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Abstract
Connexins (Cx) are primary components of gap junctions that selectively allow molecules to be exchanged between adjacent 
cells, regulating multiple cellular functions. Along with their channel forming functions, connexins play a variety of roles 
in different stages of tumorigenesis and their roles in tumor initiation and progression is isoform- and tissue-specific. While 
Cx26 and Cx43 were downregulated during breast tumorigenesis, Cx32 was accumulated in the cytoplasm of the cells in 
lymph node metastasis of breast cancers and Cx32 was further upregulated in metastasis. Cx32’s effect on cell proliferation, 
gap junctional communication, hemichannel activity, cellular motility and epithelial-to-mesenchymal transition (EMT) were 
investigated by overexpressing Cx32 in Hs578T and MCF7 breast cancer cells. Additionally, the expression and localization 
of Cx26 and Cx43 upon Cx32 overexpression were examined by Western blot and immunostaining experiments, respectively. 
We observed that MCF7 cells had endogenous Cx32 while Hs578T cells did not and when Cx32 was overexpressed in these 
cells, it caused a significant increase in the percentages of Hs578T cells at the S phase in addition to increasing their prolif-
eration. Further, while Cx32 overexpression did not induce hemichannel activity in either cell, it decreased gap junctional 
communication between Hs578T cells. Additionally, Cx32 was mainly observed in the cytoplasm in both cells, where it did 
not form gap junction plaques but Cx32 overexpression reduced Cx43 levels without affecting Cx26. Moreover, migration 
and invasion potentials of Hs578T and migration in MCF7 were reduced upon Cx32 overexpression. Finally, the protein level 
of mesenchymal marker N-cadherin decreased while epithelial marker ZO-1 and E-cadherin increased in Hs578T cells. We 
observed that Cx32 overexpression altered cell proliferation, communication, migration and EMT in Hs578T, suggesting a 
tumor suppressor role in these cells while it had minor effects on MCF7 cells.
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Abbreviations
Cx	� Connexin
GJIC	� Gap junctional intercellular communication
GFP	� Green fluorescent protein
CBX	� Carbenoxolone

EMT	� Epithelial-to-mesenchymal transition
MET	� Mesenchymal-to-epithelial transition

Background

Breast cancer constitutes 30% of all new cancer cases and 
is the second leading cause of cancer-related deaths among 
females (Siegel et al. 2020). Breast cancer has a high meta-
static potential with 50% of patients having metastasis (Jin 
and Mu 2005). While the primary tumor is relatively benign, 
the cause of death is usually the metastasis of tumor cells 
to different tissues, primarily to the lungs, the bones, the 
brain and the liver (Weigelt et al. 2005). Several genetic and 
environmental factors including connexins (Cx) play roles 
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in tumorigenesis and metastasis of breast cancers (Ito et al. 
2000; Kanczuga-Koda et al. 2006, 2007).

Cells in multicellular organisms continuously communi-
cate with each other by different mechanisms, one of which 
is carried out by gap junctions. Gap junctions, formed from 
connexins (Cx) in chordates, allow the exchange of ions, 
secondary messengers and small metabolites between adja-
cent cells (Harris 2001). This intercellular communication 
is crucial for human physiology as alterations in connexins 
due to mutations, aberrant expression or localization that can 
impair connexin function and/or gap junctional intercellular 
communication (GJIC), can disrupt tissue homeostasis and 
lead to human disorders including cataracts, deafness and 
cancer (Paul 1995; Yamasaki et al. 1999; Sohl 2004; Cronier 
et al. 2009). There are 21 connexin isoforms in humans and 
the properties of channels are determined by the identities 
of the connexins forming the channel. Channels formed by 
different connexins serve distinct physiological functions as 
they have different gating properties, conductance and per-
meability, so the loss of one isoform cannot be compensated 
completely for by another one (Harris 2001; Willecke et al. 
2002; Saez et al. 2003; Dahl and Muller, 2014).

Connexins are shown to have both tumor-promoting and 
tumor-suppressing functions (Unal et al. 2021). Re-introduc-
tion of connexins in GJIC-deficient cancer cells generally 
resulted in the reduction of cell proliferation, cell growth 
and tumor growth (Eghbali et al. 1991; Cronier et al. 2009). 
In addition, connexins altered cell cycle progression (Zhang 
et al. 2001; Sánchez‐Alvarez et al. 2006; Burt et al. 2008), 
decreased tumor growth (Avanzo et al. 2004), angiogenesis 
and migration, supporting their tumor-suppressing functions 
(Qin et al. 2003; McLachlan et al. 2006). However, con-
nexins are also associated with the invasiveness of tumor 
cells (Brauner and Hülser 1990; Li et al. 2007), where their 
expression promoted metastasis (Graeber and Hülser 1998; 
Ito et al. 2006). This dual nature of connexins with both 
tumorigenic and tumor suppressor roles is dependent on the 
isoform, cell/tissue type and cancer stage. One connexin can 
have diverse effects on different cancer cells. For example, 
Cx32 decreased proliferation in SKHep1 liver adenocarci-
noma while it increased proliferation in Li7/Huh7 hepato-
cellular carcinomas (Li et al. 2007). In addition, different 
isoforms can have diverse effects on the same cell type. For 
instance, Cx32 decreased invasion while Cx43 increased 
it in HeLa cells, and Cx31 and Cx40 had no effect on the 
invasion of HeLa cervical cancer cells (Graeber and Hülser 
1998).

Roles of Cx32 vary among various cancers. In Huh7 
hepatocellular carcinoma cells, Cx32’s effect is location-
dependent as Cx32 mediated GJIC downregulated cell 
motility, while cytoplasmic Cx32 had a reverse effect (Li 
et al. 2007). This localization-dependent effect has also 
been observed in the prostate, gastric and colon cancers 

(Mehta 1999; Kanczuga-Koda et al. 2007; Jee et al. 2011). 
In the gastric carcinoma cell line AGS, re-localization of 
Cx32 from the plasma membrane to cytoplasm caused 
decreased Ki67 expression and its overexpression also 
resulted in cell cycle arrest at the G1 phase by increas-
ing the expression of p21Cip1 and p27Kip1 (Jee et al. 
2013). Moreover, Cx32 transfection in lung carcinoma cell 
line A549 increased GJIC between cells and reduced the 
anchorage-independent growth, invasiveness and devel-
opment of tumors in a xenograft model, while inducing 
contact inhibition (Hada 2006). Additionally, Cx32 pro-
moted tube formation and migration in a hybrid of A549 
lung cancer cells and HUVECs (EA.hy926) (Okamoto 
et al. 2014). These observations suggested that Cx32 influ-
enced the cancer initiation and progression in a cell- and/
or cancer-dependent manner.

In rodent breast tissue, Cx26, Cx32 and Cx43 are shown 
to be expressed (McLachlan et  al. 2007). In humans, 
Cx26 and Cx43 are the major isoforms of the breast tissue 
where Cx26 is found in the breast epithelium and Cx43 
is detected between myoepithelial cells of ducts (Mona-
ghan et al. 1996). Recently, Cx32 was identified between 
luminal epithelial cells in the human breast (Teleki et al. 
2014). In the initial phases of breast tumorigenesis, Cx26 
and Cx43 are downregulated (Banerjee 2016) and when 
they were individually transfected into breast cancer cells, 
Cx26 and Cx43 functioned as tumor suppressors and 
restored the differentiation potential (Hirschi et al. 1996). 
Moreover, Cx26 and Cx43 also downregulated epithelial-
to-mesenchymal transition (EMT) and upregulated molec-
ular pathways linked to angiogenesis (McLachlan et al. 
2006), supporting the tumor suppressor roles of Cx26 and 
Cx43 in breast cancers. During tumorigenesis, Cx32 was 
observed to be expressed in nearly 40% of invasive ductal 
breast cancers, and Cx32-negative primary tumors had 
Cx32-positive lymph-node metastases where Cx32 was 
mostly cytoplasmic (Kanczuga-Koda et al. 2007). Analy-
sis of Cx32 in non-tumorigenic breast cells and invasive 
ductal breast cancer cells indicated its pro-tumorigenic 
roles (Adak et al. 2020). However, it is not clear if these 
roles were cell or stage-specific or dependent on Cx32 
channel activities in breast cancers.

Cx32’s GJIC-dependent, -independent and/or context-
dependent functions in lung, liver and prostate cancers have 
been extensively studied but there is limited information 
about Cx32 in breast cancers. Inferred from Cx32’s locali-
zation-dependent roles in other cancers and observation of 
cytoplasmic Cx32 in lymph-node metastasis, it was hypoth-
esized that Cx32 might have localization-dependent func-
tions in breast cancers. This study aimed to examine the role 
of Cx32 in MCF7 and Hs578T breast cancer cells examining 
its cellular localization, channel functions, association with 
other connexins, and tumor aggressiveness.
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Material and methods

Cell culture

The human breast cancer cell lines MCF7 and Hs578T 
(ATCC) were cultured in high glucose Dulbecco’s Modi-
fied Eagle Medium (DMEM, GIBCO, 41,966–029), 
supplemented with 10% fetal bovine serum (FBS, BI, 
04–127-1A) and 1% penicillin/streptomycin (GIBCO, 
15,140–122). 0.01  mg/mL insulin (Sigma, I1882) 
was added to the medium for Hs578T cells. All cells 
were maintained at 37°C and 5% CO2 in a humidified 
atmosphere.

Both breast cancer cell lines were infected with Cx32 
cloned into pLenti-GIII-CMV-GFP-2A-Puro lentiviral 
vector (ABMGOOD, LV169789) and its empty vector 
was used as a control. Viruses were produced in 293T 
cells by transfecting with lentiviral plasmid together with 
pMD2.VSVG envelope and pCMVdR8.74 packaging vec-
tors as detailed in (Adak et al. 2020). After the titration in 
NIH3T3 cells, MCF7 and Hs587T cells were infected and 
selection with 2 µg/ml puromycin was started 72 h post-
infection, and continued until all uninfected cells died.

For transient transfection, Cx32 gene was cloned into 
pCS2 + mammalian expression vector and empty vector 
were used as mock-transfection control. Cells were seeded 
2 × 105 cells/well for Hs578T and 3 × 105 cells/well for 
MCF7 cells in 6-well plates and were transfected with 
FuGENE® (Promega, E2311) transfection reagent with 
2 µg DNA: 3 µl transfection reagent ratio. After transfec-
tion, cells were incubated for 48 h until experimentation.

MCF7 and Hs578T cells were validated by using FTA 
Sample Collection Kit for Human Cell Authentication 
Service (ATCC, 135-XV). 1 × 106 cells/mL were prepared 
according to the manufacturer’s instructions and sent to 
ATCC for STR analysis.

Cell counting and MTT analysis

For counting, cells were seeded at 5 × 104 cells/well for 
Hs578T and 1 × 105 cells/well for MCF7 in 6-well plates 
and were counted using a hemocytometer after trypan blue 
staining on days 1, 3 and 7 (GIBCO, 15250). For the MTT 
assay, cells were seeded at 2.5 × 103 cells/well for Hs578T 
and 5 × 103 cells/well for MCF7 in 12-well plates and were 
incubated with MTT (Amresco, 0793) for 4 h on the 1st, 
3rd, 5th and 7th days. Then, crystals were dissolved in 
DMSO to measure the light absorbance of the samples at 
570 nm.

Cell cycle analysis

Cells were trypsinized and centrifuged for 10  min at 
1200 rpm at room temperature for flow cytometry analy-
sis. Pellets were then resuspended with 1 ml cold PBS 
and 4 ml 100% ice-cold ethanol and kept at -20°C at least 
overnight. Before analysis, cells were treated with 0.1% 
Triton X-100 and 200 μg/ml RNase A (Sigma, R6148) 
in PBS. After the addition of 1 mg/ml PI solution (Life 
Technologies, T3605), cells were incubated for 15 min at 
dark. Cells were then analyzed by using BD FACS Canto 
flow cytometry.

Colony formation assay

Cells were seeded at 500 cells/well in 6-well plates for 
both cell lines and incubated for a week. Colonies formed 
after a week were fixed with 100% methanol for 20 min 
and washed with ddH2O. Later, colonies were stained with 
5% crystal violet (Amresco, 0528) for 10 min and washed 
three times with ddH2O. Plates were then left to air-dry 
overnight. Images of the colonies within 78.5 mm2 area 
were taken with bright field microscopy and colonies were 
counted.

Immunostaining

Cells were grown on glass coverslips for 2 days and were 
fixed with 4% paraformaldehyde (PFA) for 20 min, and 
permeabilized with 0.1%Triton-X for 15  min at room 
temperature. After blocking with 5% BSA for an hour, 
cells were incubated with primary antibody (1:200) for an 
hour and secondary antibody (1:200) and DAPI (Sigma, 
D95242) for 45 min. Antibodies used are as follows; rab-
bit anti-Cx32 primary antibody (Invitrogen, 345,700), 
rabbit anti-Cx43 primary antibody (Invitrogen, 710700), 
rabbit anti-Cx26 primary antibody (Invitrogen, 710500) 
and Alexa Fluor 555-conjugated anti-rabbit secondary 
antibody (Invitrogen, A21428). For colocalization experi-
ments, cells were incubated with mouse anti-Golgin-97 
primary antibody (Invitrogen, A21270), a Golgi apparatus 
marker together with rabbit anti-Cx32 primary antibody 
and washed with 1 × PBS. As a secondary antibody for 
Golgin-97, Alexa Fluor 488-conjugated anti-mouse anti-
body (Invitrogen, A11017) at 1:200 dilution was used.

For membrane staining, cells were incubated with Rho-
damine conjugated-Wheat germ agglutinin (WGA, Vector 
Laboratories, RL-1022) in 1 × PBS at 1:500 dilution for 
30 min at 4 °C and fixed with 4% PFA. The rest of the 
immunostaining protocol was followed afterward.
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Scrape loading and dye‑uptake assays

For scrape loading assay to determine gap junctional inter-
cellular communication, after scrapes were made with a 
blade, cells were incubated with 0.5 mg/ml Neurobiotin 
(Vector Laboratories, 1120) for 10 min followed by a nor-
mal media incubation of 20 min. For dye uptake assay to 
investigate the hemichannel activity, cells were incubated 
with OPTI-MEM (Thermo Fisher, 31985070) for 20 min 
followed by Neurobiotin incubation for 10 min. For both 
assays, cells were later stained against Neurobiotin with 
rhodamine-conjugated streptavidin (Thermo Fisher, 21724) 
and DAPI. Blockage of hemichannels was achieved by using 
100 µM Carbenoxolone (CBX). Cells were imaged using 
Olympus IX83 microscope and images were analyzed with 
ImageJ software (NIH). For the scrape loading assay, the 
distance travelled by Neurobiotin was calculated by a fitted 
curve, while for dye uptake assays amount of Neurobiotin 
was calculated by normalizing the signal received from the 
cells to the maximum signal.

Semi‑quantitative RT‑PCR analysis

Total RNA was isolated from fresh cells using Pure-link 
RNA Mini Kit (Invitrogen, 12183018A) according to the 
manufacturer’s protocol. Then, complementary DNAs 
(cDNA) were synthesized from 1 μg total RNA by using 
Fermantas First Strand cDNA Synthesis Kit (Thermo Fisher, 
K1622). SYBR Green based qRT-PCR was performed in 
96-well plates with 0.75 µl cDNA, 1 µl forward and reverse 
primers (100 μM), 2.25 µl dH2O and 5 µl SYBR Green. 
The reaction was done in Roche LightCycler® 96. Primer 
sequences of the genes assessed are as follows: Cx26 
F-5’-ctgcagctgatcttcgtgtc-3’, Cx26 R-5’-aagcagtccacagt-
gttg-3’, Cx32 F-5’-ggcacaaggtccacatct-3’, Cx32 R-5’-gcat-
agccagggtagagc-3’, Cx43 F-5’-gtgcctgaacttgccttttc-3’, Cx43 
R-5’-ccctcccagcagttgagtagg-3’, GAPDH F-5’-gaaggtgaa-
ggtcggagtca-3’, GAPDH R-5’-aatgaaggggtcattgatgg-3’.

Western blot analysis

Total protein was isolated from fresh cells using lysis solu-
tion (10 mM Tris–HCl; 1 mM EDTA; 0.1% TritonX-100; 
1% protease inhibitor; 0.1% DTT) and homogenizing with 
26-gauge needle. Cells were centrifuged at 12,000  rpm 
for 20 min and the supernatant was collected. For sub-
cellular fractionation for nuclear and cytoplasm extracts, 
proteins were isolated from fresh cells using a working 
solution (50 mM TrisHCl pH7.5; 150 mM NaCl; 10 mM 
NaF; 1% TritonX and 10 mM Imidazole in ddH2O). Cells 
were incubated on ice for 5 min and centrifuged at 4°C and 
14,000 rpm for 15 min. Supernatant was collected as cyto-
plasmic fraction and the pellet was washed with 1 × PBS 

and resuspended in working solution as nuclear fraction. 
For Western blotting, 15% resolving gels for connexins 
and 10% resolving gels for EMT markers together with 5% 
stacking gels were used. Equal amounts of proteins were 
incubated at 95°C for 5 min with 5 µl loading dye (250 mM 
Tris-HCI, 10% SDS, 30% Glycerol, 5% β-mercaptoethanol, 
0.02% Bromophenol Blue). Samples were transferred to a 
nitrocellulose membrane. The membrane was blocked for 
2 h with 5% milk in 1 × Tris-buffered Saline and Tween 
20 (TBS-T) solution. The membrane was then incubated 
with proper primary antibody at 1:1000 dilution within 5% 
milk in TBS-T solution overnight at 4°C. On the following 
day, the membrane was incubated with 1:1000 dilution of 
respective secondary antibodies for 2 h at room tempera-
ture. The image was taken with SuperSignal® West Pico 
Chemiluminescent Substrate Detection Kit (Thermo Fisher, 
34077). For loading control, mouse anti-γ-tubulin primary 
(Sigma, T6557) antibody at 1:1000 dilution and HRP-con-
jugated anti-mouse secondary antibody (Dako, P0447) at 
1:1000 dilution was used. Protein levels were normalized to 
γ-tubulin using ImageJ software. The following antibodies 
were used for EMT markers: Snai1 (Cell Signaling, 3879P), 
E-Cadherin (Cell Signaling, 3195P), N-Cadherin (Cell Sign-
aling, 13116P), and ZO-1 (Cell Signaling, 8193P).

Wound healing assay

Cells were seeded in 12 well plates at 9 × 105 cells/well 
for MCF7 and 4.5 × 105 cells/well for Hs578T. After 48 h 
incubation, 10 µg/ml mitomycin was added in serum-free 
medium for 2 h, and a wound was created with a 10 µl 
pipette tip. Afterward, cells were incubated in 1% serum-
containing starvation medium for 18 h. During incubation, 
pictures were taken every hour using a Leica DMI8 confo-
cal microscope equipped with an incubation chamber. The 
percentage of the open area was determined by using ImageJ 
software.

Invasion assay

Inserts (SPL, 37224) were coated with a 1:6 dilution of 
Matrigel in serum-free medium. Cells were seeded on the 
Matrigel at 5 × 104 cells/well for MCF7 and 7.5 × 104 cells/
well for Hs578T in serum free medium, and inserts were 
incubated in normal medium for 18–24 h and then invad-
ing cells on the insert membrane were stained with DAPI. 
Images of the whole insert were taken by Olympus IX83 flu-
orescence microscope and were merged in cellSens program.

Soft agar analysis

1.5 ml of 0.5% agar (Difco, 214220) in medium was placed 
at the bottom of 6-well plates. After polymerization, 1.5 ml 
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of 0.35% agar containing 3 × 104 cells were placed on top 
of the 0.5% agar with 0.5 ml medium as the top layer. The 
medium was changed once a week until colonies of proper 
sizes (diameter > 30 µm) developed. For imaging, colonies 
were stained with 0.05% crystal violet and 5 stacks of 25 
frames placed in a 5 × 5 grid were taken using a Leica con-
focal microscope. The images were analyzed using ImageJ 
software.

Statistical analysis

All data were expressed as mean ± standard deviation (S.D.) 
of at least three independent experiments. Significant differ-
ences were analyzed by comparing the data of GFP control 
with Cx32-infected cells and were indicated as statistically 
significant for p < 0.05 (*), p < 0.01 (**), p < 0.005 (***) and 
p < 0.001 (****) using Student’s t-test.

Results

Determination of Cx32 expression in Hs578T 
and MCF7 cells

Although Cx32 was shown to be expressed in breast cancer 
tissues, its presence in Hs578T and MCF7 cell lines was 
previously not known. To assess the effects of Cx32 in these 
cells, the expression of Cx32 was determined at mRNA and 
protein levels using semi-quantitative RT-PCR and Western 
blotting, respectively. MCF7 cells had 55 times (p < 0.001) 
more Cx32 mRNA expression than Hs578T cells (Fig. 1A). 

Additionally, the presence of Cx32 protein was verified with 
Western blot in MCF7 cells, where there was a negligible 
amount of Cx32 protein in Hs578T cells while MCF7 cells 
had ~ 5 times (p < 0.001) more Cx32 protein compared to 
Hs578T cells (Fig. 1B). Moreover, the presence and locali-
zation of Cx32 fluorescent staining were consistent with 
mRNA and protein data, indicating limited Cx32 presence 
in Hs578T cells and a substantial amount of Cx32 in MCF7 
cells (Fig. 1C). Even though MCF7 cells had endogenous 
Cx32, they did not show any gap junctional plaque formation 
at the cell–cell contact sites (Fig. 1C).

To investigate the effects of Cx32 overexpression in 
breast cancer cells, stable cell lines were generated by infect-
ing Hs578T and MCF7 with GFP control and Cx32 lentivi-
ruses (used as Hs578T-GFP, Hs578T-Cx32, MCF7-GFP and 
MCF7-Cx32 in the following parts) followed by puromycin 
antibiotic selection. Cx32 expression increased 274-fold in 
Hs578T cells and 180-fold in MCF7 cells at mRNA levels 
compared to control GFP cells (Fig. 2A). In addition, Cx32 
protein level increased around 8-fold in Hs578T cells but 
did not change in MCF7 cells upon Cx32 overexpression 
(Fig. 2B).

Cx32 resulted in increased proliferation especially 
in Hs578T cells

Altered expression of connexins can interfere with the 
growth pattern of the cells through affecting viability and/
or proliferation, so to assess the effects of Cx32 on growth 
curve, MTT analysis was conducted on days 1, 3, 5 and 
7. Compared to Hs578T-GFP cells, Hs578T-Cx32 cells 

Fig. 1   MCF7 cells had endogenous Cx32 while Hs578T cells have 
a negligible amount of Cx32. Cx32 expression in Hs578T cells was 
normalized to 1 and Cx32 expression in MCF7 cells was compared to 
Cx32 expression in Hs578T cells at a mRNA levels of cells (n = 3). b 
Representative Western blot image of Cx32 protein levels in cells and 

quantification of protein levels in cells where Cx32 protein level was 
normalized to γ-tubulin levels (n = 3). c Localization of Cx32 protein 
in the cells. Red is Cx32 and blue is for the nucleus. The scale bar is 
10 µm
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had 44% (p < 0.05), 40% (p < 0.05) and 57% (p < 0.001) 
more MTT signal on day 3, day 5 and day 7, respectively 
(Fig. 3A). In MCF7 cells, Cx32 infected cells also had 
higher MTT signal compared to GFP control cells, but the 
increase was only statistically significant on day 7 with a 
47% increase in MCF7-Cx32 condition (p < 0.05) (Fig S1A). 
Proliferation was further assessed with cell counting using 
trypan blue staining and hemocytometer on days 1, 3, and 7 
after culturing. Consistent with MTT analysis, Cx32 infected 
cells had a 34% increase in cell number compared to GFP 
infected counterparts on day 7 in Hs578T cells (p < 0.05, 
Fig. 3B). On the other hand, cell counting did not reveal 
any statistically significant change between GFP and Cx32 
infected MCF7 cells (Fig S1B).

To investigate if the alteration in cell viability and/or pro-
liferation in Hs578T cells was due to changes in cell cycle 
progression upon Cx32 overexpression, cell cycle analysis 
with PI staining and flow cytometry was conducted. The per-
centage of cells in the G1 phase decreased significantly from 
63% in Hs578T-GFP cells to 54% in Hs578T-Cx32 cells 
(p < 0.05) and in parallel with this decrease, the percentage 
of cells in the S phase significantly increased from 19.7% 
in Hs578T-GFP cells to 30.9% (p < 0.001) in Hs578T-Cx32 
with no significant change in G2 phase. On the other hand, 

no changes were observed in the percentages of MCF7 cells 
in G1, S or G2 phases (Fig. 3C).

Finally, the survival and growth potential of cells were 
examined with the colony formation assay. Colony numbers 
increased ~1.6 fold in Hs578T-Cx32 compared to Hs578T-
GFP cells (p < 0.05). Similarly, there was a 2.2 fold increase 
in the number of colonies formed by MCF7-Cx32 cells com-
pared to MCF7-GFP cells but this increase was not statisti-
cally significant (p = 0.13, Fig. 3D).

Cx32 reduced GJIC between Hs578T cells 
without influencing hemichannel activity

Scrape-loading and dye uptake assays were performed to 
investigate the involvement of Cx32 gap junction channel 
and hemichannel activities in the proliferation of Hs578T 
cells upon Cx32 overexpression, respectively. Further, we 
used carbenoxolone to block hemichannel and gap junction 
channel activities in cells. For the gap junctional commu-
nication between cells, the distance of Neurobiotin transfer 
from the site of the scrape demonstrated that Hs578T cells 
were able to transfer the tracer from the site of the scrape to 
neighboring cells, indicating GJIC between cells (Fig. 4A). 
While GFP control cells had the highest level of dye transfer 

Fig. 2   Cx32 infection resulted in Cx32 overexpression in Hs578T 
cells at both mRNA and protein levels. Cx32 expression was com-
pared by normalizing expression in Cx32 infected cells to control 
GFP cells a at mRNA levels in infected cells. (n = 3, *p < 0.05). b 

Representative image of Cx32 protein levels in infected cells, and 
quantitative comparison of protein levels in infected cells (n = 3, 
*p < 0.05). Error bars represent S.D
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with a distance of 52.8 ± 16.1 µm, overexpression of Cx32 
significantly reduced the transfer distance to 41.8 ± 20.8 µm 
(p < 0.001). Treatment with CBX also significantly reduced 
the transfer distance to 20.8 ± 9.0 µm for Hs578T-GFP and 
to 19.1 ± 11.8 µm for Hs578T-Cx32 cells (Fig. 4B). In con-
trast, MCF7 cells did not have intercellular communication 
between cells so we did not observe any alteration by either 
Cx32 overexpression or CBX treatment (Fig. S2).

Hemichannel activity after the dye uptake assay was 
assessed in two ways. We first determined the number of 

cells that took up the dye from the extracellular environment 
to indicate cells with active hemichannels (Fig. S3A and 
S3B). For the second one, we assessed the signal intensities 
of the cells with active hemichannels that demonstrate the 
amount of activity (Fig. S3C). Dye uptake assays suggested 
that Hs578T-GFP and MCF7-GFP cells had negligible 
hemichannel activity, which was not affected by either Cx32 
overexpression or the application of CBX as no difference 
was observed in the number of cells with fluorescent signal 
or the fluorescent intensity among groups (Fig. S3A–C).

Fig. 3   Cx32 increased cell viability and proliferation in Hs578T 
cells. a MTT analysis for Hs578T cells was obtained by normal-
izing O.D. of Cx32 infected cells to control cells (n = 6, *p < 0.05, 
****p < 0.001). b Cell counts using trypan blue and hemocytom-

eter in 1  ml volume normalized to day 1 for Hs578T cells (n = 9, 
*p < 0.05). c Cell cycle analysis of GFP and Cx32 infected cells. d 
The number of colonies in colony formation assay formed after 
7 days (n = 3, *p < 0.05). Error bars represent S.D
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Cx32 was mainly localized to cytoplasm in breast 
cancer cells

Cx32 was mainly observed in the cytosol in lymph node 
metastasis of breast cancer samples. Thus, the subcellular 
localization of Cx32 was examined by immunostaining with 
fluorescent microscopy in both cell types. Cx32 expression 
significantly increased in Hs578T-Cx32 cells compared to 
GFP control cells. In addition, Cx32 was mainly in the cyto-
plasm and no GJIC plaque was observed between cells (Fig. 
S4A). To further confirm the cellular location of Cx32, both 
untransfected and Cx32-transfected cells were co-stained with 
Cx32 and WGA for the plasma membrane. We did not observe 
colocalization between WGA and Cx32, confirming cyto-
plasmic localization of Cx32 in cells. In addition, Cx32 was 
observed to consistently localize to certain regions especially 
in Cx32 transfected MCF7 cells (Fig. S4B). To determine if 
this preferential location was the Golgi apparatus, co-staining 
with Cx32 and Golgin-97, a Golgi apparatus marker was per-
formed. However, there was no colocalization between Cx32 
and Golgin-97, suggesting that Cx32 did not localize to Golgi 
(Fig. S4C).

Cx32 resulted in reduced Cx43 expression in Hs578T 
cells

Observation of Cx32 in the cytoplasm and the decrease 
in GJIC in Hs578T with the overexpression of Cx32 
suggests the potential contribution of other connexins 
to GJIC in these cells. For this reason, the expression 
and localization of two main connexins, Cx26 and Cx43 
that are involved in breast homeostasis and cancer, were 
examined using Western blot analysis and immunostain-
ing experiments. Cx26 protein levels did not change upon 
Cx32 overexpression compared to their control counter-
parts in either Hs578T or MCF7. On the other hand, Cx43 
expression was reduced in Cx32 overexpressing Hs578T 
and MCF7 cells compared to GFP controls (Fig. 5A). 
This reduction was 68% (p < 0.05) in Hs578T cells and 
55% (p < 0.001) in MCF7 cells upon Cx32 overexpres-
sion (Fig. 5B). The localization of these proteins was 
also examined using immunostaining analysis that dem-
onstrated neither protein was observed at cell–cell contact 
areas (Fig. 5C and E). Further, Cx26 was observed in the 
nucleus but Cx26 localized to the cytoplasm in addition 

Fig. 4   Cx32 reduced gap junctional communication in Hs578T cells 
a Scrape loading of control and Cx32 infected Hs578T cells. Scale 
bar: 200  μm. Red is for Neurobiotin and blue is for the nucleus. b 

Comparison of the distance of the dye transfer from the site of 
scrape in the absence and presence of CBX in Hs578T cells (n = 4, 
*p < 0.05, ***p < 0.005, ****p < 0.001). Error bars represent S.D
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Fig. 5   Cx32 reduced the expression of Cx43 in Hs578T cells. a Rep-
resentative images for protein levels of Cx26 and Cx43 in Hs578T 
and MCF7 cells. γ-tubulin was used as a loading control. b Quanti-
fication of Cx26 and Cx43 levels in Hs578T and MCF7 cells (n = 3, 
*p < 0.05, ****p < 0.001). c Localization of Cx26 in infected cells 

and d Comparison of Cx26 signals in all cell groups. e Localization 
of Cx43 in infected cells. f Quantification of Cx43 signals in cells. 
(n = 3, *p < 0.05, ***p < 0.005). Red is either for Cx26 or Cx43, 
green shows GFP, blue is for the nucleus in c and e. Error bars repre-
sent S.D. and the scale bar is 10 µm
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to the nucleus upon Cx32 overexpression (Fig. 5C). To 
confirm the nuclear localization, Cx26 was assessed in 
the nuclear fraction of Hs578T and MCF7 after subcel-
lular fractionation and it verified the presence of Cx26 in 
the nuclear extracts of both cells (Fig. S5). Additionally, 
when the amount of signals from the cells was analyzed, 
no statistically significant difference in Cx26 signals was 
detected in MCF7 cells, while Cx26 signal was signifi-
cantly higher in Hs578T-Cx32 cells than Hs578T-GFP 
cells (Fig. 5D). Unlike Cx26, Cx43 was observed through-
out the cytoplasm in Hs578T-Cx32 cells and the signal 
amounts were reduced compared to their control coun-
terparts, confirming the Western blot analysis (Fig. 5E). 
Finally, no change at Cx43 signal amount between control 
and Cx32 infected cells was observed in MCF7 (Fig. 5F).

Both cells’ migration potential and the invasion 
of Hs578T decreased upon Cx32 overexpression

The presence of Cx32 in cells at the lymph node metas-
tasis of breast cancer might implicate the role of Cx32 in 
cellular motility or metastasis. Thus, Cx32’s effects on the 
migration of cells were assessed using wound healing assay. 
Cx32 overexpression delayed the closure of the open gap 
18 h after wound generation in Hs578T and MCF7 cells 
(Fig. 6A). The percentage of open area in Hs578T-Cx32 
and MCF7-Cx32 cells increased significantly compared to 
GFP control cells by 3.2 folds and 1.5 folds at the 18th hour, 
respectively, suggesting that Cx32 decreased cells’ migration 
potential (Fig. 6B). Moreover, the decrease in cells’ migra-
tion potential became significantly different between Cx32 
infected and GFP infected cells after 10 h. for Hs578T cells 
and after 3 h. for MCF7 cells (Fig. S6). When the velocities 

Fig. 6   Cx32 overexpression decreased migration of Hs578T and 
MCF7. a Representative images of cells taken at t = 0 h (right after 
the scratch) and at t = 18 h using time-lapse photography. The scale 
bar is 50  µm. b Percentages of wounds remained open after 18  h 
(n = 3, ***p < 0.005). c Relative area covered by invaded cells in 

Boyden chamber invasion assay. The graph was obtained by normal-
izing the area covered by the invaded Cx32 infected cells to the area 
covered by the invaded GFP control cells. Error bars represent S.D 
(n = 3, *p < 0.05)
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of the cells were measured as percentages of the wound they 
cover per hour, Cx32 infection reduced migration capacity 
by 44% in Hs578T cells from 14.7% to 8.3% per hour and 
55% in MCF7 cells from 4% to 1.8% per hour.

While migration potential is an important indicator of 
aggressiveness, cells need to go through the extracellular 
matrix by invasion before they can metastasize. To assess 
the ability of cells to invade, Boyden chamber invasion assay 
using Matrigel was used (Fig. 6C). The area covered by the 

invaded Hs578T-Cx32 cells was 43% less than Hs578T-GFP 
cells (p < 0.05). For MCF7 cells, MCF7-Cx32 cells had 20% 
less coverage compared to MCF7-GFP cells, which was not 
a statistically significant decrease (p = 0.54).

Due to the changes in migration and invasion profiles of 
Hs578T cells upon Cx32 overexpression, the ability of cells 
to go through epithelial-to-mesenchymal transition (EMT) 
was examined by determining the protein levels of EMT 
markers using Western blot analysis (Fig. 7A). Expressions 

Fig. 7   Cx32 overexpression decreased EMT in Hs578T and anchor-
age-independent growth in MCF7 cells. a Representative images of 
Western blot of EMT markers in infected Hs578T cells. b Compari-
son of normalized protein levels for Hs578T cells (n = 3–8, *p < 0.05, 
***p < 0.005). c Representative images of colonies for Hs578T cells 

after 8  weeks and MCF7 cells after 3  weeks. Red arrows show the 
colonies that were analyzed. d The relative number of colonies in 
MCF7 cells. The graph was obtained by normalizing colonies pro-
duced by Cx32 infected cells to control cells. Error bars represent 
S.D. (n = 3)
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of epithelial markers E-cadherin and ZO-1 increased 
5.2 folds and 3 folds in Hs578T-Cx32 cells compared to 
Hs578T-GFP cells, respectively. Additionally, the expression 
of mesenchymal transcription factor Snail (Snai1) increased 
2.4 folds in Hs578T-Cx32 cells compared to Hs578T-GFP 
cells. On the other hand, expression of mesenchymal marker 
N-cadherin decreased 81% in Hs578T-Cx32 cells compared 
to Hs578T-GFP cells (Fig. 7B). However, expressions of 
these markers in MCF7 cells were not altered significantly 
upon Cx32 overexpression (Fig. S7).

Lastly, soft agar assay was performed to test the anchor-
age-independent growth to assess the effect of Cx32 on cel-
lular transformation. Hs578T cells did not form colonies in 
either sample even after 8-week culture and they degraded 
the soft agar similar to previous reports (Mori et al. 2009; 
Deocesano-Pereira et al. 2019). In contrast to Hs578T cells, 
MCF7 cells formed adequately sized (> 30 µm in diameter) 
colonies after 2.5 to 3 weeks (Fig. 7C). When the colonies 
larger than 30 µm in diameter were counted, there were more 
colonies in MCF7-Cx32 cells compared to MCF7-GFP cells 
but this difference was not statistically significant (p = 0.056, 
Fig. 7D).

Discussion

Connexins have diverse functions in cancer based on the 
isoform, cell type and cancer stages. Therefore, each con-
nexin is needed to be assessed individually to understand 
their roles in tumorigenesis in a context-dependent manner. 
In this study, we investigated the role of Cx32 in prolifera-
tion, gap junctional activity, localization and expression of 
other connexins in addition to aggressive features in breast 
cancer cells, invasive Hs578T and non-invasive MCF7. 
Cx32 overexpression significantly increased percentages 
of cells in the S phase and subsequently the proliferation 
of Hs578T cells with no significant change in MCF7 cells. 
While hemichannel activity was not observed in either 
cell, Cx32 overexpression reduced GJIC in Hs578T cells. 
In addition, Cx32 mainly localized to cytoplasm in both 
cells and did not form gap junctional plaques between cells. 
Moreover, Cx32 overexpression decreased the Cx43 level 
in Hs578T cells. Finally, Cx32 overexpression reduced the 
migration and invasion capacity of both cells in addition to 
causing the reduction of N-cadherin mesenchymal marker 
and the elevation of E-cadherin and ZO-1 epithelial mark-
ers in Hs578T cells. Overall, Cx32 overexpression had a 
more pronounced effect on Hs578T compared to MCF7 cells 
where Cx32 overexpression only altered migration and Cx43 
protein levels in these cells. While Cx32 overexpression 
induced ~ 180-fold increase at mRNA level, its translation 
into protein could not be verified by Western blot in MCF7 
cells. Therefore, even though the lack of significant changes 

in MCF7 could be attributed to cell and tissue type specific 
effects of Cx32, it can also be due to unaltered Cx32 protein 
levels upon Cx32 overexpression that already had high levels 
of endogenous Cx32.

Connexins are long considered to be tumor suppressors 
based on their inhibitory effect on the proliferation of can-
cer cells. However, they were also shown to have growth-
promoting roles. For example, Cx43 induced proliferation 
in HER2( +) drug-resistant SK-BR-3 and JIMT-1 cells and 
Cx32 increased proliferation in response to stimuli in non-
myelinating Schwann cells (NMSC), Huh7 and Li7 hepato-
cellular carcinoma cells (Li et al. 2007; Freidin et al. 2009; 
Yeh et al. 2017). We also observed that Cx32 increased 
proliferation in Hs578T cells with no significant effect on 
MCF7 cells, which might implicate cell type or cancer-
stage specific role of Cx32 in Hs578T cells. Supporting 
the cell type-specific effects in breast cancers, Cx32 did 
not have any effect on the proliferation of MDA-MB-231 
while reducing proliferation in MCF10A cells (Adak et al. 
2020). Decrease in the percentage of cells in the G1 phase 
and a subsequent increase in the percentage of cells in the 
S phase in Cx32 infected Hs578T cells suggested a pos-
sibility of shortened and/or accelerated G1 phase, which 
was supported by a significant increase in proliferation. 
Previous studies have shown the effect of connexins on cell 
cycle where Cx37 in Rin cells and Cx43 in either U2OS 
or TRMP cells delayed cell cycle progression at the G1/S 
checkpoint by acting through cyclins and CDKs, which ulti-
mately decreased cell growth (Chen et al. 1995; Zhang et al. 
2001; Burt et al. 2008). Contrarily, Cx43 silencing resulted 
in cell cycle arrest in Glomerular Mesangial cells (Zhang 
et al. 2006), and Cx43 was implicated in the proliferation of 
acute myeloid leukemia cells, while Cx32 did not have any 
effect (Yi et al. 2012). Meanwhile, in NMSC, Cx32 acceler-
ated G1-to-S-phase acting through Nrg1 (Monje et al. 2006; 
Li et al. 2007; Freidin et al. 2009). These studies supported 
connexins’ isoform and cell/tissue-specific effect in cell 
growth and thus tumorigenesis.

The lack of hemichannel activity in Hs578T and MCF7 
cells was expected as hemichannels open very infrequently 
and normally remain closed to prevent the uncontrolled 
exchange of materials between cytosol and the extracel-
lular matrix under physiological conditions. In addition, 
the frequency of their opening does not interfere with their 
function (Contreras et al. 2003). Moreover, connexins can 
have channel-independent functions so observation of no 
alteration on hemichannel activity upon Cx32 overexpres-
sion might be due to Cx32’s channel independent activity 
(Bond 1994; Duflot-Dancer 1997; Huang et al. 1998; Qin 
et al. 2003; Jiang and Gu 2005). Besides, the reduction of 
GJIC between Hs578T cells upon Cx32 overexpression 
suggests the involvement of other connexins in communi-
cation in these cells. Overexpression of connexins in cells 
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was generally associated with increased communication 
(Tittarelli et al. 2015; Liang et al. 2019). However, we did 
not observe gap junction plaques between cells upon Cx32 
overexpression, which might point out channel-independent 
roles. Alternatively, their arrangements or distribution in 
cells might also interfere with their roles in communica-
tion rather than their protein levels. For example, ouabain 
enhanced GJIC by rearranging previously synthesized Cx43 
subunits in MDCK cells without increasing the Cx43 pro-
tein expression and resulted in Cx43 relocalization to the 
membrane (Ponce et al. 2016). Yet, considering that neither 
endogenous nor exogenous Cx32 in MCF7 cells directly 
function in communication, Cx32 might not be involved in 
gap junctional functions in these cells at all. The decrease of 
GJIC in Hs578T cells upon Cx32 overexpression may sug-
gest that Cx32 might influence communication by reducing 
gap junctional communication mediated by other connexins.

Both single and co-staining experiments showed that 
cells mostly had cytoplasmic Cx32 rather than gap junc-
tional plaque-forming proteins. Relocalization of connexins 
to the cytosol was also observed in the prostate, gastric and 
colon cancers in vitro (Mehta 1999; Kanczuga-Koda et al. 
2010; Jee et al. 2011) and breast cancers in vivo (Kanczuga-
Koda et al. 2007). The redistribution of Cx32 in cells can be 
either due to its dispersion in the cytosol or its retention in an 
organelle such as Golgi or ER along the secretory pathway 
(Rahman 1993; Kyriakoudi et al. 2017). Cx32 in Hs578T 
and MCF7 did not colocalize with Golgin-97, a Golgi appa-
ratus marker but whether it localizes to the ER remains to 
be determined. E-cadherin regulated the localization of 
connexins in MCPC, HSCC and IAR20 cells (Hernandez-
Blazquez et al. 2001; Kawasaki et al. 2007; Chakraborty 
et al. 2010). Moreover, E-cadherin moved Cx26 and Cx43 
to the cytoplasm by interacting with their cytoplasmic loops 
(Nambara et al. 2007). Further, Cx43 localization in adult 
cardiac myocytes was regulated through Rac1, which is in 
the downstream of N-cadherin, demonstrating the involve-
ment of cadherins in the subcellular distribution of connex-
ins (Matsuda et al. 2006). When the alterations in E-cadherin 
and N-cadherin levels upon Cx32 overexpression cells were 
considered, the roles of cadherins in Cx32 relocalization to 
the cytoplasm of Hs578T needs further assessment.

The function and/or expression of connexins can be 
altered depending on the need of cells/tissues. For example, 
Cx26 or Cx32 can compensate for each other in the case 
of abnormalities in either isoform during lactation (Locke 
et al. 2004; McLachlan et al. 2007; Banerjee 2016). Simi-
larly, overexpression of Cx32 in HUVEC cells suppressed 
the expression of Cx43 (Okamoto et  al. 2014). There-
fore, alteration in expression of one isoform can affect the 
expression and/or function of other connexins (Bedner et al. 
2012), so we examined the alterations in Cx26 and Cx43 
levels and localization in Hs578T and MCF7 cells. Cx32 

overexpression significantly decreased Cx43 expression 
in both cell types. Reduction of Cx43 expression may also 
suggest that the decrease in GJIC upon Cx32 overexpres-
sion could be completely or partially be caused by the Cx43 
downregulation as Cx43 was shown to be the main connexin 
isoform mediating the dye transfer between Hs578T cells 
(Qin et al. 2002; Jiang et al. 2017). The localization pattern 
of Cx26 in MCF7 and Hs578T was unexpected with both 
cytosolic and pronounced nuclear localization. Cx26 was 
previously shown to be absent in MCF7 cells (Momiyama 
et al. 2003). However, recent studies demonstrated its pres-
ence in the cytoplasm and the plasma membrane of MCF7 
cell lines with Western blot analysis (Thiagarajan et al. 
2018) but its cytosolic distribution was not determined. The 
reason behind the conflicting results in MCF7 cells from dif-
ferent groups are not known however, studies showed clonal 
variations of MCF7 cells from different sources, resulting in 
phenotypic and genotypic heterogeneity concerning growth 
rates, signaling pathways, expression of hormone recep-
tors and chromosome numbers (Jones et al 2000; Nugoli 
et al 2003). All these cells are related to the original MCF7 
cell line and thus still considered as MCF7 (Kleensang et al 
2016). This cellular heterogeneity might contribute to the 
observation of inconsistent results for Cx26 in MCF7 cells. 
Connexins are known to mainly localize to the plasma mem-
brane (Harris 2001). However, they could localize to the 
cytosol including the ER and the Golgi apparatus due to dis-
ease-causing mutations and cancer (Mese et al. 2007; Unal 
et al. 2021). Further, Cx43 C-terminal was shown to localize 
to the nucleus (Dang X et al. 2003) and truncated Cx43-20k 
isoform was observed in the nucleus, regulating N-cadherin 
expression (Kotini et al. 2018). Similarly, Cx26 was found 
on the nuclear envelope where it interacts with NANOG 
and FAK in MDA MB 231 breast cancer cells (Thiagarajan 
et al. 2018). Cx26 nuclear staining pattern in Hs578T and 
MCF7 cells was quite different where they accumulated at 
specific sites in or around the nucleus. The reason for this 
unique distribution is not known, however further studies 
including the confocal microscopy might help to decipher 
the details of Cx26 subcellular localization and its signifi-
cance for homeostasis of Hs578T and MCF7 cells.

Cancer cells appear to lose their migration potentials and 
invasive ability with Cx32 overexpression in the liver and 
cervical cancers (Yang et al. 2011; Zhao et al. 2014). This 
may suggest that Cx32 inhibits the cells’ motility, which 
then might affect the metastatic potential. The decrease in 
mesenchymal marker N-cadherin and an increase in epithe-
lial marker E-cadherin indicate a shift to epithelial char-
acteristic in Hs578T with Cx32 overexpression. Similarly, 
overexpression of Cx32 converted EMT to mesenchymal-to-
epithelial transition (MET) in doxorubicin-resistant hepato-
cellular carcinoma HepG2 cells (Yu et al. 2017). Further-
more, E-cadherin can also affect cells migration and invasion 
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capabilities. Since cells generally show similar trends for 
invasion, migration and EMT, the expression changes of 
EMT markers and decrease in migration and invasion in 
Hs578T cells were consistent. Similarly, in hepatocellu-
lar carcinoma cell line SMMC-7721, knockdown of Cx32 
enhanced invasion and migration and lowered E-cadherin 
(Zhao et al. 2014). Besides, Cx32’s effect on migration and 
invasion might be related with Cx43 expression in both cells 
but the changes in EMT marker expression are possibly due 
to Cx32 presence, as it was not observed in MCF7. The soft 
agar results in MCF7 cells, on the other hand, indicated that 
MCF7 cells showed a tendency to gain stem cell charac-
teristics upon Cx32 overexpression. The inhibitory effects 
of connexins on anchorage-independent growth have been 
observed with Cx43 in BL6 malignant melanoma cells, in 
breast cancer cells MDA-MB-231 and with Cx32 in adeno-
carcinoma A549 and renal cell carcinoma Caki-2 cells (Fuji-
moto et al. 2004; McLachlan et al. 2006; Hada et al. 2006; 
Ableser et al. 2014).

Conclusion

Our results showed a trend that Cx32 expressing cells had 
different features than cells with no Cx32. The best example 
was observed in cell cycle analysis, where Cx32 express-
ing cells (uninfected MCF7 or Cx32 infected Hs578T cells) 
have similar percentages of cells in all phases of the cell 
cycle, which are significantly different from the percentages 
in Cx32-lacking cells (Hs578T-GFP). Apart from prolifera-
tion, it was also observed that Cx32 overexpression caused 
Hs578T cells to behave similar to Cx32 expressing MCF7 
cells in terms of GJIC, migration and invasion. As a conclu-
sion, Hs578T-Cx32 becomes similar to faster proliferating, 
slower migrating, less invading, non-communicating MCF7 
cells that have endogenous Cx32. Overall, we provided fur-
ther support for context-dependent functions of Cx32 in 
breast cancer and observed a tumor-suppressive effect of 
Cx32 in Hs578T breast cancer cells.
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