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MicroRNA-3651 promotes colorectal cancer cell proliferation
through directly repressing T-box transcription factor 1
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Abstract. Colorectal cancer is a commonly diagnosed
gastrointestinal malignancy worldwide with a high mortality
rate. Accumulating evidence has indicated that the expres-
sion of a number of microRNAs (miRNAs) is associated
with the development of colorectal cancer. However, the
precise molecular mechanism of these miRNAs in regulating
cancer progression is yet to be determined. In the present
study, miR-3651 was demonstrated to be overexpressed in
colorectal cancer tissues compared with normal tissues, and
to be associated with the tumor-node-metastasis stage. The
downregulation of miR-3651 was found to induce growth
arrest and apoptosis in colorectal cancer cells. In addition,
western blot analysis demonstrated that the downregulation of
miR-3651 inactivated PI3K/AKT and MAPK/ERK signaling
in colorectal cancer cells. Bioinformatics analysis predicted
T-box transcription factor 1 (TBX1) as a potential target gene
of miR-3651, and a dual-luciferase reporter assay confirmed
that TBX1 was directly repressed by miR-3651. The results
of the current study also indicated that TBX1 was associated
with the miR-3651 mediated activation of oncogenic signaling
and colorectal cancer cell proliferation. In conclusion, the
results of the current study revealed the oncogenic potential of
miR-3651 in colorectal cancer.

Introduction

It is estimated that 1.8 million new colorectal cancer cases
and 881,000 colorectal cancer-associated mortalities occurred
worldwide in 2018 (1). Colorectal cancer is responsible for
~10% of mortalities associated with cancer and exhibits
the second highest cancer mortality rate worldwide (1).
Conventional surgery, chemotherapy and radiotherapy are
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commonly used for the treatment of patients with colorectal
cancer (2). Recently, targeted therapy against vascular endo-
thelial growth factor and epidermal growth factor receptor
in combination with chemotherapy has been demonstrated to
prolong the overall survival of patients (3). The identification
of novel oncogenes and tumor suppressors may aid in the
investigation and development of new agents to improve the
prognosis of patients with colorectal cancer in the future.

MicroRNAs (miRNAs) are characterized as small (18-25
nucleotides), single-stranded non-coding RNA molecules. In
recent years, accumulating evidence has demonstrated that
miRNAs are important regulators of the majority of physi-
ological processes in mammal cells (4). The seed region of
miRNAs can form a complementary base pair with the
3'-untranslated region (3'UTR) of target gene mRNAs, leading
to mRNA degradation or translation inhibition (5). The
dysregulation of miRNAs has been reported to be associated
with the initiation and development of a number of cancer
types (6). In colorectal cancer, a number of miRNAs, including
miR-17-5p and miR-21, have been revealed to be key drivers of
tumorigenesis (7,8). Furthermore, miR-1290 and miR-139-3p
are markedly decreased and increased in colorectal tumors,
respectively, and can serve as biomarkers for patients with
colorectal cancer (9,10). Although numerous differentially
expressed miRNAs have been identified via RNA sequencing
and microarray (11,12), the roles and function of the majority
of these molecules have not yet been determined. Through
the retrieval and analysis of previously published microarray
data (11), miR-3651 has been identified to be significantly
upregulated in colon tumors (11). The prognostic value
of miR-3651 has previously been evaluated in esophageal
squamous cell and oral squamous cell carcinomas (13,14).
However, the role and molecular mechanism of this miRNA
remain unclear in colorectal cancer.

T-box transcription factor 1 (TBX1) is known to be a
developmentally important transcription factor, which has a
180-200 amino acid conserved DNA-binding domain, namely
the T-box (15). The expression of TBX1 is essential for the
proliferation and differentiation of heart progenitor cells, and
is important for the development of the heart, inner ear, sweat
gland, teeth and thyroid (16-19). TBX1 has also been identified
as a novel tumor suppressor in thyroid cancer and basal cell
carcinoma (20,21). As a transcription factor, TBX1 interacts
with chromatin remodeling complexes to control the expression
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of numerous genes (22). TBX1 has also been reported to control
the activity of phosphoinositide-3 kinase/protein kinase B
(PI3K/AKT) and mitogen-activated protein kinase/extracel-
lular signal-regulated kinase (MAPK/ERK) signaling in
thyroid cancer cells (20). The downregulation of TBX1 in
tumor cells is due to promoter methylation and aberrant
miRNA expression (20,21).

In the present study, a published miRNA expression profile
of colon tumors and normal tissues was analyzed, in combina-
tion with reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) examination of collected specimens. It
was observed that miR-3651 was significantly upregulated
in the colon tumor tissues compared with the normal tissues.
In vitro assays further revealed that downregulation of
miR-3651 inhibited the proliferation and induced the apoptosis
of colorectal cancer cells. Furthermore, it was demonstrated
that miR-3651 targeted TBX1 to control the PI3K/AKT and
MAPK/ERK signaling pathways. Collectively, the data of the
current study demonstrated the clinical relevance of miR-3651
in colorectal carcinogenesis.

Materials and methods

Sample collection. Normal and tumor tissues were collected
from 40 patients who underwent surgery at the China-Japan
Union Hospital of Jilin University (Changchun, China)
between July 2016 and January 2018. The patient character-
istics were recorded following enrollment and included the
following: Age, sex, tumor size, degree of tumor differentia-
tion and tumor-node-metastasis (TNM) stage (23). No patients
received chemotherapy or radiotherapy prior to surgery. The
experiments were performed under the supervision of the
Ethics Committee of the China-Japan Union Hospital of Jilin
University. Written informed consent was acquired from
all participants. Tissues were immediately stored in liquid
nitrogen prior to subjecting to RNA extraction.

Cell culture and transfection. A normal colonic mucosal cell
line (FHC) and two human colorectal cancer cell lines (HCT116
and HT29) were purchased from the American Type Culture
Collection and used within 6 months of receipt. The cells were
cultured in Dulbecco's modified Eagle medium (Invitrogen;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Cell
culture was performed in a humidified incubator with 5% CO,
at 37°C. miR-3651 mimic (5'-AUGGCACUGGUAGAAUUC
ACUG-3"), miR-negative control (NC) mimic (5'-CAGUAC
UUUUGUGUAGUACAA-3"), miR-3651 inhibitor (5'-CAG
UGAAUUCUACCAGUGCCAU-3") and miR-NC inhibitor
(5'-UUCUCCGAACGUGUCACGU-3") were synthesized and
purchased from Suzhou GenePharma Co., Ltd. The mimics and
inhibitors (50 nM) were transfected into HCT116 and HT29
ells using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
TBX1 siRNA (§-UAUUUCUCGCUAUCUUUGCGU-3') and
control siRNA (5'-UUCUCCGAACGUGUCACGU-3') were
products of Shanghai GenePharma Co., Ltd. siRNAs (25 nM)
were transfected into 1x10° cells in each well of 24-well plates
with Lipofectamine RNAiMax (Invitrogen; Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. A
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total of 2 days after transfection, the transfection efficiency
was determined by reverse transcription-quantitative PCR
(RT-qPCR).

Bioinformatics analysis. The data of GSE115513 (11)
(containing miRNA expression data of 381 normal colonic
mucosa, 51 colon adenoma and 411 colorectal carcinoma)
were downloaded from the Gene Expression Omnibus (GEO)
database (https:/www.ncbi.nlm.nih.gov/geoprofiles/). The
data were subsequently analyzed with GEO2R, which was
provided by the GEO database. The potential target genes
of miR-3651 were predicted with TargetScan software v.7.2
(http://www.targetscan.org/vert_72/).

RNA isolation and RT-gPCR. Total RNA was isolated from the
cells and tissues using an RNeasy Mini kit (Qiagen GmbH),
according to the manufacturer's protocol. The concentration
of RNA was then measured using a NanoDrop 2000 system
(Thermo Fisher Scientific, Inc.). Next, RNA was reverse tran-
scribed into first-stranded cDNA using a PrimeScript™ RT
reagent kit (Takara Bio, Inc.). Subsequently, the qPCR reaction
was performed using TB Green® Fast qPCR Mix (Takara Bio,
Inc.) on a CFX-96 Realtime system (Bio-Rad Laboratories,
Inc.). The qPCR conditions included two steps: Step 1: 95°C
for 30 sec; and step 2: 35 cycles of 95°C for 15 sec and 60°C
for 10 sec. GAPDH and U6 served as the internal controls for
mRNA and miRNA detection, respectively. The relative gene
expression was calculated using the 2-24°4 method (24). The
primer sequences used in qPCR were as follows: Stem-loop
primer, 5-CTCAACTGGTGTCGTGGAGTCGGCAATTCA
GTTGAGTCATGTAC-3"; miR-3651 forward, 5'-GCCGAG
CATAGCCCGGTCGC-3', and reverse, 5'-CTCAACTGGTGT
CGTGGA-3"; U6 forward, 5'-CTCGCTTCGGCAGCACA-3',
and reverse, 5S-AACGCTTCACGAATTTGCGT-3'; TBX1
forward, 5'-ACGACAACGGCCACATTATTC-3', and reverse,
5'-CCTCGGCATATTTCTCGCTATCT-3'; GAPDH forward,
5'-ACAACTTTGGTATCGTGGAAGG-3', and reverse,
5'-GCCATCACGCCACAGTTTC-3.

Protein extraction and western blot analysis. Protein lysates
were prepared using a RIPA lysis buffer, and the concentra-
tion of lysates was calculated using a BCA Protein Assay kit
(both from Thermo Fisher Scientific, Inc.). A total of 20 ug
protein was then loaded onto an 8% SDS-PAGE gel and sepa-
rated using electrophoresis. Proteins were then transferred
to a PVDF membrane and blocked with 5% non-fat milk at
room temperature for 1 h. Subsequently, the membrane was
incubated in a solution containing primary antibodies at room
temperature for 1 h, followed by incubation with secondary
antibodies at room temperature for 1 h. The primary antibodies
used in western blot analysis were as follows: p-AKT (cat.
no. 4060; 1:2,000), AKT (cat. no. 4685; 1:2,000), p-ERK1/2
(cat. no. 4370; 1:2,000) and ERK1/2 (cat. no. 4695; 1:2,000)
purchased from Cell Signaling Technology, Inc.; TBX1 anti-
body (cat. no. ab109313; 1:500) obtained from Abcam; GAPDH
(cat. no. AMAB91152; 1:10,000) from Sigma-Aldrich (Merck
KGaA); and B-cell lymphoma 2 (Bcl2; cat. no. sc-130307;
1:200) Bcl2-associated X protein (Bax; cat. no. sc-7480; 1:200)
antibodies from Santa Cruz Biotechnology, Inc. Mouse (cat.
no. ab97040; 1:10,000) and rabbit (cat. no. ab7090; 1:10,000)
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Figure 1. Overexpression of miR-3651 in colorectal cancer. (A) Data retrieved from the Gene Expression Omnibus dataset GSE115513 indicated that miR-3651
expression was elevated in colon adenoma (n=51) and colorectal carcinoma (n=411) tissues compared with the normal colonic mucosa (n=381). (B) RT-qPCR
analysis of miR-3651 expression in 40 pairs of tumor and normal tissues from patients with colorectal cancer indicated significantly increased levels in the
tumor tissues. The expression of miR-3651 in tumors was normalized to that in the paired normal tissues, with the dotted line indicating the relative expression
of miR-3651 in normal tissues. (C) RT-qPCR revealed that miR-3651 was increased in colorectal cancer cell lines (HCT116 and HT29) compared with the
immortalized normal colon cells (FHC). “P<0.01, ““P<0.001. miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

IgG secondary antibodies were purchased from Abcam. The
blots were developed using a Pierce™ ECL Western Blotting
Substrate (Thermo Fisher Scientific, Inc.). ImageJ V.1.6.0
(National Institutes of Health) was used to quantify the protein
expression of all blots.

Cell proliferation assay. The cell proliferation ability was
detected by Cell Counting Kit-8 (CCK-8) assay (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan). Briefly,
a total of 10,000 HCT116 or HT29 cells were seeded into
each well of 96-well plates. On the following day, cells were
transfected with miR-3651 inhibitor or miR-NC inhibitor, and
maintained for 3 days. At 0, 1, 2 and 3 days after transfection,
10 pl CCK-8 solution was added into each well and sustained
for a further 2 h. The medium was then transferred to a new
96-well plate, and the absorbance at 450 nM was detected to
reflect the cell number.

Cell apoptosis assay. The cell apoptosis rate was determined
using a Dead Cell Apoptosis kit with Annexin-V Alexa
Fluor™ 488 and propidium iodide (PI; Invitrogen; Thermo
Fisher Scientific, Inc.). Briefly, cells were transfected for 48 h,
and then harvested and suspended in 1X Annexin-binding
buffer. Next, PI and Annexin V were added into the cell
suspension and incubated for 15 min at room temperature.
Following incubation, 400 pl 1X Annexin-binding buffer was

added and mixed. The samples were immediately subjected to
flow cytometry analysis. A positive PI and Annexin V result
indicated that cells were at the late apoptosis stage, while a
negative PI and positive Annexin V result indicated cells at the
early apoptosis stage.

Dual-luciferase reporter assay. The TBX1 3'UTR was
amplified from HCT116 cDNA and ligated into a pGL3-basic
plasmid. Mutations were introduced into the TBX1 3'UTR
using a QuikChange Site-Directed Mutagenesis kit (Agilent
Technologies, Inc., Santa Clara, CA, USA). In order to perform
dual-luciferase reporter assay, 2x10° HCT116 or HT29
cells/well were seeded into 24-well plates, and transfected
with miR-3651 mimic or miR-NC mimic in combination with
pGL3-TBX1 3'UTR-wild-type (WT) or 3'UTR-mutant (Mut).
After 48 h, the relative luciferase activity of each group was
detected using a Dual-Luciferase Reporter system (Promega
Corporation, Madison, WI, USA) on a Synergy H1 microplate
reader (BioTek Instruments, Inc.; Agilent Technologies, Inc).

Statistical analysis. The data were analyzed with GraphPad
Prism version 6.0 (GraphPad Software, San Diego, CA,
USA), and are presented as the mean + standard devia-
tion. Comparisons between two groups were performed
by Student's t-test. Comparison between three groups were
performed using one-way analysis of variance, followed
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by Newman-Keuls post hoc test. The correlation between
miRNA and mRNA expression was analyzed using Pearson
correlation analysis. All experiments were performed at least
three times. P<0.05 was considered to indicate a statistically
significant difference.

Results

Overexpression of miR-3651 in colorectal cancer tissues and
cells. In order to identify the potential oncogenic miRNAs
in colorectal cancer, microarray data on the expression of
miRNAs in 381 normal colonic mucosa, 51 colon adenoma
and 411 colorectal carcinoma samples were collected from
the Gene Expression Omnibus database (series GSE115513).
miRNAs that were differentially expressed between colon
adenoma and normal mucosa were screened. The expres-
sion of these miRNAs in colorectal carcinoma and adenoma
was subsequently compared. According to the results of this
screening strategy, miR-3651 was revealed to be significantly
overexpressed in colon adenoma and colorectal carcinoma
compared with the normal colonic mucosa (Fig. 1A).

For validation of the elevation of miR-3651 observed in
the microarray data, 40 pairs of normal and tumor tissues
were collected from patients with colorectal cancer. Using
RT-qPCR, miR-3651 expression was detected in the paired
tissues and normalized to the normal tissue expression.
Consistent with the published microarray data, the miR-3651
levels were found to be increased in 85% (34/40) of patients
(Fig. 1B). The association between miR-3651 expression and the
clinicopathological features of patients was further analyzed
(Table I). It was observed that high miR-3651 expression was
significantly associated with high TNM stage in patients with
colorectal cancer (Table I). In addition, miR-3651 expression
was subsequently detected in the immortalized colon normal
cells (FHC) and two colorectal cancer cell lines (HCT116 and
HT?29). The results indicated that miR-3651 was increased by
3-fold in HCT116 and HT29 cancer cells as compared with
that in normal FHC cells (Fig. 1C).

Downregulation of miR-3651 inhibits colorectal cancer cell
proliferation via induction of cell apoptosis. The current
study then further assessed the potential role of miR-3651
in colorectal cancer cells. A miR-3651 inhibitor or miR-NC
inhibitor was transfected into colorectal cancer cells, and the
cell proliferation was detected. Transfection with miR-3651
inhibitor induced an approximately 5-fold decrease in
miR-3651 expression in HCT116 and HT29 cells (Fig. 2A). In
the cell proliferation assay, the downregulation of miR-3651
significantly repressed cell proliferation during the first 2 days
of culture, with a significant reduction in proliferation observed
on day 3 in HCT116 cells (Fig. 2B). Similarly, the downregu-
lation of miR-3651 inhibited cell proliferation in HT29 cells
(Fig. 2C). To examine whether the cell growth arrest was
associated with cell apoptosis, flow cytometry was used to
detect cell apoptosis rate in colorectal cancer cells treated with
miR-3651 inhibitor. The downregulation of miR-3651 induced
significant apoptosis in HCT116 cells (Fig. 2D), with similar
results also observed in HT29 cells (Fig. 2E). These data indi-
cated that miR-3651 inhibition reduced colorectal cancer cell
proliferation and promoted cell apoptosis.
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Table I. Association between miR-3651 expression and the
clinicopathological features of patients with colorectal cancer.

miR-3651
expression (n)

Clinicopathological feature High Low P-value
Age 0.99
=60 years 11 12
<60 years 9 8
Sex 0.69
Male 15 17
Female 5 3
TNM stage <0.05
| 1 4
1I 1 5
1I-1V 18 11
Tumor size 048
=15cm 7 4
<15cm 13 16
Differentiation 0.99
Poor 5 4
High 15 16

miR, microRNA; TNM, tumor-node-metastasis.

Downregulation of miR-3651 deactivates PI3K/AKT and
MAPK/ERK signaling in colorectal cancer cells. The
PI3K/AKT and MAPK/ERK signaling pathways have been
reported to be involved in colorectal cancer cell proliferation
and survival (20). The results of western blot analysis demon-
strated that the downregulation of miR-3651 significantly
decreased the ratio of p-AKT/total (T)-AKT and p-ERK1/2/
T-ERK1/2, but did not alter the expression levels of T-AKT
and T-ERK1/2 in HCT116 cells, indicating the deactivation
of PI3K/AKT and MAPK/ERK signaling (Fig. 3A and B).
A similar effect of miR-3651 downregulation on the ratio of
p-AKT/T-AKT and p-ERK1/2/T-ERK1/2 was also observed
in HT29 cells (Fig. 3C and D). Since the PI3K/AKT and
MAPK/ERK pathways regulate cell apoptosis by controlling
the expression of pro-apoptotic and anti-apoptotic proteins in
cells (25,26), the levels of such proteins were subsequently
investigated in the current study. The results revealed that the
expression of the anti-apoptotic protein Bcl2 was significantly
decreased, whereas the expression of the pro-apoptotic protein
Bax was significantly increased in HCT116 and HT29 cells
transfected with miR-3651 inhibitor (Fig. 3E and F). Taken
together, these results indicated that miR-3651 may be associ-
ated with mediating the PI3K/AKT and MAPK/ERK pathways
to sustain colorectal cancer cell growth.

miR-3651 directly represses TBXI expression in colorectal
cancer cells. miRNAs function through binding to the 3'UTR
of target gene mRNAs to inhibit the target gene expression (5).
In the present study, the online tool TargetScan was used to
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Figure 2. Downregulation of miR-3651 inhibited the proliferation and induced the apoptosis of colorectal cancer cells. (A) Reverse transcription-quantitative
polymerase chain reaction revealed that transfection with miR-3651 inhibitor decreased miR-3651 expression in HCT116 and HT29 cells. Cell Counting Kit-8
assay indicated that downregulation of miR-3651 suppressed the proliferation of (B) HCT116 and (C) HT29 cells. Flow cytometry analysis revealed that miR-3651
downregulation increased the apoptosis rate in (D) HCT116 and (E) HT29 cells. “"P<0.001 vs. miR-NC inhibitor. miR, microRNA; NC, negative control.

predict potential target genes of miR-3651. Through a literature
review, TBX1 was identified as a tumor suppressor in colorectal
cancer among the predicted target genes of miR-3651, and
the 3'UTR of TBX1 was observed to complementary bind to
miR-3651 (Fig. 4A). To explore whether miR-3651 directly
regulates TBX1 expression, miR-3651 mimic was transfected
in HCT116 and HT?29 cells to upregulate miR-3651 expression
(Fig. 4B). The dual-luciferase reporter assay indicated that the
overexpression of miR-3651 significantly decreased the rela-
tive luciferase activity in HCT116 cells co-transfected with
TBX1 3'UTR-WT (Fig. 4C). Overexpression of miR-3651 had
a similar inhibitory effect on the relative luciferase activity of
HT29 cells co-transfected with TBX1 3'UTR-WT (Fig. 4D).
However, miR-3651 overexpression did not alter the lucif-
erase activity of cells transfected with TBX1 3'UTR-Mut in
the two cell lines. Furthermore, RT-qPCR demonstrated that
the downregulation of miR-3651 significantly elevated TBX1
mRNA levels in HCT116 and HT?29 cells (Fig. 4E). Western
blot analysis also indicated the elevation of TBXI1 protein
expression in HCT116 and HT29 cells (Fig. 4F and G). These
data suggested that TBX1 is a target gene of miR-3651 in
colorectal cancer cells.

miR-3651 regulates PI3K/AKT and MAPK/ERK pathways
via targeting TBX1 in colorectal cancer cells. TBX1 has
previously been reported to be a regulator of the PI3K/AKT
and MAPK/ERK signaling pathways (20). To assess whether
TBXI1 was associated with the regulation of these signaling
pathways via miR-3651, TBX1 expression was silenced via
transfection of TBX1 small interfering RNA (siRNA) in
HCT116 cells (Fig. 5A and B). The results revealed that TBX1
silencing reversed the miR-3651 downregulation-induced
deactivation of the PI3K/AKT and MAPK/ERK signaling
pathways (Fig. 5C and D).

miR-3651 promotes colorectal cancer cell proliferation and
inhibits cell apoptosis via targeting TBX1. As miR-3651
directly repressed TBX1 expression to activate the PI3K/AKT
and MAPK/ERK signaling pathways, it was then hypoth-
esized that TBX1 is essential for miR-3651 function during
colorectal cancer cell proliferation. According to the cell
proliferation assay results, the silencing of TBX1 reversed
the miR-3651 downregulation-induced growth arrest in
HCT116 cells (Fig. 6A). Consistent with the results observed
in HCT116 cells, TBX1 siRNA also reversed the miR-3651
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Bax, Bcl2-associated X protein.

downregulation-induced growth arrest in HT29 cells (Fig. 6B).
Furthermore, TBX1 silencing attenuated the elevation of apop-
tosis that was induced by the miR-3651 inhibitor in HCT116
and HT29 cells (Fig. 6C and D). These results collectively
confirmed that miR-3651 regulated colorectal cancer cell
proliferation by directly targeting TBX1.

miR-3651 expression is negatively correlated with TBX1 mRNA
levels in colorectal tumor tissues. To further investigate the
clinical relevance of miR-3651 and TBX1, TBX1 mRNA expres-
sion was detected in the 40 pairs of normal and tumor tissues
obtained from patients with colorectal cancer. TBX1 was down-
regulated in 77% (31/40) of tumors, as compared with the paired
normal tissues (Fig. 7A). In addition, Pearson correlation analysis
revealed that the miR-3651 expression was negatively correlated
with TBX1 mRNA expression in colorectal tumors (Fig. 7B).

Discussion

Accumulating evidence has indicated that miRNAs serve
a role in colorectal cancer progression (27). For instance,
microarray analysis of tumors from 12 patients revealed that
miR-224 was overexpressed in colorectal adenoma and cancer,
and that it regulated KRAS, AKT and ERK signaling activity
in colorectal cancer cells (28). Furthermore, in a large cohort
of 1,893 carcinoma and normal paired samples, a number of
upregulated miRNAs (including miR-204-5p and miR-10a-5p)
and downregulated miRNAs (including miR-378a-5p and
miR-145-5p) were identified in colorectal cancer (11). Although
certain of these have been experimentally verified (29), the
role of the majority of differentially expressed miRNAs
remains largely undetermined. miR-3651 has been reported
to be a prognostic biomarker in esophageal squamous cell,
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oral squamous cell and hepatocellular carcinomas (13,14,30).
In another independent study that was based on microarray
analysis, miR-3651 was observed to be most significantly
upregulated in tumors from 51 patients with colorectal cancer,
and these results were confirmed using RT-qPCR (31). In the
current study, bioinformatics analysis revealed high expres-
sion of miR-3651 in colorectal cancer. Subsequently, the
overexpression of miR-3651 in tumor tissues obtained from
40 patients with colorectal cancer was further validated. It

was also observed that the downregulation of miR-3651 inhib-
ited the proliferation and induced the apoptosis of colorectal
cancer cells. The data gained in the present study suggested
a pro-survival and pro-proliferation role of miR-3651 in
colorectal cancer.

The MAPK/ERK and PI3K/AKT signaling pathways are
well-studied in cancer cells (32,33). In a variety of cancer types,
including colorectal cancer, the overactivation of MAPK/ERK
and PI3K/AKT pathways has been observed, and indicated
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to be important for cell proliferation and resistance to apop-
tosis (34-36). In the present study, miR-3651 downregulation
was observed to decrease p-ERK1/2 and p-AKT expression
levels, demonstrating that miR-3651 mediated the activa-
tion of MAPK/ERK and PI3K/AKT pathways in colorectal
cancer cells. The inhibition of hyperactivated MAPK/ERK
and PI3K/AKT pathways has been demonstrated to lead
to cancer cell growth arrest and cell apoptosis (37,38). The
current data suggested that miR-3651 may regulate colorectal
cancer cell proliferation and apoptosis via the MAPK/ERK
and PI3K/AKT pathways.

TBXI1 is a transcription factor that mediates key gene
expression during development (22), and is a well-documented
tumor suppressor in a number of cancer types (20). TBX1
has been revealed to be frequently decreased in papillary
thyroid cancer tissues and thyroid cancer cell lines due to the
hypermethylation of the gene promoter (20). In thyroid cancer
cells, TBX1 regulated cell cycle progression and the expres-
sion of apoptosis-associated genes via the MAPK/ERK and
PI3K/AKT pathways, while its overexpression inhibited cancer
cell proliferation, migration and invasion accompanied with
cell cycle arrest and increased cell apoptosis (20). Another
study reported that TBX1 was decreased in the tumor tissues
of patients with basal cell carcinoma, and that it inhibited cell

proliferation and cell cycle progression (21). Furthermore, the
overexpression of TBX1 in a mouse spindle cell carcinoma cell
line was associated with cell growth inhibition and cell cycle
arrest (39). In the current study, TBX1 was predicted to be a
target gene of miR-3651 using TargetScan analysis. Similar to
its function in thyroid cancer, it was demonstrated that TBX1
also inactivated the MAPK/ERK and PI3K/AKT pathways in
colorectal cancer cells. Additionally, miR-3651 regulated the
MAPK/ERK and PI3K/AKT pathways via the downregula-
tion of TBX1. TBX1 was previously reported to be a target
gene of miR-17-92 cluster, miR-182 and miR-451a in different
cell types (21,40,41). In the present study, the results of the
dual-luciferase assay also indicated that TBX1 was a target gene
of miR-3651 in colorectal cancer cells. Furthermore, miR-3651
exerted its pro-proliferation function by targeting TBX1 in
colorectal cancer cells. These results collectively demonstrated
the oncogenic potential of miR-3651 in colorectal cancer.

In conclusion, the current study indicated that miR-3651
directly targeted TBX1 to activate the MAPK/ERK and
PI3K/AKT pathways, facilitated cell proliferation and inhib-
ited cell apoptosis in colorectal cancer cells. These results
provided an insight into the role of miR-3651 in colorectal
cancer and the potential application of this miRNA in
colorectal cancer therapy.
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