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Abstract: Increasing evidence indicates that dysregulation of miRNAs is involved in the initiation and progression
of colorectal cancer (CRC). MicroRNA (miR)-613 has been reported to function as a tumor suppressor in many can-
cers. However, the precise role of miR-613 in CRC progression is unclear. This study aimed to investigate the role
and underlying mechanism of miR-613 in growth and metastasis of CRC. Real-time quantitative PCR (gPCR) and
western blot techniques were used to assess expression of miR-613 and formin-like 2 (FMNL2) in CRC cell lines and
tissues. Luciferase reporter assays were conducted to investigate the association between miR-613 and FMNL2.
Proliferation, wound healing, and transwell invasion assays, as well as flow cytometric analysis, were performed to
evaluate the effect of miR-613 on proliferation, migration, invasion, and cell-cycle status, respectively, of CRC cells.
We found that miR-613 was significantly downregulated in CRC cell lines and tissue samples, and correlated closely
with TNM stage. miR-613 suppressed CRC cell proliferation, migration, and invasion, and induced cell-cycle arrest
at G1 phase. FMNL2 was identified as a direct target of miR-613 in CRC cells. Importantly, FMNL2 overexpression
rescued miR-613-induced suppression of proliferation, migration, and invasion of CRC cells. These results suggest
that miR-613 functions as a tumor suppressor in the progression of CRC by regulating FMNL2.
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Introduction

Colorectal cancer (CRC) has become one of the
most common types of malignant tumor in the
world with more than one million new cases
diagnosed every year [1]. Despite the use of
many treatment strategies, the rate of survival
of CRC patients is still very low [2]. The initiation
and development of CRC is complex, involving
multiple stages and molecules [3]. Therefore,
an understanding of the molecular mecha-
nisms underlying CRC tumorigenesis and pro-
gression is urgently needed to identify novel
diagnostic markers and therapeutic targets
and agents.

MicroRNAs (miRNAs) are small (19-25 nucleo-
tides), endogenous noncoding RNAs that nega-
tively regulate gene expression by binding to
the 3’-untranslated region (UTR) of their target
MRNAs [4]. miRNAs have been reported to play

crucial roles in many diverse biological process-
es, including cell proliferation, differentiation,
and apoptosis [5]. miRNAs have been suggest-
ed to serve an oncogenic or tumor-suppressor
function by targeting oncogenes or tumor-sup-
pressor genes, respectively [6-8]. It is notewor-
thy that miRNAs have been implicated in tumor
initiation and progression of CRC [9, 10].

miR-613 has been reported to be downregulat-
ed and serve as a suppressive miRNA in hepa-
tocellular carcinoma [11, 12], ovarian cancer
[13], non-small cell lung cancer [14], esopha-
geal sequamous cell carcinoma [15], papillary
thyroid carcinoma [16], and prostate cancer
[17]. However, the function and underlying
molecular mechanism of miR-613 in CRC
remains unclear. Therefore, the aim of the study
was to investigate the biological function of
miR-613 and identify its mechanism of action
in CRC cells.


http://www.ajtr.org

Biological role of miR-613 in CRC

Table 1. Correlation between clinicopathological features
and miR-613 expression in 32 patients with colorectal

cancer

bovine serum (FBS; HyClone, Logan,
UT, USA), and 100 units/ml penicillin
or 100 mg/ml streptomycin at

Cases MIiR-613 expression level

Variable

(N Lown (%) Highn (%)

37°C in a humidified atmosphere
of 5% COz.

Age (years)

<60 14 7 (50.0) 7 (50.0)

>60 18 10 (55.6) 8(43.4)
Gender

Male 21 11 (52.4) 10 (47.6)

Female 11 6 (54.5) 5 (45.5)
TNM stage

-1 22 8(36.4)

-1V 10 9 (90.0) 1(10.0)
Tumor size

<5cm 19 8 (42.1)

>5cm 13 9 (69.2) 4 (30.8)
Lymph node metastasis

No 23 8(34.8)

Yes 9 9 (100.0) 0 (0.0)

14 (63.6)

11 (57.9)

15 (55.2)

0.823 miR-613 mimic and corresponding

negative control miR (miR-NC) were

purchased from RiboBio (Guang-
0.791 zhou, China). The FMNL2 coding

sequence was amplified by PCR

from human liver cDNA, inserted
<0.01 into vector pCDNA3.1 (Invitrogen,
Carlsbad, CA, USA), and confirmed by
sequencing. Transfection was per-
formed using Lipofectamine 2000
(Invitrogen) according to the manu-
facturer’s protocol.

0.082

<0.01 Real-time quantitative PCR (qPCR)

Total RNA was extracted from the

Materials and methods
Patients and tissue samples

A total of 32 pairs of CRC tissues and adjacent
nontumor tissues were harvested from CRC
patients who underwent surgery at the First
Hospital of Jilin University (Changchun, China)
between September 2013 and September
2015. Adjacent normal colorectal tissue was
taken from 5 cm away from the tumor tissue.
All samples were frozen immediately following
surgery in liquid nitrogen and stored at -80°C
until RNA extraction. Clinicopathological fea-
tures of CRC patients are shown in Table 1.
Written prior informed consent and approval
were given by all patients. This study was
approved by the Ethics Committee of Jilin
University.

Cell lines and transfection

Five human colorectal cancer cell lines
(HCT116, HT29, SW480, SW620, and LoVo)
and a normal colonic cell line (NCM460) were
obtained from Shanghai Institute for Biological
Sciences (Shanghai, China) and the American
Type Culture Collection (ATCC; Manassas, VA,
USA). All cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Grand
Island, NY, USA) supplemented with 10% fetal
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cells or tissues using TRIzol reagent
(Invitrogen) following the manufac-
turer’s instructions and quantified with a
NanoDrop ND-100 Spectrophotometer (Nano-
Drop Technologies, Wilmington, DE, USA). The
relative expression level of miR-613 was deter-
mined using the mirVana™ gRT-PCR microRNA
Detection kit (Ambion, Austin, TX, USA) accord-
ing to the manufacturer’s instructions using
a 7900 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). Primers for miR-
613 and U6 (internal standard) were obtained
from Ambion. For detection of FMNL2 mRNA,
cDNAs were synthesized from total RNA using
PrimeScript RT Reagent Kit (Takara, Otsu,
Japan). FMNL2 mRNA was quantified using
the standard SYBR-Green PCR Kit (Takara)
following the manufacturer’s instructions and
a 7900 Real-Time PCR System (Applied Bio-
systems). Primers for FMNL2 and p-actin
(ACTB, internal standard) were used as de-
scribed previously [18]. The relative expression
level of FMNL2 mRNA or miR-613 was quanti-
fied using the 244t method.

Cell proliferation assay

Cell proliferation was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Briefly, transfected cells
in exponential growth phase were plated at a
density of 2x10° cells/well in 96-well plates,
and cell proliferation was determined 24, 48,
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and 72 h after seeding. Optical density at
490 nm (OD,,) was determined using an
ELx800 absorbance reader (BioTek Instru-
ments, Winooski, VT, USA).

Cell-cycle assay

A cell-cycle assay was performed 48 h after
transfection. Briefly, cells were harvested and
fixed in ice-cold 70% ethanol overnight at
-20°C. Cells were then incubated with RNase
A at 37°C for 30 min and stained with propidi-
um iodide (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min in the dark. Cell-cycle status was
analyzed with a FACSCaliber instrument (BD
Biosciences, San Jose, CA, USA).

Cell migration assay

Cell migration was determined using a wound
healing assay. Briefly, transfected cells were
seeded at 5x10* cells/well in six-well plates
and cultured until they reached confluence.
Monolayers were wounded by scratching once
with a sterile plastic micropipette tip. Cultures
were fixed and observed O and 24 h after
wounding using an X71 inverted microscope
(Olympus, Tokyo, Japan).

Cell invasion assay

Invasion assay was performed using Transwell
invasion chambers (Corning, Tewksbury, MA,
USA) containing a membrane with 8-um pores
according to the manufacturer’s instructions.
Briefly, 2x10°% transfected cells in serum-free
DMEM were seeded in the upper chamber,
which had been precoated with Matrigel (BD
Biosciences). DMEM containing 10% FBS (600
ul) was added to the lower chamber as a che-
moattractant. After 48 h of incubation at 37°C,
cells on the lower surface of the membrane
were fixed in 20% methanol and stained with
0.1% crystal violet. Photographs were taken
and the invasive number were counted in five
randomly selected fields under a X71 inverted
microscope (Olympus, Tokyo, Japan).

Luciferase assays

Wild type (Wt) and mutant (Mut) 3’-untranslat-
ed regions (UTRs) of FMNL2 mRNA were syn-
thesized, annealed, and inserted into vector
psiCHECK-2 at the Hindlll/Spel site. For lucifer-
ase assays, SW480 cells were co-transfected
with Wt or Mut FMNL2 3’-UTR plasmids and
miR-613 or miR-NC using Lipofectamine 2000
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according to the manufacturer’'s protocol.
Firefly and Renilla luciferase activities were
measured consecutively using the Dual-
Luciferase Reporter Assay System (Promega,
Madison, WI, USA) 48 h post-transfection.

Western blot analysis

Total protein was extracted from cells or tis-
sues using PIPA lysis buffer (Beyotime, Jiangsu,
China), and quantified with the Pierce bicin-
choninic acid kit (Thermo Fisher Scientific,
Waltham, MA, USA). Proteins were separated
by SDS/PAGE through a 10% gel and trans-
ferred to polyvinylidene difluoride membranes
(Millipore, Burlington, MA, USA) at 80 V for 2 h
at 4°C. After blocking in 5% nonfat dry milk in
Tris-buffered saline (TBS; 20 mM Tris-HCI, pH
7.5, 150 mM NaCl), the membranes were incu-
bated with anti-FMNL2 antibody (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or anti-B-actin antibody (1:3000; Santa Cruz
Biotechnology) in TBS overnight at 4°C. After
three washes with TBS containing 0.1% Tween-
20 (TBST), the membranes were incubated
with goat anti-mouse I1gG conjugated to horse-
radish peroxidase (1:3000, Santa Cruz Biote-
chnology) in TBS for 1 h at room temperature.
Protein bands were detected by enhanced
chemiluminescence (ECL) using Pierce ECL
Western Blotting Substrate (Thermo Fisher
Scientific) and exposed to X-ray filmusing an
ECL detection system (Thermo Fisher Scientific).
B-actin was used as a control.

Statistical analysis

Statistical analysis was performed using SPSS
17 software (SPSS, Chicago, IL, USA) and
GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). Results are presented as
mean * standard deviation (SD) of at least
three independent experiments. Significance
was determined by two-tailed Student’s t-test
or one-way ANOVA. Correlation between FMNL2
and miR-613 expression was assessed by
Pearson correlation analysis. In all cases,
P<0.05 was considered statistically signi-
ficant.

Results

miR-613 expression was downregulated in
CRC samples and cell lines

To investigate the status of miR-613 in CRC, we
measured its expression in 32 pairs of CRC
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Figure 1. Expression of miR-613 in human colorectal cancer (CRC) tissue and cell lines. A. Relative miR-613 ex-
pression levels in 32 samples of primary CRC tissue and paired adjacent nontumor tissue (ANT) were detected by
real-time quantitative PCR (gPCR) analysis. B. gPCR analysis of miR-613 expression in five human colorectal
cancer cell lines (HCT116, HT29, SW480, SW620, and LoVo) and a normal colonic cell line (NCM460). *P<0.05,
**P<0.01.
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Figure 2. miR-613 inhibited proliferation and induced cell-cycle arrest at G1 phase in CRC cells. A. qPCR validation
of miR-613 expression levels in SW480 cells after transfection with miR-613 mimic or miR-NC. B. Cell proliferation
was evaluated in SW480 cells by MTT assay at the indicated times after transfection with miR-613 mimic or miR-NC.
C. Results of flow cytometric analysis of cell-cycle distribution of SW480 cells after transfection with miR-613 mimic
or miR-NC (left) and quantitation (right). *P<0.05, **P<0.01.

specimens and corresponding adjacent non- miR-613 expression was significantly de-
tumor tissue using qPCR. It was found that creased in CRC tissues compared with the
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Figure 3. miR-613 inhibited cell migration and invasion in CRC cells. A. Results of measurement of cell migration in
SW480 cells by wound healing assay at the indicated times after transfection with miR-613 mimic or miR-NC (left)
and quantitation (right). B. Results of measurement of invasion of SW480 cellsbyTranswell chamber invasion assay
after transfection with miR-613 mimic or miR-NC (left) and quantitation (right). *P<0.05, **P<0.01.

adjacent nontumor tissues (Figure 1A). To
investigate the clinical relevance of miR-613
in CRC, we divided the 32 patients into a
high miR-613-expressing group (n=17) and
a low miR-613-expressing group (n=15) using
the mean value (0.251+0.08) of miR-613
relative expression level as a cutoff. As
shown in Table 1, miR-613 expression was
correlated significantly with lymph node me-
tastasis (P<0.01) and TNM stage (P<0.01),
whereas there was no correlation with patient
age, gender, or tumor size (all P>0.05).
Moreover, in five CRC cell lines (HCT116,
HT29, SW480, SW620, and LoVo), miR-613
expression was significantly downregulated
compared with expression in the normal
colonic cell line (NCM460) (Figure 1B). miR-
613 expression was lowest in SW480 cells
(Figure 1B), and, therefore, this line was select-
ed for use as the model for the remainder of
the study.
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miR-613 inhibited cell proliferation and in-
duced cell-cycle arrest at G1 in CRC cells

To examine the functional role of miR-613 in
CRC cells, we transfected SW480 cells with
miR-613 mimic or control miR-NC. We found
that expression of miR-613 was significantly
upregulated in SWA480 cells transfected with
miR-613 mimic compared to cells transfected
with miR-NC (Figure 2A). MTT assay clearly
showed that overexpression of miR-613
reduced proliferation of SW480 cells (Figure
2B). It is well known that cell proliferation is
associated with cell-cycle distribution. Thus,
cell-cycle status of SW480 cells transfected
with miR-613 mimic or miR-NC was assessed.
As expected, overexpression of miR-613 sig-
nificantly decreased the percentage of cells in
S phase and increased the percentage of
cells in G1 phase (P<0.05, Figure 2C). These
results suggested that miR-613 impaired CRC
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Figure 4. miR-613 directly targets FMNL2 mRNA by binding to its 3’-UTR. A. Predicted miR-613 target sequence
in the 3’-UTR of FMNL2 mRNA and positions of five mutated nucleotides (bold) in the 3’-UTR of miR-613. Wt, wild
type; Mut, mutant. B. Luciferase reporter assay of SW480 cells cotransfected with Wt or Mut FMNL2 3’-UTR re-
porter plasmid and miR-613 or miR-NC. C and D. FMNL2 expression at the mRNA and protein levels was detected
in SW480 cells transfected with miR-613 or the miR-NC by gPCR and western analysis, respectively. B-actin served

as the loading control. *P<0.05, **P<0.01.

cell proliferation by inducing cell-cycle arrest at
G1.

miR-613 inhibited CRC cell migration and inva-
sion

The role of miR-613 in CRC cell metastasis was
then investigated by wound healing assay and
Transwell invasion assay. As shown in Figure 3,
SW480 cells transfected with miR-613 mimic
showed significantly reduced migratory and
invasive ability compared with that of cells
transfected with miR-NC. These observations
indicate that that miR-613 may inhibit CRC
metastasis.

miR-613 directly targets FMNL2 mRNA by
binding to its 3’-UTR

To investigate the molecular mechanism un-
derlying the antitumor activity of miR-613
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in CRC cells, potential targets of miR-613
were predicted using bioinformatic software
(TargetScan and miRanda). FMNL2, an onco-
gene, was selected as a potential target. To
further explore whether FMNL2 responds to
miR-613 through a direct interaction with the
3’-UTR in CRC, we cloned the Wt and Mut
FMNL2 3-UTRs (Figure 4A) into a luciferase
reporter vector and assessed the effect of
miR-613 on luciferase activity by dual-lucifer-
ase assay. The results showed that miR-613
significantly repressed the luciferase activity
of the Wt-FMNL2 3’-UTR, whereas no signifi-
cant change was observed in luciferase activi-
ty of the Mut-FMNL2 3’-UTR in SW480 cells
(Figure 4B). To further confirm the potential
role of miR-613 in regulation of FMNL2, we
examined FMNL2 expression in SW480 cells
after transfection with miR-613 mimic or miR-
NC by gPCR and western analysis. Our results

Am J Transl Res 2016;8(12):5475-5484
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Figure 5. miR-613 level negatively correlates with FMNL2 mRNA level in CRC tissue. A. FMNL2 mRNA expression
level in 32 samples of CRC tissues and paired adjacent nontumor tissues (ANT) was determined by qPCR. B-actin
was used as an internal control. B. Pearson correlation analysis shows inverse relationship between FMNL2 and
miR-613 expression levels in CRC tissues (n=32). *P<0.05, **P<0.01.

demonstrated that overexpression of miR-613
caused a notable decrease in FMNL2 expres-
sion at the mRNA and protein levels in SW480
cells (Figure 4C and 4D). These results sug-
gested that FMNL2 is a direct target of miR-
613 in CRC cells.

miR-613 level negatively correlates with
FMNL2 level in CRC tissue

To further examine the relationship between
miR-613 and FMNL2, we assessed the expres-
sion level of FMINL2 mRNA in 32 pairs of CRC
tissues and adjacent nontumor tissues by
PCR. Results showed that FMNL2 mRNA level
was dramatically upregulated in CRC tissue
compared to adjacent nontumor tissues
(P<0.01, Figure 5A). Pearson correlation analy-
sis further demonstrated that miR-613 level
was negatively correlated with the expression
level of FMNL2 mRNA in CRC tissue (r=-0.513,
P=0.003, Figure 5B). Taken together, these
data lead to the conclusion that reduced
miR-613 expression, together with increased
FMNL2 expression, commonly occurs in human
CRC cells.

Overexpression of FMNL2 reversed the tumor-
suppressive effect of miR-613 in CRC cells

To evaluate whether FMNL2 is responsible
for the functional effects of miR-613 in CRC
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cells, we generated FMNL2 expression plas-
mid pCDNA3.1-FMNL2 and used it to transfect
SWA480 cells overexpressing miR-613. Then,
proliferation, cell-cycle status, and migratory
and invasive ability of the cells were deter-
mined. We found that overexpression of
FMNL2 restored expression of FMNL2 mRNA
and protein that had been suppressed by
overexpression of miR-613 (Figure 6A and 6B).
Results of MTT assay showed that FMNL2 over-
expression markedly rescued the suppression
of cell proliferation induced by miR-613
(Figure 6C). Furthermore, overexpression of
FMNL2 led to a significant increase in the
proportion of miR-613-expressing cells in S
phase and decreased the proportion in G1
(Figure 6D). Restoration of FMNL2 expression
also significantly attenuated miR-613-induced
suppression of cell migration and invasion in
SWA480 cells (Figure 6E and 6F). These data
make it clear that miR-613 exerted its sup-
pressive role in CRC cells by targeting FMNL2.

Discussion

Aberrant expression of miRNAs has been sug-
gested to play critical roles in the development
and progression of different cancers through
modulation of oncogenic and tumor-suppres-
sor pathways [6, 8]. Specifically with regard
to CRC, it has already been reported that
miRNAs are involved in CRC progression

Am J Transl Res 2016;8(12):5475-5484
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Figure 6. Overexpression of FMNL2 reversed the tumor-suppressive effect of miR-613 in CRC cells. (A and B) SW480
cells were transfected with FMNL2 expression plasmid (pcDNA3.1-FMNL2) and high levels of miR-613, and FMNL2
mRNA (A) and protein (B) were determined by gPCR and western blot, respectively. B-actin served as loading control.
(C-F) Proliferation, cell-cycle status, migration, and invasion of the cells were assessed by MTT assay, flow cytometry,
and wound healing and transwell invasion assays, respectively. *P<0.05, **P<0.01.

through regulation of cell-cycle status, prolifer-
ation, migration, apoptosis, and invasion [9,
10]. For example, Li et al reported that restor-
ing expression of miR-152 in CRC cells dra-
matically reduced cell proliferation, migration,
and invasion and promoted apoptosis and
caspase-3 activity in vitro, and also sup-
pressed tumor growth in vivo by targeting
phosphoinositide-3-kinase regulatory subunit
3 (PIK3R3) [19]. Han et al found that miR-874
inhibited proliferation, reduced colony forma-
tion, enhanced apoptosis, and decreased
5-fluorouracil resistance in CRC cells by target-
ing XIAP [20]. Wu et al demonstrated that
miR-128 inhibited CRC cell proliferation, colony
formation, migration, and invasion and pro-
moted apoptosis in vitro, and also suppressed
CRC xenograft tumor growth in vivo by targeting
insulin receptor substrate 1 (IRS1) and in-
directly regulating the AKT signaling pathway
[21]. Here, we investigated the role of miR-613
in CRC growth and metastasis. Our results
showed that miR-613 was downregulated in
CRC tissue and cell lines, and that a low level
of miR-613 was significantly associated with
advanced TNM stage and lymph node metasta-
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sis. Investigation of cell functions showed
that miR-613 significantly decreased CRC
cell proliferation, migration, and invasion, and
induced cell-cycle arrest at G1 phase. These
data suggest that miR-613 might serve as a
novel biomarker or therapeutic target for CRC.

miR-613 has been reported to be downregu-
lated in several types of cancers [11-17]. miR-
613 inhibits cancer cell growth, invasion, and
migration, and promotes apoptosis by targeting
several oncogenes, including SphK2 [16],
DCLK1 [11], CDK4 [14], LXR«x [12] and Fzd7
[17]. However, to date, the biological function
and underlying mechanism of miR-613 in CRC
remains unclear. Here, our findings that miR-
613 overexpression significantly inhibited CRC
cell proliferation, migration, and invasion, and
promoted cell-cycle arrest at G1 phase suggest
that miR-613 might also act as a tumor sup-
pressor in CRC.

It is well known that understanding the biologi-
cal functions and the underlying mechanisms
of miRNAs relies on the identification of rele-
vant target genes [7]. Here, using bioinformatic
software (TargetScan and miRanda), we identi-
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fied FMNL2 as a potential target of miR-613.
FMNL?2 is a member of the diaphanous-related
formins (DRFs), which act as effectors of Rho
family guanosine triphosphatases (GTPases)
[22, 23] and play key roles in a growing range of
cellular processes, such as filopodium forma-
tion, cell migration, cytokinesis, cell adhesion,
cell polarity, and tumor development [24].
FMNL2 has been shown to be upregulated in
CRC tissue [18], a positive regulator of cell
motility and metastasis in CRC cells in vitro
[25], and to enhance CRC invasion by inducing
epithelial-mesenchymal transition [26]. Impor-
tantly, several miRNAs, including miR-137 [27],
miR-34a [28], miR-206 [29], and miR-145 [30],
had been reported to be involved in FMNL2
regulation in CRC cells in vitro. Here, we further
confirmed that FMNL2 is a direct target of
miR-613 in CRC through dual-luciferase assay,
real-time qPCR, and western analysis. We also
demonstrated that FMNL2 mRNA was upregu-
lated in CRC tissues and inversely correlated
with  miR-613 expression in CRC tissues.
Overexpression of FMNL2 significantly rever-
sed the tumor-suppressive effects of miR-613
on CRC proliferation, migration, and invasion.
These findings suggest that miR-613 exerts
tumor-suppressive effects in CRC, at least in
part, by targeting FMNL2.

In conclusion, our findings suggest that miR-
613 might serve as a novel biomarker of CRC
and function as a tumor suppressor in CRC
cells by targeting FMNL2. Further, miR-613
and FMNL2 are potential targets for the devel-
opment of novel therapeutic agents to treat
and prevent CRC and CRC metastasis.
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