
fbioe-08-00075 February 18, 2020 Time: 19:36 # 1

ORIGINAL RESEARCH
published: 20 February 2020

doi: 10.3389/fbioe.2020.00075

Edited by:
Tao Huang,

Shanghai Institutes for Biological
Sciences (CAS), China

Reviewed by:
Zhenda Xie,

Taizhou University, China
Xiaodong Liang,

Zhejiang Provincial People’s Hospital,
China

*Correspondence:
Guangmao Yu

yu_guangmao@163.com

Specialty section:
This article was submitted to

Bioinformatics and Computational
Biology,

a section of the journal
Frontiers in Bioengineering and

Biotechnology

Received: 02 December 2019
Accepted: 28 January 2020

Published: 20 February 2020

Citation:
Wang H, Fu L, Wei D, Wang B,

Zhang C, Zhu T, Ma Z, Li Z, Wu Y and
Yu G (2020) MiR-29c-3p Suppresses
the Migration, Invasion and Cell Cycle

in Esophageal Carcinoma via
CCNA2/p53 Axis.

Front. Bioeng. Biotechnol. 8:75.
doi: 10.3389/fbioe.2020.00075

MiR-29c-3p Suppresses the
Migration, Invasion and Cell Cycle
in Esophageal Carcinoma via
CCNA2/p53 Axis
Haiyong Wang, Linhai Fu, Desheng Wei, Bin Wang, Chu Zhang, Ting Zhu, Zhifeng Ma,
Zhupeng Li, Yuanlin Wu and Guangmao Yu*

Department of Thoracic and Cardiovascular Surgery, Shaoxing People’s Hospital (Shaoxing Hospital, Zhejiang University
School of Medicine), Shaoxing, China

Objective: In the present study, we tried to describe the role of miR-29c-3p in
esophageal carcinoma (EC) and the relationship of miR-29c-3p with CCNA2 as well
as cell cycle, accordingly revealing the potential molecular mechanism across cell
proliferation, migration and invasion.

Methods: Expression profiles of EC miRNAs and matched clinical data were accessed
from TCGA database for differential and survival analyses. Bioinformatics databases
were employed to predict the downstream targets of the potential miRNA, and
enrichment analysis was performed on the miRNA and corresponding target gene
using GSEA software. qRT-PCR was conducted to detect the expression levels of miR-
29c-3p and CCNA2 mRNA in EC tissues and cells, and Western blot was performed
for the examination of CCNA2, CDK1 and p53 protein levels. Subsequently, cells
were harvested for MTT, Transwell as well as flow cytometry assays to examine cell
viability, migration, invasion and cell cycle. Dual-luciferase reporter gene assay and
RIP were carried out to further investigate and verify the targeted relationship between
miR-29c-3p and CCNA2.

Results: MiR-29c-3p was shown to be significantly down-regulated in EC tissues and
able to predict poor prognosis. CCNA2 was found to be a downstream target of
miR-29c-3p and mainly enriched in cell cycle and p53 signaling pathway, whereas miR-
29c-3p was remarkably activated in cell cycle. MiR-29c-3p overexpression inhibited
cell proliferation, migration and invasion, as well as arrested cells in G0/G1 phase.
As suggested by dual-luciferase reporter gene assay and RIP, CCNA2 was under the
regulation of miR-29c-3p, and the negative correlation between the two genes was
verified. Silencing CCNA2 could suppress cell proliferation, migration and invasion, as
well as activate p53 pathway, even was seen to reverse the inhibitory effect of PFTβ on
p53. Besides, in the presence of low miR-29c-3p, CCNA2 was up-regulated while p53
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was simultaneously inhibited, resulting in the promotion of cell migration, invasion and
cell cycle arrest.

Conclusion: MiR-29c-3p plays a regulatory role in EC tumorigenesis and development.
MiR-29c-3p can target CCNA2 to mediate p53 signaling pathway, finally attributing
to the inhibition of cell proliferation, migration and invasion, and making cells arrest in
G0/G1 phase.

Keywords: miR-29c-3p, CCNA2, p53, esophageal carcinoma, migration, invasion, cell cycle

INTRODUCTION

Esophageal carcinoma (EC), a common gastrointestinal
neoplasm, is the fifth cause of cancer-related death in China
(Wang et al., 2012). EC can be classified as esophageal squamous
cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC)
(Zaidi and Kelly, 2017), among which ESCC is the most common
histopathological type with relative high morbidity in China
(Kamangar et al., 2006; Bohanes et al., 2012). At present, the main
curative option of EC is surgery with adjuvant radiotherapy and
chemotherapy, but the overall prognosis remains poor (Gertler
et al., 2011). Therefore, studying potential molecular mechanism
is of great importance for the exploration of novel therapies.

MiRNAs is a large family, and some of the miRNAs show
targeted relationship with miRNAs. Genome analysis suggests
that miRNA-mediated genes account for nearly 30% of the total
human genome, and their expressions are firmly associated with
cancers (Calin et al., 2004; Lewis et al., 2005). Studies have
found that the alteration of miRNAs expression can lead to
the changes of oncogenes and tumor suppressor genes, thus
affecting cell proliferation, migration, invasion and apoptosis in
gastrointestinal neoplasms including ESCC (Harada et al., 2016).
In addition, miRNAs have been observed to be differentially
expressed in ESCC as reported by multiple microarray studies.
Ogawa et al. found that 22 miRNAs were up-regulated in
ESCC tissues relative to that in adjacent normal tissues, whereas
4 miRNAs were down-regulated (Fu et al., 2013). Fu et al.
revealed that among the 43 differentially expressed miRNAs
(DEmiRNAs) found in ESCC, 27 miRNAs were decreased and
the rest were increased, of which miRNA-1 was significantly
reduced and attributed to the inhibition of cell proliferation,
clone, migration and invasion (Yao et al., 2015). Moreover,
miR-34a was found to suppress cell migration and invasion in
ESCC via targeting Yin Yang-1 (Nie et al., 2015), and miR-29b
was shown to function on ESCC progression through targeting
MMP-2 (Qi et al., 2015).

CCNA2 (cyclin A2) is a cyclin accumulated in G1 phase and
plays a regulatory role in the transitional period of G1/S and
G2/M (Krasnov et al., 2017). Published literature has reported
that CCNA2 functions on various cancers, like colorectal cancer
(Huang et al., 2017), liver cancer (Yang et al., 2016), breast
cancer (Gao et al., 2014), cervical cancer (Wu et al., 2019),
and EC (Ma, 2019). In the present study, we found that
miR-29c-3p was remarkably down-regulated in EC cells. Then
bioinformatics methods were performed to predict the targets of
miR-29c-3p, and CCNA2 was selected for further investigation,

in turn evaluating the potential of miR-29c-3p/CCNA2 axis as an
effective therapy for EC.

MATERIALS AND METHODS

Bioinformatics Analysis
The miRNA and mRNA expression profiles of ESCA were
downloaded from the TCGA database1. “edgeR” package was
used to perform differential analysis, and | logFC| > 1.5 and
P-adj < 0.01 were set as the threshold to screen out DEGs.
Survival analysis was performed on DEmiRNAs to confirm
the potential target miRNA. Four databases miRDB2, mirDIP3,
starBase4, and miRTarBase5 were utilized to predict the targets
of the miRNA, and Venn diagram was plotted to find the
potential target genes. GSEA 4.0.1 software was applied to carry
out enrichment analysis on the miR-29c-3p and its target gene
CCNA2. According to the median expression level of CCNA2 and
miR-29c-3p, EC tissue samples were divided into high (n = 80)
and low (n = 80) expression groups. MSigDB6 was applied to
access “c2.cp.kegg.v7.0.symbols.gmt” data as reference.

Cell Culture
Human normal esophageal epithelial cell HET-1A
(BNCC342346) and EC cell lines Eca-109 (BNCC337687),
EC9706 (BNCC339892), KYSE150 (BNCC342590), and
KYSE180 (BNCC351871) were purchased from BeNa Culture
Collection (Beijing, China). All cells were grown in the Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, United States)
supplemented with 10% fetal bovine serum (FBS; Gibco,
United States), streptomycin (100 mg/mL; Gibco, United States)
and penicillin (100 units/mL; Gibco, United States), and
maintained in 5% CO2 at 37◦C.

Sample Collection
A total of 30 cases of EC tissues and matched adjacent normal
tissues (2 cm in margin) were collected in the Shaoxing People’s
Hospital from January 2018 to May 2019. All samples were
obtained during the intraoperative period as well as firmly

1https://portal.gdc.cancer.gov/
2http://mirdb.org/miRDB/index.html
3http://ophid.utoronto.ca/mirDIP/index.jsp#r
4http://starbase.sysu.edu.cn/
5http://mirtarbase.mbc.nctu.edu.tw/php/index.php
6http://software.broadinstitute.org/gsea/msigdb/index.jsp
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diagnosed by experienced pathologists, and none of the patients
had received preoperative chemotherapy or radiotherapy. EC
tissues separated were rapidly stored in RNA preservation
solution. All procedures were performed with the approval of
the Ethics Committee in the Shaoxing People’s Hospital and
informed consent was obtained from all patients before this
study. Patients’ clinicopathological characteristics like gender,
age, histology identification results and tumor location were
detailed in Table 1.

Cell Transfection
For preparation, cells were grown in complete medium for
at least 24 h, and washed by phosphate buffered saline (PBS;
pH 7.4) before transfection. Plasmids were all purchased from
GenePharma (Shanghai, China), and transiently transfected into
EC cells using Lipofectamine2000 (Thermo Fisher Scientific,
Inc.), consequently forming six groups of NC mimic, miR-29c-
3p mimic, NC inhibitor, miR-29c-3p inhibitor, si-NC, and si-
CCNA2. Transfected cells were cultured in DMEM containing
5% CO2 at 37◦C for subsequent experiments.

RNA Extraction and qRT-PCR
TRIzol Reagent (Invitrogen) was utilized to isolate the total RNA
and Superscript II reverse transcriptase (Invitrogen) was applied
for cDNA synthesis via reverse transcription using 2 µg of total
samples. qRT-PCR was conducted for the detection of miR-
29c-3p and CCNA2 mRNA using the Applied Biosystems 7300
Real-Time PCR System (Applied Biosystems, United States), with
U6 and GAPDH as internal control. All steps were followed
the manufacturer’s instructions. Primers used were designed by
Sangon Biotech (Shanghai, China) as listed in Table 2. 2−11Ct

method was used for the normalization of miR-29c-3p and
CCNA2 mRNA expression levels.

Western Blot
After 48 h of transfection, cells were washed three times with cold
PBS. Then proteins were extracted from cells on ice by whole

TABLE 1 | Basic information of patients and correlation with miR-29c-3p
expression.

Characteristic Total miR-29c-3p expression

Low High

Gender

Male 13 4 9

Female 17 6 11

Age

<50 12 3 9

≥50 18 7 11

Histology

Adenocarcinoma 5 2 3

Squamous cell carcinoma 25 8 17

Tumor location

Upper esophagus 2 0 2

Middle esophagus 23 8 15

Lower esophagus 5 2 3

TABLE 2 | Primer sequence.

Target gene Primer (5′–3′)

CCNA2 F: CAGAAAACCATTGGTCCCTC

R: CACTCACTGGCTTTTCATCTTC

miR-29c-3p F: TAGCACCATTTGAAATCGGTTA

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH F: GCACCGTCAAGGCTGAGAAC

R: TGGTGAAGACGCCAGTGGA

cell lysate, and the concentration was assayed using BCA kit
(Thermo Fisher Scientific, Waltham, MA, United States). 30 µg
of the total extraction was separated through polyacrylamide
gel electrophoresis (PAGE), and transferred onto the PVDF
membranes (Amersham, United States) that were sequentially
blocked in 5% skim milk for 1 h. Afterward, the membrane was
incubated with primary rabbit polyclonal antibodies overnight
at 4◦C, followed by horseradish peroxidase (HRP)-labeled
secondary antibody goat anti-rabbit IgG H&L (ab6721, 1:2000,
Abcam, Cambridge, United Kingdom) at room temperature
for 1 h. Primary antibodies contained CCNA2 (ab181591,
1:2000, Abcam, Cambridge, United Kingdom), p53 (ab32389,
1:1000, Abcam, Cambridge, United Kingdom) and GAPDH
(ab9485, 1:2500, Abcam, Cambridge, United Kingdom). PBST
(PBS containing 0.1% Tween-20) was utilized to wash the
membranes three times following each step. Protein bands were
visualized by chemiluminescence apparatus (GE, United States)
and then photographed.

MTT
Transfected cells were digested, resuspended and then plated
into 96-well plates at a density of 5 × 103 cells/well. At 24,
48, 72, and 96 h, 10 µL of MTT regent (5 mg/mL) was added
into per well and cells were continuously cultured at 37◦C for
4 h. Thereafter, the supernatant was removed and the precipitate
was solubilized in 200 µL of dimethyl sulfoxide (DMSO). Neo
multimode reader (Thermo Fisher Scientific) was applied to
measure the absorbance at 595 nm.

Transwell
Migration assay: Cells in logarithmic phase were placed in serum-
free medium for 24 h. On the following day, cell suspension at a
concentration of 2 × 104 cells/mL was prepared after digestion
and centrifugation. 0.2 mL of suspension was added into the
Transwell inserts, and 700 µL of pre-cooled DMEM containing
10% FBS was placed out of the inserts. After 24 h of incubation
in 5% CO2 at 37◦C, unmigrated cells were wiped off with a
cotton swab, while cells migrated out of the inserts were fixed
by methanol for 30 min and stained in 0.1% crystal violet for
20 min. Images were captured under an inverted microscope, and
five fields were randomly selected for cell count.

Invasion assay: Around 2 × 104 cells were added into the
upper chambers pre-coated with Matrigel matrix (Corning, NY,
United States), and DMEM supplemented with 10% FBS was
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placed in the lower chambers. Follow-up steps were similar with
migration assay as detailed above.

Flow Cytometry
Petri dishes (6 cm) were utilized to culture transfected cells
(2 × 105 cells/dish) until 80% in confluence. Subsequently,
cells were digested with trypsin, washed with ice-cold PBS
and collected. After being fixed by 75% methanol, cells were
centrifuged and suspended in RNase A (Sigma-Aldrich) followed
by stained using 500 µL PI solution (Sigma-Aldrich). Flow
cytometer (Beckman-Coulter) was employed to analyze the cell
cycle. The percentage of cells in G0/G1, S and G2/M was
calculated, respectively, and compared in each group.

Dual-Luciferase Reporter Gene Assay
CCNA2 vectors bearing mutant and wild type 3′UTR (MUT- and
WT-3′UTR) were cloned into pmiRGLO (Promega, Madison,
WI, United States), forming the luciferase reporter plasmids
WT-CCNA2 and MUT-CCNA2. Then the two plasmids were co-
transfected with miR-29c-3p mimic or NC mimic into EC cell
lines, respectively, with the Renilla luciferase expression vector
pRL-TK (TaKaRa, Dalian, China) as the internal control. Cells

were grown in DMEM containing 10% FBS. After 48 h, dual-
luciferase detection kit (Promega, Madison, WI, United States)
was utilized to examine the luciferase activity.

RNA-Binding Protein
Immunoprecipitation Assay (RIP)
Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, United States) was applied in this experiment
following the manufacture’s protocols. Cells were firstly
lysed in RIP lysate buffer for 30 min, then the proteins
obtained were incubated in RIP buffer containing magnetic
beads. Ago2 antibody (ab32381, 1:50, Abcam, Cambridge,
United Kingdom) was used to immune-precipitate miR-29c-3p
protein complex taking normal rabbit antibody IgG (ab6712,
1:1000, Abcam, Cambridge, United Kingdom) as negative
control. Consequently, protease K was utilized to purify the
immunoprecipitation, and qRT-PCR was performed to detect
the expression of CCNA2 mRNA.

Statistical Analysis
SPSS 22.0 statistical software was utilized to process all data.
Measurement data were expressed as mean± standard deviation

FIGURE 1 | MiR-29c-3p is decreased in EC tissues accompanied by low survival rate and associated with the increase of CCNA2. TCGA database was utilized to
access expression data of miRNAs and mRNAs of ESCA, and (A) the results of differential analysis were plotted in Volcano plots, with red representing high
expression and green representing low expression. In panel (B), miR-29c-3p level in EC tissues were determined as shown in a box plot. (C) Survival analysis of
miR-29c-3p in TCGA-ESCA dataset was performed, with the red line as high expression and blue line as low expression. In panel (D), Venn diagram was made to
find the candidate targets of miR-29c-3p, acquiring 10 DEmRNAs. In panel (E), correlation analysis was conducted between miR-29c-3p and CCNA2 (–0.57) as
plotted in a heat map. In panel (F), CCNA2 expression in EC cells was examined. Clinical tissue samples were used to further explore the (G) expression of
miR-29c-3p and CCNA2 mRNA in EC tissues by qRT-PCR, (H) the protein level of CCNA2 (P1, P2, P3 referred to three EC samples) via Western blot and (I) the
correlation between miR-29c-3p and CCNA2. *P < 0.05.
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(SD). t-test and one-way ANOVA were employed to perform
comparisons between two groups and among multiple groups,
respectively. Kaplan–Meier survival analysis was conducted using
the log-rank method. Pearson analysis was used to analyze
the correlation between miR-29c-3p and CCNA2. Statistical
significance was considered when P < 0.05.

RESULTS

MiR-29c-3p Is Decreased in EC Tissues
Accompanied by Low Survival Rate and
Associated With the Increase of CCNA2
Differential analysis was conducted on the gene expression
profiles in TCGA-ESCA dataset using “edgeR” package, acquiring
62 DEmiRNAs and 1609 DEmRNAs (Figure 1A). Among
them, miR-29c-3p showed significantly low expression in EC
tissues (Figure 1B). Meanwhile, survival analysis suggested
that low miR-29c-3p predicted poor prognosis, showing the
survival time of patients with low miR-29c-3p shorter than
those with high expression (Figure 1C). In addition, miRDB,
mirDIP, starBase, and miRTarBase four databases were applied
to predict candidate targets of miR-29c-3p and Venn diagram
was plotted to find the potential target genes. As revealed in

Figure 1D, 10 DEmRNAs were obtained, among which CCNA2
presented relative high correlation with miR-29c-3p (−0.57),
as well as significantly increased expression in cancer cells
relative to the normal control (Figures 1E,F). GSEA suggested
that miR-29c-3p was highly enriched in cell cycle, and CCNA2
was mainly activated in cell cycle and p53 signaling pathway
(Supplementary Figures S1A–C).

Moreover, we detected the expression levels of miR-29c-
3p and CCNA2 mRNA in clinical samples of cancer tissues
by qRT-PCR, and the results showed that miR-29c-3p in EC
epithelial tissues was significantly lower than that in normal
tissues, while CCNA2 was highly expressed (Figure 1G). Western
blot indicated that CCNA2 showed remarkably up-regulated
expression in the protein level as well (Figure 1H). Besides,
correlation analysis was carried out, and there was a reverse
association between miR-29c-3p and CCNA2 (Figure 1I). All
above results elucidated that miR-29c-3p and CCNA2 could be
served as potential biomarkers for EC diagnosis.

MiR-29c-3p Functions on the Migration,
Invasion and Cell Cycle of EC Epithelial
Cells
To further verify the role of miR-29c-3p in EC, qRT-PCR
was firstly performed in 5 cell lines (including one normal

FIGURE 2 | MiR-29c-3p functions on the migration, invasion and cell cycle of EC epithelial cells. qRT-PCR was performed to test (A) the expression of miR-29c-3p
in each cell line and (B) that in Eca109 and EC7906 cells after transfected with miR-29c-3p mimic. To further evaluate the role of miR-29c-3p in EC cells, with the
presence of miR-29c-3p mimic and normal cells as control, (C) cell viability was detected by MTT, (D) migration and invasion ability was examined by Transwell and
(E) cell cycle was assayed by flow cytometry. *P < 0.05.
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cell line and four EC cell lines), suggesting the decreased
expression of miR-29c-3p in EC cells (Figure 2A). For better
observation, Eca109 and EC7906 were selected for subsequent
analysis. As shown in Figure 2B, miR-29c-3p was significantly
up-regulated in the two cells lines after transfection with miR-
29c-3p mimic. It was also determined that cell viability was
suppressed in the cells transfected with miR-29c-3p mimic as
detected by MTT, indicting the weakening of cell proliferation
(Figure 2C). Transwell assay revealed that EC cells had
reduced migration and invasion abilities when miR-29c-3p was
overexpressed (Figure 2D). Furthermore, flow cytometry showed
the accumulation of miR-29c-3p mimic transfected cells in
G0/G1phase (Figure 2E), indicating that miR-29c-3p could arrest
cells from entering S phase, thus inhibiting cell proliferation.

MiR-29c-3p Targets CCNA2 and Inhibits
Its Expression
As aforementioned, CCNA2 was a downstream target
of miR-29c-3p (Figure 3A) and highly expressed in

EC cells. To make a better understanding of their
targeted relationship, dual-luciferase reporter gene assay
was carried out via the construction of WT-CCNA2
and MUT-CCNA2. As shown in Figure 3B, luciferase
activity was significantly decreased in the cells transfected
with miR-29c-3p mimic and WT-CCNA2. Meanwhile,
findings concluded by RIP suggested the remarkably
up-regulated CCNA2 in miR-29c-3p mimic transfected
cells (Figure 3C). Together, it could be elucidated that
miR-29c-3p could specifically bind with CCNA2, leading to
its reduced expression.

Besides, qRT-PCR and Western blot were conducted
to further verify such relationship. As revealed by qRT-
PCR plotted in Figure 3D, significantly reduced CCNA2
mRNA was observed when miR-29c-3p was overexpressed.
Similar trend could be seen in Western blot, showing
the down-regulation of CCNA2 protein level in cells
transfected with miR-29c-3p mimic (Figure 3E). Collectively,
there was a targeted relationship between miR-29c-3p
and CCNA2.

FIGURE 3 | MiR-29c-3p targets CCNA2 and inhibits its expression. Targeted binding sites of miR-29c-3p and CCNA2 were predicted before as shown in panel (A).
To investigate their targeted relationship, (B) dual-luciferase assay was performed to confirm their targeted binding, and (C) RIP was conducted to describe the
effect of miR-29c-3p on CCNA2. Moreover, (D,E) qRT-PCR and Western blot were carried out to determine CCNA2 expression in mRNA and protein levels in
miR-29c-3p mimic transfected cells, so as to further verify such relationship. *P < 0.05.
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CCNA2 Silencing Regulates the
Migration, Invasion and Cell Cycle in EC
by Promoting p53 Signaling Pathway
Prior studies have found that CCNA2, a type of cyclin, is able
to promote cell proliferation, migration and invasion (Ma, 2019;
Shekhar et al., 2019; Tu et al., 2019), as well as associated
with various biological pathways like p53 signaling pathway
(Zhang et al., 2018; Doan et al., 2019). In order to investigate
the underlying mechanism of CCNA2 on EC cells, cells were
classified into four groups: si-NC+DMSO, si-CCNA2+DMSO,
si-NC + PFTβand si-CCNA2 + PFTβ groups [PFTβ, p53
inhibitor, HY-16702, MedChemExpress, 10 µM (Da Pozzo et al.,
2014)]. qRT-PCR was firstly performed to test CCNA2 level in
each group, finding that CCNA2 was markedly decreased in
cells transfected with si-CCNA2 + DMSO (Figure 4A). Western
blot suggested that CCNA2 silencing was with a concomitant
increase in p53 level. si-NC + PFTβ group presented the
lowest p53 expression, while in si-CCNA2 + PFTβ group,
p53 level was restored, indicating that CCNA2 silencing could
abrogate the inhibitory effect of PFTβ on p53 (Figure 4B).

Subsequently, transfected cells were harvested for MTT and
Transwell assays, revealing that the decrease of cell viability was
more prominent with the reduction of CCNA2 (Figure 4C), as
well as cell migration and invasion (Figure 4D). Furthermore,
flow cytometry results plotted in Figure 4E showed the
accumulation of cells in G0/G1 phase with the reduction of
CCNA2. Taken together, CCNA2 silencing could repress EC
epithelial cell activities.

MiR-29c-3p Mediates the Migration,
Invasion and Cell Cycle in EC via
CCNA2/p53 Axis
In order to uncover the miR-29c-3p-dependent mechanism in
EC, inhibitor NC + si-NC, inhibitor NC + si-CCNA2, miR-
29c-3p inhibitor + si-NC and miR-29c-3p inhibitor + si-
CCNA2 were designed to transfect cells. As shown in Figure 5A,
p53 expression was up-regulated when CCNA2 was silenced,
whereas when miR-29c-3p was inhibited, CCNA2 was increased
with a concomitant of p53 decrease. Besides, when miR-29c-
3p and CCNA2 were repressed simultaneously, p53 expression

FIGURE 4 | CCNA2 silencing regulates the migration, invasion and cell cycle in EC by promoting p53 signaling pathway. si-NC + DMSO, si-CCNA2 + DMSO,
si-NC + PFTβ and si-CCNA2 + PFTβ were transfected into cells. qRT-PCR and Western blot were conducted to determine (A) the CCNA2 mRNA and (B) protein
levels of CCNA2 as well as p53. MTT, Transwell, and flow cytometry were performed to investigate the effects of silencing CCNA2 on EC cell activities, including (C)
cell viability, (D) migration and invasion, (E) cell cycle. *P < 0.05.
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was restored. Moreover, MTT assay showed that miR-29c-3p
inhibitor could promote cell proliferation, while such promotive
effect was inhibited when CCNA2 was silenced (Figure 5B).
Similar results could be concluded as suggested by Transwell
migration and invasion assays (Figure 5C). Meanwhile, with
the results of flow cytometry plotted in Figure 5D, it could be

indicated that the accumulation of cells in G0/G1 phase was
positively associated with miR-29c-3p expression. Collectively,
we speculated that miR-29c-3p targeted CCNA2 to regulate p53
signaling pathway, thereby repressing cell migration, invasion
and resulting in cell cycle arrest, culminating in the inhibition
of tumorigenesis.

FIGURE 5 | MiR-29c-3p mediates the migration, invasion and cell cycle in EC via CCNA2/p53 axis. Cells were treated with inhibitor NC + si-NC, inhibitor
NC + si-CCNA2, miR-29c-3p inhibitor + si-NC and miR-29c-3p inhibitor + si-CCNA2, and then harvested for (A) Western blot to detect the protein levels of CCNA2
and p53. (B) MTT was performed to test cell viability, (C) Transwell was conducted to assay the ability of cell migration and invasion, and (D) flow cytometry was
carried out to determine the effect of miR-29c-3p on cell cycle. *P < 0.05.
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DISCUSSION

Enormous evidence has revealed that miRNAs possess the ability
of mediating cancer cell proliferation, migration and invasion,
exerting their important regulatory roles in tumorigenesis and
development (Lu et al., 2005; Deng et al., 2016). In ESCC,
miR-124-3p could targeted bind with 3′UTR of BCAT1, and
was found to be firmly correlated with cell proliferation and
migration (Zeng et al., 2019). Renata Hezova et al. (2015)
reported that miR-21, miR-29c, miR-148, and miR-203 could
serve as potential diagnostic and prognostic biomarkers in EAC
and ESCC. Therein, miR-29c has been reported to function on
cell proliferation, migration, invasion and cell cycle, supporting
its potential as a therapeutic target (Rao and Pattabiraman,
1989; Fan et al., 2014; Zhao et al., 2015; Li et al., 2018). For
example, miR-29c could induce cell cycle arrest in ESCC through
mediating the expression of cyclin E (Ding et al., 2011).

In the present study, we verified the low expression of miR-
29c-3p in EC epithelial tissues and cells, and found that cell
viability, migration and invasion were significantly decreased in
cells treated with miR-29c-3p mimic. In addition, miR-29c-3p
was seen to be associated with cell cycle as indicated by GSEA.
Compared with the NC group, overexpression of miR-29c-3p
attributed to the cell cycle arrest in G0/G1 phase, thus inhibiting
the cell proliferation.

CCNA2 was found to be a direct target of miR-29c-3p, which
was predicted by bioinformatics methods and verified by dual-
luciferase reporter gene and RIP assays. Silencing CCNA2 could
decrease the inhibitory effect of miR-29c-3p on EC epithelial
cell proliferation, migration and invasion. CCNA2, a member
of cyclin family, is a core regulatory factor during cell cycle
progression, and participates in the regulation of S phase and
mitosis. In addition, another study has showed that CCNA2 is
involved in cytoskeleton dynamics behaviors and cell activities
(Bendris et al., 2012), and the dysregulation of CCNA2 expression
can be used as a marker of metastasis (Loukil et al., 2015).
Notably, CCNA2 is commonly related to cell proliferation and
highly expressed in many cancers. For instance, Cyclin A2
and Cyclin E2 can be mediated by SOSTDC1 and potentiate
cell proliferation in thyroid cancer (Liang et al., 2015). FH535
can suppress cell proliferation and migration in colorectal
cancer through regulating cyclin A2 and Claudin1 (Tu et al.,
2019). Besides, Xu et al. (2019) found that miRNAs-mediated
CCNA2 targeted p53 to inhibit cell senescence, in other words,
p53/miRNAs/CCNA2 axis could be used as a novel regulator for
cell senescence.

In this research, CCNA2 was found to be mainly activated
in p53 signaling pathway and cell cycle detected by GSEA, and

significantly up-regulated in EC tissues and cells relative to the
normal controls. Silencing CCNA2 could remarkably repress cell
proliferation, migration and invasion. In addition, Western blot
showed that the decrease of CCNA2 attributed to the increase
of p53, which played a crucial role in the regulation of cell
cycle and apoptosis, as well as in the response of cell to DNA
damage. When CCNA2 and p53 were simultaneously silenced,
the protein level of p53 was seen to be up-regulated relative to
that with p53 inhibitor alone, elucidating that silencing CCNA2
could promote p53 expression to some extent, thus activating
p53 signaling pathway, consequently inhibiting cell proliferation,
migration and invasion, and inducing cell arrest in G0/G1 phase.

In summary, our study confirmed that high miR-29c-3p
expression can inhibit cell proliferation, migration and invasion
in EC via CCNA2/p53 axis, which helps us to explore a novel
approach on EC diagnosis and treatment.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

All procedures were performed with the approval of the Ethics
Committee in the Shaoxing People’s Hospital and informed
consent was obtained from all patients before this study.

AUTHOR CONTRIBUTIONS

HW and LF conceived and designed the study. DW, BW, CZ,
and TZ performed the experiments. ZM and ZL wrote the
manuscript. YW, HW, LF, and GY reviewed and edited the
manuscript. All authors read and approved the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00075/full#supplementary-material

FIGURE S1 | GSEA analysis of miR-29c-3p and CCNA2. (A) GSEA suggested
that miR-29c-3p was highly activated in cell cycle. (B,C) GSEA revealed the
correlation of high CCNA2 expression with cell cycle and p53 signaling
pathway. FDR < 0.05.

REFERENCES
Bendris, N., Loukil, A., Cheung, C., Arsic, N., Rebouissou, C., Hipskind, R., et al.

(2012). Cyclin A2: a genuine cell cycle regulator? Biomol. Concepts 3, 535–543.
doi: 10.1515/bmc-2012-0027

Bohanes, P., Yang, D., Chhibar, R. S., Labonte, M. J., Winder, T., Ning, Y., et al.
(2012). Influence of sex on the survival of patients with esophageal cancer.
J. Clin. Oncol. 30, 2265–2272. doi: 10.1200/JCO.2011.38.8751

Calin, G. A., Sevignani, C., Dumitru, C. D., Hyslop, T., Noch, E.,
Yendamuri, S., et al. (2004). Human microRNA genes are frequently
located at fragile sites and genomic regions involved in cancers.
Proc. Natl. Acad. Sci. U.S.A. 101, 2999–3004. doi: 10.1073/pnas.03073
23101

Da Pozzo, E., La Pietra, V., Cosimelli, B., Da Settimo, F., Giacomelli, C.,
Marinelli, L., et al. (2014). p53 functional inhibitors behaving like pifithrin-
beta counteract the Alzheimer peptide non-beta-amyloid component effects

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 9 February 2020 | Volume 8 | Article 75

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00075/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00075/full#supplementary-material
https://doi.org/10.1515/bmc-2012-0027
https://doi.org/10.1200/JCO.2011.38.8751
https://doi.org/10.1073/pnas.0307323101
https://doi.org/10.1073/pnas.0307323101
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00075 February 18, 2020 Time: 19:36 # 10

Wang et al. MiR-29c-3p Suppresses Development of EC

in human SH-SY5Y cells. ACS Chem. Neurosci. 5, 390–399. doi: 10.1021/
cn4002208

Deng, D., Xue, L., Shao, N., Qu, H., Wang, Q., Wang, S., et al. (2016). miR-137 acts
as a tumor suppressor in astrocytoma by targeting RASGRF1. Tumour. Biol. 37,
3331–3340. doi: 10.1007/s13277-015-4110-y

Ding, D. P., Chen, Z. L., Zhao, X. H., Wang, J. W., Sun, J., Wang, Z., et al. (2011).
miR-29c induces cell cycle arrest in esophageal squamous cell carcinoma by
modulating cyclin E expression. Carcinogenesis 32, 1025–1032. doi: 10.1093/
carcin/bgr078

Doan, P., Musa, A., Candeias, N. R., Emmert-Streib, F., Yli-Harja, O., and
Kandhavelu, M. (2019). Alkylaminophenol induces G1/S phase cell cycle
arrest in glioblastoma cells through p53 and cyclin-dependent kinase signaling
pathway. Front. Pharmacol. 10:330. doi: 10.3389/fphar.2019.00330

Fan, Y., Song, X., Du, H., Luo, C., Wang, X., Yang, X., et al. (2014). Down-regulation
of miR-29c in human bladder cancer and the inhibition of proliferation in
T24 cell via PI3K-AKT pathway. Med. Oncol. 31:65. doi: 10.1007/s12032-0
14-0065-x

Fu, H. L., Wu, D. P., Wang, X. F., Wang, J. G., Jiao, F., Song, L. L., et al. (2013).
Altered miRNA expression is associated with differentiation, invasion, and
metastasis of esophageal squamous cell carcinoma (ESCC) in patients from
Huaian. China. Cell Biochem. Biophys. 67, 657–668. doi: 10.1007/s12013-013-
9554-3

Gao, T., Han, Y., Yu, L., Ao, S., Li, Z., and Ji, J. (2014). CCNA2 is a prognostic
biomarker for ER+ breast cancer and tamoxifen resistance. PLoS One 9:e91771.
doi: 10.1371/journal.pone.0091771

Gertler, R., Stein, H. J., Langer, R., Nettelmann, M., Schuster, T., Hoefler, H., et al.
(2011). Long-term outcome of 2920 patients with cancers of the esophagus and
esophagogastric junction: evaluation of the New Union Internationale Contre
le Cancer/American Joint cancer committee staging system. Ann. Surg. 253,
689–698. doi: 10.1097/SLA.0b013e31821111b5

Harada, K., Baba, Y., Ishimoto, T., Shigaki, H., Kosumi, K., Yoshida, N., et al.
(2016). The role of microRNA in esophageal squamous cell carcinoma.
J. Gastroenterol. 51, 520–530. doi: 10.1007/s00535-016-1161-9

Hezova, R., Kovarikova, A., Srovnal, J., Zemanova, M., Harustiak, T., Ehrmann, J.,
et al. (2015). Diagnostic and prognostic potential of miR-21, miR-29c, miR-148
and miR-203 in adenocarcinoma and squamous cell carcinoma of esophagus.
Diagn Pathol. 10:42. doi: 10.1186/s13000-015-0280-6

Huang, H. L., Chen, W. C., Hsu, H. P., Cho, C. Y., Hung, Y. H., Wang, C. Y.,
et al. (2017). Silencing of argininosuccinate lyase inhibits colorectal cancer
formation. Oncol. Rep. 37, 163–170. doi: 10.3892/or.2016.5221

Kamangar, F., Dores, G. M., and Anderson, W. F. (2006). Patterns of cancer
incidence, mortality, and prevalence across five continents: defining priorities
to reduce cancer disparities in different geographic regions of the world. J. Clin.
Oncol. 24, 2137–2150. doi: 10.1200/JCO.2005.05.2308

Krasnov, G. S., Puzanov, G. A., Kudryavtseva, A. V., Dmitriev, A. A., Beniaminov,
A. D., Kondratieva, T. T., et al. (2017). [Differential expression of an ensemble
of the key genes involved in cell-cycle regulation in lung cancer]. Mol. Biol. 51,
849–856. doi: 10.7868/S0026898417050135

Lewis, B. P., Burge, C. B., and Bartel, D. P. (2005). Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human genes are microRNA
targets. Cell 120, 15–20. doi: 10.1016/j.cell.2004.12.035

Li, W., Yi, J., Zheng, X., Liu, S., Fu, W., Ren, L., et al. (2018). miR-29c plays
a suppressive role in breast cancer by targeting the TIMP3/STAT1/FOXO1
pathway. Clin. Epigenetics 10:64. doi: 10.1186/s13148-018-0495-y

Liang, W., Guan, H., He, X., Ke, W., Xu, L., Liu, L., et al. (2015). Down-regulation
of SOSTDC1 promotes thyroid cancer cell proliferation via regulating cyclin A2
and cyclin E2. Oncotarget 6, 31780–31791. doi: 10.18632/oncotarget.5566

Loukil, A., Cheung, C. T., Bendris, N., Lemmers, B., Peter, M., and Blanchard, J. M.
(2015). Cyclin A2: at the crossroads of cell cycle and cell invasion. World J. Biol.
Chem. 6, 346–350. doi: 10.4331/wjbc.v6.i4.346

Lu, J., Getz, G., Miska, E. A., Alvarez-Saavedra, E., Lamb, J., Peck, D., et al. (2005).
MicroRNA expression profiles classify human cancers. Nature 435, 834–838.
doi: 10.1038/nature03702

Ma, Q. (2019). MiR-219-5p suppresses cell proliferation and cell cycle progression
in esophageal squamous cell carcinoma by targeting CCNA2. Cell Mol. Biol.
Lett. 24:4. doi: 10.1186/s11658-018-0129-6

Nie, J., Ge, X., Geng, Y., Cao, H., Zhu, W., Jiao, Y., et al. (2015). miR-34a
inhibits the migration and invasion of esophageal squamous cell carcinoma
by targeting Yin Yang-1. Oncol. Rep. 34, 311–317. doi: 10.3892/or.2015.
3962

Qi, Y., Li, X., and Zhao, S. (2015). miR-29b inhibits the progression of esophageal
squamous cell carcinoma by targeting MMP-2. Neoplasma 62, 384–390. doi:
10.4149/neo_2015_046

Rao, P., and Pattabiraman, T. N. (1989). Reevaluation of the
phenol-sulfuric acid reaction for the estimation of hexoses and
pentoses. Anal. Biochem. 181, 18–22. doi: 10.1016/0003-2697(89)
90387-4

Shekhar, R., Priyanka, P., Kumar, P., Ghosh, T., Khan, M. M., Nagarajan, P.,
et al. (2019). The microRNAs miR-449a and miR-424 suppress osteosarcoma
by targeting cyclin A2 expression. J. Biol. Chem. 294, 4381–4400. doi: 10.1074/
jbc.RA118.005778

Tu, X., Hong, D., Jiang, Y., Lou, Z., Wang, K., Jiang, Y., et al. (2019). FH535 inhibits
proliferation and migration of colorectal cancer cells by regulating CyclinA2
and Claudin1 gene expression. Gene 690, 48–56. doi: 10.1016/j.gene.2018.
12.008

Wang, B., Yin, B. L., He, B., Chen, C., Zhao, M., Zhang, W., et al.
(2012). Overexpression of DNA damage-induced 45 alpha gene
contributes to esophageal squamous cell cancer by promoter
hypomethylation. J. Exp. Clin. Cancer Res. 31:11. doi: 10.1186/1756-996
6-31-11

Wu, Y., Li, H., Wang, H., Zhang, F., Cao, H., and Xu, S. (2019). ). MSK2 promotes
proliferation and tumor formation in squamous cervical cancer via PAX8/RB-
E2F1/cyclin A2 axis. J. Cell Biochem. doi: 10.1002/jcb.28421 [Epub ahead of
print].

Xu, S., Wu, W., Huang, H., Huang, R., Xie, L., Su, A., et al. (2019). The
p53/miRNAs/Ccna2 pathway serves as a novel regulator of cellular senescence:
complement of the canonical p53/p21 pathway. Aging Cell 18:e12918. doi: 10.
1111/acel.12918

Yang, F., Gong, J., Wang, G., Chen, P., Yang, L., and Wang, Z. (2016). Waltonitone
inhibits proliferation of hepatoma cells and tumorigenesis via FXR-miR-
22-CCNA2 signaling pathway. Oncotarget 7, 75165–75175. doi: 10.18632/
oncotarget.12614

Yao, L., Zhang, Y., Zhu, Q., Li, X., Zhu, S., Gong, L., et al. (2015). Downregulation
of microRNA-1 in esophageal squamous cell carcinoma correlates with
an advanced clinical stage and its overexpression inhibits cell migration
and invasion. Int. J. Mol. Med. 35, 1033–1041. doi: 10.3892/ijmm.2015.
2094

Zaidi, N., and Kelly, R. J. (2017). The management of localized esophageal
squamous cell carcinoma: western approach. Chin. Clin. Oncol. 6:46. doi: 10.
21037/cco.2017.07.07

Zeng, B., Zhang, X., Zhao, J., Wei, Z., Zhu, H., Fu, M., et al. (2019). The role of
DNMT1/hsa-miR-124-3p/BCAT1 pathway in regulating growth and invasion
of esophageal squamous cell carcinoma. BMC Cancer 19:609. doi: 10.1186/
s12885-019-5815-x

Zhang, H. P., Li, S. Y., Wang, J. P., and Lin, J. (2018). Clinical significance and
biological roles of cyclins in gastric cancer. Onco. Targets Ther. 11, 6673–6685.
doi: 10.2147/OTT.S171716

Zhao, X., Li, J., Huang, S., Wan, X., Luo, H., and Wu, D. (2015). MiRNA-29c
regulates cell growth and invasion by targeting CDK6 in bladder cancer. Am.
J. Transl. Res. 7, 1382–1389.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020Wang, Fu,Wei, Wang, Zhang, Zhu, Ma, Li, Wu and Yu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 February 2020 | Volume 8 | Article 75

https://doi.org/10.1021/cn4002208
https://doi.org/10.1021/cn4002208
https://doi.org/10.1007/s13277-015-4110-y
https://doi.org/10.1093/carcin/bgr078
https://doi.org/10.1093/carcin/bgr078
https://doi.org/10.3389/fphar.2019.00330
https://doi.org/10.1007/s12032-014-0065-x
https://doi.org/10.1007/s12032-014-0065-x
https://doi.org/10.1007/s12013-013-9554-3
https://doi.org/10.1007/s12013-013-9554-3
https://doi.org/10.1371/journal.pone.0091771
https://doi.org/10.1097/SLA.0b013e31821111b5
https://doi.org/10.1007/s00535-016-1161-9
https://doi.org/10.1186/s13000-015-0280-6
https://doi.org/10.3892/or.2016.5221
https://doi.org/10.1200/JCO.2005.05.2308
https://doi.org/10.7868/S0026898417050135
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1186/s13148-018-0495-y
https://doi.org/10.18632/oncotarget.5566
https://doi.org/10.4331/wjbc.v6.i4.346
https://doi.org/10.1038/nature03702
https://doi.org/10.1186/s11658-018-0129-6
https://doi.org/10.3892/or.2015.3962
https://doi.org/10.3892/or.2015.3962
https://doi.org/10.4149/neo_2015_046
https://doi.org/10.4149/neo_2015_046
https://doi.org/10.1016/0003-2697(89)90387-4
https://doi.org/10.1016/0003-2697(89)90387-4
https://doi.org/10.1074/jbc.RA118.005778
https://doi.org/10.1074/jbc.RA118.005778
https://doi.org/10.1016/j.gene.2018.12.008
https://doi.org/10.1016/j.gene.2018.12.008
https://doi.org/10.1186/1756-9966-31-11
https://doi.org/10.1186/1756-9966-31-11
https://doi.org/10.1002/jcb.28421
https://doi.org/10.1111/acel.12918
https://doi.org/10.1111/acel.12918
https://doi.org/10.18632/oncotarget.12614
https://doi.org/10.18632/oncotarget.12614
https://doi.org/10.3892/ijmm.2015.2094
https://doi.org/10.3892/ijmm.2015.2094
https://doi.org/10.21037/cco.2017.07.07
https://doi.org/10.21037/cco.2017.07.07
https://doi.org/10.1186/s12885-019-5815-x
https://doi.org/10.1186/s12885-019-5815-x
https://doi.org/10.2147/OTT.S171716
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	MiR-29c-3p Suppresses the Migration, Invasion and Cell Cyclein Esophageal Carcinoma via CCNA2/p53 Axis
	Introduction
	Materials and Methods
	Bioinformatics Analysis
	Cell Culture
	Sample Collection
	Cell Transfection
	RNA Extraction and qRT-PCR
	Western Blot
	MTT
	Transwell
	Flow Cytometry
	Dual-Luciferase Reporter Gene Assay
	RNA-Binding Protein Immunoprecipitation Assay (RIP)
	Statistical Analysis

	Results
	MiR-29c-3p Is Decreased in EC Tissues Accompanied by Low Survival Rate and Associated With the Increase of CCNA2
	MiR-29c-3p Functions on the Migration, Invasion and Cell Cycle of EC Epithelial Cells
	MiR-29c-3p Targets CCNA2 and Inhibits Its Expression
	CCNA2 Silencing Regulates the Migration, Invasion and Cell Cycle in EC by Promoting p53 Signaling Pathway
	MiR-29c-3p Mediates the Migration, Invasion and Cell Cycle in EC via CCNA2/p53 Axis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


