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Breast cancer is the most frequently diagnosed female cancer. LIM domain kinase 1 (LIMK1) was reported

to increase breast cancer progressive biological behavior and was associated with clinical breast cancer

outcomes. MiRNAs are a kind of small non-coding RNA that binds the target mRNAs, leading to protein

downregulation. The aim of this study was to find whether miR-138-5p could target LIMK1 in breast

cancer to suppress breast cancer biological behavior. The TCGA database showed that LIMK1 was

highly expressed in breast cancer. The dual-luciferase report showed that LIMK1 was a target gene of

miR-138-5p. Over-expression of miR-138-5p could significantly reduce expression of LIMK1 in mRNA

and the protein level. Colony formation and MTT assay showed that over-expression of miR-138-5p

could suppress proliferation of breast cancer cells. Wound-healing assay and transwell assay showed

that over-expression of miR-138-5p could suppress migration and invasion of breast cancer cells. In

addition, over-expression of miR-138-5p could arrest breast cancer cells into the G0/G1 phase by

down-regulating expression of CDK4, 6/Cyclin D1 and CDK2/Cyclin E1 compounds. In conclusion,

our study showed that miR-138-5p could target LIMK1 and suppress the progressive biological

behavior of breast cancer cells. Mi-138-5p targeting LIMK1 may be a new potential treatment for

breast cancer.
Introduction

Nowadays, breast cancer has been a frequently diagnosed
womens cancer and it was estimated that in 2015, there were
over 2 million women diagnosed with breast cancer and more
than 500 000 patients died of it.1 Different molecules decide
different subtypes and therefore lead to different therapeutic
strategies and clinical outcomes.2 Up to now, there have only
been two biomarkers used to guide therapeutic strategies
despite the stage of breast cancer: estrogen receptor (ER) and
the Human Epidermal growth factor Receptor 2 (HER2).3

Although current therapies constitute a considerable improve-
ment in breast cancer treatments, there are still some types of
breast cancer existing with tumor progression and therapy-
resistance.2,3 Therefore, to gure out themolecular mechanisms
of breast cancer is an urgent requirement for the treatment of
breast cancer.

Some hypotheses about resistance to breast cancer treat-
ments have been proposed to overcome this challenges,
including transporters and enzymes for intracellular drug
depletion, DNA repair, targets mutations, resistance to
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apoptosis, and miRNAs' role.4 MiRNAs are a kind of small non-
coding 22 nucleotide-long RNAs that bind the target mRNAs,
leading to protein downregulation.5 Since miRNAs dysregulated
in breast cancer in 2005, more and more studies about miRNAs
in breast cancer have been reported, including onco-miRNAs
(suppressing tumor suppressor genes) and tumor-suppressor
miRNAs (downregulating oncogenic genes).2,6

LIM domain kinase 1 (LIMK1) is a serine/threonine kinase
that regulates actin polymerization through phosphorylation
and inactivation colin (CFL1).7 It was reported that LIMK1
could increase breast cancer cells' metastasis via regulation of
the urokinase-type plasminogen activator system, indicating
that LIMK1 signaling played a major role in breast cancer in
tumor growth, angiogenesis andmotility.8 Several studies found
that miR-143-3p, miR-200b-3p and miR-429-5p could suppress
LIMK1 expression in breast cancer, inhibiting breast cancer
cells' biological behaviors, such as proliferation, migration and
invasion.9,10 According to miRNA target databases, one miRNA
may have more than one target genes, meanwhile one gene may
be regulated by different miRNAs.11

In this study, we found that LIMK1 was highly expressed in
breast cancer tissues and miR-138-5p targeted LIMK1 and
suppressed the proliferation, migration, and invasion of breast
cancer cells. We hope our results could broaden the views of
miRNAs mechanisms in breast cancer and in future miR-138-5p
could be a potential target for breast cancer treatment.
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09042k&domain=pdf&date_stamp=2017-11-08
http://orcid.org/0000-0003-2418-3617
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09042k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007082


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
:4

1:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Materials and methods
Cell culture and transfection

MDA-MB-231 and HCC1937 TNBC cells were purchased from
the Chinese Academy of Science at Shanghai (Shanghai, China).
HEK 293T human embryonic kidney cells were a gi from the
Department of Laboratory Medicine, Shanghai Tenth People's
Hospital. Cells were cultured in Dulbecco's modied Eagle's
medium (DMEM; Gibco Life Technologies, Carlsbad, CA, USA)
with 10% fetal bovine serum (FBS, Gibco) and penicillin-
streptomycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Ger-
many) in an incubator at 37 �C in 5% CO2.

MiR-138-5p mimics and negative-control (NC) mimics were
purchased from Ibsbio (Shanghai Integrated Biotech Co., Ltd.,
Shanghai, China). For transfection, cells (2.5 � 105/well) were
cultured in a 6-well plate. Aer cells reached to 40–50%
conuence, the mimics were transfected into cells with Lip-
ofectamine 2000 (Invitrogen; Thermo Fisher Scientic, Inc.)
according to the manufacturer's instructions. The concentra-
tion of mimics used was 100 nM L�1, and the ratio of mimics to
Lipofectamine 2000 was 2.5 : 2 (volume). The sequence of the
miR-138-5p mimics was: sense, 50-AGCUGGUGUUGUGAAU-
CAGGCCG-3'; antisense, 50-GCCUGAUUCACAACACCAGCUUU-
3'. The NC mimic sequence was: sense, 50-UCACAACCUCCUA-
GAAAGAGUAGA-30; antisense, 50-UACUCUUUCUAGGAGGUU-
GUGAUU-30.

Cell proliferation assays

Aer MDA-MB-231 cells were transfected with miR-138-5p, or
NCmimics for 24 h, single-cell suspensions of these transfected
cells were prepared, and then replated in a 12-well plate with
600 cells per well. The culture medium was changed every 3
days. Aer 14 days, the plated cells were washed with
phosphate-buffered saline (PBS) twice and then treated with 4%
polyformaldehyde for 10 min, stained with 0.1% crystal violet
for 10 min, and washed with double-distilled water 3 times.
Photos of the culture surfaces on dried plates were taken.

For a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) proliferation assay, MDA-MB-231 cells
(2 � 103/well) were seeded in a 96-well plate. The cell prolifer-
ation rate was determined by measuring the absorbance of MTT
according to the manufacturer's instructions (Thermo Fisher
Scientic, Inc., Waltham, MA, USA) at d1, d2, d3. A microplate
spectrophotometer (BioTek, Winooski, VT, USA) was used to
measure the absorbance of each sample at 490 nm.

Cell migration and invasion assays

Wound-healing and Transwell-cup assays were performed to
evaluate the motility of MDA-MB-231 cells transfected with
miR-138-5p mimics and NC mimics. Cells (2.5 � 105/well)
were cultured in a 6-well plate. When cells reached 90%
conuence, the plate containing the cells was scratched with
a 200 mL pipette tip. Photos of plate containing the cells in
culture were taken at 0 and 24 h at the same position to assess
cell motility. Transwell assays, with or without Matrigel, was
also used to evaluate migration and invasion. Aer MDA-MB-
This journal is © The Royal Society of Chemistry 2017
231 cells' treatment with miR-138-5p mimics, or NC mimics,
5 � 104 cells per well were seeded in the upper chambers of
a 24-well Transwell cup plate (Corning, NY, USA) with 200 mL of
DMEM supplemented with 0.1% bovine serum albumin. The
lower chambers were lled with 500 mL of DMEM with 10%
bovine serum albumin. The cells were cultured for 12 h to 16 h,
and then the outer surface of cup was washed with PBST 3
times, then xed with 4% polyformaldehyde 10 min,
and stained with 0.1% crystal violet for 10 min. Photos of
the bottoms of the inserts were captured when the surface
dried.

Quantitative reverse transcription-polymerase chain reaction

MDA-MB-231 and HCC1937 TNBC cells were treated with miR-
138-5p mimics, or NC mimics in 6-well plates. Aer 36 h, cells
were collected for total RNA isolation with TRIzol reagent (Invi-
trogen; Thermo Fisher Scientic, Inc.) and cDNA was generated
using a real-time polymerase chain reaction (PCR) kit (Takara,
Shiga, Japan). Quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) was performed on a 7900HT Fast real-
time PCR system (Applied Biosystems, Singapore). We followed
our previously published amplication procedure: 5min at 95 �C,
followed by 40 cycles at 95 �C for 30 s and 65 �C for 45 s.12

Expression of mRNA was assessed by evaluating threshold cycle
values. The threshold cycle values of LIMK1 were normalized to
the level of GAPDH expression. The primer sequences used were
as follows:10 LIMK1-forward: 50-CAAGGGACTGGTTATGGTGGC-
30; LIMK1-reverse: 50-CCCCGTCACCGATAAAGGTC-30; GAPDH-
forward: 50-CATGAGAAGTATGACAACAGCCT-30; and GAPDH-
reverse: 50-AGTCCTTCCACGATACCAAAGT-30. The qRT-PCR
results were analyzed using the 2�DDt method.12

Western blot analysis

MDA-MB-231 and HCC1937 TNBC cells were collected aer
72 h of treatment with miR-138-5p and NC mimics, and total
protein samples were extracted from them using a RIPA buffer
(Beyotime Biotechnology, Shanghai, China). Protein concen-
trations of the samples were measured with a BCA Protein
Assay Kit (Beyotime Biotechnology) according to the manu-
facturer's instructions. The protein samples (60 mg) were
separated on a 10% SDS polyacrylamide gel using electro-
phoresis and transferred onto 0.45 mm nitrocellulose
membranes (Beyotime Biotechnology). The membranes were
blocked for 60 min with a 5% nonfat milk solution and then
incubated with primary antibodies overnight at 4 �C. The blots
were washed with TBST and incubated for 1 h with an anti-
rabbit or anti-mouse secondary antibody (1 : 2000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Aer 3 washes
with TBST, immunoreactive protein bands were detected
using an Odyssey Scanning System (LI-COR Biosciences,
Lincoln, NE, USA). Primary antibodies against the following
were used:10 PCNA (1 : 2000; Cell Signaling Technology, Dan-
vers, MA, USA), MMP2 (1 : 1000; Arigo Biolaboratories, Hsin-
chu City, Taiwan, China), MMP9 (1 : 1000; Arigo
Biolaboratories), LIMK1 (1 : 500; Arigo Biolaboratories), CFL1
(1 : 500; Arigo Biolaboratories), phospho-CFL1 (1 : 500; Arigo
RSC Adv., 2017, 7, 52030–52038 | 52031
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Biolaboratories), CDK2 (1 : 2000; Bioworld, Shanghai, China),
CDK4 (1 : 2000; Abcam, Cambridge, MA, USA), CDK6 (1 : 2000;
Abcam), cyclin D1 (1 : 10 000; Abcam), cyclin E1 (1 : 2000;
Abcam), and b-actin (1 : 2000; Santa Cruz Biotechnology,
CA, USA).
Cell cycle assay

MDA-MB-231 cells were treated with miR-138-5p mimics, or
NC mimics for 36 h. The cells were then collected, washed,
suspended in cold PBS, and xed in cold 70% ethanol over-
night at 4 �C. Aer a 30 min incubation with RNase (0.1 g L�1),
300 mL (0.05 g L�1) of propidium iodide, staining solution was
added to each cell sample. The stained samples were incu-
bated for 30 min at room temperature in the dark. The cell-
cycle progression was then analyzed by ow cytometry.
Fig. 2 LIMK1 is a target gene of miR-138-5p. (A) Binding sites of miR-
138-5p and LIMK1 30-UTR. (B) MiR-138-5p decreased luciferase activity
in wild-type group (student t-test, *** means p value < 0.001).
Dual-luciferase reporter assay

HEK 293T cells were seeded in 48-well plates and cultured until
they reached 70% conuence. The psiCHECK-2/LIMK1 30-
untranslated region (UTR) wild reporter and psiCHECK-2/LIMK1
30UTR mutant reporter plasmids were purchased from Ibsbio
(Shanghai, China). HEK 293T cells were transiently co-transfected
with 0.2 mg psiCHECK-2/LIMK1 30-UTR wild reporter or
psiCHECK-2/LIMK1 30-UTR mutant reporter plasmids and
100 nM L�1 miR-138-5p mimics, or NC mimics by Lipofectamine
2000. Aer 72 h, cell lysates were collected to determine rey and
Renilla luciferase activity using a Dual Luciferase Assay Kit
(Beyotime Biotechnology). Firey luciferase activity values were
Fig. 1 LIMK1 is highly expressed in different breast cancer subtypes. (A) I
4.559, p-value: 3.71 � 10�12); (B) Invasive Breast Carcinoma vs. Normal
Breast Adenocarcinoma vs. Normal (fold change: 2.531, p-value: 2.29 � 1
change: 3.196, p-value: 4.99 � 10�12).

52032 | RSC Adv., 2017, 7, 52030–52038
normalized to the values for Renilla luciferase, and the results are
presented as the ratio of rey to Renilla activity values.
Statistical analysis

GraphPad Prism version 6.0 (GraphPad, San Diego, CA, USA)
was used for all statistical analyses. Data are presented as the
mean � standard (mean � SD) with at least three separate
experiments. The student t-test and were used for comparisons
between groups. Differences were considered signicant for a p-
values less than 0.05.
ntraductal Cribriform Breast Adenocarcinoma vs. Normal (fold change:
(fold change: 1.682, p-value: 4.43 � 10�7); (C) Intraductal Cribriform
0�13); (D) Mixed Lobular and Ductal Breast Carcinoma vs. Normal (fold

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 MiRNA-138-5p suppresses expression of LIMK1 and its substrate CFL1. (A and B) MiR-138-5p suppressed mRNA expression of LIMK1 in
MDA-MB-231 and HCC1937 cells (student t-test, ***means p value < 0.001); (C and D) MiR-138-5p suppressed protein expression of LIMK1 and
reduced expression and phosphorylation of CFL1 in MDA-MB-231 and HCC1937 cells (student t-test, *means p value < 0.05; **means p value <
0.01; *** means p value < 0.001).

Fig. 4 MiRNA-138-5p suppresses proliferation of breast cancer cells. (A) Colony formation assat showed that miR-138-5p inhibited proliferation
of MDA-MB-231 cells; (B) MTT assay showed miR-138-5p inhibited proliferation of MDA-MB-231 cells (student t-test, ** means p value < 0.01);
(C) over-expression suppressed PCNA protein level in MDA-MB-231 cells (student t-test, *** means p value < 0.001); (D) over-expression
suppressed PCNA protein level in HCC1937 cells (student t-test, *** means p value < 0.001).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 52030–52038 | 52033
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Results
Expression of LIMK1 was up-regulated in TCGA breast cancer
database

The expression of LIMK1 in breast cancer was checked in
oncomine website (https://www.oncomine.org/). Data from the
TCGA database (Fig. 1) showed that LIMK1 was highly expressed
in different breast cancer type, including intraductal cribriform
breast adenocarcinoma, invasive breast carcinoma, invasive
lobular breast carcinoma and mixed lobular and ductal breast
carcinoma. These results indicated that LIMK1 could be an
oncogene in breast cancer.
Fig. 5 MiRNA-138-5p suppresses motility ability of breast cancer cells. (A
MDA-MB-231 cells. (B and C) Transwell assay showed that miR-138-5p in
means p value < 0.01); (D) miR-138-5p inhibited expression of MMP2 an
test, *** means p value < 0.001).

52034 | RSC Adv., 2017, 7, 52030–52038
Mir-138-5p targeted LIMK1 and inhibited the expression of
LIMK1

Several databases (such as TargetScan, PicTar and miRwalk)
indicated that LIMK1 was a target gene of miR-138-5p, regu-
lating LIMK1/CFL1 signal pathway to function as a tumor
suppressor in breast cancer. To conrm this prediction, two
types of plasmids that contained the binding sites of miR-138-
5p and LIMK1 (wild- and mutant-type, Fig. 2A) were con-
structed and transferred into HEK293T cells. As shown in
Fig. 2B, miR-138-5p signicantly decreased the luciferase
activity when compared to NC group in wild-type group. More
importantly, in mutant-type group, miR-138-5p seemed to have
no effect compared with NC group. These results indicated
) Wound-healing assay showed that miR-138-5p inhibited migration of
hibited migration and invasion of MDA-MB-231 cells (student t-test, **
d MMP9 in MDA-MB-231 and HCC1937 breast cancer cells (student t-

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09042k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
:4

1:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
LIMK1 was a target gene of miR-138-5p. Aer transfection of
miR-138-5p mimics into MDA-MB-231 and HCC1937 breast
cancer cells, miR-138-5p signicantly inhibited expression of
LIMK1 in RNA level (Fig. 3A and B). Moreover, miR-138-5p not
only inhibited protein level of LIMK1 but also down-regulated
the expression of CFL1 and phosphorylation of CFL1 in both
two breast cancer cellines (Fig. 3C and D). Taken all together
into consideration, it indicated that miR-138-5p could target
LIMK1 and inhibited LIMK1/CFL1 expression in breast cancer
cells.
Mir-138-5p inhibited proliferation of breast cancer cells

Colony formation assay and MTT showed that over-expression
of miR-138-5p in MDA-MB-231 breast cancers signicantly
inhibited the proliferation of MDA-MB-231 breast cancer cells
(Fig. 4A and B). Western blot showed that miR-138-5p could also
inhibit the expression of PCNA, which was thought to be
a proliferation biological marker.13 These results showed that
miR-138-5p inhibited the proliferation of breast cancer cells.
Mir-138-5p inhibited migration and invasion of breast cancer
cells

As shown in Fig. 5A, the wound healing assay showed that over-
expression of miR-138-5p in MDA-MB-231 breast cancer cells
healed more slowly compared to NC group. At 24 h, in miR-138-
Fig. 6 MiRNA-138-5p arrested breast cancer cells into G0/G1 phase. (A) O
phase (miR-138-5p: 60.89% vs. NC: 49.06%); (B and C) over-expression
Cyclin E1 Compounds in MDA-MB-231 and HCC1937 breast cancer cell
means p value < 0.001).

This journal is © The Royal Society of Chemistry 2017
5p treatment group, there was still 50% space not migrated by
MDA-MB-231 cells while in NC group, the MDA-MB-231 cells
have already healed already. Besides, the transwell assay
showed over-expression of miR-138-5p also decreased the
migrating and invasive cells (Fig. 5B and C). It is well known
that MMP2 and MMP9 are usually used as indicators of
metastasis because they are important for metastatic cancer cell
invading the basement membrane.14,15 Therefore we chose
MMP2 and MMP9 as the biomarkers to reect migration and
invasion of metastatic breast cancer cells. As shown in Fig. 5D
and E, we found that miR-138-5p could signicantly inhibit the
protein level of MMP2 and MMP9 both in MDA-MB-231 and
HCC1937 two breast cancer cellines. These results showed that
over-expression of miR-138-5p could inhibit migration and
invasion of breast cancer cells.

Mir-138-5p arrested breast cancer cells into G0/G1 phase

Aer over-expression of miR-138-5p, MDA-MB-231 cells were
collected for ow cytometry analysis. The results showed that
compared to NC group, over-expression of miR-138-5p could
signicantly arrest MDA-MB-231 cells into G0/G1 cell phase
(Fig. 6A). Then we checked expression status of CDK4, 6/Cyclin
D1 and CDK2/Cyclin E aer over-expression of miR-138-5p,
which were thought as the main regulators for cells from G0/
G1 phase to S phase.16 Our results showed that over-
expression of miR-138-5p signicantly decreased the
ver-expression of miR-138-5p arrestedMDA-MB-231 cells into G0/G1
of miR-138-5p inhibited expression of CDK4, 6/Cyclin D1 and CDK2/
s (student t-test, * means p value < 0.05; ** means p value < 0.01; ***

RSC Adv., 2017, 7, 52030–52038 | 52035
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expression of CDK4, 6/Cyclin D1 and CDK2/Cyclin E in both
MDA-MB-231 and HCC1937 breast cancer cellines. These
results revealed that miR-138-5p decreased the expression of
CDK4, 6/Cyclin D1 and CDK2/Cyclin E, thus arrested cells into
G0/G1 phase.

Discussion

Breast cancer now is the No. 1 diagnosed female cancer in the
world and just in the USA along, there are over 2.5 million new
cases of in 2016–2017.17,18 It was reported that high expression
of LIMK1 was found in breast cancer and the status of LIMK1 in
breast cancer was associated with breast cancer progression,
angiogenesis, and metastasis.19 We searched the expression of
LIMK1 in breast cancer from oncomine website (https://
www.oncomine.org/). It conrmed that LIMK1 was highly
expressed in different breast cancer type (Fig. 1). One study
revealed Inhibition of LIM kinase can reduce tumor growth and
invasiveness of breast cancer.20 Therefore, targeting LIMK1 may
be a potential treatment for breast cancer. A series of studies
were designed and performed to explore potential LIMK1
inhibitors to treat cancers. For example, bis-aryl urea derivatives
were selected to be the potential LIMK inhibitors21,22 5,6-
substituted 4-aminothieno[2,3-d]pyrimidines was identied as
LIMK1 inhibitors;23 computer-based identication of a novel
LIMK1/2 Inhibitor that synergizes with salirasib to destabilize
the actin cytoskeleton;24 transcriptional proling of GBM inva-
sion genes identies effective inhibitors of the LIM kinase-
colin pathway.25 In breast cancer, a series of aminothiazole
inhibitors were discovered by high throughput screening and
subsequent SAR directed development led to a series of low
nanomolar inhibitors of LIMK1 and LIMK2 that also inhibited
the direct biomarker p-colin in cells and inhibited the invasion
of MDA-MB-231 cells.26 CRT0105446 and CRT0105950 were
screened and identied as signicantly sensitive to both LIMK
inhibitors to be against 656 cancer cell lines, and rhabdomyo-
sarcoma, neuroblastoma and kidney cancer cells; therefore
CRT0105446 and CRT0105950 will enable further development
of LIMK-targeted cancer therapy.27

MiRNAs are a kind of 20–22 nt non-coding RNAs that can
bind mRNA of target genes and therefore down-regulate the
expression of target genes, function as oncogenes or tumor
suppressors.28 In non-small cell lung cancer (NSCLC), miR-27b
and miR-143 were reported to target LIMK1 to inhibit tumor
growth, migration and invasion of NSCLC cells.29,30 In addition,
miR-20a was also found to target LIMK1 to counteract tumor
progression in anaplastic thyroid31 and inhibited metastasis
and proliferation in cutaneous squamous cell carcinoma.32

These studies indicated that miRNAs targeting LIMK1 maybe
a potential treatment for cancer therapies. In our study, we
found that miR-138-5p could bind 30-UTR of LIMK1 at the site
801–808 (Fig. 2A). To conrm this, two types of plasmids con-
taining the binding (wild-type binding sites and/or mutant
binding sites) were constructed to be co-transfected with miR-
138-5p mimics together into HEK293T cells. The luciferase
activity assay showed that in miR-138-5p could signicantly
decrease the luciferase activity, compared to NC group (Fig. 2B).
52036 | RSC Adv., 2017, 7, 52030–52038
Furthermore, aer overexpression of miRNA-138-5p in MDA-
MB-231 and HCC1937 breast cancer cells, the expression of
LIMK1 decreased in both mRNA and protein level. Meanwhile,
overexpression of miR-138-5p inhibits the expression and
phosphorylation of CFL1 (Fig. 3).

The colony formation assay andMTT assay showed that over-
expression of miR-138-5p in breast cancer could signicantly
inhibit the proliferation of MDA-MB-231 cells (Fig. 4A and B).
Given that PCNA protein is a common biomarker for assessing
cell proliferation and prognosis,33 we analyzed PCNA protein
expression levels aer over-expression of miR-138-5p to reect
the trend of proliferation in MDA-MB-231 and HCC1937 breast
cancer cells. In both two cancer cells, PCNA expression was
signicantly reduced upon treatment with the miR-138-5p
(Fig. 4C and D). In addition, we performed wound-healing
assay and transwell assay to explore whether miR-138-5p
could inhibit the motility of breast cancer cell. The results
showed that over-expression of miR-138-5p could signicantly
reduce the motility ability of MDA-MB-231 cells. Given that
MMP2 expression is highly associated with risk of metastasis
and MMP-9 expression is also signicantly correlated with BC
grades and overall survival.14,15 Therefore, MMP2 and MMP9
were chosen as the representative biomarkers to reect meta-
static trend of BC cells. The expression of MMP2 and MMP9
were signicantly decreased by miR-138-5p, which was in
accordance with another study that miR-138-5p could inhibit
the metastasis of breast cancer cells by suppressing EMT
process.34

Flow cytometry analysis showed that overexpression of miR-
138-5p arrested MDA-MB-231 cells into G0/G1 phase. Cyclin D1
is an important regulator for the G1/S transition, through acti-
vating CDK4/6, which phosphorylate and inactivate pRb to
release the transcription factor E2F to initiate a series of genes
that required for cell cycle progression through the G1/S tran-
sition.35CDK2/Cyclin E1 compound also played a major role in
inducing cell cycle from G1 phase to S phase.36 Aer transfected
with miR-138-5p mimics into MDA-MB-231 and HCC1937 cells,
CDK4, 6/Cyclin D1 and CDK2/Cyclin E1 compounds expression
all reduced in both two cellines. One study reported during cell
cycle process, activation of cyclin-dependent kinases (CDKs)
directly or indirectly activated LIMK1 and in turn LIMK1 may
also play participate in cell cycle progress.37 Overexpression of
LIMK1 in MDA-MB-435 breast cancer also increased cell cycle
progression.38 In another study, it was reported that via colin
phosphorylation, LIMK1 regulates cytokinesis to be involved in
the actin cytoskeletal reorganization.39 Our results indicated
that miR-138-5p suppressed breast cancer growth by regulating
the expression of CDK4, 6/Cyclin D1 and CDK2/Cyclin E1
through targeting LIMK1.

It was reported that in breast cancer, miR-451 could reverse
the chemo-resistance in chemo-resistant breast cancer cells by
targeting YWHAZ, which indicated that targeting miRNA
therapy may be a potential treatment for resistance breast
cancer.40 In addition, it was exciting that using miRNAs as
therapeutic entities and it was reported that US and European
has published almost 500 patent applications and issued
patents.41 For example, in hepatocellular carcinoma, up-
This journal is © The Royal Society of Chemistry 2017
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regulation miR-34a via NOV340 liposome showed a great effect
on treating hepatocellular carcinoma, including signicant
tumor reduction, life extension, and disease protection in
animals; therefore clinical trials in 2013 for miR-34 has been
initiated and miR-34a may be one of the rst miRNA mimics to
reach the clinic.42 Therefore, we hope one day miR-138-5p tar-
geting LIMK1 could be a potential therapy for breast cancer.
Conclusion

Our results indicated that miR-138-5p could suppress breast
cancer proliferation, motility and arrested breast cancer cells
into G0/G1 phase by targeting LIMK1. However, more work still
needs to be performed to explore miR-138-5p function in vivo
experiments and further mechanisms.
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