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A B S T R A C T

Connexins (Cx), the basic subunit of gap junctions, play important roles in cell homeostasis, and their abnormal
expression and function are associated with human hereditary diseases and cancers. In tumorigenesis, connexins
were observed to have both anti-tumorigenic and pro-tumorigenic roles in a context- and stage-dependent
manner. Initially, Cx26 and Cx43 were thought to be the only connexins involved in normal breast homeostasis
and breast cancer. Later on, association of Cx32 expression with lymph node metastasis of breast cancer and
subsequent demonstration of its expression in normal breast tissue suggested that Cx32 contributes to breast
tissue homeostasis. Here, we aimed to determine the effects of Cx32 on normal breast cells, MCF10A, and on
breast cancer cells, MDA-MB-231. Cx32 overexpression had profound effects on MCF10A cells, decreasing cell
proliferation by increasing the doubling time of MCF10A. Furthermore, MCF10A cells acquired mesenchymal-
like appearance upon Cx32 expression and had increased migration capacity and expression of both E-cadherin
and vimentin. In contrast, Cx32 overexpression altered the EMT markers of MDA-MB-231 by increasing the
expression of mesenchymal markers, such as slug and vimentin, and decreasing E-cadherin expression without
affecting their proliferation and morphology. Our results indicate, for the first time in the literature, that Cx32
has tumor-promoting roles in MCF10A and MDA-MB-231 cells.

1. Introduction

Breast cancer is one of the most frequently observed malignant
diseases among women worldwide [1] and the second most deadly
cancer type after the lung cancer [2]. Even though early detection has
improved clinical outcomes, its metastasis to distant organs is the major
cause of breast cancer related deaths [2]. Therefore, understanding the
molecular mechanisms underlying breast tumor generation and me-
tastasis is crucial for the development of prognostic and therapeutic
tools.

Several key factors, including connexins (Cx), play a role in breast
cancer development and metastasis [3]. Connexins in metazoans form
gap junctions that facilitate the exchange of molecules smaller than
1200 Da, such as ions, secondary messengers and metabolites between
neighboring cells. In this way, they regulate tissue homeostasis, dif-
ferentiation, cell growth and tissue synchronization [4–6]. There are 21
different connexin isoforms in humans [6–8], and they are expressed

throughout the body in a tissue- and context-specific manner [9]. In the
mammary gland, Cx26 and Cx43 are the predominant connexins, and
they play a role in the proliferation and differentiation of luminal and
myoepithelial cells, respectively [10–12].

In the context of cancer, initial reports have indicated that the
tumor suppressor role of connexins is due to both the loss of gap
junctional intercellular communication (GJIC) and decreased connexin
expression in tumor samples, including breast cancer [3,7]. Recently,
the pro-tumorigenic and metastatic activity of connexins were also re-
ported in a variety of cancer types such as hepatocellular carcinoma
(HCC) and breast cancer [11,13,14]. The loss of Cx26 and Cx43 ex-
pression, and therefore the loss of GJIC, in human breast cancer cell
lines compared to normal mammary epithelial cells suggested their
anti-tumorigenic effect [15]. The anti-tumorigenic effect of connexins
on breast cancer was further supported in 3D organoid studies, in which
overexpression of Cx26 and Cx43 reduced anchorage independent
growth and migration while enhancing the mesenchymal to epithelial
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transition [16]. In contrast, some clinical studies reported Cx26 pre-
sence in breast cancer samples which had larger tumor size, high his-
tological grade, increased lymphatic vessel invasion, and poorer prog-
nosis compared to Cx26-negative tumors [17,18]. Furthermore,
continued Cx26 and Cx43 expression was reported in 50% of invasive
breast carcinomas, indicating their pro-tumorigenic role.

Initially, Cx26 and Cx43 were thought to be the only connexins
expressed in the normal human breast. Recently, Cx32 expression was
also demonstrated in normal and tumorigenic breast tissues [14,19,20].
In humans, Cx32 was initially cloned from the liver, where it con-
tributes hepatocyte differentiation [21–23]. Then, its role in myelin
sheet was shown in Schwann cells of the peripheral nervous system
[12,21,24,25]. Moreover, Cx32 mutations were linked to X-linked
Charcot-Marie-Tooth syndrome (CMTX1, OMIM# 302800), a periph-
eral sensorimotor neuropathy, suggesting its importance for human
physiology [26]. Cx32 was also implicated in tumorigenesis, where
Cx32 knockout mice were shown to be more prone to develop chemical-
or radiation-induced liver and lung cancers compared to control ani-
mals [27,28]. Even though these studies suggested the tumor sup-
pressor role of Cx32 [29], recent studies demonstrated its pro-tumori-
genic effect in hepatocellular carcinomas (HCC) [13,30].

Cx32 expression was shown in luminal epithelial cells of mouse
mammary glands during development, and its expression increased
during pregnancy and lactation, implicating its involvement in mam-
mary gland homeostasis and milk production and/or secretion [11,31].
In humans, Cx32 expression was detected in the lymph node metastasis
of breast cancers [14,19,32] which was followed by the demonstration
of Cx32 expression in luminal epithelial cells of human breasts [20]. As
the role of Cx32 is not known in breast tissue and cancer, we aimed to
investigate the effect of Cx32 on the non-tumorigenic mammary cell
line, MCF10A, and metastatic breast cancer cell line, MDA-MB-231.

2. Materials and methods

2.1. Cell culture

MDA-MB-231 (ATCC® HTB-26) and 293T cells were cultured in high
glucose Dulbecco's Modified Eagle Medium (DMEM) (GIBCO, Cat#
41966029) supplemented with 10% Fetal Bovine Serum (FBS; GIBCO,
16000044) and 1% Penicillin/Streptomycin (P/S; GIBCO, 15140122).
MCF10A cells (ATCC® CRL-10317) were cultured in DMEM/F-12
medium (GIBCO, 31330038), which was supplemented with 5% Donor
Horse Serum (DHS; Biological Industries, 04-004-1B), 1% Penicillin/
Streptomycin, 20 ng/mL EGF (Sigma, E9644), 0.5 μg/mL
Hydrocortisone (Sigma, H0888), 100 ng/mL Cholera Toxin (Sigma,
C8052) and 10 μg/mL Insulin (Sigma, I1882). NIH3T3 cells were cul-
tured in DMEM high glucose medium supplemented with 10% Newborn
Calf Serum (NBCS) (Biological Industries, 04–102-1A) and 1% P/S. All
cells were kept in a humidified chamber with 5% CO2 at 37 °C.

2.2. Transfection

For overexpression studies, 4 × 105 MDA-MB-231 cells/well were
seeded in 6-well plates and incubated for 48 h. 5 × 105 MCF10A cells/
well were plated in 6-well plates and incubated for 24 h. MDA-MB-231
and MCF10A were transfected with pIRES2-EGFP2 and pIRES2-EGFP2-
Cx32 using Fugene HD (Promega, E2311) according to the manufac-
turer's protocol.

For shRNA silencing studies, 2.5 × 105 MCF10A and MCF10A-Cx32
cells/well were plated in 6-well plates for 48 h. shRNA-Cx32 (GE
Dharmacon, RHS4531-EG2705-V2LHS_257226 (shCx32#3)) and
scrambled shRNA (GE Dharmacon, RHS4430–200189226-
V2LHS_177060) as control were transfected using Fugene HD according
to the manufacturer's manual. 48 h after transfection, cells were col-
lected for Western blot analysis.

2.3. Virus production and titration

3.5–4.5 × 106 293T cells were plated in 10 cm plates for 24 h. Then,
cells were transfected with the lentiviral plasmids: pLenti-GIII-CMV-
GFP-2A-Puro (pLenti-GFP) or pLenti-GIII-CMV-GFP-2A-Puro-Cx32
(pLenti-Cx32; ABMGOOD, LV169789) with packaging vector
(pCMVdR8.74) and envelope vector (pMD2.VSVG) using Fugene HD
according to the manufacturer's protocol. 48 and 72 h after transfec-
tion, the viruses were collected and stored at −80 °C [33].

For virus titer, 2 × 105 NIH3T3 cells/well were cultured in 6-well
plates for 24 h. Cells were infected with serial dilutions of viruses
containing 8 μg/mL polybrene. After centrifugation at 2500 rpm for 2 h
at 32 °C, fresh medium was added to plates. 48 h after infection, the
cells were transferred to 10 cm plates having selection medium with
2 μg/mL puromycin. After selection was complete, the plates were
washed with 1× PBS and were then incubated with 0.5% Crystal Violet
staining solution for 10 min on a shaker at room temperature.
Following washing steps with 1× PBS, the colonies on the plates were
counted and virus preps with similar titer were used for cell infections.

2.4. Infection

3.5 × 105 MDA-MB-231 cells/well and 2.5 × 105 MCF10A cells/
well were plated in 6-well plates for 24 h. Then, cells were infected with
pLenti-GFP and pLenti-Cx32 viruses by centrifugation for 2 h at
2500 rpm and 32 °C. 48 h later, cells were transferred to 10 cm plates
with selection medium containing 2 μg/mL puromycin until all cells in
mock condition were dead.

2.5. Immunostaining and fluorescence imaging

MDA-MB-231 and MCF10A cells were grown on coverslips in 6-well
plates for 48 h and 24 h, respectively. Cells were fixed with 4%
Paraformaldehyde (PFA) in 1× Phosphate-Buffered Saline (PBS) for
20 min, permeabilized with 0.1% TritonX-100/PBS for 15 min and
blocked with 3% BSA in 0.1% TritonX-100/PBS for 30 min at room
temperature. 1:200 dilution of polyclonal rabbit anti-Cx32 antibody
(Invitrogen, 34–5700) incubation was performed for 1 h at room tem-
perature (RT) or overnight at 4 °C. Then, cells were incubated with
Alexa555-conjugated goat anti-rabbit secondary antibody (Invitrogen,
A21428) with 1:200 dilution and 4′,6-Diamidino-2-Phenylindole
(DAPI) (Sigma, D9542) with 1:1000 dilution for 1 h at room tempera-
ture in the dark. After the coverslips were mounted on slides, the
images were taken with the Olympus fluorescent microscope [34].

For cell morphology analysis, cells grown on coverslips were treated
as above and then immunostained for actin with Alexa Fluor-488
Phalloidin (1:500 dilution, Invitrogen, A12379) and DAPI for 1 h at
room temperature. Then the coverslips were mounted by mounting
medium (Ibidi, 50001) on slides and the images were taken with the
Olympus fluorescent microscope. The circularity index of each cell in
the images was determined with ImageJ (NIH, USA) that gives ratios
between 0 and 1, where 1 represents a perfect circle.

2.6. qRT-PCR analysis

48 h and 24 h post transfection of MDA-MB-231 and MCF10A cells,
they were flash frozen, respectively. Stable MDA-MB-231 and MCF10A
cells were flash frozen 48 h after plating. By using PureLink® RNA Mini
Kit (Lifetech, 12183018A), the total RNA was isolated from cells by
following the manufacturer's protocol. After the determination of RNA
concentration, cDNA was synthesized using 1 μg total RNA with the
cDNA Synthesis Kit (ThermoFisher, K1622) following the manufac-
turer's protocol. qRT-PCR was performed with the following primer
pairs: Cx32 5′-GGCACAAGGTCCACATCTCA-3′, 5′-GCATAGCCAGGGT
AGAGCAG-3′; GAPDH 5′-GAAGGTGAAGGTCGGAGTCA-3′, 5′-AATGA
AGGGGTCATTGATGG-3′; E-cadherin 5′-CAGCACGTACACAGCCC
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TAA-3′, 5′-GGTATGGGGGCGTTGTCATT-3′; vimentin 5′-GCTAACCAA
CGACAAAGCCC-3′, 5′-CGTTCAAGGTCAAGACGTGC-3′; slug 5′-CTCCT
CATCTTTGGGGCGAG-3′, 5′-TTCAATGGCATGGGGGTCTG-3′. Each
gene's expression data were normalized to endogenous control gene
GAPDH and relative mRNA values were presented as the mean ± S.D.
of three independent experiments by normalizing Cx32 data to GFP
samples.

2.7. Western blot analysis

Cells were grown in 6-well plates to 80–90% confluency and were
scraped off with 3 mL ice-cold lysis buffer (100 mM Tris-HCl, 1 mM
EDTA, 0.1% Triton X) on ice. They were then centrifuged at 14000 g for
20 min at 4 °C, and supernatant was collected. After the determination
of protein concentrations using Bradford reagent, cell lysates were then
resolved in 10% SDS-PAGE gel and transferred to the PVDF membrane.
After blocking with 5% milk powder in 1× TBS-T, membranes were
incubated overnight at 4 °C with 1:500 dilution of primary antibodies
against Cx32 (Invitrogen, 71–0600) and gamma-tubulin (Sigma,
T6557) or beta-actin (ABCAM, ab8227) followed by incubation with
1:500 dilutions of secondary anti-rabbit (Invitrogen, 31460) or anti-
mouse (Dako, P0447) antibodies conjugated to horseradish peroxidase.
The membrane was visualized by chemiluminescence using the Vilber
Fusion SL Imaging System. The band intensities for each protein were

quantified with the Gel Analysis tool of ImageJ and normalized to
control gamma-tubulin intensity. Then, the data were presented by
normalizing the values for Cx32 samples with respect to GFP control
cells.

2.8. MTT assay for cell viability

After seeding of 2 × 103 MCF10A and MDA-MB-231 cells/well in
48-well plates, cell viability was measured on day 1, 4, 7 and 10. On
each day, cells were incubated in a medium containing 10% 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution
for 4 h in the incubator. After the removal of MTT, dimethyl sulfoxide
(DMSO) was added to dissolve the tetrazolium salts for colorimetric
measurement of the samples with spectrophotometer at 570 nm and
650 nm. All data were normalized to day 1 of each sample for com-
parison of GFP control and Cx32-overexpressing cells.

2.9. Trypan blue counting

1 × 104 cells/well were cultured in a 12-well plate for 7 to 9 days.
On each day, cells were counted with trypan blue staining and hae-
mocytometer in duplicates. The experiment was repeated three times,
and doubling time was calculated by analyzing cell numbers obtained
at their log phases with the formula: Dt = ln2/μ where μ = ln(Total

Fig. 1. Cx32 overexpression resulted in differential localization of protein in MCF10A and MDA-MB-231 cells. When MCF10A and MDA-MB-231 cells were tran-
siently transfected with control and Cx32 containing constructs, it altered Cx32 cellular localization. Green is for EGFP, red is for Cx32 and blue represents the
nucleus. White arrow points the gap junction plaques between MCF10A-Cx32 cells and red arrows demonstrate Cx32 cellular localization in MDA-MB-231-Cx32.
Scale bar is 10 μm.
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number of cells counted at last day of log phase)/ln(Total number of
cells counted at initial day of log phase) [35].

2.10. PI staining for cell cycle analysis

48 h after culturing 4 × 105 MCF10A and MDA-MB-231 cells/well

in 6-well plates, cells were washed with 1× PBS. After trypsinization,
cells were centrifuged for 10 min at 1200 rpm. The cell pellets were
incubated on ice and were re-suspended in cold 1× PBS. Then, cells
were fixed with ice-cold 100% EtOH at −20 °C for at least overnight.
Subsequently, cells were centrifuged at 1500 rpm for 10 min and fol-
lowed by another centrifugation at 2000 rpm for 1 min. The pellets
were re-suspended in 1× PBS, and cells were centrifuged at 1500 rpm
for 10 min at 4 °C. Then, the pellets were re-suspended in 0.1% TritonX-
100/PBS containing 200 μg/mL RNase A and were incubated at 37 °C
for 30 min. After the addition of Propidium Iodide (PI; Invitrogen,
P1304MP), cells were incubated in the dark for 15 min and analyzed
using the FACS Canto instrument (BD Biosciences, CA, USA).

2.11. Wound healing assay

48 h after plating 2 × 106 MCF10A and 2.5 × 105 MDA-MB-231
cells/well in 12-well plate, cells were washed with 1× PBS. Then, cells
were incubated with a serum free medium containing 10 μg/mL
Mitomycin C at 37 °C for 2 h. After scratching with a 10 μl pipette tip,
cells were washed with 1× PBS and kept in a starvation medium, 1.3%
DHS containing medium for MCF10A and 1% FBS containing medium
for MDA-MB-231 cells. Time-lapse images of at least three positions per
well were taken using Leica SP8 under 37 °C and 5% CO2 conditions for
24–48 h. Images were analyzed by determining the open area percen-
tages for each position using MRI Wound Healing Tool macro on
ImageJ [36].

2.12. Statistical analysis

Data are presented as the mean ± standard deviation (S.D.) of at
least 3 biological replicates. Statistical differences between GFP and
Cx32 expressing cells were compared with the Student's t-test, and
differences were considered significant when p < 0.05.

3. Results

3.1. Cx32 localization showed different patterns in MCF10A and MDA-
MB-231 cells

In order to determine the effect of human Cx32 (Cx32) on MCF10A
normal breast and MDA-MB-231 invasive breast cancer cells, cells were
first transiently transfected with either control pIRES2-EGFP2 or
pIRES2-EGFP2-Cx32 vectors. Then, the expression and localization of
Cx32 in cells were examined with immunostaining and fluorescence
imaging (Fig. 1). Transient expression of Cx32 in MCF10A resulted in
the localization of proteins to the plasma membrane, where they could
form gap junction plaques between adjacent cells (white arrow in the
merge image of MCF10A-Cx32) compared to GFP expressing control
cells. Additionally, overexpression of Cx32 in MDA-MB-231 cells caused
localization of the protein around the nucleus compared to dispersed
distribution in GFP-expressing control cells (red arrows in the merge
image of MDA-MB-231-Cx32), suggesting that Cx32 overexpression
caused differential localization of the protein in normal breast cells and
invasive breast cancer cells.

3.2. Cx32 over-expression had distinct effects on the viability, cell cycle and
growth of normal breast and breast cancer cells

Transient transfection of cells hindered the long-term studies due to
low transfection efficiency. For that reason, stable Cx32 overexpression
was obtained by infecting cells with pLenti-GFP and pLenti-Cx32
viruses followed by selection with puromycin antibiotics. Cx32 over-
expression in stable cell lines was confirmed by semi-quantitative RT-
PCR and Western blot analysis (Fig. 2). At the mRNA level, Cx32 ex-
pression increased 68 fold in MCF10A cells (p < 0.05) and 209 fold in
MDA-MB-231 cells (p < 0.05) with respect to their GFP control

Fig. 2. Verification of Cx32 overexpression upon viral infection in MCF10A and
MDA-MB-231 cells. A) Semi-quantitative RT-PCR analysis for Cx32 mRNA level
comparison in GFP and Cx32-overexpressing cells (*p < 0.05; n = 3). B)
Representative images for Cx32 and γ-tubulin protein detection and comparison
of Cx32 protein level normalized to γ-tubulin in MCF10A-GFP and MDA-MB-
231 cells (*p < 0.05 and ** p < 0.01; n = 3). All data are presented as
mean ± S.D. by normalizing Cx32 values with respect to GFP controls.
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infections (Fig. 2A). In parallel with mRNA expression, Cx32 protein
levels were increased 6.5 fold (p < 0.01) in MCF10A cells and 1.4 fold
(p < 0.05) in MDA-MB-231 cells (Fig. 2B).

During the cell culture, we observed a growth delay in MCF10-Cx32
cells, so we next determined Cx32's effect on cellular viability on the
1st, 4th, 7th and 10th days with MTT assay. Absorbance of samples on
each day was normalized to absorbance at day 1 and was compared
between GFP and Cx32-expressing cells. For MCF10A cells, the viability
of cells expressing Cx32 significantly decreased compared to control
cells starting from day 4, and this difference was maintained until day
10 (Fig. 3A, p < 0.01). On the other hand, Cx32 overexpression did not

interfere with the viability of MDA-MB-231 cells, as there was no sta-
tistically significant difference in the normalized absorbance between
GFP and Cx32-expressing cells (Fig. 3B). This suggested that Cx32
overexpression reduced the proliferation of normal breast cells without
changing that of invasive breast cancer cells.

Next, to examine if the reduced proliferation in MCF10A-Cx32 cells
was due to alteration in cell cycle phases, propidium iodide (PI)
staining followed by flow cytometry was used to compare the percen-
tages of cells in G1, S and G2 phases between GFP and Cx32-expressing
cells (Fig. 3C). In contrast to the alteration in the viability of MCF10A-
Cx32 cells, no significant changes were observed in the percentages of
cells in G1, S and G2 phases with respect to MCF10A-GFP cells, sug-
gesting that the reduced proliferation in MCF10A-Cx32 cells was not
due to the alteration of percentages of cells in different phases of the
cell cycle. On the other hand, even though there was no change in the
viability of MDA-MB-231 cells in MTT assay, the percentages of cells in
G1 decreased in Cx32-overexpressing cells compared to GFP control
cells (p < 0.05), while the percentages of cells in G2 increased upon
Cx32 overexpression (p < 0.01) (Fig. 3C).

3.3. Cx32 extended doubling time of MCF10A cells

It was previously shown that Cx37 reduced the proliferation of Rin
(rat insulinoma) cells by altering the duration of cell cycle phases and
increasing the doubling time of cells from 2 days to 9 days [37].

Fig. 3. Cx32 overexpression delayed cell proliferation and increased doubling time in MCF10A cells with no effect on MDA-MB-231 cells. A) Comparison of
normalized absorbance in day 1, day 4, day 7 and day 10 in normal breast cell line MCF10A (**p < 0.01; n = 3) suggested a decrease in the viability of cells due to
Cx32 overexpression in MTT analysis. B) Cx32 overexpression did not interfere with the viability of MDA-MB-231 breast cancer cells assessed by MTT assay. C)
Evaluation of cell percentages found in G1, S and G2 cell cycle phases in MCF10A and MDA-MB-231 cells by PI staining demonstrated differential effect of Cx32 on
cell cycle (*p < 0.05 and ** p < 0.01; n = 4). D) Growth curve of cells was generated for 7–9 days and doubling time was compared between GFP- and Cx32-
expressing MCF10A and MDA-MB-231 cells where the doubling time for MCF10A cells increased upon Cx32 overexpression (*p = 0.05; n = 3). All data are
presented as mean ± S.D.

Table 1
Doubling times and times spent in each phase of cell cycle.

Cells Doubling time
(h)

G1 time (h) S time (h) G2 time (h)

MCF10A-GFP 21.6 ± 1.8 16.5 ± 1.8 2.8 ± 0.9 2.5 ± 0.7
MCF10A-Cx32 27.6 ± 2.2⁎ 22.1 ± 1.9⁎⁎ 2.6 ± 0.9 2.9 ± 1.1
MDA-MB-231-

GFP
24.6 ± 1.2 15.3 ± 0.33 6.4 ± 0.4 2.9 ± 0.3

MDA-MB-231-
Cx32

25.8 ± 2.4 15 ± 0.4 7.2 ± 0.6 3.6 ± 0.4⁎

All data is presented as mean ± S.D.
⁎ p < 0.05.
⁎⁎ p<0.01.
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Therefore, it was assumed that the decrease in the cell viability of
MCF10A-Cx32 cells might be due to the alteration of the cells' doubling
time; thus, MCF10A and MDA-MB-231 cells were counted using trypan
blue staining and haemocytometer every day for 7–9 days for the as-
sessment of cell growth. Based on the growth curves, the doubling time
for MCF10A-GFP cells was determined to be 21.6 (± 1.8) h while that
for MCF10A-Cx32 cells significantly increased to 27.6 (± 2.2) h
(Fig. 3D, p < 0.05). Then, the times that were spent in each cell cycle
phases were determined using the calculated doubling times. Based on
these, the time that MCF 10A-Cx32 cells spent in G1 increased from
16.5 h to 22 h (p < 0.01) compared to control cells (Table 1). This
increase in doubling time due to the extension of G1 phase for MCF10A-
Cx32 cells could contribute to the reduction observed in the viability of
cells in MTT assays.

On the other hand, the doubling time did not change for MDA-MB-
231 cells consistent with the MTT results, which were 24.6 (± 1.2) and
25.8 (± 2.4) h for GFP and Cx32-overexpressing cells, respectively
(Fig. 3D, p= 0.49). However, Cx32-overexpressing MDA-MB-231 cells
spent 24% (p < 0.05) more time in G2 phase compared to control cells
in parallel with the MTT analysis (Table 1).

3.4. Cx32 resulted in mesenchymal-like morphology in MCF10A cells

When the cells were observed under the microscope during cul-
turing, morphological differences in MCF10A cells overexpressing Cx32
were noticed compared to control GFP cells, in addition to reduced
proliferation. In order to verify this, immunostaining for actin cytos-
keleton was performed to examine the cellular morphology by assessing
the circularity index using ImageJ (NIH) [38,39]. Florescent images
suggested that Cx32 expressing cells were more elongated; that is, they

had mesenchymal-like appearance compared to epithelial features of
GFP control cells (Fig. 4A, top panel). This morphological change was
further verified with a 27% reduction in the circularity index of
MCF10A-Cx32 cells with respect to MCF10A-GFP cells (Fig. 4B,
p < 0.01). In contrast to MCF10A cells, Cx32 overexpression in MDA-
MB-231 cells did not cause any changes in either cell morphology or
circularity index, as shown by immunostaining images or ImageJ ana-
lysis, respectively (Fig. 4A bottom panel and Fig. 4B).

3.5. Cx32 increased the migration of MCF10A cells

After observing morphological changes in MCF10A-Cx32 cells, we
aimed to determine if Cx32 alters MCF10A and MDA-MB-231 cells'
migration potential using wound healing assay. 48 h after plating, we
treated cells with mitomycin C for 2 h before the scratch to stop cell
proliferation and then monitored them until the closure of the gap by
taking images every hour. Cx32-expressing MCF10A cells started to
close the gap earlier than their control counterparts did, as observed in
images at 10 and 20 h (Fig. 5A). Percentages of the open area (area
within the yellow trace) at 5, 10, 15, 20 and 25 h demonstrated that
MCF10A-Cx32 cells closed the gap faster than MCF10A-GFP cells from
the 5th hour until the end of the experiments (Fig. 5B, p < 0.01). This
implicated that Cx32 overexpression increased the migration potential
of MCF10A normal breast cells by acquiring a mesenchymal-like mor-
phology. In parallel with morphological assessment, Cx32 over-
expression did not interfere with the migration potential of MDA-MB-
231 cells, as no difference was observed neither in time-lapse images
(Fig. 5C) nor in the comparison of percentages of open areas (Fig. 5D)
between Cx32 and GFP-expressing cells.

3.6. Cx32 altered the expression of EMT markers in MCF10A and MDA-
MB-231 cells

In accordance with changes in morphological appearances and in-
creased migration of MCF10A-Cx32 cells, expression of epithelial to
mesenchymal (EMT) markers was investigated in MCF10A and MDA-
MB-231 cells. We compared the expression of the epithelial marker E-
cadherin and the mesenchymal markers vimentin and slug between
GFP and Cx32 overexpressing cells with semi-quantitative RT-PCR and
Western blot analysis (Figs. 6, 7 and 8). Even though Cx32 over-
expression in MCF10A cells did not alter E-cadherin, vimentin and slug
relative mRNA levels (Fig. 6A), the protein levels of E-cadherin and
vimentin increased by 2.4 fold (p < 0.01) and 2.1 fold (p < 0.01),
respectively (Fig. 6B).

To verify that Cx32 altered the EMT marker expression, we tran-
siently silenced Cx32 in both MCF10A cells and stable MCF10-Cx32
cells and examined E-cadherin and vimentin protein expression (Fig. 7).
In MCF10A cells, Cx32 protein expression decreased by ~50%
(p < 0.01) in shRNA-Cx32 transfected cells compared to cells with
control shRNA. This decrease was accompanied by a 43% reduction
(p < 0.05) in E-cadherin level without no change in vimentin between
control and shRNA-Cx32 transfected cells (Fig. 7A). Then, we wanted to
determine if Cx32 silencing would alter E-cadherin and vimentin ex-
pression in MCF10A-Cx32 stable cell lines. shRNA-Cx32 reduced the
Cx32 level by 31% (p < 0.01) and E-cadherin level by 34%
(p < 0.0005) in MCF10A-Cx32 cells (Fig. 7B) without interfering with
vimentin level, suggesting that Cx32 affects the E-cadherin levels in
MCF10A cells.

In MDA-MB-231 cells, relative E-cadherin mRNA expression was
reduced by 53% (p < 0.005) and vimentin (p < 0.001) and slug
(p < 0.05) mRNA increased by 1.3 fold (Fig. 8A). In accordance with
mRNA expression, Cx32 overexpression caused a %58 reduction in E-
cadherin protein level (p < 0.05), but no significant change was ob-
served in vimentin and slug protein levels between Cx32-over-
expressing cells and GFP control cells (Fig. 8B). These results suggest
that Cx32 induces mesenchymal features in both MCF10A and MDA-

Fig. 4. MCF10A-Cx32 cells acquired mesenchymal-like morphology compared
to MCF10A-GFP. Cell morphology in GFP and Cx32 overexpressing MCF10A
cells and MDA-MB-231 cells were examined by (A) phalloidin staining of actin
cytoskeleton (scale bar is 50 μm) and (B) determination of cell circularity index
(**p < 0.01; n = 3). Cx32 induced a more elongated shape in MCF10A cells
without changing the MDA-MB-231 cell shape. All data are presented as
mean ± S.D.
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MB-231 cells.

4. Discussion

Connexin 32, the major connexin of the liver and the Schwann cells
of the peripheral nervous system, was recently shown to be expressed in
normal breast tissue [20]. Furthermore, elevated Cx32 expression was
observed in the metastasis of breast cancer cells to lymph nodes, im-
plicating the involvement of Cx32 in mammary homeostasis and breast
cancer tumorigenesis [14,32]. Here we investigated the effect of Cx32
on the normal breast cell line, MCF10A, and the metastatic breast
cancer cell line, MDA-MB-231. We demonstrated that Cx32 resulted in
reduced proliferation of MCF10A cells by extending the duration of G1

phase and thus increasing their doubling time. Further, MCF10A cells
acquired a mesenchymal-like morphology accompanied by increased
migration upon Cx32 overexpression. Finally, increase in the level of
vimentin protein together with morphological and motility changes
suggested that Cx32 might induce a mesenchymal state in MCF10A
cells. Meanwhile, Cx32 overexpression in MDA-MB-231 cells decreased
the mRNA and protein expression of E-cadherin while increasing vi-
mentin and slug at mRNA levels without altering their protein expres-
sion. These results suggest that Cx32 might have a pro-tumorigenic
effect in MCF10A and MDA-MB-231 cells.

Connexins can have either pro- or anti-tumorigenic effects in cancer
depending on tissue type and cancer stage. The tumor-suppressing roles
of Cx26 and Cx43 were demonstrated in both patient samples and cell
lines due to reduced Cx26 and Cx43 expression and gap junctional in-
tercellular communication (GJIC) [16]. In contrast, increased expres-
sion of Cx26 and Cx43 was correlated with brain metastasis of both
melanoma and breast cancers, demonstrating their pro-tumorigenic

features in cancer [40]. The involvement of Cx32 in tumorigenesis can
also be pro- and anti-tumorigenic. For example, induction by X-ray
radiation made Cx32 knockout mice more susceptible to liver and lung
cancers than the controls, suggesting its tumor-suppressor roles
[27,28]. Furthermore, Cx32-dependent GJIC in Huh7 hepatoma cells
showed tumor-suppressor effect while cytoplasmic Cx32 accumulation
promoted their proliferation, invasion and metastasis [13], indicating
the differential effect of Cx32 on tumorigenesis based on cellular lo-
calization. As stated above, the effects of connexins on tumorigenesis
are context-dependent. In this study, we observed that even though
Cx32 overexpression decreased the proliferation of MCF10A, which
might suggest its anti-tumorigenic effect, changes in morphology, mi-
gration and vimentin expression supported the pro-tumorigenic fea-
tures.

Connexins interfere with cell cycle progression. For example, Cx43
was shown to inhibit cell proliferation and to prevent G1/S transition
by inhibiting S phase kinase-associated protein 2 (Skp2) [41]. Along
this line, Cx50 was shown to directly interact with and regulate Skp2 to
induce cell cycle arrest in lens cells [42]. Further, Cx37 in rat in-
sulinoma cells were shown to reduce cell proliferation by slowing cell
cycle progression in these cells [37]. Similarly, Cx32 induced cell cycle
arrest in gastric cancer cells and inhibited proliferation [43]. Here we
also observed a decrease in proliferation of MCF10A cells due to Cx32
overexpression which can be attributed to the extension of the G1 phase
and hence the increase in the doubling time of MCF10A cells. However,
the molecular mechanisms leading to the extension of the cell cycle in
breast cells due to Cx32 overexpression remains elusive.

There are numerous studies on the role of connexins in cell mor-
phology and migration [44–46]. Cx43 knockout impaired directionality
and reduced speed in cardiac neural crest cells in addition to alteration

Fig. 5. Cx32 increased migration of MCF10A cells without affecting that of MDA-MB-231 cells. A) Representative images of MCF10A cells at 0, 10 and 20 h and B)
Comparison of percentage of open area (areas within the yellow lines) between MCF10A-GFP and MCF10A-Cx32 cells suggested an increase in migration of MCF10A
cells upon Cx32 overexpression (**p < 0.01; n=3). C) Representative images of MDA-MB-231 cells at 0, 10 and 20 h and D) Comparison of percentage of open area
(areas within the yellow lines) between MDA-MB-231-GFP and MDA-MB-231-Cx32 cells showed no difference in the migration. Scale bar is 50 μm and all data are
presented as mean ± S.D.
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in actin cytoskeleton [47]. Similarly, neuronal migration was impaired
in embryonic Cx43 knockout mice during development [44]. In con-
nection with this, high Cx43 expression was correlated with increased
migration capacity compared to low Cx43 levels in C6 glioma cells,
which was reversed by Cx43 downregulation [45]. In a recent study,
Cx43 downregulation increased cell circularity and decreased neural
cell migration in Xenopus leavis and Cx43-20k isoform was shown to
regulate cell morphology and migration by directly regulating N-cad-
herin expression [39]. In breast cancer, decreased Cx43 expression re-
duced the motility in MDA-MB-231 and HS578T cells without affecting
their morphology [48]. Silencing of Cx43 in MCF10A cells resulted in
lack of polarity, disorganized movement and variation in cell-cell ad-
hesion proteins such as a decrease in a cell polarity protein, N-cadherin
[49]. In this study, Cx32 overexpression resulted in a mesenchymal-like
morphology that was accompanied by increased motility in MCF10A
cells. The increase in migration of MCF10A cells due to Cx32 over-
expression might be due to E-cadherin as E-cadherin levels were posi-
tively associated with migration in MCF10A cells [50]. Cx32 also al-
tered the cell morphology in other cell types, where Cx32 knockout in
hepatocytes resulted in stellate-like appearance compared to epithelioid

morphology in WT cells [51], and Cx32 expression promoted neurite
growth in C6 cells [52]. These observations support the effects of Cx32
on cell morphology and migration in a context-dependent manner.

Metastasis is the spread and colonization of cancer cells to a sec-
ondary organ that involves several steps in which cell-cell and cell-
matrix interactions mediated by cell adhesion and gap junction proteins
are quite essential [12]. One of the initial steps of metastasis includes
the epithelial to mesenchymal transition (EMT) in which expression of
epithelial markers such as E-cadherin, ZO-1 decreases, while that of
mesenchymal markers including N-cadherin, Zeb2, vimentin and slug
increases [53]. The involvement of connexins in EMT was shown for
different isoforms [54]. For example, Cx43 overexpression increased
the expression of E-cadherin and ZO-1 epithelial markers, while its
downregulation increased N-cadherin mesenchymal marker expression
in MDA-MB-231 cell lines, suggesting Cx43's role in the acquisition of
an epithelial character in MDA-MB-231 cells [55]. The relation between
Cx32 and EMT markers was also reported, where Cx32 expression in
Huh7 hepatocellular carcinoma cells was positively correlated with E-
cadherin expression and negatively associated with mesenchymal
markers such as vimentin [56]. It was further suggested that Cx32

Fig. 6. Cx32 overexpression increased E-cadherin and vimentin expression in MCF10A cells. Relative mRNA (A) and protein (B) levels of epithelial marker E-cadherin
and mesenchymal markers vimentin, and slug in MCF10A suggested that Cx32 induced mesenchymal features in these cells (**p < 0.01, n = 4). All data are
presented as mean ± S.D. by normalizing Cx32 values with respect to GFP controls.
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downregulation reduced the chemotherapy toxicity via induction of
EMT [56]. In parallel with these, low Cx32 expression was correlated
with no or low E-cadherin expression and an increase in vimentin level
in SMMC-7721 hepatocellular carcinoma cells along with morpholo-
gical changes [57]. Here, we reported that Cx32 overexpression in-
creased both E-cadherin and vimentin expression in MCF10A cells,
while E-cadherin expression was reduced in MDA-MB-231 cells. The
increased expression of both E-cadherin and vimentin in MCF10A cells
upon Cx32 overexpression might indicate a transition state during EMT

[58] and/or acquisition of a hybrid cell phenotype [59].
In summary, to the best of our knowledge, this is the first report

investigating the effect of Cx32 in normal breast and breast cancer cells
that suggests its tumor promoting effect in breast cancer. We also
provided further support for the context-dependent effects of Cx32 in
tumorigenesis as observed for other connexins.

Fig. 7. Cx32 silencing decreased expression of E-cadherin in MCF10A cells. A) MCF10A and B) stable MCF10A-Cx32 cells were transiently transfected with scrambled
and Cx32 shRNAs, E-cadherin and vimentin expression was compared between control and shCx32-transfected cells where reduction of Cx32 was associated with
decrease in E-cadherin level (*p < 0.05, **p < 0.01 and *** p < 0.001; n = 3–5). All data are presented as mean ± S.D. by normalizing Cx32 values with respect
to GFP controls.
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