-9). However, a large recent
clinical trial involving patients with esophageal cancer revealed
that the use of gefitinib as a second-line treatment in unselected
patients does not improve overall survival compared with the
placebo (47). Another phase II study demonstrated that gefitinib
was well tolerated by patients with recurrent or metastatic
adenocarcinoma or squamous cell carcinoma of the esophagus
or gastroesophageal junction, but had limited efficacy (48).
It has been revealed that the PI3K/Akt signaling pathway
confers gefitinib resistance independent of EGFR (49).
Gefitinib in combination with specific inhibitors of the
PI3K/Akt signaling pathway may cause additional cytotoxic
effects in ESCC cell lines. Previous studies indicated that
certain miRNAs may alter the sensitivity of cancer cells to
therapeutic agents (50,51). The present study investigated
whether exogenous miR-1 is able to alter sensitivity of ESCC
cells to gefitinib. It was revealed that miR-1 blocked the acti-
vation of the PI3K/Akt signaling pathway and increased the
sensitivity of ESCC cells to gefitinib. Therefore, the results of
the present study suggested a role for microRNAs in chemo-
sensitivity of ESCC cells. The present study suggested that a
combination of miR-1 and gefitinib may be a successful ther-
apeutic strategy for ESCC. It would be of interest to elucidate
the underlying molecular mechanisms for miR-1-mediated
gefitinib-induced antitumor activity. Although efficacy and
tolerability of gefitinib and miR-1 needs to be extensively
tested in preclinical models, the results of the present study
provided a novel promising approach to improving chemo-
therapeutic efficacy.

To conclude, the present study demonstrated that miR-1
was downregulated in ESCC and is able to function as a
tumor suppressor in this type of cancer. Overexpression of
miR-1 inhibited growth, increased apoptosis and induced
cell cycle arrest in the G,/G, cell cycle phase, possibly by
suppressing the PI3K/Akt/survivin signaling pathway.
Additionally, miR-1 may increase the sensitivity of ESCC
cells to gefitinib. Therefore, miR-1 appears to be a promising
therapeutic target for ESCC treatment.
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