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Abstract. Several aberrant microRNAs (miRNAs or miRs) 
have been implicated in esophageal cancer (EC), which is 
widely prevalent in China. However, their role in EC tumori-
genesis has not yet been fully elucidated. In the present study, 
we determined that miR-1 was downregulated in esophageal 
squamous cell carcinoma (ESCC) tissues compared with adja-
cent non-neoplastic tissues using RT-qPCR, and confirmed this 
using an ESCC cell line. Using a nude mouse xenograft model, 
we confirmed that the re-expression of miR-1 significantly 
inhibited ESCC tumor growth. A tetrazolium assay and a trypan 
blue exclusion assay revealed that miR-1 suppressed ESCC cell 
proliferation and increased apoptosis, whereas the silencing 
of miR-1 promoted cell proliferation and decreased apoptosis, 
suggesting that miR-1 is a novel tumor suppressor. To elucidate 
the molecular mechanisms of action of miR-1 in ESCC, we 
investigated putative targets using bioinformatics tools. MET, 
cyclin D1 and cyclin-dependent kinase 4 (CDK4), which are 
involved in the hepatocyte growth factor (HGF)/MET signaling 
pathway, were found to be targets of miR-1. miR-1 expression 
inversely correlated with MET, cyclin D1 and CDK4 expression 
in ESCC cells. miR-1 directly targeted MET, cyclin D1 and 
CDK4, suppressing ESCC cell growth. The newly identified 
miR-1/MET/cyclin D1/CDK4 axis provides new insight into 

the molecular mechanisms of ESCC pathogenesis and indicates 
a novel strategy for the diagnosis and treatment of ESCC.

Introduction

Esophageal cancer (EC) is one of the most common types of 
cancer; it ranks eighth in terms of cancer incidence worldwide 
and is the sixth leading cause of cancer-related mortality world-
wide (1). The two main types of EC are esophageal squamous cell 
carcinoma (ESCC) and esophageal adenocarcinoma (EA) (2). 
A unique feature of EC is its geographical distribution. An 
‘EC belt’, primarily of ESCC, extends from North-Central 
China to the Middle East (3). Early-stage EC does not present 
with specific symptoms; the majority of patients present with 
advanced/metastatic disease at diagnosis (4) and the 5-year 
survival rate is <20% for advanced tumors (5). However, the 
precise molecular mechanisms of its pathogenesis remain 
largely unknown. Thus, to improve clinical care and the early 
detection of EC, it is necessary to gain a deeper understanding 
of its molecular mechanisms and genetic networks.

Although an increasing amount of evidence indicates that 
EC has a multifactorial etiology which involves numerous 
environmental, genetic susceptibility and dietary factors, 
the molecular pathogenesis of these tumors is poorly under-
stood (6). Tumor growth can be facilitated by genetic alterations 
in cancer cells that regulate the phenotypic changes. Genetic 
alterations play an important role in EC, and alterations in a 
large number of oncogenes and tumor suppressor genes have 
previously been described in patients with EC (7). Moreover, 
emerging evidence from the molecular characterization of 
microRNAs (miRNAs or miRs) suggests that miRNAs may 
act as tumor suppressors or oncogenes (8).

miRNAs belong to a class of conserved, endogenous, 
non-coding small RNAs that negatively regulate gene expres-
sion at the post-transcriptional level by mainly binding to the 
3' untranslated regions (3'-UTRs) of mRNAs, resulting in mRNA 
degradation or the inhibition of translation (9). Many types of 
human disease, particularly cancer, have been linked to the 
deregulation of miRNA expression. Recent findings have shown 
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that approximately 50% of human miRNAs are located in cancer-
associated genomic regions or fragile sites and, depending on their 
targets, can function as tumor suppressor genes or oncogenes (10).

To date, several study groups have suggested that human 
endogenous miRNAs are associated with oncogenesis and tumor 
progression in EC. It was previously noted that the expression 
levels of 6 miRNAs (miR-21, miR-100, miR-99a, miR-203, 
miR‑143 and miR‑145) were significantly altered in patients with 
EC (11). miR-210 has been shown to suppress cell proliferation 
and regulate apoptosis in EC through the suppression of fibro-
blast growth factor receptor-like 1 (FGFRL1) (12). Moreover, 
human miRNAs such as miR-375, miR-129-2, miR-21, miR-143, 
miR-518b, miR-133 and miR-29c are aberrantly expressed in 
cancer, thus contributing to the development and progression of 
EC, as well as other types of cancer such as prostate cancer (13-19).

In a previous study, we used miRNA microarray analysis 
to generate specific expression profiles of miRNAs in ESCC 
cells, including miR-1 (20), whose expression levels were 
significantly altered in ESCC samples. However, the function 
of miR-1 in ESCC remains unknown. miR-1 is believed to act 
as a tumor suppressor and is known to be downregulated in 
human cancers (21,22). However, the roles of miR-1 deregula-
tion in carcinogenesis and cancer progression remain largely 
elusive. Hence, in the present study, we focused on miR-1 
expression and its role in the development of ESCC. To the best 
of our knowledge, the role that miR-1 plays in EC has not previ-
ously been discussed. Therefore, in the present study we aimed 
to analyze miR-1 expression and to use in vitro and in vivo 
approaches in order to understand the functions and mecha-
nisms of action of this miRNA in ESCC. We examined the 
level of miR-1 expression in human ESCC cells and tissues and 
investigated the potential role of miR-1 in ESCC tumorigenesis 
in a murine model. We also examined its effects on cell growth 
and apoptosis. Lastly, we explored the underlying mechanisms 
of miR-1 functions in ESCC. In silico analysis further revealed 
that the key oncogenes, MET, cyclin D1 (also known as 
CCND1) and cyclin-dependent kinase 4 (CDK4), involved in 
the hepatocyte growth factor (HGF)/MET signaling pathway, 
were targets of miR-1. The direct inhibition of MET, cyclin D1 
and CDK4 translation by miR-1, and its potential involvement 
as a suppressor of esophageal tumorigenesis, were validated 
experimentally. The present study thus provides us with a better 
understanding of ESCC pathogenesis.

Materials and methods

Clinical specimens. From 2009 to 2011, 34 pairs of primary 
ESCC tissues and the corresponding adjacent non-neoplastic 
esophageal tissues were obtained from the 82nd Hospital 
of the People's Liberation Army (Huaian, China). All tissue 
samples were obtained from untreated patients undergoing 
tumor resection and were either snap-frozen in liquid 
nitrogen for miRNA extraction, or fixed in 10% buffered 
formalin solution and then paraffin‑embedded for histological 
analysis. Based on clinicopathological data, the samples 
were classified by age (≤60 years, n=18; >60 years, n=16), 
gender (male, n=27; female, n=7), grade of differentiation (well 
differentiated, n=12; moderately differentiated, n=17; poorly 
differentiated, n=5), degree of tumor invasion (submucosa, 
n=3; muscularis propria, n=30; adventitia, n=1) and lymph 

node metastasis (negative, n=26; positive, n=8). Both tumor and 
normal tissues were histologically confirmed by hematoxylin 
and eosin (H&E) staining. All participants provided written 
informed consent for the use of their samples for research, 
and the 82nd Hospital of the People's Liberation Army Ethics 
Committee approved the research protocols.

Cell culture. All cell lines [KYSE-150 (ESCC cells), 
Het-1A (normal esophageal cells), QBC939 (cholangiocarcinoma 
cells), HepG2 (hepatocellular carcinoma cells), AGS (gastric 
adenocarcinoma cells) and and human 293T cells were 
purchased from the American Type Culture Collection (ATCC; 
Manassas, VA, USA). The cells were cultured in RPMI-1640 
medium (Gibco, Grand Island, NY, USA) supplemented with 
10% (v/v) fetal bovine serum (FBS; Gibco) and incubated at 37˚C 
in a humidified chamber containing 5% CO2. When required, the 
media were supplemented with 2 µg/ml penicillin and 100 mg/
ml streptomycin (both from Invitrogen, Carlsbad, CA, USA).

RNA isolation and reverse transcription-quantitative PCR 
(RT-qPCR). Total RNA, including miRNA, was isolated from 
the cells (or tumor tissues) using a Qiagen miRNeasy kit 
(Qiagen GmbH, Hilden, Germany) according to the manufac-
turer's instructions. RNA was quantified at 260 nm using a 
spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA) 
at an optical density 260/280 nm at a ratio of 1.8-2.0 for all 
samples. Reverse transcription reactions were carried out 
using a TaqMan MicroRNA Reverse transcription kit (Applied 
Biosystems, Foster City, CA, USA) in a total reaction volume 
of 15 µl for 30 min at 16˚C, 30 min at 42˚C and 5 min at 85˚C. 
Mature miRNA quantification was performed using TaqMan 
miRNA analysis for miR-1. The PCR conditions were as follows: 
95˚C for 10 min, and then 40 cycles of 95˚C for 15 sec and 60˚C 
for 1 min. The qPCR results were analyzed and expressed as 
the relative miRNA expression of the threshold cycle value. The 
reverse transcription primers, PCR primers and TaqMan probe 
for miRNA were purchased from Applied Biosystems. U6 RNA 
was used as an internal control to normalize the miRNA. All 
qPCR assays were performed in triplicate in a 96-well plate using 
an ABI 7500 sequence detector system (Applied Biosystems) 
according to the manufacturer's instructions.

Tumorigenicity assay. To establish a xenograft tumor model, 
approximately 1x107 KYSE-150 cells were subcutaneously 
implanted in the right flanks of female BALB/c athymic 
nude mice (aged 4-5 weeks; Vital River Laboratory Animal 
Technology, Beijing, China). Tumor growth was examined 
every day for 21 days. Once the cancer cells had developed 
into palpable tumors, tumor volumes were calculated as 
follows: V = 1/2 x D x d2, where D and d were the longest 
and shortest diameter of the tumor, respectively. When the 
tumors reached an average volume of 100 mm3, the mice 
were randomly divided into 4 groups (n=7 per group) for 
a daily intratumoral injection of miR-1 mimics, miR-1 
mimics-negative control (NC) or in vivo transfection agent 
(Entranster™-in vivo; Engreen, Inc., Beijing, China) or cispl-
atin (Qilu Pharmaceutical Co., Ltd., Jinan, China) as positive 
controls for 21 days, which has been used as a first-line therapy 
for patients with EC (23). For each injection, 5 µg miR-1 
mimics or miR-1 mimics-NC were mixed with 8 µl transfec-
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tion reagent and diluted with phosphate-buffered saline (PBS) 
at 50 µg/ml to achieve the desired dose. Growth curves were 
plotted using the average tumor volume of each experimental 
group every day. Twenty-one days following implantation, the 
mice were sacrificed (mice anesthetetized with 0.3% pento-
barbital sodium, followed by euthanasia after 1 h) and the 
tumors were resected and weighed after necropsy, as previ-
ously described (24). All animal handling and experimental 
procedures were approved by the Animal Experimental Ethics 
Committee of Joinn Laboratories (Joinn Laboratories, Inc., 
Suzhou, China) (Permit number: ACU-12-094).

Cell transfection. The miR-1 gain-of-function experiments using 
KYSE-150 cells were performed using miR-1 mimics (100 nM) 
purchased from Shanghai GenePharma Co., Ltd., (Shanghai, 
China) and its negative control (NC, 100 nM). The loss-of-
function experiments using KYSE-150 cells were performed 
using miR-1 inhibitor (100 nM) and its NC (100 nM). The miR-1 
inhibitor was 2'-O-methyl oligoribonucleotides, purchased from 
GenePharma. For each experiment, we included a negative 
control. The cells were transfected using Lipofectamine™ 2000 
(Invitrogen) in Opti-MEM (Gibco) according to the manufac-
turer's instructions. The transfection efficiency was confirmed 
by the RT-qPCR detection of miR-1 expression.

Luciferase assay. The 3'-UTRs of MET, cyclin D1 and CDK4 
containing the hsa-miR-1 binding site were amplified by PCR. This 
portion was cloned using the XbaI site in a pGL3 Control vector 
(Promega, Madison, WI, USA), downstream of the reporter gene. 
Control constructs and various 3'-UTR reporter constructs were 
co-transfected into 293T cells. The cells were cultured in 24-well 
plates and transfected with 500 ng of either 3'-UTR reporter 
constructs or pGL3 control vector together with 50 ng of pRL-TK 
vector (Promega) and 100 nmol/l of miR-1, anti-miR-1 or nega-
tive controls. At 24 h following transfection, the luciferase activity 
was measured by Dual-Luciferase reporter assay (Promega). Each 
transfection was repeated twice in triplicate.

MTT assay. KYSE-150 cells (5x103/well) were plated in 
96‑well plates in a final volume of 100 ml and transfected with 
the miRNAs. Following transfection, the cells were cultured 
for 0, 24, 36, 48, 60 and 72 h. The effects of miR-1 on cell 
growth and viability were then determined. At the indicated 
time points, tetrazolium (MTT) reagent was added followed 
by incubation for 4 h at 37.5˚C. The supernatant was discarded 
and replaced with dimethyl sulfoxide to dissolve the formazan 
product. The absorbance was measured at 490 nm using a spec-
trophotometric plate reader (UV-200; Beckman Coulter, Inc.).

Trypan blue exclusion assay. The KYSE-150 cells (5x103/well) 
were plated in 96‑well plates in a final volume of 100 ml and 
transfected with miR-1 mimics, inhibitors and their respective 
NCs. At 0, 24, 36 and 48 h following transfection, the cells 
were digested with parenzyme (Invitrogen GmbH, Darmstadt, 
Germany). The cells were counted using a hemocytometer; 
dead cells stained with trypan blue dye were counted to deter-
mine the number of viable cells.

Apoptosis assay. The rate of apoptosis was analyzed using 
an Annexin V‑fluorescein isothiocyanate (FITC) Apoptosis 

detection kit (Beyotime Institute of Biotechnology, Shanghai, 
China). At 48 h following transfection, the cells were 
harvested and resuspended in binding buffer containing 
Annexin V-FITC and propidium iodide according to the manu-
facturer's instructions. The samples were analyzed using a flow 
cytometer (FACScan; BD Biosciences, San Jose, CA USA). 
The cells were categorized into viable, necrotic and apoptotic 
cells using BD FACSDiva 6.1.3 software (BD Biosciences), 
and the percentages of apoptotic cells from each group were 
compared. All experiments were repeated in triplicate.

Western blot analysis. The transfected cells were harvested for 
western blot analysis following 48 h of incubation. The cells were 
washed once in PBS and lysed in protein lysis buffer; protein 
concentrations were measured using a bicinchoninic acid (BCA) 
protein assay kit (Pierce, Rockford, IL, USA). Total protein was 
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis using a 12% polyacrylamide gel and electroblotted 
onto a polyvinylidene fluoride membrane (Millipore, Billerica, 
MA, USA). The membrane was immunoblotted overnight at 
4˚C with the following primary antibodies: rabbit monoclonal 
anti-human MET (1:500; D1C2; Cell Signaling Technology, 
Danvers, MA, USA), mouse monoclonal anti-human CDK4 
(1:500; DCS156; Cell Signaling Technology) and rabbit mono-
clonal anti-human cyclin D1 (1:500; 92G2; Cell Signaling 
Technology) antibodies. The membrane was incubated with a 
secondary antibody, horseradish peroxidase (HRP)-conjugated 
goat immunoglobulin G (1:1,000; 13E5; Beyotime Institute of 
Biotechnology), for 1 h after 3 washes with Tris-buffered saline 
containing Triton X-100. Signals were detected with electro-
chemiluminescence detection reagent (Beyotime Institute 
of Biotechnology). Images were captured on Kodak film and 
quantified by Quantity One software (Bio‑Rad Laboratories, 
Hercules, CA, USA). Western blot analysis of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 14C10) on the same 
membrane was used as a loading control. Densitometric 
analysis of protein bands was performed using Image Lab soft-
ware (Bio-Rad Laboratories). All experiments were performed 
in triplicate.

Immunohistochemistry. The resected tumor tissues were fixed in 
4% paraformaldehyde, embedded in paraffin, cut into 4‑mm‑thick 
sections, and mounted on polylysine-coated slides, which 
were then deparaffinized, rehydrated and microwave-heated 
in sodium citrate buffer (10 mM, pH 6.0) for antigen retrieval. 
Bovine serum albumin was used for blocking. The slides were 
then incubated with MET, cyclin D1 and CDK4 antibodies (Cell 
Signaling Technology) overnight at 4˚C at the optimal dilutions 
and subsequently incubated with an HRP-conjugated secondary 
antibody at room temperature for 1 h. All slides were indepen-
dently analyzed by two experienced pathologists blinded to the 
patient data. Diaminobenzidine was applied for color develop-
ment; in cases with ≥30% positive tumor cells, a section was 
considered to exhibit positive expression.

Bioinformatics. miR-1 target prediction and analysis were 
performed with the algorithms from TargetScan (http://www.
targetscan.org/), PicTar (http://pictar.mdc-berlin.de/), miRanda 
(http://www.microrna.org/) and DIANA LAB TarBase 5.0 
(http://diana.imis.athena-innovation.gr/DianaTools/index.php).
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Statistical analysis. Unless otherwise stated, data are expressed 
as the means ± standard error from at least 3 separate experi-
ments performed in triplicate. All statistical analyses were 
performed using the t-test or Student-Newman-Keuls (SNK)-q 
test, and unless otherwise specified; the null hypothesis was 
rejected at the 0.05 level.

Results

miR-1 is downregulated in human ESCC tissues. We obtained 
34 pairs of ESCC tissue samples and their corresponding 
adjacent non-neoplastic esophageal tissue specimens to 
examine the level of miR-1 expression using RT-qPCR. The 
average miR‑1 expression level was significantly lower in the 
ESCC specimens than in the adjacent non-neoplastic tissue 
specimens, the relative expression level being 0.048±0.079 
vs. 0.182±0.280 (Fig. 1A).

Subsequently, we isolated and compared miR-1 expres-
sion in malignant and non-malignant esophageal cells 
(KYSE-150 vs. Het-1A cells) (25), and confirmed the 
in vivo results. Consistent with the data obtained from the 
ESCC tumor tissues, miR-1 expression in malignant cells 
was markedly decreased when compared with the non-
malignant cells. miR-1 expression in other malignant cells, 
i.e., QBC939, AGS and HepG2 cells was also significantly 
decreased (Fig. 1B).

miR-1 suppresses the growth of ESCC xenograft tumors in 
nude mice. The KYSE-150 cells were injected subcutane-
ously into the right flanks of female nude mice. Tumors 
became palpable between 5 and 7 days after inoculation. All 
mice in the 4 groups (miR-1 mimics, miR-1 mimics-control, 
transfection agent and cisplatin) had developed tumors by the 
end of the experiment. Compared with the negative control 
groups (miR-1 mimics-control and transfection agent), the 
average tumor volume in the miR-1 mimics group was mark-
edly decreased (Fig. 2A and C), as was the average tumor 
weight (Fig. 2B). Compared to the negative control groups, 
the average tumor volume and weight were also decreased in 
cisplatin positive control group.

miR-1 suppresses the growth of ESCC cells in vitro. It was thus 
proven that miR-1 is downregulated in ESCC, indicating its 
potential role in cell biological activities. We also confirmed 
that the miR‑1 expression level was significantly increased by 
transfection with miR-1 mimics, using RT-qPCR (Fig. 3A). 
To characterize its functional importance in ESCC tumori-
genesis, we further examined the effects of miR-1 on ESCC 
cell proliferation by MTT and trypan blue exclusion assays. 
miR‑1 overexpression significantly inhibited cell proliferation 
at 48 h, whereas the miR-1 inhibitor promoted proliferation 
at 24 h after transfection (Fig. 4A and B). Consistent with the 
results of MTT assay, the results of trypan blue exclusion assay 
also demonstrated that miR-1 overexpression significantly 
inhibited ESCC cell viability (Fig. 4C and D).

miR-1 induces the apoptosis of ESCC cells. Apoptosis was 
measured by flow cytometry at 48 h following transfection with 
miR-1 or miR-1 inhibitor. The number of Annexin V-FITC(+) 
apoptotic cells was significantly increased in the miR-1 
mimics-transfected group compared to the mimics-NC-
transfected group. The percentage of apoptotic cells in the 
group treated with miR-1 inhibitor was higher than that of the 
inhibitor-NC group (Fig. 5).

miR-1 regulates MET, cyclin D1 and CDK4 expression. To 
explore the mechanisms responsible for the growth inhibitory 
effects of miR-1, we used 4 miRNA target prediction programs, 
TargetScan (http://www.targetscan.org/), PicTar (http://pictar.
mdc-berlin.de/), miRanda (http://www.microrna.org/) and 
DIANA LAB TarBase 5.0 (http://diana.imis.athena-innovation.
gr/DianaTools/index.php), and identified 267 target genes regu-
lated by miR-1 (data not shown).

Several genes reported to promote cell proliferation were 
selected for further analysis (28,33,48,52). Among these, 
MET, cyclin D1, and CDK4 were of particular interest, as 
they are involved in the cancer and HGF/MET pathways and 
are closely associated with cell proliferation. Therefore, we 
attempted to describe the mechanisms of action of miR-1 and 
its target genes, MET, cyclin D1 and CDK4, in ESCC. Using 
TargetScan and miRanda (Fig. 6A), we identified the putative 

Figure 1. miR-1 expression in 34 paired esophageal squamous cell carcinoma (ESCC) tissues and other tumor cells. (A) miR-1 levels were determined in 34 sur-
gical specimens of ESCC tissues and were normalized to those in corresponding adjacent non-neoplastic esophageal tissue specimens. *P<0.05. (B) RT-qPCR 
detection of miR-1 expression in Het-1A (normal esophageal), KYSE-150 (ESCC), QBC939 (cholangiocarcinomca), AGS (gastric adenocarcinoma) and 
HepG2 (hepaqtocellular carcinoma) cell lines. *P<0.05, KYSE-150 vs. Het-1A cells. 
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binding sites for miR-1 in the 3'-UTR of MET, cyclin D1 and 
CDK4, which are highly conserved across species (Fig. 6B). 
We confirmed that the miR‑1 expression level was significantly 
decreased following transfection with miR-1 inhibitor (Fig. 3B), 
confirming that the miR‑1 inhibitor successfully regulated the 
miR-1 expression level in the KYSE-150 cells.To confirm that 
MET, cyclin D1 and CDK4 are downstream targets of miR-1, 
miR-1 mimics or inhibitor were transfected into the KYSE-150 
cells. Compared to transfection with mimics-NC, transfection 
with miR‑1 mimics significantly decreased MET, cyclin D1 and 
CDK4 protein expression (Fig. 6C). By contrast, the protein 
expression of MET, cyclin D1, and CDK4 was increased in 
the loss-of-function experiments following transection with 

miR-1 inhibitor compared to transfection with miR-1 inhibitor-
NC (Fig. 6C).

Elevated expression of MET, cyclin D1 and CDK4 in human 
ESCC. To investigate whether MET, cyclin D1 and CDK4 are 
upregulated in ESCC, we detected their expression levels in 
ESCC tissues by immunohistochemical staining. We revealed 
that MET, cyclin D1 and CDK4 were commonly overex-
pressed in ESCC tissues compared with their paired adjacent 
non-neoplastic tissues (Fig. 7A). However, no association was 
observed between the miR-1 levels and MET, cyclin D1 and 
CDK4 staining in the 34 pairs of ESCC tissues (Fig. 7B).

miR-1 directly targets MET, cyclin D1 and CDK4. In order to 
determine whether miR-1 directly targets the 3'-UTR of MET, 
cyclin D1 and CDK4, a luciferase construct containing the 
3'-UTR of MET, cyclin D1 and CDK4 was transfected with miR-1, 
anti-miR-1, or negative controls and then assayed by a luciferase 
reporter. MET, cyclin D1 and CDK4 exhibited a 1.2- to 2-fold 
decrease in luciferase activity when co-transfected with miR-1, 
and a significant 1‑ to 2‑fold increase when co‑transfected with 
anti-miR-1 when compared with the negative control (Fig. 8). 
Taken together, these findings indicate a direct interaction 
between miR-1 and MET, cyclin D1 and CDK4 mRNA.

Discussion

miRNAs are one of the most important discoveries in recent 
years in the field of molecular medicine. Calin et al (10) found 
that miRNAs were mostly localized to tumor-associated fragile 

Figure 2. Effect of miR-1 overexpression on the growth of esophageal squamous cell carcinoma (ESCC) tumor xenografts. (A) Tumor growth curves after intra-
tumor injection of miR-1 mimics, mimics negative control (mimics-NC), transfection reagent (Entranster) or cisplatin. (B) Tumor weights of the 4 experimental 
groups when the mice were sacrificed. (C) Mice carrying ESCC tumors following sacrifice on day 21. *P<0.05, **P<0.05.

Figure 3. The expression of miR-1 in transfected KYSE-150 cells. (A) KYSE-150 
cells were transiently transfected with miR-1 mimics (100 nM), (B) miR-1 
inhibitor (100 nM), or the respective negative controls. Transfection efficiency 
was determined by RT-qPCR. Data were normalized to U6 expression. Data are 
represented as the means ± SEM from 3 independent experiments (*P<0.05).
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sites and are closely linked to the occurrence and development 
of tumors. There is evidence to indicate that miRNAs are 
involved in the pathogenesis of EC, and miRNA expression 
profiles can be used to distinguish different types of EC tissues. 
Studies have shown that miRNA expression in ESCC exhibits 
both organizational and geographical specificity. In Beijing, 

China, Guo et al (26) identified 7 miRNAs that could be used to 
distinguish malignant EC lesions from adjacent normal tissues: 
miR-25, miR-424 and miR-151 expression in tumor tissues was 
significantly upregulated; that of miR‑100, miR‑99a, miR‑29c 
and miR-140* was significantly decreased. Researchers have 
found that miRNA expression patterns differ between ESCC 

Figure 4. Effect of miR-1 overexpression/downregulation on cell proliferation. (A) MTT assay following transfection with miR-1 mimics or mimics-negative control 
(NC). *P<0.05, miR-1 mimics vs. mimics-NC (B) MTT assay following transfection with miR-1 inhibitor and inhibitor-NC. *P<0.05, miR-1 inhibitor vs. inhibitor-
NC. (C) Living cell counts following transfection with miR-1 mimics or mimics-NC. (D) Living cell counts following transfection with miR-1 inhibitor or 
inhibitor-NC. Data are represented as the means ± SEM ± SD. *P<0.05, **P<0.01.

Figure 5. Effect of miR-1 overexpression/downregulation on apoptosis. (A and B) Flow cytometric analysis of apoptosis following transfection with miR-1 mimics, 
inhibitor and their respective NCs. (C) Rate of apoptosis was determined following transfection with miR-1 mimics, inhibitor and their respective NCs. *P<0.05.
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and EA; for example, in ESCC, miR-21 and miR-373 were 
overexpressed and miR-375 expression was low; in EA however, 
miR-21, miR-223, miR-192 and miR-194 were upregulated, and 
miR-203 and miR-31 were downregulated (27,28). Japanese 
scholars have also reported that miR-150, miR-205, miR-218 
and miR-203 are involved in the formation and progression of 
tumors in ESCC (25,29-31). In the present study, we report on 
miR-1 expression in patients with ESCC from Huaian, China, 
which is a topic that has never previously been reported in 
ESCC or EA, to the best of our knowledge. Accordingly, we 
speculate that miR-1 may play a more important role in ESCC 
in the Huaian region in China.

A growing body of evidence indicates that miR-1 is involved 
in the growth and spread of multiple tumors, and that it functions 
as a tumor suppressor (32-34). Using an miRNA microarray, 
Japanese scholars (35) constructed miRNA expression profiles 
of head and neck squamous cell carcinomas (SCCs), and 
reported significantly low miR‑1 expression. In the present 
study, we also noted the downregulated miR-1 expression in 
ESCC. miR-1 suppressed tumorigenesis in an ESCC xenograft 
murine model. In addition, we demonstrated that miR-1 was 
downregulated in QBC939, AGS and HepG2 cells. Thus, it is 

highly likely that miR-1 plays a fundamental role in EC tumori-
genesis, and our findings are thus relevant to other tumors in 
which miR-1 is downregulated.

Under normal circumstances, cell proliferation and apop-
tosis are in equilibrium; however, the equilibrium is lost in 
malignant cells. Unrestricted proliferation and suppressed 
apoptosis are the root causes of tumor development. A number 
of studies have shown that miR-1 regulates cell proliferation, 
differentiation and apoptosis. Taulli et al (36) confirmed that 
miR-1 overexpression promotes the myogenic differentiation 
of rhabdomyosarcoma cells, while inhibiting cell prolifera-
tion. Wu et al (37) found that nasopharyngeal carcinoma cells 
transfected with miR-1 exhibited typical apoptotic metabolic 
processes, which were associated with low prothymosin 
alpha (PTMA) expression. In addition, Nohata et al (38,39) 
found that miR-1 inhibited the proliferation and induced the 
apoptosis of maxillary sinus SCC cells by targeting trans-
gelin 2 (TAGLN2) and purine nucleoside phosphorylase (PNP). 
Our preliminary study demonstrated that miR-1 was downreg-
ulated in ESCC tissues (20), but no data are available, as of yet, 
on its functions. The results of the present study demonstrate 
that miR-1 overexpression inhibits ESCC cell proliferation 

Figure 6. miR-1 targets 3'-UTR of MET, cyclin D1 and cyclin-dependent kinase 4 (CDK4). (A) Conservation of the predicted miR-1 binding site in MET/cyclin 
D1/CDK4 3'-UTR across species. (B) Bioinformatics analysis of the interaction between miR-1 and MET, cyclin D1 and CDK4 3'-UTR binding sites. (C) Effect 
of miR-1 overexpression/downregulation on MET, cyclin D1 and CDK4 expression by western blot analysis, with GAPDH as the internal control. Proteins were 
quantified by densitometric analysis, which was performed using Quantity One software (Bio-Rad Laboratories). *P<0.05, #P<0.05.
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and promotes apoptosis, whereas miR-1 silencing promotes 
cell proliferation and inhibits apoptosis, suggesting that miR-1 
may influence the formation and progression of ESCC by 
regulating cell proliferation and apoptosis. miR-518 can also 

inhibit ESCC cell proliferation (17); yet miR-1 plays a similar 
role in liver cancer, prostate cancer and other gastrointestinal 
tumors (22,33,39,40). Therefore, miR-1 may be a potential 
target for ESCC treatment in the future.

Figure 7. Immunohistochemical analysis of MET, cyclin D1 and cyclin-dependent kinase 4 (CDK4) expression patterns in esophageal squamous cell carcinoma (ESCC). 
(A) Representative images of immunohistochemical staining for MET, cyclin D1 and CDK4 in human ESCC tissues and adjacent non-neoplastic tissues (original 
magnification, x100). (B) The expression levels of MET, cyclin D1 and CDK4 in ESCC tissues did not directly correlate with the miR‑1 expression levels.

Figure 8. Luciferase activity assay with MET, cyclin D1 and CDK4 3'-UTR construct co-transfected into 293T cells. Schematic representation of  luciferase activity assay 
of MET, cyclin D1 and CDK4 3'-UTR construct or control luciferase construct co-transfected with miR-1, anti–miR-1 or negative controls. *P<0.05, **P<0.01.
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Abnormal miRNA expression has been reported in many 
types of cancer, and much attention has been focused on under-
standing the roles of miRNAs in modulating the process of cancer 
development, in which miRNAs exert their biological function 
by regulating their target genes (24,25,40,41). Some target genes 
for miR-1 have been reported. Using genome-wide expression 
analysis and luciferase reporter experiments, Kojima et al (40) 
confirmed that miR-1 directly regulated the significantly 
increased expression of the PNP gene in prostate cancer tissues. 
It is well known that the average miRNA has approximately 
100 target sites (41). However, the same gene may also simultane-
ously be subject to a number of specific precise temporal miRNA 
regulations; consequently, the roles of miRNAs in cancer are very 
complex. In the present study, to explore the molecular mecha-
nisms responsible for the growth inhibitory effects of miR-1, we 
first used bioinformatics analysis tools to predict miR‑1 target 
genes. Further analysis determined that 3 target genes (MET, 
cyclin D1 and CDK4) were involved in the HGF/MET signaling 
pathway, which is closely associated with cell proliferation. 
Western blot analysis confirmed that miR‑1 significantly affected 
the expression of the 3 target proteins, suggesting that it directly 
regulates the 3 target genes. However, in the tissues, no statistical 
correlation was found through immunohistochemistry, perhaps 
too few cases were included.

There is an increasing amount of evidence demonstrating 
that, in ESCC cell lines and tissues, the expression of multiple 
molecular targets of the HGF/MET signaling pathway, 
e.g., MET, cyclin D1 and CDK4, is abnormal (42-44). The 
HGF/MET signaling pathway plays an important role in regu-
lating cell proliferation and apoptosis, and it is closely associated 
with a variety of tumors (45-49). The HGF/MET signaling 
pathway exerts its effects by activating the single receptor MET, 
which then binds to a number of intracellular target proteins, 
triggering downstream cascades involved in the regulation of 
a variety of biological activities, such as cell proliferation and 
apoptosis (42,50,51). MET is the encoding oncogene for the HGF 
receptor (HGFR). A key protein in the HGF/MET signaling 
pathway involved with tyrosine kinase activity, MET affects cell 
proliferation, apoptosis, invasion, migration and angiogenesis via 
interactions with critical molecules of the Wnt and phosphati-
dylinositol-3-kinase (PI3K) signaling pathways. MET expression 
is abnormal in ESCC and EA, cancer of the stomach, pancreas, 
liver and colon, as well as in other tumors (45-49). miR-1 plays a 
tumor suppressor role by directly regulating MET expression in 
colon cancer, rhabdomyosarcoma and osteosarcoma (21,52,53). 
Our results suggest that in ESCC, miR-1 also inhibits tumor 
growth through the direct regulation of MET.

Cyclin D1 and CDK4 are located downstream of MET in the 
HGF/MET signaling pathway. Recent studies have shown that 
the expression of cyclin D1 and CDK4 is abnormal in a variety of 
tumors, including EC, and affects tumorigenesis and tumor devel-
opment (54,55). Cyclin D1 overexpression enables the continuous 
proliferation of cancer cells, leading to tumorigenesis (54). CDK4 
can bind with cyclin D1 to form complexes, affecting cell cycle 
regulation and cell proliferation (55). Given the results of the 
present study, that miR-1 directly regulates MET, cyclin D1 and 
CDK4, we hypothesized that miR-1 regulates cell proliferation in 
two ways: i) by regulating MET expression, thereby affecting the 
expression of the downstream molecules cyclin D1 and CDK4; 
and ii) by targeting cyclin D1 and CDK4 directly. We posit that 

MET, cyclin D1 and CDK4 of the HGF/MET signaling pathway 
form a regulatory network around miR-1, which is then involved 
in the regulation of ESCC development.

Taken together, our results suggest that miR-1 is a tumor 
suppressor miRNA in human ESCC, which acts through the 
repression of MET, cyclin D1 and CDK4 expression. Our data 
provide further evidence of the pivotal role that miRNAs play 
in ESCC tumorigenesis. As miR-1 is downregulated in ESCC, 
the re-introduction of this mature miRNA into the tumor tissue 
may be a therapeutic strategy that reduces the expression of 
target genes. Although miRNA-based therapeutics are still in 
their infancy, our findings are encouraging and suggest that 
miR-1 may be a potential target for future ESCC treatment.
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