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Abstract. Esophageal squamous cell carcinoma (ESCC) is one 
of most common and fatal forms of cancer worldwide. Recent 
studies have suggested that an aberrant microRNA (miRNA 
or miR) expression signature exists in ESCC. In the present 
study, in order to determine the involvement of miRNA in the 
development and progression of ESCC, the expression profiles 
of miRNA in 8 paired ESCC tissues and corresponding normal 
esophageal tissues were analyzed by miRNA microarray. 
A total of 43 differentially expressed miRNAs, including 
27 downregulated and 16 upregulated miRNAs were found in 
the ESCC tissue samples. Among these miRNAs, we found 
that miR-1 was significantly downregulated. Subsequently, the 
expression of miR-1 was validated in 64 pairs of primary ESCC 
samples by RT-qPCR. The expression level of miR-1 was found 
to be frequently decreased, and significantly correlated with 
tumor invasion and an advanced clinical stage (P=0.022 and 
P=0.028, respectively). In addition, functional assays revealed 
that miR-1 inhibited cell proliferation, clonogenicity, cell 
invasion and migration. Bioinformatics analyses identified the 
major biological processes that were targeted by miR-1. These 
results suggest that miR-1 has a tumor-suppressive effect on 
the development and progression of ESCC. The findings of 
this study may contribute to the further understanding of the 
functions of miR-1 in ESCC.

Introduction

Esophageal cancer is the sixth most common cause of cancer 
mortality and the eighth most common type of cancer world-
wide  (1,2). Esophageal cancer can be divided into 2  main 
forms: esophageal squamous cell carcinoma  (ESCC) and 
adenocarcinoma (3). Adenocarcinoma is common in Western 
countries, but ESCC is predominant in East Asia, particularly in 
China (2,4). Despite advances in the diagnosis and treatment of 
this type of cancer, the survival rate at 5 years is poor (5). Thus, 
there is an urgent need for the discovery of novel biomarkers 
and therapeutic targets for ESCC.

MicroRNAs  (miRNAs or miRs) are a class of single-
stranded, non‑coding RNAs. They are 17-25 ribonucleotides 
in length (1,6). They function as regulators of gene expression 
and influence a wide variety of biological processes, including 
proliferation, differentiation, apoptosis and development (7). 
miRNAs suppress gene expression at the post-transcriptional 
level by binding to the 3'-untranslated region (UTR) of target 
mRNAs with the ‘seed sequence’ of the RNA-induced signaling 
complex (RISC) (8). Depending on the degree of complemen-
tarity between the miRNA and its target, mRNA expression is 
blocked either through direct cleavage or translational inhibi-
tion (6). Accumulating evidence indicates that miRNAs are 
aberrantly expressed in various types of cancers, including 
ESCC (1,6). They function as a novel class of oncogenes and 
tumor suppressor genes, depending on the targets they regu-
late. For example, miR-21 has been shown to be significantly 
upregulated in ESCC tissues and to regulate cell proliferation 
and invasion through the suppression of phosphatase and tensin 
homolog (PTEN) (9,10). However, miR-203 and miR-205 have 
been reported to be downregulated in ESCC (11,12). Thus, 
miRNAs may provide a readily detectable diagnostic and thera-
peutic marker for ESCC.

In the present study, a microarray strategy was applied 
to identify differentially expressed miRNAs in ESCC by 
comparing the miRNA profiles in tumor tissue samples with 
those of paired non‑tumor tissue samples. A total of 43 differ-
entially expressed miRNAs were detected. The expression level 
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and tumor-suppressive function of miR-1, which was frequently 
found to be downregulated in ESCC, was further characterized.

Materials and methods

ESCC cell lines and clinical samples. The human ESCC cell 
line, Eca109, was obtained from the Shanghai Institute of Cell 
Biology, Chinese Academy of Sciences, and was cultured in 
RPMI‑1640 with 10% fetal bovine serum (FBS). A total of 
64 pairs of human ESCC samples were obtained from patients 
who underwent surgery at the Tangdu Hospital (Xi'an, China) 
between 2011 and 2012. The corresponding normal esophageal 
mucosa samples were obtained from the farthest margin of the 
resected specimen. All the samples were fixed in 10% formalin 
and embedded in paraffin. Following H&E staining, the tumor 
tissue sections with maximum tumor content were carefully 
selected. This study was approved by the Research Ethics Review 
Committee at Tangdu Hospital. All patients signed informed 
consent approving the use of their tissues for research purposes.

Microarray analysis. Total RNA was extracted and puri-
fied from 8 pairs of ESCC tumors and corresponding normal 
esophageal mucosa samples using a RecoverAll Total Nucleic 
Acid Isolation kit (AM1975; Ambion, Austin, TX, USA) 
following the manufacturer's instructions. Prior to microarray 
analysis, the quality of the RNA was assessed using the Agilent 
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, 
USA). The miRNA was distinguished from the remaining RNA 
using the miRNA Complete Labeling and Hyb kit (Agilent 
Technologies). Subsequently, each miRNA microarray slide 
(Agilent Version 16.0) was hybridized with 100 ng labeled RNA 
and scanned using an Agilent Microarray Scanner (Agilent 
Technologies). The data were normalized and analyzed using 
the quantile algorithm and Gene Spring Software 11.0 (Agilent 
Technologies). Hierarchical cluster analysis was performed 
using Cluster 3.0 software. The fold change was calculated by 
comparing the expression level of miRNAs in the ESCC tumor 
pool to that of the normal tissue pool.

RNA extraction. Total RNA was extracted from the paraffin‑ 
embedded samples using a miRNeasy FFPE kit (Qiagen, 
Valencia, CA, USA). A total of 8 sections of 5 µm in thickness 
were freshly cut and placed in a 1.5 ml microcentrifuge tube. 
Subsequently, 1 ml xylene was added for deparaffinization. The 
samples were then washed in ethanol washes. Proteins were 
degraded by proteinase K digestion and genomic DNA was 
removed with DNase I step. The concentrated RNA was puri-
fied using RNeasy MinElute Spin Columns and eluted in 20 µl 
RNase‑free water. The quality and quantity were measured 
using a NanoDrop spectrophotometer (Thermo Scientific, 
Waltham, MA, USA).

Reverse transcription reaction-quantitative (real-time) PCR 
(RT-qPCR). RNA was reverse transcribed using a miScript 
Reverse‑Transcription kit (Qiagen) for first strand comple-
mentary DNA synthesis. The reaction conditions involved the 
incubation of the samples at 37̊C for 60 min followed by 95̊C 
for 5 min. Quantitative PCR (qPCR) was then performed using 
primers for miR-1 (miScript Primer Assay: MS00008358) 
and RNU6B (miScript Primer Assay: MS00033740) and the 

miScript SYBR‑Green PCR kit (both from Qiagen) with the 
ABI 7500 Fast Real-time PCR System (Applied Biosystems, 
Carlsbad, CA, USA). Briefly, the samples were incubated at 
95̊C for 15 min, and qPCR was repeated for 40 cycles with 
incubation at 94̊C for 15 sec followed by 55̊C for 35 sec and 
then at 70̊C for 30 sec. These reactions were run in triplicate.

Cell proliferation assay. The RNA mimic for miR-1 
and the mimic negative control were purchased from 
GenePharma Co., Ltd. (Shanghai, China). The Eca109 cells 
were transfected with 100 nM mimic or the mimic negative 
control using Lipofectamine 2000 in accordance with the 
manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). 
The expression level of miR-1 was assayed by RT-qPCR. For 
foci formation assay, 200  transfected cells were seeded in 
60-mm Petri dishes. Surviving colonies (50 cells per colony) 
were counted using Giemsa staining following 14 days in 
culture. For MTT assay, 1,000 Eca109 cells were plated and 
transfected with the mimic or the mimic negative control 
in a 96-well culture dish. The cells were then incubated for 
24, 48, 72, 96 and 120 h following transfection. The assay was 
performed by the addition of MTT solution (Sigma-Aldrich, 
St. Louis, MO, USA) for 4 h and DMSO for 15 min. The absor-
bance (OD) of each well was then measured at a wavelength of 
490 nm. The experiment was performed in triplicate.

Cell motility and invasion assay. The Eca109 cells were seeded 
in a 6-well culture plate and transfected with either the miR-1 
mimic or the negative control after the cells reached subconflu-
ence. Wounds were created using a 200 µl pipette tip. Wound 
healing was observed by taking photos under a microscope 
at 0, 24 and 48 h after scratching. Cell invasion assays were 
performed using chambers consisting of a Transwell pre-coated 
Matrigel membrane filter (8 µm pore size; Millipore Corp., 
Billerica, MA, USA). The transfected cells were harvested and 
transferred to the upper chamber filled with serum-free medium. 
In the lower chamber, 10% FBS-containing medium was added. 
After 24 h, the invaded cells were stained and 3 randomly 
selected fields were counted. Duplicate wells for each condition 
were examined, and each experiment was repeated 3 times.

Normalization and statistical analysis. The expression level 
was normalized against endogenous small nuclear RNA gene 
U6 for the miRNAs examined. The relative quantification of 
miRNA expression was calculated using the 2-ΔΔCt method. 
Statistical analysis was carried out using SPSS 13.0 software 
for Windows. A paired t‑test was used to analyze the differ-
ences between the tumor and normal tissue. ANOVA was 
used to evaluate the association between miRNA expression 
and the clinicopathological characteristics. Differences were 
considered statistically significant when the P-value was <0.05.

Prediction of miRNA target genes and Gene Ontology (GO) 
analysis. Given the limitations of any single prediction 
program, TargetScan, PicTar and miRanda were used to 
analyze the potential target genes of the deregulated miRNAs. 
To determine which genes were most likely targeted by the 
given miRNA, the predicted results from the different data-
bases were integrated. GO analysis was applied to analyze the 
main function of the differentially expressed genes according 
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to the GO database. DAVID 6.7 was used to annotate the 
molecular functions of the putative miRNA-targeted genes.

Results

Differential expression of miRNAs detected in ESCC. To 
investigate the role of miRNAs in ESCC, the Agilent Human 
miRNA microarray (version 16.0) containing 1,205 human 
miRNAs was performed to compare the miRNA profiles 
between the ESCC tumor samples and the corresponding 
normal esophageal mucosa samples pooled from 8 primary 
cases of ESCC. A paired t-test was used to assess the differ-
entially expressed miRNAs between the cancer and normal 
esophageal tissue samples and differences at P<0.05 were 
considered statistically significant. With the 2‑fold cut-off 
point, 27 downregulated and 16 upregulated miRNAs were 
detected in the ESCC tumor tissue samples compared with 
their normal counterparts  (Fig.  1A). Hierarchical cluster 
analysis of these 43  miRNAs among the 8  pairs of test 
samples was performed. The analysis revealed that the cancer 
tissue samples were grouped separately from the normal 
esophageal tissue samples and this created 2 major cluster 
branches (Fig. 1B). However, with the 4‑fold cut-off point, 
15 downregulated and 9 upregulated miRNAs were detected 
in the ESCC tumor tissue samples compared with their normal 
counterparts (Table I).

To confirm the results from microarray analysis, 5 down-
regulated miRNAs (miR-375, miR-1, miR-133b, miR-30a* and 
miR-101) and 4 upregulated miRNAs (miR-196a, miR-424, 
miR-96 and miR-130b) were selected for validation by 
RT-qPCR in the same 8 pairs of test samples. All the miRNAs 
examined showed a pattern of up- or downregulation similar to 
that obtained by microarray analysis (Fig. 1C).

Downregulation of miR-1 in ESCC. RT-qPCR was performed 
to confirm the expression levels of miR-1 in 64 pairs of primary 
ESCC samples. The fold change was calculated by comparing 
the relative expression level of miR-1 in the cancer tissue 
samples and corresponding normal esophageal tissue samples. 
The small nuclear RNA gene U6 served as a reference gene. The 
results revealed that miR-1 was significantly downregulated in 
the primary ESCC samples compared with the corresponding 
normal esophageal tissue samples. Among all the samples, 
90.6% (58/64) of the ESCC tissue samples showed a 2‑fold 
lower expression of miR-1 (Fig. 2).

In addition, in order to determine the clinical signifi-
cance of the downregulation of miR-1 in primary ESCC, the 
correlation of miR-1 downregulation with clinicopathological 
characteristics from 64 patients was investigated. The results 
revealed that the downregulation of miR-1 significantly 
correlated with tumor invasion and an advanced clinical 
stage (P=0.022 and P=0.028, respectively; Table II), while 

Table I. Differentiated dysregulation of miRNAs in ESCC.

miRNA name	 P-value	 Fold change

Downregulated
  miR-375	 2.38E-05	 175.8322
  miR-1	 7.49E-07	 147.16624
  miR-133b	 1.95E-04	 73.55917
  miR-30a*	 2.64E-08	 55.60582
  miR-145*	 9.27E-05	 55.024837
  miR-139-5p	 2.66E-09	 49.534527
  miR-338-3p	 7.54E-08	 40.948067
  miR-101	 9.85E-08	 31.244616
  miR-29c*	 3.15E-05	 23.400047
  miR-95	 2.22E-03	 12.73129
  miR-30a	 3.55E-03	 8.1511965
  miR-145	 1.50E-05	 8.024183
  miR-4324	 1.06E-03	 7.0982347
  miR-143	 9.69E-06	 6.7646494
  miR-497	 2.58E-04	 4.562447
Upregulated
  miR-196a	 3.17E-04	 69.18334
  miR-424	 6.59E-04	 30.001791
  miR-96	 6.87E-04	 26.955471
  miR-130b	 3.91E-03	 20.232624
  miR-3907	 2.63E-03	 12.135655
  miR-34b*	 9.37E-03	 9.071809
  miR-183	 2.29E-03	 8.742586
  miR-185	 1.41E-02	 7.89331
  miR-21	 7.96E-08	 4.416791

miRNA, microRNA; ESCC, esophageal squamous cell carcinoma.

Table II. Association between the expression levels of miR-1 
and clinicopathological characteristics.

			  miR-1
Characteristics	 Cases	 P-value

Age (years)
  ≤63	 31	 0.333
  >63	 33
Gender
  Male	 49	 0.354
  Female	 15
Tumor invasion
  T1	 13	 0.022a

  T2	 19
  T3	 32
Lymph node metastasis
  N0	 45	 0.335
  N1-N4	 19
Differentiation
  I-II	 27	 0.365
  II-III	 37
Clinical stage
  I	 10	 0.028a

  II	 36
  III	 18
Tumor size
  ≤5 cm	 36	 0.441
  >5 cm	 28

aSignificant difference.
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Figure 1. Differentially expressed miRNAs in esophageal squamous cell carcinoma (ESCC). (A) Expression of the miRNAs in ESCC tissue samples compared with 
the corresponding normal tissue samples by miRNA microarray. (B) Unsupervised hierarchical cluster analysis of miRNA expression. The red and green colors 
indicate a relatively high and low expression, respectively. The 2 major subgroups distinguished the ESCC samples from cancer samples and corresponding normal 
esophageal tissue samples. 
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no significant correlation was observed with respect to other 
clinicopathological characteristics. These results suggest that 

the downregulation of miR-1 plays an important role in the 
development of ESCC.

Figure 2. miR-1 was significantly downregulated in the 64 primary esophageal squamous cell carcinoma (ESCC) samples compared with their corresponding 
normal tissue samples. Using the 2-ΔΔCt method, those with a >2‑fold change were considered significant. The expression of miR-1 was downregulated in 90.6% 
(58/64) of the ESCC tissue samples. Expression is shown in the log10 scale and was normalized against the endogenous control small nuclear RNA gene U6.

Figure 1. Continued. (C) Confirmation of microarray results by RT-qPCR. A total of 5 downregulated miRNAs (miR-375, miR-1, miR‑133b, miR-30a* and 
miR-101) and 4 upregulated miRNAs (miR-196a, miR-424, miR-96 and miR-130b) were selected and validated in the ESCC samples used for microarray. Fold 
change of miRNAs was calculated using the 2-ΔΔCt method and is presented in the log10 scale.
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miR-1 suppresses tumor cell growth. To explore the potential 
tumor-suppressive role of miR-1 in ESCC, the synthetic miR-1 
mimic was transfected into the ESCC Eca109 cells. The expres-
sion of mature miR-1 was validated by RT-qPCR (Fig. 3A).
MTT assay was used to evaluate cell viability. The assay 
revealed that the ectopic expression of miR-1 inhibited the 
cell growth rate (Fig. 3B). To further determine the effects of 
miR-1 on the growth of ESCC cells, a colony formation assay 
was performed. The results revealed that the colony-forming 
ability of the ESCC cells transfected with miR-1 declined by 
approximately 40% compared with the cells transfected with 
the negative control (Fig. 3C).

miR-1 modulates cell migration and invasion. In addition to 
cell growth inhibition, the effects of miR-1 on tumor migra-
tion and invasion were also investigated in this study. Wound 
healing assays revealed that the cells transfected with the 
miR-1 mimic migrated very small distances and were unable 
to achieve wound closure within 48 h (Fig. 4A). To validate that 

the suppression of mobility was not caused by the inhibitory 
effect on tumor cell growth, a Matrigel invasion assay was also 
performed. The results revealed that the number of invading 
cells was significantly decreased in the miR-1-transfected 
cells (Fig. 4B).

miRNA-targeted gene prediction and GO analysis. In order to 
investigate the potential target and possible mechanisms under-
lying the regulatory effects of miR-1 in ESCC, we searched 
for potential targets using TargetScan, PicTar and miRanda. A 
total of 584, 535 and 3,017 target genes of miR-1 were predicted 
using the 3 databases stated above, respectively. Among these, 
181 genes were common to all 3 databases. The predicted 
target genes of miR-1 were then classified by GO enrichment 
analysis. We observed that the significantly enriched target 
genes of miR-1 were associated with the following: ⅰ) tran-
scription regulator activity; ⅱ) sequence-specific DNA binding; 
ⅲ) the endomembrane system; ⅳ) regulation of transcription; 
ⅴ) vasculature development (Fig. 5).

Figure 3. Tumor suppressive functions of miR-1. (A) The efficiency of miR-1 mimics was validated by RT-qPCR. (B) Cell growth rates were suppressed by 
miR-1 as detected by MTT assay. (C) miR-1 inhibited the foci formation ability of Eca109 cells. All the results are expressed as the means ± SD.
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Figure 4. miR-1 modulates cell migration and invasion. (A) Wound healing assays revealed that cell motibily was suppressed by miR-1. Representative images 
were taken at 0, 24 and 48 h after scratching. (B) Cell invasion assays were performed using Matrigel invasion assay. miR-1 impeded tumor cell invasion in Eca109 
cells. All the results are expressed as the means ± SD. 
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Discussion

miRNAs have been reported to play critical roles in cancer 
development and progression through the suppression of 
downstream target genes  (8). The importance of miRNAs 
in cancer was first recognized when certain miRNAs were 
found to be specifically deleted in B-cell chronic lymphocytic 
leukemia (13). Since then, abnormal miRNA expression has 
been detected in different types of cancer (3,14). However, 
certain studies have focused instead on the association between 
miRNA and ESCC (8). In this study, for a better understanding 
of the molecular mechanisms involved in the development and 
progression of ESCC, the miRNA profiles in 8 primary ESCC 
cases were compared. Taking into account the baseline differ-
ences between individuals when testing for miRNA differential 
expression, the tumor and adjacent normal tissues samples were 
paired. With a 2‑fold cut-off point, 43 differentially expressed 
miRNAs were detected. Following this, we validated 5 down-
regulated miRNAs (miR-375, miR-1, miR-133b, miR-30a* and 
miR-101) and 4 upregulated miRNAs (miR-196a, miR-424, 
miR-96 and miR-130b) in the same 8 pairs of test samples by 
RT-qPCR. Consistent with the microarray results, all these 
miRNAs had a similar pattern of up- or downregulation. Due 
to the absolute fold change, miR-1 was selected for further 
analysis. miR-1 was originally identified as a muscle-specific 
miRNA enriched in cardiac and skeletal muscles (15,16). It 
plays important roles in cardiogenesis and myogenesis (17). 
More recently, miR-1 has been reported to be downregulated 
in various types of cancer and to have tumor-suppressive 
functions (18). For example, miR-1 has been shown to be down-
regulated and to suppress tumor cell migration through the 
miR-1-NOTCH3-Asef pathway in colorectal tumor cells (19). It 
also suppresses transgelin 2 (TAGLN2) in bladder cancer and 
head and neck squamous cell carcinoma (SCC) (20,21). miR-1 

has been shown to suppress the migration and invasion of 
laryngeal SCC (22). miR-1 also induces apoptosis by targeting 
prothymosin alpha (PTMA) in a nasopharyngeal carcinoma 
cell line (23). However, the role of miR-1 in ESCC remains to 
be elucidated.

In the present study, we found that miR-1 was frequently 
downregulated in ESCC (n=64) and that the downregulation 
of miR-1 significantly correlated with tumor invasion and an 
advanced clinical stage in ESCC. The effects of miR-1 on 
ESCC development and progression were also investigated by 
assays. By transfecting miR-1 into an ESCC cell line (Eca109), 
the expression of miR-1 markedly inhibited the tumor cell 
growth rate and foci formation. Furthermore, the expression 
of miR-1 suppressed tumor cell invasion and migration. It is 
plausible that miR-1 may play an important role as a tumor 
suppressor in the tumorigenesis and progression of ESCC.

Each miRNA can potentially downregulate several target 
genes by binding to their 3'-UTR. miRNAs may play different 
roles in different types of cancer. To identify the downstream 
target genes regulated by dysregulated miRNAs is an impor-
tant task. In this study, using the DAVID bioinformatics 
tool, GO enrichment analysis based on the predicted genes 
of miR-1 revealed that the mRNA clusters were significantly 
enriched for transcription regulation and cellular protein 
metabolic process regulation, protein dimerization activity 
and the regulation of molecular function, which outline the 
effects of miR-1 on ESCC.

In conclusion, we demonstrated miRNA expression profiles 
in ESCC and that miR-1 was markedly downregulated in 
ESCC, which significantly correlated with tumor invasion 
and an advanced clinical stage. Furthermore, the enhanced 
expression of miR-1 inhibited ESCC cell proliferation, inva-
sion and migration, suggesting that miR-1 functions as a tumor 
suppressor in ESCC. Bioinformatics analyses revealed the 

Figure 5. Significant miRNA targets identified by Gene Ontology (GO) analysis. Chart shows the GOs targeted by miR-1. All these GOs showed increased enrich-
ment. The vertical axis is the GO category, and the horizontal axis is the enrichment of GO.
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major biological processes that are targeted by miR-1. Our data 
present new evidence of the important role of miR-1 in ESCC. 
Further studies are warranted to perform a more detailed 
mechanistic analysis of miR-1 and to evaluate the usefulness 
of miR-1 as a diagnostic/prognostic marker and potential thera-
peutic target molecules in ESCC.
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