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miR-34a inhibits esophageal squamous cell carcinoma
progression via regulation of FOXM1
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Abstract. Downregulation of microRNA-34a (miR-34a)
has frequently been observed in esophageal squamous
cell carcinoma (ESCC). However, the underlying role and
molecular mechanism of miR-34a in ESCC remains largely
unknown. In the current study, it was demonstrated that
miR-34a was downregulated and forkhead box M1 (FOXM1),
a target gene of miR-34a, was upregulated in ESCC tumor
tissues. Overexpression of miR-34a decreased FOXM1 mRNA
and protein expression in the ESCC cell lines tested (TE-1 and
TE-8). Inhibition of miR-34a increased FOXM1 mRNA and
protein levels in human esophageal epithelial cells (HEEC).
In addition, miR-34a mimics reduced the relative luciferase
activity of ESCC cells transfected with FOXM1 3'UTR-WT,
but not FOXM1 3'UTR-Mut. The CCKS8 assay and scratch
wound healing assay showed that overexpression of miR-34a
induced inhibition of cell proliferation and cell migration.
Additionally, transfection with miR-34a mimics reduced the
expression of key genes involved in cell migration (MMP2 and
MMPY) in ESCC cells. Thus, the present data demonstrated
that miR-34a suppressed ESCC progression by directly
targeting FOXM1.

Introduction

Esophageal cancer (EC) is the 8th most frequent and the 6th
most fatal cancer worldwide (1), with an occurrence of >1:1,000
in high-risk northern Chinese populations, but 20-fold lower
in low-risk Western African populations (2). Esophageal
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squamous cell carcinoma (ESCC) or esophageal adenocarci-
noma (EAC) is found in almost 95% of EC cases (1). ESCC is
the main subtype of EC in China, whereas EAC is the most
common subtype of EC in Western countries.

ESCC, which arises from the squamous epithelium of the
esophagus, is associated with the consumption of tobacco (3).
The intake of substantial amounts of alcohol, particularly in
conjunction with smoking, dramatically increases the risk of
squamous-cell carcinoma (although not adenocarcinoma) (4).
At present, surgical resection is the main surgical treatment
for EC. For patients who have curative surgery and do not
progress to lymph node metastasis, the 5-year survival rate
is 20-30%; whereas, for patients with >1 lymph node metas-
tasis, the 5-year survival rate is only 13% (5). Therefore, it is
important to understand the molecular characteristics of EC
for clinical biomarkers and therapeutic modalities.

Biomarkers have been investigated for many years, in terms
of modifications in genomic DNA, specific mRNA/protein
molecules or metabolites (6).

Active or mature miRNAs are 18-22 nucleotides,
single-stranded RNA molecules with 50 phosphate and 30
hydroxyl groups (7). A mature miRNA can target hundreds
of mRNAs and one mRNA can be targeted by various
miRNAs (8). miRNAs are potential biomarkers with crucial
cellular roles in healthy and diseased cells (8). The reasons for
adopting miRNAs as anti-cancer drugs are the dysregulation
of miRNAs in cancer and the alteration of cancer phenotypes
via targeting miRNA (9). The in vivo stability of miRNAs has
been successfully used in preclinical models of miRNA-based
treatments (10). miR-34a acts as an important tumor suppressor
in various cancers (11). CDK4/6, cyclin D1, E2F3, MYCN,
SIRT1 and Bcl2, which are correlated with cell cycle and
apoptosis control, are downregulated by miR-34a (11).

The present study aimed to explore the role of miR-34a in
ESCC and the possible molecular mechanisms.

Materials and methods

Tissue samples. A total of 30 cases of ESCC tissues and
30 cases of adjacent non-tumor esophageal tissues were
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collected from 30 patients (17 male: 13 female) who aged at
47.21+8.33 between February, 2014 and January, 2016, from
Chibi Pu Spinning Hospital. No patient had received radio-
therapy or chemotherapy prior to surgery. The use of human
tissues was approved by the Ethics Committee of Chibi Pu
Spinning Hospital. Patients agreed to the use of their samples
in scientific research.

Cell culture. Human esophageal epithelial cells (HEEC),
Het-1A, and ESCC TE-8 and TE-1 cells were obtained from
the Institute of Biochemistry and Cell Biology of the Chinese
Academy of Sciences (Shanghai, China). Cell lines were cultured
in RPMI-1640 medium (Hyclone; GE Healthcare, Logan, UT,
USA) containing 10% heat-inactivated fetal bovine serum (FBS;
Invitrogen; Thermo Fisher Scientific Inc., MA, USA), 100 U/mL
penicillin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany),
and 100 mg/mL streptomycin (Sigma-Aldrich; Merck KGaA) in
an incubator at 37°C and 5% CO,.

Cell transfections. The miRNA-34a mimics and
miRNA-negative control (NC) mimics were obtained from
Qiagen GmbH (Hilden, Germany). HEEC, TE-8 and TE-1
cells were transfected with miR-34a mimics or miRNA-NC
mimics using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.), incubated at 37°C for 48 h and prepared
for the following experiments. The target sequences of
miRNA-34a mimics were as follows: 5'-UGGCAGUGUCUU
AGCUGGUUGU-3'.

The miRNA-34a inhibitor and miRNA-NC inhibitor
were purchased from Applied Biological Materials (ABM,
Vancouver, Canada). HEEC cells were transfected with
miR-34a inhibitor or miRNA-NC inhibitor by Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific Inc.), incubated at
37°C for 48 h and prepared for the following experiments.

RNA isolation and quantitative real-time PCR. Total RNA
from 30 samples of ESCC and non-tumor tissues, and ESCC
cell lines transfected with miR-34a mimics and miRNA-NC
mimics was isolated by TRIzol (Thermo Fisher Scientific, Inc.).
miRNA was isolated from 30 samples of ESCC and non-tumor
tissues, and ESCC cell lines transfected with miR-34a mimics
and miRNA-NC mimics, using a miRNA Extraction kit
(Qiagen GmbH). RNA integrity was assessed using a Nano
Drop ND-1000 spectrophotometer. Reverse transcription was
conducted using amiRNA cDNA Synthesis Kit (Qiagen GmbH).
gPCR amplification was conducted using SYBR green Premix
Ex Taq II (Qiagen GmbH) with the Step One Plus Real-Time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The experiment was performed using an ABI Prism 7500
Sequence Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). PCR was performed in a total volume
of 25.0 pl: 10 ul SYBR Premix Ex Taq (2X), 1 ul PCR Forward
Primer, 1 1 PCR Reverse Primer, 0.5 ul ROX Reference Dye
IT (50X)°3, 2 ul cDNA and 8 pl double-distilled water. The
PCR reaction was performed at an initial denaturation of
10 min at 95°C, 95°C (5 sec), 63°C (30 sec), and 72°C (30 sec)
for a total of 40 cycles, with a final extension step at 72°C for
5 min. The expression levels of genes were calculated by 2444
(AACq=ACq ESCC-ACq corresponding normal tissues) (12).
Primers used were: forkhead box M1 (FOXM1) forward:

707

5“TCTCAGCACCACTCCCTTG-3'; FOXMI reverse: 5'-GGA
TCTTGCTGAGGCTGTC-3'; GAPDH forward: 5-TGCACC
ACCAACTGCTTAGC-3"; GAPDH reverse: 5-GGCATGGAC
TGTGGTCATGAG-3'; miR-34a forward: 5'-CCCAGAACA
TAGACACGCTGGA-3"; miR-34a reverse: 5-ATCAGCTGG
GCACCTAGGACA-3'; U6 forward: 5-CTCGCTTCGGCA
GCACA-3"; and U6 reverse: 5'-CTCGCTTCGGCAGCACA-3'.
The expression level of miRNA was normalized using U6 as an
internal control. The expression level of mRNA was normal-
ized using GAPDH as an internal control.

Western blot analysis. Cells were collected and lysed in RIPA
lysis buffer (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China). A total of 10 ul protein extract separated on
6-15% SDS-PAGE and transferred onto a PVDF membrane
(Immobilon 0.45 ym; EMD Millipore, Billerica, MA, USA).
The blots were immersed in the primary antibodies of MMP-2
(cat. no: ab37150; 1:1,000; Abcam, Cambridge, MA, USA),
MMP-9 (cat. no: ab76003; 1:1,000; Abcam), FOXMI1 (cat.
no: ab180710; 1:1,000; Abcam) and GAPDH (cat. no: ab8245;
1:1,000; Abcam) which were diluted with 5% non-fat milk
overnight at 4°C; then treated with a secondary antibody (cat.
no: ab97080; 1:5,000; Abcam) for 2 h at room temperature.
Finally, the bands were exposed using electrochemilumines-
cence. Protein expression was normalized to GAPDH.

Luciferase reporter assay. For the luciferase reporter assay,
TE-8 and TE-1 cells were co-transfected with 20 mM
miR-34a mimic or the negative control and 200 ng of
psiCHECK-2-FOXM1-3'-UTR-WT or psiCHECK-2-
FOXM1-MUT, and 10 ng Renilla luciferase vector using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). Following 48 h transfection, cells were collected and
analyzed via the Dual-Luciferase Reporter Assay System
(Promega Corporation, Madison, WI, USA). Luciferase
activity was detected using the GloMax fluorescence reader
(Promega Corporation). The pRL-CMV Renilla luciferase
reporter was the control for contrast correction in transfection
efficiency.

Wound healing assay. The migratory ability of TE-1 cells was
evaluated by wound-healing assay. TE-1 cells in 6-well plates
were scratched with a 20 pul pipette tip (Eppendorf, Hamburg,
Germany) and grown in RPMI-1640 medium with 1% FBS
with 5% CO, at 37°C. The extent of migration was assessed by
phase contrast microscopy at 0 and 30 h, respectively. Wound
healing capacity was monitored under a microscope after 30 h.

Cell proliferation assay. To explore the effect of miR-34a on the
cell viability of TE-1 cells, the cell viability was measured using
a CCKS cell counting kit (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan) based on the manufacture's protocol.
Briefly, 1x10* TE-1 cells were seeded into 96-well plates and
allowed to grow overnight in complete DMEM (Hyclone; GE
Healthcare) at 37°C. The following day, 10 1 CCK8 solution
was added into each well and incubated for 2 h. The absorbance
of TE-1 cells at 450 nm was measured using a microplate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). At 24,48 and
72 h after miR-34a mimics or miR-NC mimics transfection, the
cell numbers were analyzed using the CCKS kit.
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Figure 1. miR-34a level was negatively correlated with the FOXM1 mRNA level in ESCC tumor tissues. (A) A significant decrease in miR-34a was observed
in tumor tissues. (B) Overexpression of FOXM1 mRNA was detected in tumor tissues compared with their non-cancerous counterparts. (C) Importantly,
there was a negative association between miR-34a levels and FOXM1 mRNA levels in ESCC tumor tissues. ““P<0.001. FOXMI, forkhead box M1; ESCC,

esophageal squamous cell carcinoma.

Statistical analysis. SPSS software v13.0 (SPSS, Inc., Chicago,
IL, USA) was used for statistical analyses. Data are expressed
as the mean + SD. A paired sample t-test was used to compare
FOXMI1 protein expression. Spearman's correlation analysis
was used to analyze the correlation between FOXM1 and
miR-34a. "P<0.05, “P<0.01 and *“P<0.001 were considered to
indicate a statistically significant difference.

Results

Decreased expression of miR-34a in tumor tissues from ESCC.
To evaluate the potential role of miR-34a in ESCC, we detected
miR-34a levels in 30 tumor tissues and matched normal tissues
from ESCC patients. A significant decrease in miR-34a was
observed in tumor tissues (Fig. 1A). FOXM1 was reported to
be a target gene of miR-34a in hepatocellular carcinoma (13).
We examined FOXM1 mRNA levels in samples from ESCC
patients. Overexpression of FOXM1 mRNA was detected in
tumor tissues compared with their non-cancerous matched
tissues (Fig. 1B). Importantly, there was a negative association
between miR-34a levels and FOXM1 mRNA levels in ESCC
tumor tissues (Fig. 1C).

miR-34a inhibits cell growth and cell migration in ESCC
cells. To identify the function of miR-34a in ESCC, we
overexpressed miR-34a in ESCC TE-1 cells by transfection
of miR-34a mimics (Fig. 2A). Overexpression of miR-34a
induced a decrease in the cell proliferation rate (Fig. 2B). In
addition, in a wound healing assay, miR-34a overexpression
reduced the wound closure areas of TE-1 cells, indicating that

the migration ability of TE-1 cells was inhibited upon miR-34a
elevation (Fig. 2C and D). These data suggested that miR-34a
could inhibit ESCC progression via the inhibition of cell
growth and the cell migration ability of cancer cells.

miR-34a negatively regulates FOXMI expression in ESCC
cells. The negative correlation between miR-34a and FOXM1
suggested that there might be a regulatory relationship between
miR-34a and FOXMI. Notably, we found that the overexpres-
sion of miR-34a reduced FOXM1 expression at both the mRNA
and protein level in the cell lines tested (TE-1 and TE-8;
Fig. 3A and B). In the immortal esophageal epithelium cell line
HEEC, inhibition of miR-34a by transfection of the miR-34a
inhibitor elevated FOXM1 expression (Fig. 3C and D).

miR-34adirectly represses FOXM1I expressionin ESCC.FOXM1
was reported to be a target gene of miR-34a in hepatocellular
carcinoma (13). The binding sites between miR-34a and FOXM1
were in consistent with that of the hepatocellular carcinoma (13).
A dual luciferase reporter assay was used to further explore the
regulatory relationship between miR-34a and FOXMI1 in ESCC
cells. In both TE-1 and TE-8 cells, overexpression of miR-34a
decreased the luciferase activity of cells transfected with FOXM1
3'UTR-WT, but not 3'UTR-Mut (Fig. 4).

miR-34a suppresses FOXM1 target gene expression in ESCC
cells. FOXM1 promoted cancer progression via elevating the
expression of MMP-2 and MMP-9 (14). Consistently, overex-
pression of miR-34a downregulated MMP-2 and MMP-9, two
target genes of FOXM1 involved in cell migration regulation,
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Figure 2. miR-34a inhibited cell growth and cell migration in ESCC cells. (A) We overexpressed miR-34a in ESCC TE-1 cells by transfection of miR-34a
mimics. (B) Overexpression of miR-34a induced a decrease in the cell proliferation rate. (C) Representative image and (D) quantification of wound healing
assay. miR-34a overexpression reduced the wound closure areas of TE-1 cells. "P<0.05, “P<0.01, ““P<0.001. ESCC, esophageal squamous cell carcinoma.
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Figure 3. miR-34a negatively regulate FOXM1 expression in ESCC cells. Overexpression of miR-34a reduced FOXM1 expression at both the (A) mRNA and
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Figure 5. miR-34a suppressed FOXMI1 target gene expression in ESCC cells. Overexpression of miR-34a downregulated MMP-2 and MMP-9 mRNA expression,
two target genes of FOXM1 which were involved in cell migration regulation, in both (A) TE-1 and (B) TE-8 cells. (C) This was confirmed via western blotting
whereby MMP-2 and MMP-9 protein expression levels were downregulated. “P<0.01. FOXM1, forkhead box M1; ESCC, esophageal squamous cell carcinoma.

in both TE-1 and TE-8 cells (Fig. 5). These data suggested
that miR-34a functioned as a tumor suppressor through tight
control of FOXMI and its target gene expression.

Discussion

EC incidence ranks fifth among cancers worldwide, and EC
is the fourth leading cause of cancer-related mortality in
China (15). About 70% of all EC occurs in China and ESCC
accounts for more than 90% of EC cases (16). Despite the
development in surgical techniques, chemotherapy, radiation
and perioperative management, the five-year survival rate of
ESCCis as low as only 10% (17). Thus, it is essential to develop
new therapeutic approaches to improve patient outcomes.
Increasing evidence has shown that alterations in the
expression of miRNAs are associated with the develop-
ment, prognosis and survival rate of EC (18). Studies have

reported the lack of expression of miR-34a in ESCC and colon
cancer (19,20). Consistent with those reports, we demonstrated
the down-regulation of miR-34a in ESCC patients compared
with paired cancer-adjacent normal tissues.

Our in vitro experiment showed that miR-34a overex-
pression inhibited ESCC cell proliferation and migration,
indicating the tumor suppressor role of miR-34a in ESCC,
which is consistent with previous studies in ESCC (21) and
breast cancer (22).

MMP family proteolytic enzymes are essential for the
remodeling of the extracellular matrix, whose degradation is
a prerequisite for the invasion and metastasis of cancer (23).
In the present study, the protein expression levels of MMP2
and MMP9 were decreased after miR-34a mimics treatment
compared with NC treatment.

miR-34a acts as an important tumor suppressor in
various cancers by targeting and downregulating CDK4/6,
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cyclin D1, E2F3, MYCN, SIRT1 and Bcl2 (11). FOXMI, a
transcription factor of the forkhead box family, is involved
in the regulation of cell proliferation (24). Aberrant
FOXMI plays an important role in angiogenesis, cell cycle
acceleration and metastasis (25-27). FOXMI1 promoted
cancer progression via elevating the expression of MMP-2
and MMP-9 (14). Furthermore, FOXMI1 is overexpressed
in many human solid cancers, including breast cancer and
colon cancer (28,29).

Although the effects of miR-34a (30,31) as well as
FOXMI (32,33) have already been investigated in ESCC,
and miR-34a could regulate the progression of hepatocel-
lular carcinoma via targeting FOXM1 (13), it has not been
investigated whether miR-34a could regulate the progression
of ESCC via targeting FOXM1. Consistent with these studies,
we demonstrated the upregulation of FOXM1 in ESCC
patients compared with paired cancer-adjacent normal tissues.
Importantly, the FOXM1 level was negatively correlated with
the miR-34a level. We also found that miR-34a interacted with
a putative binding site in the FOXM1 3'UTR and downregu-
lated the expression of FOXMI.

There are further molecular mechanisms that could be
involved, for instance, we only interpret the down regulation of
MMP2 and MMP9 as a consequence of the miR-34a-mediated
down regulation of FOXM1, which will be further explored to
show that the observed effect is actually mediated by FOXMI.

These results suggest that miR-34a is possibly a therapeutic
target for ESCC.
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