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Background: Gemcitabine is proven to be the first-line standard treatment of breast cancers.

Yet, little is known involving gemcitabine resistance and remains largely to be elucidated.

Materials and methods: We evaluated the expression of Cx43 in gemcitabine-resistant

cells and parental cells by quantitative reverse transcription polymerase chain reaction (qRT-

PCR) and Western blot analyses. Dual-luciferase reporter assay was applied to examine the

epigenetic regulator of Cx43. The role of miR-218-5p-Cx43 axis on cell cytotoxicity, cell

proliferation, colony formation, chemoresistance and migration was detected via mammalian

expression vector and small short RNA (shRNA) transfection in vitro.

Results: In this study, we found that Cx43 expression levels were significantly lower in

gemcitabine-resistant cells than in the parental cells. On deep investigation of the epigenetic

regulation of Cx43, a few miRNA candidates targeting Cx43 were derived. Through dual--

luciferase reporter assay, Cx43 was proved to be a direct target of miR-218-5p. Besides,

qPCR, Western blot demonstrated an inverse correlation between miR-218-5p and Cx43

expression in breast cancer cells, thus forming the miR-218-5p-Cx43 axis. Notably, miR-

218-5p-Cx43 axis was found to be involved in the process of gemcitabine chemoresistance,

cell proliferation and migration in breast cancer cells.

Conclusion: Our findings suggested that miR-218-5p-Cx43 axis was versatile and indicated

significant potency in breast cancer cells. More importantly, miR-218-5p-Cx43 axis might be

valuable in translational medicine, with therapeutic and prognostic information.
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Introduction
Breast cancer is the most common cancer in women worldwide.1 Currently, the

treatment strategies for breast cancer include surgery, cytotoxic chemotherapy,

hormonal therapy, targeted drugs, or a combination of these methods. However,

drug resistance is becoming a major clinical obstacle in treating breast cancer.2 In

heavily pretreated or treatment-resistant cases of breast cancer, there are limited

treatment options. Although a plenty of studies have been conducted to uncover the

underlying mechanisms of chemoresistance and many predictive biomarkers have

been identified so far, much remains to be elucidated.3–5

Recently, gemcitabine, also known as 2ʹ,2ʹ-difluorodeoxycytidine (dFdC), is an

analogue of deoxycytidine. It has been widely used in the treatment of several types

of cancer, including pancreatic cancer, non-small cell lung cancer, bladder and

metastatic breast cancer.6,7 After entering the cell, dFdCTP, gemcitabine tripho-

sphate metabolite, may be incorporated into DNA, leading to strand termination and

cellular apoptosis. Other anticancer mechanisms of gemcitabine include
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ribonucleotide reductase (RNR) inhibition, RNA incor-

poration and thymidylate synthase inhibition.8,9 Emerging

evidence demonstrate that gemcitabine-based regimens

have confirmed effect in the first-line treatment of breast

cancer.10 However, one of the main factors hindering

gemcitabine application is chemoresistance.11 Previous

investigations indicate that connexins (Cxs) and gap junc-

tional intercellular communications (GJICs) have a broad

physiological and pathological function in cancer cell

development, growth, differentiation and homeostasis.12

Experimental studies suggest that targeting Cxs may be a

novel technique, either to inhibit tumor cell growth

directly or to sensitize to various therapeutics.13 Cx43 is

the best known Cxs, while little is known about its rela-

tionship with gemcitabine sensitivity in breast cancer.

miRNAs are noncoding RNA molecules of approxi-

mately 21 to 25 nucleotides that modulate gene expression

by directly interacting with an mRNA target, thus leading to

either degradation of the mRNA transcription or inhibition

of the translation process. miRNAs play pivotal roles in

tumor cell proliferation, migration, invasiveness and metas-

tasis, involved in tumor progression, patient prognosis.14–17

MiRNAs also regulate chemosensitivity of different drugs

in multiple cancers. For an example, it is reported that

microRNA-181b regulated gemcitabine resistance in pan-

creatic cancer.18,19 The past decades’ diligence witnesses

the importance and utility of miRNAs in the field of cancer.

However, the epigenetic regulation of miRNAs to Cxs is

complex and needs further investigation.

In this study, based on our previously published mRNA

and miRNA microarray data, we aim to investigate the

roles of Cx43 and miRNAs in gemcitabine resistance in

breast cancer cells. Meanwhile, the broad function of Cx43

and miRNAs will be explored. Here, we found that miR-

218-5p-Cx43 axis not only acted as a regulator of gemci-

tabine resistance, but also functioned as a modulator of

cell proliferation and migration in breast cancer cells, with

tremendous potency to further research.

Materials And Methods
Cell Lines And Cell Culture
The MDA-MB-231 (MDA-231) and the HEK293T cell

lines were obtained from the Shanghai Cell Bank Type

Culture Collection Committee (CBTCCC, Shanghai,

China). All cells used were passaged for less than 6

months. The MDA-231 gemcitabine-resistant subline

(MDA-231-Gem) was gifted from the Key Laboratory of

Breast Cancer in Shanghai, Fudan University Shanghai

Cancer Center. All cells were cultured according to

the manufactures’ instruction, supplemented with 10%

fetal bovine serum (Gibco-BRL, Carlsbad, CA, USA),

100 units/mL penicillin and 100 μg/mL streptomycin

(Gibco-BRL, Carlsbad, CA, USA) at 37°C in a humidified

atmosphere with 5% CO2.

Plasmids Construction And Stable Cells

Establishment
The coding sequence of Cx43 was amplified by polymer-

ase chain reaction (PCR) and then cloned into the adeno-

viral vector plasmid with the HA-Flag tag, using the

Gateway Cloning system (Invitrogen Life Technologies,

Carlsbad, CA, USA). The miR-218-5p precursor

sequences were constructed in lentivirus-based pEZX con-

structs by GeneCopoeia, Inc. The plasmids containing

target sequences and corresponding vector plasmids were

transfected into HEK293T cells with packaging and envel-

ope plasmids using polyethylenimine reagent. The med-

ium containing virus particles was harvested and used to

transfect the indicated cells with polybrene. Medium con-

taining 1 μg/mL puromycin was used to select the stable

cells.

Transient-Transfected Cell Construction
The miR-135b, miR-186-5p and miR-218-5p mimics

duplexes were synthesized by Genepharma (Shanghai,

China). HEK293T cells were transfected with miRNAs

mimics using Lipofectamine 2000 (Invitrogen, Carlsbad,

CA) according to the instruction. Transient-transfected

cells were subjected to qPCR and Western blot to prove

the function of miRNAs.

RNA Isolation, qRT-PCR
Total RNA was extracted from cells with TRIzol reagent

(Invitrogen Life Technologies, Carlsbad, CA, USA) and

the reverse transcription reaction was performed using the

reverse transcription system (Promega Corporation,

Shanghai, China). qPCR was performed using SYBR

Premix Ex Taq (Takara Biotechnology (Dalian) Co., Ltd.,

Dalian, China), and GAPDH was used as an internal con-

trol. The primer sequences used were as follows: Forward,

5ʹ- GGTGGACTGTTTCCTCTCTCG-3ʹ and Reverse, 5ʹ-

GGAGCAGCCATTGAAATAAGC-3ʹ for Cx43; forward,

5ʹ-GGATTTGGTCGTATTGGG-3ʹ and reverse, 5ʹ-GGAT

TTGGTCGTATTGGG-3ʹ for GAPDH.
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Western Blot
T-PER tissue extraction buffer (Thermo Fisher Scientific,

Rockford, IL, USA) supplemented with protease and phos-

phatase inhibitor tablets (Roche Diagnostics, Indianapolis,

IN, USA) was applied for protein extraction. A total of 20 μg
protein was resolved by SDS-PAGE and transferred to

polyvinylidene fluoride film. Antibodies used included

anti-Cx43 antibody (1:1000, Abcan, America) and anti-

GAPDH antibody (1:1000, Sigma-Aldrich). Goat anti-rabbit

and goat anti-mouse (1:5000, Jackson ImmunoResearch

Laboratories, Inc., West Grove, MA, USA) secondary anti-

bodies were used. The signals were detected using chemilu-

minescent horseradish peroxidase substrate (Millipore,

Billerica, MA, USA) according to the manufacturer’s

instructions.

Dual-Luciferase Reporter Assay Targeting

Cx43-3ʹUTR
The 3ʹ-UTR of Cx43 was amplified from human genomic

DNA and cloned into the region directly downstream of the

Renilla gene stop codon in the psiCHECK2/Luciferase vec-

tor (Promega, Madison, WI) to generate psiCHECK2-CDA-

3ʹ-UTR constructs. The mutant 3ʹ-UTR of Cx43 was

amplified using psiCHECK2-CDA-3ʹ-UTR as the template

and cloned into the downstream of psiCHECK2/Luciferase

vector. The miR-135b, miR-186-5p and miR-218-5p

mimics duplexes were synthesized by Genepharma

(Shanghai, China). HEK293T cells were co-transfected

with a mixture of reporter constructs and miRNA duplexes

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After

incubation for 48 hrs, firefly and renillaluciferase intensity

were measured using the dual-luciferase reporter assay sys-

tem (Promega, Madison, WI) from the cell lysates.

Cytotoxicity And Cell Proliferation Assays
Cells at the logarithmic growth phase were plated in 96-

well plates. Following overnight adherence, complete

medium was replaced with medium containing 16 differ-

ent concentrations of gemcitabine ranging between

0.00001 and 900 μmol/L. Cell cytotoxicity was measured

by the Cell Counting Kit-8 (CCK-8) kit (Dojindo

Laboratories, Kumamoto, Japan) 6 days later. The IC50

value of gemcitabine was estimated from semilogarithmic

dose–response curves generated using GraphPad Prism

(GraphPad Software, Inc., La Jolla, CA, USA). Each

experiment was performed in triplicate. Cell proliferation

rate was also measured using the CCK-8 kit every 24 hrs

for seven days and a proliferation curve was generated

using GraphPad Prism.

Colony Formation Assay
The cells were seeded in 60-mm dish. Following 24 hrs,

complete medium was replaced with medium containing

different concentrations of gemcitabine (6, 9 and 12 nmol/

L). In addition, cells were seeded without gemcitabine as

standard controls. After 14 days, clones were fixed and

stained with crystal violet. Stained clones with a diameter

of >1 mm were counted and standardized. The cloning effi-

ciency was calculated using the following formula: Cloning

efficiency (%) = (clone number/total cell number)/(control

clone number/control total cell number) × 100. Each inde-

pendent experiment was performed in triplicate.

Immunofluorescence Assay
Briefly, cells were fixed with 4% paraformaldehyde and

permeabilized with 0.5% Triton X-100 for 15mins. The

cells were washed with PBS, blocked with 5% BSA in

PBS for 1hr and incubated with primary antibody over-

night at 4°C. Secondary antibody was conjugated with

Alexa Fluorescence 568 (1:1000, Ivigrogen) in 37°C.

DAPI was used to stain nuclei (1:5000, Sigma). Cells

were visualized by confocal fluorescence microscopy.

Migration Assay
For transwell migration assay, cells were resuspended in

serum-free media and added to the upper compartment of

the chamber, and 600mL of complete medium was added

to the lower chamber. Cells were incubated in a humidified

environment with 95% air and 5% CO2 at 37°C and

allowed to migrate for 12hrs. After removal of the

non-migrated cells, cells that had migrated through the

filter were stained with crystal violet, photographed, and

counted using ImageJ (National Institutes of Health,

Bethesda, MD, USA).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism

(GraphPad Software, Inc.) and SPSS software, version

17.0 (SPSS, Inc., Chicago, IL, USA). ANOVA and the

Student t-test were used to determine the statistical sig-

nificance between experimental groups. All p values were

two-sided, and p<0.05 was considered to indicate a statis-

tically significant difference.
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Results
Cx43 Sensitized Breast Cancer Cell To

Gemcitabine
Given the multiple facets of Cxs in cancer biology and

tight correlation with treatment sensitivity. Previously,

we conducted the mRNA microarray (the accession num-

ber: GSE63140) between MDA-231 and MDA-231-Gem

cells. By intersecting the Cxs with the mRNA microarray

data, Cx43 was the only one with remarkably differential

expression (Figure 1A). Therefore, we focused on Cx43

in our further investigation. We determined the expres-

sion of Cx43 in the indicated cells by both qPCR and

Western blot assays, and the result showed that Cx43

expression level was significantly lower in gemcitabine-

resistant MDA-231-Gem cells than in the parental cells

(Figure 1B and C). Vice versa, reintroduction of Cx43 in

MDA-231-Gem (MDA-231-Gem/Cx43) carried out by

lentivirus transduction and confirmed by Western blot

assay (Figure 1D) demonstrated that the IC50 value of

MDA-231-Gem/Cx43 was 33.90 nM significantly lower

than that of MDA-231-Gem/HF cells, which was 63.1

nM (p<0.001), whereas tremendously higher than that

of MDA-231 cells (Figure 1E–G). Collectively, overex-

pression of Cx43 re-sensitized gemcitabine-resistant cells

to gemcitabine in breast cancer cell model.

miR-218-5p Was A Post-Transcriptional

Regulator Of Cx43 Expression By

Directly Targeting Its 3ʹ-UTR
Previous literature indicated that Cx43 was a novel ther-

apeutic target; therefore, deep understanding of its regula-

tion was urgent. Hence, in order to explore the epigenetic

regulation of Cx43, four prediction algorithms were used

to predict potential miRNAs that target the 3ʹ-UTR

sequence of Cx43: PICTAR5, TargetScan, miRanda and

miRWalk. Consequently, 118 candidate miRNAs were

extracted by all four algorithms (Figure 2A). Besides,

our previously published miRNA microarray data (the

accession number: GSE63140) were adopted to further

inspect the potential miRNAs. By intersecting the 118

Figure 1 Cx43 up-regulation was associated with gemcitabine sensitivity in breast cancer cells. (A) Relative transcriptional expression level of Cx43 in mRNA microarray.

(B) Relative transcriptional expression level of Cx43 in cell model. (C and D) The protein expression level of Cx43 in gemcitabine resistance cells and established stable

cells, respectively. (E-G) Response of parental cells, gemcitabine resistance cells and established stable cells to different doses of gemcitabine. The IC50 for each cell line was

presented. The assays were performed in triplicate. ***p<0.001.
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Figure 2 Cx43 was a direct target of miR-218-5p. (A) Candidates miRNAs targeting Cx43 were predicted by using miRanda, miRWalk, TargetScan and PICTAR5. The

numbers in overlapping circles were simultaneously predicted by different algorithms. (B) Cx43 3ʹUTR and corresponding binding site fragments were introduced into the

luciferase 3ʹUTR reporter constructs. (C) Schematic model of the miR-135b, miR-186-5p and miR-218-5p seed matches in Cx43 3ʹUTR. (D and E) Relative luciferase

activities of luciferase reporters with wild-type and mutant Cx43 3ʹUTR were assessed in HEK293T cells. (F) Cx43 mRNA levels were determined by qPCR in miRNAs

stable cell lines. (G) Cx43 protein levels were determined by Western blot in miRNAs stable cell lines. *p<0.05.
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candidate miRNAs with more than threefold elevated

miRNAs of the microarray, miR-135b, miR-186-5p and

miR-218-5p were shown to be the most potential Cx43-

associated miRNAs. The possible binding sites of the

Cx43 3ʹ-UTR of these three miRNAs were presented by

using TargetScan (Figure 2B and C). Based on the above

analyses, dual-luciferase reporter assay was conducted to

examine the epigenetic regulators of Cx43, and the results

confirmed that the relative luciferase activity of

miR-218-5p, other than miR-135b and miR-186-5p, was

remarkably reduced in full-length wild-type 3ʹTUR of

Cx43 (Figure 2D). However, the reduction disappeared

as shown in mutant 3ʹTUR of Cx43 (Figure 2E). That is,

miR-218-5p was the directly epigenetic regulator of Cx43.

In addition, qPCR assay and Western blot analyses of

miRNA-transiently transfected cells were used to confirm

the effect of miRNAs on Cx43 expression. The qPCR result

indicated that mRNA level of Cx43 was reduced signifi-

cantly in miR-218-5p group (p<0.05) and marginal signifi-

cance in miR-186-5p group (p=0.053), but increased in

miR-135b group (Figure 2F). Western blot assay showed a

consistent trend with the qPCR result (Figure 2G).

Taken together, we could draw the conclusion that

miR-218-5p was the most efficient miRNA that could

down-regulate Cx43 expression by directly targeting its

3′-UTR in breast cancer cells.

miR-218-5p-Cx43 Axis Modulated

Chemosensitivity Of Gemcitabine In

Breast Cancer Cells
Since Cx43 expressing level was lower in MDA-231-Gem

cells and we showed that miR-218-5p could post-tran-

scriptionally reduce Cx43 expression by directly targeting

its 3ʹ-UTR, we established a series of stable cells to

investigate the function of miR-218-5p-Cx43 axis in gem-

citabine sensitivity and other biological processes of breast

cancer cell.

Stable HA-Flag–tagged Cx43-overexpressing cells

MDA-231-Cx43 and its mock control MDA-231-HF

were established through lentivirus transduction. The

same approach was applied to construct stable cell lines,

denoted as MDA-231-miR-218-5p and MDA-231-Control.

Western blot was adopted to verify the successful con-

struction of the above stable cell lines (Figure 3A

and B). Immunofluorescence assay was carried out to

further identify sub-cellular localization and expression

of Cx43 in indicated cells (Figure 3C and D). Not only

higher expression level of Cx43 in MDA-231-Cx43 and

MDA-231-Control, presented by Western blot, but also

more intensively red fluorescence appeared at the cell–

cell border line, representing significant expression at the

cell membrane.

Although Cx43 was associated with gemcitabine sensi-

tivity, whether miR-218-5p-Cx43 axis also involved or not?

The dose–response curves originated from the cytotoxicity

assay of MDA-231-HF, MDA-231-Cx43, MDA-231-

Control and MDA-231-miR218-5p was generated. And

IC50 value of MDA-231-Cx43 (2.29nM) (Figure 3E) was

less than that of MDA-231-HF cells (6.03nM) (Figure 3F),

while IC50 value of MDA-231-miR-218-5p (9.12nM)

(Figure 3G) was much higher than MDA-231-Control

cells (4.27nM) (Figure 3H). In brief, the cytotoxicity assays

indicated that miR-218-5p-Cx43 axis may take part in reg-

ulating gemcitabine chemosensitivity in breast cancer cells,

because Cx43 increased the vulnerability to Gemcitabine

and miR-218-5p may attenuate that effect.

miR-218-5p-Cx43 Axis Modulated Cell

Proliferation And Migration In Breast

Cancer Cells
In view of the multiple facets of Cx43, we further explored

the other aspects of Cx43. We further explored its impact on

cancer proliferation and migration. The colony number

decreased with increasing gemcitabine concentration in

each cell lines. As expected, MDA-231-Cx43 cells exhibited

less efficiency in colony formation than MDA-231-HF cells

(p<0.01) (Figure 4A and B), while MDA-231-miR-218-5p

increased colony numbers at each gemcitabine concentration

group (p<0.01) (Figure 4C and D). Otherwise, cell prolifera-

tion assay and transwell migration experiments were adopted

to investigate the function of miR-218-5p-Cx43 axis in cell

growth and migration. As shown in Figure 4E and F, we can

see both Cx43 and miR-218-5p decreased cell proliferation

rate. Figure 4G and H showed that Cx43 suppressed breast

cancer cells migration while miR-218-5p promoted the

migration. All in all, miR-218-5p-Cx43 had a profound effect

on breast cancer proliferation and migration.

Discussion
In this study, we found significantly lower expression of

Cx43, either of mRNA or protein level, in MDA-231-Gem

than MDA-231 cells. Our results demonstrated that Cx43

enhanced chemosensitivity of breast cancer cell to gemci-

tabine. Furthermore, some other experiments were carried
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out to investigate the role of Cx43 in cell growth and

migration. Our experiments proved that Cx43 attenuated

the cell proliferation and migration. Interestingly, miR-

218-5p was proved to be a post-transcriptional regulator

Figure 3 MiR-218-5p-Cx43 axis was involved with gemcitabine resistance. (A) Cx43 protein levels were determined by Western blot in Cx43 stable cell and mock control. (B)
Cx43 protein levels were determined by immunofluorescence assay in Cx43 stable cell and mock control. The red color indicated Cx43. (C) Cx43 protein levels were determined

byWestern blot in miR-218-5p stable cell and control. (D) Cx43 protein levels were determined by immunofluorescence assay in Cx43 stable cell and mock control. The red color

indicated Cx43. (E–H) Response of established stable cells to different doses of gemcitabine. The IC50 for each cell line was presented. The assays were performed in triplicate.
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to downregulate Cx43 expression by directly targeting its

3ʹ-UTR. Additionally, miR-218-5p counteracted with

Cx43 in regulating gemcitabine chemosensitivity, cell

growth and migration.

Figure 4 miR-218-5p-Cx43 axis was associated with proliferation and migration. (A–D) Colony formation assays were conducted to test cell proliferation. (E and G)

CCK-8. (F and H) Cell migration assay was performed to determine the cell mobility. **p<0.01.
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It is well recognized that the role of miRNAs in che-

mosensitivity of different drugs in various types of cancers

has been intensively investigated in the past decades.

However, few studies have specifically investigated the

association of miRNAs with gemcitabine resistance in

breast cancer cells.

Literature indicates that miR-218-5p is a vertebrate-spe-

cific intronic miRNA co-expressed with its host genes,

tumor suppressor gene SLIT2/3. The mature form of miR-

218-5p is generated from two separate loci, miR-218-1 and

miR-218-2, which are located on chromosomes 4p15.31

and 5q35.1 within the introns of SLIT2 and SLIT3,

respectively.20 miR-218-5p aberration is associated with

multiple drug resistance such as etoposide in breast cancer21

and gemcitabine in pancreatic cancer.22 However, we did

not find any literature about miR-218-5p affecting the gem-

citabine chemoresistance in breast cancer cells.

In our research, on the contrary of most former

researches, we found that miR-218-5p enhanced chemore-

sistance of gemcitabine in a breast cancer cell. miR-218-5p is

down-regulated and acts as a tumor suppressor in various

cancers such as nasopharyngeal cancer,23 cervical cancer,24

breast cancer25 and so on. Lower miR-218-5p expression

level is not only associated with oncogenesis and tumor

progression but also with tumor metastasis, such as in pros-

tate cancer.26 However, the role of miR-218-5p in breast

cancer metastasis still remains controversial. Some studies

revealed that miRNA-218-5p suppressed breast cancer cell

invasion and migration,27,28 while few studies drew opposite

conclusion.29,30 One study revealed that miR-218-5p expres-

sion was much higher in highly metastatic breast cancer cell

line MDA-231 than in normal MCF-10A cell and noninva-

sive MCF-7, and ectopic expression of miR-218-5p pro-

moted metastasis-related molecular properties in MDA-231

breast cancer cells.30 In our study, we found that ectopic

expression of miR-218-5p promoted breast cancer cell

migration. This discrepancy might be attributed to the vary-

ing downstream genes of miR-218-5p.

Previously, Cx43 is defined as a tumor suppressor gene in

breast cancer, which inhibits cell growth, invasion andmigra-

tion.What is more, Cx43 is proved to be a chemotherapy and

radiotherapy sensitizer in multiple cancers through GJIC

(Gap Junction Intercellular Communication) dependent or

independent manner.31,32 These findings are greatly in accor-

dance with the increasing evidence.33–35 Since Cx43 sup-

presses breast cancer cell growth andmiR-218-5p suppresses

the expression of Cx43, we assumed that miR-218-5p pro-

moted breast cancer cell growth. In fact, our proliferation

assay revealed that Cx43 suppressed breast cancer cell

growth; nevertheless, miR-218-5p promoted breast cancer

cell growth. Moreover, miR-218-5p counteracted with

Cx43 in the aspect of migration.

There are some limitations in current study. The deep

underlying mechanisms still need to be further investi-

gated. In addition, the results should be validated both in

vitro by using more cell types and in vivo, even in trans-

genic mouse models.

To conclude, we proved Cx43 to be a direct target of

miR-218-5p and inversely correlated with miR-218-5p

expression in breast cancer cells. Furthermore,

miR-218-5p-Cx43 axis enhanced gemcitabine chemoresis-

tance, suppresses cell proliferation rate and promotes cell

migration in breast cancer cell. In a word, the miR-218-5p-

Cx43 axis had multiple facets in breast cancer cells, indi-

cating its tremendous potency to treatment and prognosis.
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