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Abstract 

Connexins are a family of transmembrane proteins that are characterized by their 

capacity to form intercellular channels called gap junctions that directly link the cytoplasm of 

adjacent cells. The formation of gap junctions by connexin proteins facilitates intercellular 

communication between neighboring cells by allowing for the transfer of ions and small 

signaling molecules. Communication through gap junctions is key to cellular equilibrium, where 

connexins, and the gap junction intercellular communication that connexins propagate, have 

roles in cellular processes such as cell growth, differentiation, and tissue homeostasis. Due to 

their importance in maintaining cellular functions, the disruption of connexin expression and 

function underlies the etiology and progression of numerous pathologies, including cancer. Over 

the past half a century, the role of connexins and gap junction intercellular communication have 

been highlighted as critical areas of research in cellular malignancies and much research effort 

has been geared toward understanding their dysfunction in human cancers. Although ample 

evidence supports a role of connexins in a variety of human cancers, detailed examination in 

specific cancers, such as breast cancer, are still lacking. This review highlights the most 

abundant gap junction connexin isoform in higher vertebrate organisms, Connexin 43, and its 

role in breast cancer. 
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Abbreviations 

 Cx43 – Connexin 43 

 Cx – Connexin 

 GJIC – Gap Junction Intercellular Communication 

 WT – Wildtype 

 ErbB2 – Epidermal Growth Factor Receptor 2 

 ZO-1 – Zona Occludens-1 

 ZO-2 – Zona Occludens-2 

 TCDD – 2,3,7,8-Tetrachlorodibenzodioxin 

 PQ1 – Substituted quinolones  

 Akt – Protein kinase B 

 MAPK – Mitogen Activated Protein Kinase 

 αCT1 – α–connexin carboxyl-terminal 

Introduction 

The complexity of multicellular organisms necessitates an efficient, coordinated route of 

cell-to-cell communication. Connexins make up a family of transmembrane proteins that are the 

primary component in intercellular gap junction pores and have roles in propagating intercellular 

communication; a property called Gap Junction Intercellular Communication (GJIC) [1-3].  Each 

gap junction is composed of a hexagonally arrayed lattice of intercellular aqueous channels 

spanning the two membrane bilayers of opposing cells. Each of these channels is made up of 2 

hexameric connexin oligomers termed connexons or hemichannels; one each contributed by the 

two contacting cells. In addition to forming gap junctions, connexin hemichannels have their own 
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physiological roles in regulating cell-to-extracellular communication and purinergic signaling [4]. 

There are as many as 21 connexin family members in mammals which can combine to 

form heteromeric and/or heterotypic channels.  Studies examining connexin mutations show 

that the disruption of connexin protein conformation, turnover, and channel function lead to 

disease phenotypes and reveal the importance of connexins and gap junctions in maintaining 

tissue homeostasis [5]. A critical role for connexins, gap junctions, and GJIC in tumorigenesis 

and metastasis was documented as early as 1966 in studies that revealed impaired intercellular 

electrical coupling in chemically-induced and xenografted rat hepatocarcinomas [6, 7]. 

Expression and functional studies have identified connexins as potential tumor suppressors, 

where restoration of depressed connexin expression and thus restoration of GJIC inhibits tumor 

cell growth [8, 9]. However, this story has been made more complex by recent studies that 

report aberrant increased expression of connexins in a variety of carcinomas and sarcomas as 

well as the more recently discovered transcriptional functions of connexins that are independent 

of their gap junction function [10, 11].  

Connexin 43 (Cx43) is one of the most highly expressed and widely studied connexins 

and has been found to be aberrantly expressed in several tumor types including liver, prostate, 

and breast. While recent studies support the therapeutic potential of targeting Cx43 as a 

treatment in breast cancer [12-15], the complexities that are associated with the disseminating 

roles of Cx43 in the processes of tumorigenesis, tumor cell migration and metastasis in breast 

cancer remain unresolved. Evidence suggests that Cx43-directed GJIC is critical for normal cell 

function and loss of this feature promotes malignant transformation of breast/mammary 

epithelial cells [16-20]. These studies have yielded interesting but early stage information 

suggesting that Cx43 has a role in breast cancer cell proliferation, differentiation, and migration. 

The exact nature of this role is complicated by studies examining human breast cancer tissue 

that suggest that levels of Cx43 change with cancer stage [16-19]. These studies have also 

revealed that, regardless of expression level, atypical (e.g., cytoplasmic) expression of Cx43 
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and impaired GJIC could play a part in determining disease severity and act as an early sign of 

malignancy, suggesting that preserving Cx43 gap junctions could be an important distinction 

between normal and malignant breast epithelial cells [16, 19, 20]. Consequently, maintaining 

Cx43 gap junctional activity could be a mechanism of Cx43-dependent tumor suppression. A 

schematic of this concept is shown in Figure 1A where it is represented that loss of GJIC 

maintained by Cx43 in normal mammary gland results in breast cancer malignancy. 

Furthermore, it is a common feature for breast cancer cells to exhibit Cx43 localized away from 

the plasma membrane where gap junctions would normally form. This mis-localization is 

exemplified in Figure 1B, which shows examples of Cx43 immunofluorescence staining in 

MCF7 and BT474 breast cancer cell lines where Cx43 is localized away from the plasma 

membrane, likely in endocytic vesicles in the cytoplasm. Here, we review the current literature 

on Cx43 and breast cancer in order to highlight a possible tumor suppressor role for Cx43 in 

breast cancer, what circumstances have been observed where Cx43 acts as a tumor 

suppressor or does not, and the potential for therapeutic targeting of this protein for treatment of 

primary and metastatic disease (summarized in Table 1).  

 

Materials and Methods 

Immunofluorescence 

The anti-Cx43 antibody used for immunofluorescence detection of Cx43 in Figure 1B was 

purchased from Sigma-Aldrich (C-terminal directed antibody). Wheat Germ Agglutinin (WGA) 

stain was purchased from Life Technologies (Thermo-Fisher). Images were obtained using a 

Leica L5 scanning confocal microscope. 

 

Crystal Violet Stain Analysis 

For Figure 2B, equal numbers of cells were plated and treated the following day with α–

connexin carboxyl-terminal peptide (αCT1), a negative control peptide containing a reverse 
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sequence of the peptide used for αCT1 (R-pep), or Vehicle (Veh; H2O) for 24 hr. When 

indicated, cells were also treated with DMSO (vehicle) or tamoxifen (Sigma). Following drug 

treatments, cells were fixed in 4% paraformaldehyde and stained with crystal violet. Cells were 

subsequently washed in deionized H2O and crystal violet was extracted with methanol. A540 

was read using Benchmark Plus plate reader (Biorad). 

  

Connexin 43 in Mammary Gland Development and Relation to Breast Cancer 

Cx43 is a major connexin in breast tissue. Several studies have implicated Cx43 in 

mammary gland development [21-24] and have investigated Cx43 expression in breast cancer 

cells or human breast cancer tissues [16, 18, 25-31]. Northern analyses, immunohistochemistry, 

and quantitative PCR have shown the expression of Cx43 throughout mammary gland 

development and differentiation in mammary epithelial cells, myoepithelial cells, and mammary 

fibroblasts [8, 21, 32-35]. Studies suggest that Cx43 expression is high during developmental 

stages in mammary gland development when cells are most plastic including during puberty, 

early pregnancy, and early involution [36]. These studies show a role for Cx43 in regulating 

expansion of the mammary tree, which is consistent with a proliferative role for this gap junction 

protein [36]. Cx43 expression is subsequently downregulated during mid-pregnancy followed by 

increased protein phosphorylation leading up to and at the onset of lactation. Cx43 may also 

have regulatory roles in early involution, a mammary gland developmental stage that is marked 

by the onset of gland reorganization regulated by apoptosis. Cx43 expression remains 

dramatically reduced until the end of involution, at which time expression increases as the 

mammary gland returns to the pre-pregnant state [8, 21, 32-37].   

Many parallels have been drawn between protein function during mammary gland 

development and deregulation in breast cancer. A regulatory role for Cx43 in ductal elongation 

during puberty and early pregnancy could suggest that Cx43 is responsive to hormones, 

including estrogen, which has known roles in cell proliferation. Interestingly, studies using 
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myometrial cell culture systems or tissues indicate an inverse relationship between estrogen 

receptor (ER) expression and Cx43 [38, 39], which is contradictory to the finding in mammary 

gland that Cx43 levels are high during times of proliferation when estrogen signaling is 

predominant. Consequently, additional studies are needed to define the relationship between 

Cx43 and estrogen receptor signaling in the breast and mammary gland.  Furthermore, 

downregulation of Cx43 expression during involution brings into question what the role of Cx43 

is in regulating mammary epithelial cell survival, since involution is marked by significant levels 

of apoptosis that are required for mammary gland reorganization to a pre-pregnancy-like state. 

These associations could mean that Cx43 is proliferation and survival promoting and may give 

credence to why some experimental results indicate a conditional tumor suppressive role for 

Cx43. Whether a proliferative or survival function for Cx43 requires its gap junctional activity, or 

conversely is independent of Cx43 gap junction activity, also requires clarification. 

Consistent with the aforementioned expression studies, findings from knockout and 

transgenic mouse models indicate that both Cx43 expression and function at gap junction 

channels is tightly regulated during mammary gland development and differentiation. While 

Cx43 knockout mice die at birth [40] transgenic mice containing an autosomal dominant Cx43 

mutation (Gja1jrt/+) that mimics the disease oculodentodigital dysplasia (ODDD) and knock-in 

heterozygous mouse models that replace Cx43 with Cx32 (Cx43KI32) have been useful in 

disseminating Cx43’s role in mammary gland development and function [22, 41]. In Gja1jrt/+ 

transgenic mice there is a delayed development of the mammary gland due to loss of GJIC as 

well as an impairment in milk delivery [22]. Similarly, Cx43KI32 mice have defects in pup 

feeding [41]. Taken together, the studies in these transgenic models suggest that Cx43 has 

roles in mammary epithelial cell differentiation. Additional studies using GJIC blocking agents on 

mammary epithelial cells grown in vitro support this idea [42]. Interestingly, these findings are at 

odds with the expression studies described above, which suggest a role for Cx43 during times 

of cellular plasticity, again pointing toward “conditional” roles for Cx43 in the mammary gland. 
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Connexin 43 and Breast Cancer Metastasis 

Cancer metastasis is a multistep process involving invasion, intravasation and 

extravasation where connexin expression and intercellular communication have roles in cell-cell 

adhesion, how neoplastic cells interact with cellular microenvironment, and metastatic potential.  

Several studies indicate that Cx43 expression is upregulated during breast cancer progression 

and expression levels correlate with breast cancer metastasis [16-20]. Evidence using 

overexpression of wildtype (WT) and dominant negative forms of Cx43 have shown that Cx43 

can promote metastatic behavior of 4T1 cells [43]. These studies suggest that Cx43 supports 

the development and growth of breast tumors as well as the persistence of metastatic lesions. 

Conversely, studies have also shown that forced expression of Cx43 in breast cancer 

cell lines reduced migration and angiogenesis [29, 44-46] whereas downregulation of Cx43 or 

loss of GJIC correlated with increased migration and expression of angiogenesis promoting 

factors [29, 30, 44, 47]. Consistent with this idea, studies in mouse models suggest that Cx43 

overexpression and maintenance of GJIC are important for inhibiting metastasis in vivo [45, 47].  

Taken together, these findings support the idea that deregulation of Cx43 is an important 

metastatic driver in breast cancer. However, given that reports show that levels of Cx43 are 

both elevated and reduced in breast cancer [8, 14, 16, 18, 20, 35, 43, 45-53] it is possible that 

pro- as well as anti-tumorigenic and metastatic roles for Cx43 exist. Consequently, the 

functional relevance of Cx43 localization and activity at gap junctions in breast cancer remains 

to be distinctly clarified.  

During metastasis, the loss of Cx43 expression at gap junctions has been suggested to 

allow cells to physically detach and lead to invasion and metastatic disease progression [54-57]. 

At least one study suggests that Cx43 and GJIC contribute to breast cancer cell adhesion and 

migration through a mechanism utilizing OB-cadherin, thereby regulating breast cancer cell 

metastatic potential [45]. Cx43 has also been found to be upregulated in established breast 
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cancer metastatic lesions suggesting that this protein could play roles in late metastatic steps 

involving extravasation and tissue colonization [18, 43, 58, 59]. Furthermore, Cx43 function 

during metastasis may not always be tumor-cell intrinsic. Evidence shows that Cx43 expression 

is evident in stromal compartments during cancer progression suggesting that Cx43 may be 

regulating invasion and metastasis through interactions between epithelial tumor cells and the 

stroma [60]. Additionally, heterocellular communication between breast carcinoma cells and 

vascular endothelia has been confirmed during metastatic tumor invasion [50, 51]. Further 

possibilities include that Cx43 expression is restricted to minor populations of cancer stem cells 

characterized by invasive potential [61, 62] and consistent with this idea, metastatic breast 

cancer cells selected for their ability to home to the brain showed increased Cx43 expression 

[63].  Therefore, if Cx43 is differentially expressed by highly metastatic breast cancer cells when 

compared to less metastatic breast cancer cells, as well as between primary versus 

disseminating tumor cells; Cx43 expression has the potential to be investigated as a prognostic 

biomarker [34].      

The development and evaluation of therapeutic interventions aimed at targeting Cx43 in 

breast cancers is further complicated due to evidence that connexins have differential and 

dynamic mechanistic functions during tumor cell dissemination. Typically, the loss of GJIC 

corresponds with the initial stages of malignant phenotype progression in neoplastic mammary 

tissue and may be related to changes in cell-cell adhesion. Research suggests that Cx43 

expression is downregulated in primary breast cancer tumors and restoration of GJIC by the 

upregulation of Cx43 restores normal cellular phenotypes in vitro and reduces tumor growth in 

vivo [16-18, 20, 25, 28]. However, conflicting data suggests that loss of Cx43 expression can 

also occur in late stage breast cancers [20, 64]. Additional experimental evidence using mouse 

models shows that, when crossed with the ErbB2 overexpressing mice, mice with Cx43 

inactivating mutations show delayed onset of palpable mammary tumors while displaying 

increased pulmonary metastases [47]. Additional context-dependent breast cancer related 
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effects of Cx43 are evidenced in a recently completed series of studies in breast cancer cell 

lines that demonstrate that the tumor suppressor effects of Cx43 expression depend on culture 

conditions (i.e. 3D vs 2D) and the assembly of gap junction complexes with associated proteins 

including α-catenin, β-catenin, and ZO-2 [65]. While the role of Cx43 in tumor initiation and later 

stages of tumorigenesis including tumor cell dissemination are not always clear, it is important 

to acknowledge that these contradictory observations likely represent differences in 

experimental approaches, the cellular heterogeneity of tumors, the overlapping roles of other 

connexin family members whose expression can vary depending on the experimental model, 

and the complexity of the metastatic process. Moving forward, careful experimental validation of 

specific stages of tumorigenesis as well as use of consistent and appropriate experimental 

models to study each stage of breast/mammary carcinogenesis should assist in clarifying 

Cx43’s role in these processes. 

 

Gap junction dependent role of Cx43 in breast cancer carcinogenesis 

There is ample evidence that correlates the loss of GJIC with metastatic potential in 

breast cancers [52, 66]. In examining Cx43 as a tumor suppressor it can be assumed that the 

downregulation of Cx43 and the concurrent loss of GJIC in tumor cells associate with increased 

cell heterogeneity and the disruption of the homeostasis that characterizes normal, healthy 

tissue. Furthermore, loss of GJIC may also support carcinogenesis by preventing the spread of 

growth-inhibitory or pro-apoptotic stimuli from neighboring cell via the bystander effect. 

Several reports directly support a role for GJIC and Cx43 expression in regulating metastatic 

potential. Expression of the anti-metastatic gene, BRMS1, results in the upregulation of Cx43 

expression resulting in GJIC restoration [50, 52]. Depressed homotypic GJIC between MDA-

MD-435 cells as well as MCF7 cells and the human osteoblastic cell line hFOB1, perhaps due 

to changes in connexin expression profiles, associated with increased tumorigenesis and 

metastatic potential [50].  However, the authors emphasize that it is important to consider the 



11 
 

degree of heterotypic GJIC with hFOB cells relative to homotypic GJIC rather than the absolute 

degree of homotypic or heterotypic GJIC. Unfortunately, full correlation of these studies to 

breast cancers is unfortunately lost as they were performed in MDA-MD-435 cells, a melanoma 

cell line that has been routinely misused as a breast cancer line. Furthermore, comparison of 

these observations with cell migration or metastatic phenotypes was not directly tested in these 

studies and thus, this aspect remains to be determined. 

 Alternatively, studies using GJIC inhibitors and GJIC deficient Cx43 mutants support a 

tumor facilitator role for Cx43 GJIC during extravasation. Using HBL100 cells Pollmann et al 

found that preventing heterocellular GJIC between breast tumor cells and endothelial cells 

reduced cellular diapedesisa and this may be an important regulatory step during breast cancer 

metastasis [51]. In co-culture experiments breast cancer cells cultured with endothelial cells 

induced a rapid and transient loss of GJIC attributed to increased tyrosine phosphorylation of 

Cx43 [67]. The authors suggest that altering GJIC between endothelial cells may serve to 

facilitate movement through the vasculature. However, because studies using different cell lines 

have yielded conflicting results [65] additional in vivo studies in appropriate metastatic animal 

models are needed. 

GJIC-dependent mechanisms may also have a role in mediating breast cancer 

metastasis to secondary organs.  Co-culturing breast cancer cells with bone marrow stroma 

suggests that during the formation of metastatic tumors Cx43 GJIC-dependent mechanisms 

mediate the proliferation of breast cancer cells in contact with stroma via the exchange 

microRNAs that target the chemokine CXCL12 [68].  Eliciting tumor cell quiescence may permit 

an adaptive advantage whereby breast cancer cells ‘wait’ until appropriate growth conditions 

and evade therapeutic targeting.   

The cancer promoting properties of Cx43 could also be regulated through signaling 

processes such as ubiquitination, glycosylation, S-nitrosylation, and phosphorylation [8, 18, 26, 

29, 31, 45, 46, 69, 70]. Cx43’s role in malignancy could be dependent upon upstream 
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phosphorylation events that direct Cx43 signaling as well as GJIC, many of which are driven by 

common oncogenic pathways including epidermal growth factor receptor (EGFR), which 

activates Akt and ERK1/2 signaling, but has not been studied extensively in the context of Cx43 

related breast cancer model systems [8, 18, 26, 29, 31, 45, 46, 69, 70]. Future studies to 

delineate the role of growth factor signaling in the regulation of Cx43 in breast cancer could be 

of critical importance as deregulation of growth factor signaling through receptors, such as 

EGFR and its family member human epidermal growth factor receptor 2 (HER2), which are 

commonly deregulated in breast cancers. Moreover, the phosphorylation status of Cx43 plays a 

critical role in the transport of Cx43 to the membrane [71], as well as incorporation and retention 

in gap junctions [72, 73].  Progressive Cx43 phosphorylation corresponds to enhanced Cx43 

incorporation into gap junctions and the maintenance of non-junctional hemichannels in a low-

open-probability state [74, 75].   

The activation of tumor promoters such as PKC, ERbB2, EGF and/or Src pathways may 

contribute to the reversible loss of connexins and GJIC in human breast cancer and carcinogen-

induced breast tumors [48].  However, despite evidence that loss of Cx43-mediated GJIC is due 

to a reduction in both protein and RNA levels, a number of studies link reduced GJIC to 

deficiencies in Cx43 trafficking, resulting in aberrant Cx43 localization in the cytoplasm. The rate 

of connexin degradation and turnover may also contribute to connexin stability, assembly and 

function [76], thus providing an additional method to mediate GJIC.  

An additional layer of complexity regarding connexin regulation is bestowed by the fact 

that two or more connexins can co-assemble to form mixed gap junction channels. Heterotypic 

and heteromeric channels have unique channel properties where the type of connexin forming 

gap junction channel influences channel selectivity and the specificity of GJIC [77-79]. 

Expression studies showed that forced co-expression of Cx26 and Cx43 did not result in 

formation of heteromeric channels, but rather a reduction in the total junctional conductance to 

around 10% of that in cells expressing a single connexin [80].  Heyman et al showed that while 
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protein kinase C (PKC) phosphorylation of either Cx40 or Cx43 alone does not alter charge 

selectivity of either homomeric channel, cellular co-expression of the two connexins introduced 

PKC mediated charge selectivity. Their data indicate that PKC regulation of multi-connexin 

junctions relies on the Cx43 content of the junction and present an in vivo mechanism for cells 

to finely regulate permeability by altering relative expression levels and phosphorylation status 

[81]. It is thus possible that deregulation in the cellular ratios of connexins and the unique 

functions of heterotypic and/or heteromeric channels might contribute to the mechanisms 

underlying tumor cell potential for invasion and metastasis.  

It should also be taken into consideration that Cx43 has a number of binding partners 

that have functions involving intracellular trafficking, gap junction formation and size regulation, 

channel gating, and possibly signaling and cell cycle regulation [82].  One classical example is 

the zonula occludens-1 (ZO-1) protein, whose PDZ2 domain interacts with the carboxy-terminal 

tail of Cx43 to modulate gap junctional plaque size and activity [83]. The clinical potential of 

therapeutics that target the interaction of Cx43 with ZO-1 has recently been elucidated in clinical 

and preclinical studies that evaluate peptide therapeutics modeled after key regulatory domains 

of Cx43 [15, 84, 85]. When considering Cx43’s role in breast cancer, it will be useful to consider 

how ZO-1 protein, and other Cx43 interacting partners, is being modified post-translationally to 

direct its function as well as which interacting partners are regulating its gap junctional versus 

non-junctional activities. 

 

Gap junction independent role of Cx43 in breast cancer carcinogenesis 

Connexin mutants that do not form functional gap junction channels have been useful in 

revealing Cx43 as tumor suppressor via GJIC-independent mechanisms. Inhibition of tumor 

growth was seen in in vivo xenograft models using MDA-MB-321 cells expressing defective 

Cx43 that was not assembled into junctional plaques [31].  In these studies DNA array and 
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Western blot analysis revealed a down-regulation of fibroblast growth factor receptor-3 (FGFR-

3), suggesting a putative mechanism via reducing the effects of paracrine pro-tumorigenic 

growth signals. Along the same lines, in three-dimensional cultures of MDA-MB-231 cells 

overexpression of Cx43 decreased the malignant properties of breast cancer cells by 

stimulating proper organoid polarity as assessed by the localization of β1 integrin and collagen 

IV, and promoting mesenchymal to epithelial transition, as well as revealing a role in inhibiting 

angiogenesis in vitro and in vivo by regulating the transcriptional and translational expression of 

a number of pro- and anti-angiogenic molecules [29, 30]. In these studies Cx43 expression 

appeared to be diverted to lysosomes and did not localize to the cell-cell interface nor rescue 

GJIC, suggesting a GJIC independent mechanism of mammary tumor growth and angiogenesis 

suppression. 

Recent reviews highlight the channel-independent roles of connexin-associated proteins 

that regulate junctional assembly, indicating that the functional interaction of connexin with 

enzymes, cytoskeletal components, and other junctional proteins have key roles in regulating 

normal tissue development, differentiation and function [86, 87]. Furthermore, connexin protein-

protein interactions as well as hemichannel function are linked to Cx43’s role in cell proliferation 

and growth [88-90]. Co-staining breast cancer tissue arrays with proliferation markers suggests 

a role for Cx43 in regulating breast cancer cell proliferation [91] putatively via GJIC-independent 

mechanisms. In support of this hypothesis, overexpression of Cx43 in GJIC-deficient breast 

cancer cell lines resulted in Cx43 selectively associating with -catenin, -catenin and ZO-2 in 

breast cancer cells depending on culture conditions [65]. This study suggests that Cx43 exerts 

tumor suppressive effects in a context-dependent manner where junctional assembly with -

catenin, -catenin and ZO-2 may be implicated in reducing growth rate, invasiveness, and, 

malignant phenotype of breast cancer cells independent of GJIC. Furthermore, the correlation of 

cytoplasmic Cx43 with the pro-apoptotic factor Bak suggests a GJIC-independent role in 
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signaling apoptotic pathways [19]. 

Phosphorylation and dephosphorylation events have been linked to connexin 

endocytosis and degradation [92]. Because the endocytic pathway plays a seminal role in 

receptor downregulation and signal potentiation, critical connections between Cx43 signaling 

are missing without further insight that could be provided with additional investigation. 

Furthermore, endocytosis is a major mechanism for transporting Cx43 away from the plasma 

membrane, the sight of GJIC. Engulfment of Cx43 gap junctions into enodocytic vesicles results 

in the formation of annular gap junctions, where Cx43 can then be degraded through lysosomal 

degradation [93]. However, given that endocytic vesicles can serve as signaling platforms in 

addition to feeding into a lysosomal degradation pathway, dependent on their route of 

trafficking, it will be interesting to determine whether Cx43 annular gap junctions serve a defined 

signaling role.  

 

Purinergic signaling, Cx43 hemichannels, and breast cancer 

In addition to the role of GJIC in cancer, there are emerging functions for Cx43 

hemichannels and extracellular adenosine and adenosine nucleotide signaling (aka purinergic 

signaling) in cancer [94, 95]. Breast cancer is no exception, and several lines of evidence 

support the hypothesis that increased purinergic signaling through Cx43 hemichannels affects 

mammary tumor growth and metastasis. Breast cancers display increased expression of 

purinergic receptors [96]. The pro-metastatic effects of purinergic signaling appear to be 

primarily enacted by adenosine [95], which is the end product of a cascade where ecto-

apyrases convert ATP to ADP and AMP, and ecto-nucleotidases hydrolyze AMP to adenosine 

[97]. Importantly, the ecto-nucleotidase, CD73, has been found to increase the adhesion, 

migration and invasion of T-47D and MB-MDA-231 cells through generation of adenosine [98]. 

Furthermore, therapeutic application of CD73 antibodies in an animal model inhibited breast 

cancer tumor growth and metastasis [99].  
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Alterations in the ATP-ADP-AMP levels, which influence adenosine content in cells has 

also been shown to alter breast cancer cell function. Zhou et al have shown that extracellular 

ATP has a biphasic effect on growth and migration of MDA-MB-231 cells. Specifically, at low 

concentrations extracellular ATP displayed an inhibitory effect, while at high concentrations 

purinergic signaling through adenosine enhanced migration [100]. Importantly, nerve growth 

factor (NGF) expression in breast cancer has been shown to be oncogenic [101], and treatment 

of PC12 cells with NGF increases Cx43 hemichannel-mediated ATP release [102]. In addition, 

oxidative stress and hypoxia (such as found in the tumor microenvironment [103]) are known to 

increase connexin-mediated hemichannel function and ATP release [104-107]. Taken together, 

these data suggest a mechanism by which purinergic signaling through Cx43 hemichannels in 

breast cancer cells could enhance the malignancy of mammary tumors. Namely, oncogenic 

signaling factors and the tumor microenvironment are proposed to increase ATP released 

through Cx43 hemichannels, which is then converted to adenosine by ecto-apyrases and 

nucleotidases leading to activation of purinergic receptors by adenosine, enhancing tumor 

growth and metastasis. Consequently, this pathway would indicate that Cx43 hemichannels are 

a potent target for therapeutics – either by down regulation, or upregulation in combination with 

other therapies, such as targeting CD73 ecto-nucleotidase. 

 

Methods of Targeting Cx43  

 Multiple opportunities are present for targeting Cx43 in breast cancer and these areas of 

potential intervention are described in Figure 2A. A primary mechanism that has been 

suggested for therapies that foster connexin-mediated GJIC, pertains to a phenomenon called 

the “bystander effect.” One potential benefit of modulating Cx43-directed GJIC in breast cancer 

cells is the ability to elicit a “bystander effect”, where increases in the number, size, or stability of 

gap junctions result in increased diffusion of cytotoxic substances, in particular 

chemotherapeutic agents [108]. The outcome of this effect is an amplification of therapeutic 
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response by promoting tumor cells to pass-on cytotoxic signals instigated by chemotherapeutics 

that have successfully targeted accessible neoplastic cells. Given the previously discussed 

reports that indicate that Cx43 is deregulated in breast cancer patient samples, resulting in the 

loss of gap junctional incorporation and increases in levels of cytoplasmic expression [16, 18, 

35],, a major therapeutic approach in the treatment of metastatic breast cancer may be to 

restore Cx43 expression or activity in gap junctions [49]. This approach includes re-establishing 

any signaling aspects of Cx43, such as modification by phosphorylation that may have occurred 

due to loss of appropriate localization or function in breast cancer cells. Practically speaking, 

these approaches go hand-in-hand as restoring Cx43 gap junctional function would propagate 

cytotoxic signaling supported by the bystander effect. 

A number of agents exist that reportedly target Cx43 and GJIC [109, 110].  These 

agents include a quinolone derivative and an organochlorine compound that have specifically 

been used to modulate GJIC in breast cancer cell lines and models, as well as a peptide 

mimetic that has shown preliminary efficacy in inhibiting breast cancer cell proliferation. While 

the organochlorine and quinolone compounds are able to modulate Cx43 and GJIC, like the 

majority of connexin-targeting therapeutics, they lack specificity and do not necessarily directly 

target Cx43 [12-14, 26].  The peptide agent is based on the nine carboxy terminal-most amino 

acids of Cx43 and has completed Phase II clinical trials for wound healing 

(CTRI/2011/09/001984, CTRI/2011/09/001985, CTRI/2011/09/002004) [85, 111, 112]. A fourth 

agent, an unmodified Cx43 antisense oligonucleotide that downregulates Cx43 is also being 

tested in clinical trials for wound healing (NCT01199588, NCT00820196) [113] but has not been 

evaluated as a potential cancer agent. Alternative therapeutic strategies may exist in targeting 

the kinases that mediate Cx43 phosphorylation [114, 115] or through the post-transcriptional 

restoration of connexin expression and functional gap junctions thorough internal ribosomal 

entry site-dependent synthesis [116]. However, the potential of any of these agents in the 
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treatment of human cancers, including breast cancer is still at an early stage. Several of these 

compounds are discussed in more detail below. 

The organochlorine compound, 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), was shown 

to alter phosphorylation of Cx43 and GJIC [117, 118]. Studies in MCF7 breast cancer cells show 

that TCDD decreases GJIC and therefore, may not have the desired modulatory effect of Cx43 

in breast cancer since it is potentially more preferable to restore GJIC [26]. Consistent with this, 

it was noted that female factory workers exposed to TCDD had a 2-fold increase in breast 

cancer incidence [26]. Similarly, the Cx43 antisense oligonucleotide, which downregulates 

Cx43, may also not have the desired anti-cancer effect being sought. Indeed, the targeted 

inhibition of Cx43 expression in cancer cells has been shown to prevent GJIC and promote 

tumor aggressiveness [119]. 

The quinolone agent, PQ1, restores gap junction activity and has been tested in at least 

one in vivo mammary tumor model. Using the MMTV-Polyoma-Middle-T genetically engineered 

mouse model of spontaneous mammary tumorigenesis, it was determined that treatment of 

mice prior to tumor formation as well as at early and at late stages of tumor formation was able 

to reduce tumor growth. The authors suggest that the mechanism of action of PQ1 is to 

increase Cx43 expression during early stages of tumor formation and also prevents an increase 

in Cx46 expression during late stage tumor formation [14]. While these results suggest 

therapeutic potential for PQ1 in the treatment of breast cancer, in addition to targeting multiple 

connexins, PQ1 also alters the phosphorylation status of Akt and MAPK and therefore, has the 

potential to induce off-target effects [12, 13, 120]. More thorough investigation into how Cx43 

and Cx46 collaborate or work independently in regulating gap junction activity during specific 

stages of mammary tumor formation is required to validate the observations suggested by this 

study. 

Recently, evidence showed that a Cx43 mimetic peptide agent based on linkage of an 

antennapedia internalization domain to the carboxy-terminal PDZ binding domain of Cx43, 
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called α–connexin carboxyl-terminal (αCT1 or ACT1) peptide [121, 122], was able to inhibit the 

proliferation of breast cancer cells in multiple breast cancer cell lines and induced cell death in 

human epidermal growth factor receptor-2 (HER2)-positive breast cancer cells [15]. In support 

of these findings, recent reports have elucidated a distinct role for the carboxy-terminal domain 

of Cx43, independent of full-length Cx43, in mediating the proliferation of breast cancer cells 

[123]. Furthermore, combining αCT1 with the targeted inhibitors tamaxofen or lapatinib, 

enhanced the effects of these approved breast cancer therapies [15], thus establishing that 

αCT1 has therapeutic potential in the treatment of breast cancer. An example of αCT1 

enhancement of tamaxofen activity is shown in Figure 2B where treatment of ER+ MCF7 breast 

cancer cells with the combination of αCT1 and tamaxofen has the greatest impact on cell 

viability. However, in order to translate these findings for clinical use the effect of αCT1 in vivo 

needs to be tested using preclinical mouse models and these studies remain to be evaluated.  

 

Conclusions and Future Directions 

Targeting Cx43 in breast cancer by restoring its ability to localize to gap junction and 

propagate GJIC is a potential therapeutic strategy. However, additional studies to tease apart 

the mechanism of Cx43 regulation in breast cancer as well as whether regulation of Cx43 

protein levels are important during different stages of breast cancer progression are required to 

determine if this strategy will be effective. Furthermore, studies that investigate the functions 

and impact of hemichannels in carcinogenesis and tumor progression are lacking. Studies 

characterizing hemichannel expression in cancerous compared to non-cancerous cells as well 

as the functional consequence of targeting hemichannels in malignant cells would be useful in 

fully elucidating the therapeutic potential associated with targeting Cx43 in breast cancer. Given 

that Cx43 targeting agents have already been developed, clinical translation of these agents 

has near term potential. 
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Figure Legends 

 

Figure 1. Gap junctional intercellular communication and breast cancer malignancy.  

A) Normal mammary gland structure shown on the left is maintained by mammary epithelial and 

myoepithelial cells that have functional Cx43 gap junctions. Loss of the GJIC mediated by Cx43 

is thought to promote the development of breast cancer malignancies that contain cells that no 

longer have functional Cx43 gap junctions either due to loss of Cx43 expression or mis-

localization of Cx43 away from the plasma membrane. Restoration of Cx43 activity is proposed 

to reverse the malignant phenotype driven by loss of Cx43 GJIC. B) Cx43 immunofluorescent 

staining in MCF7 and BT474 cells demonstrates localization of Cx43 to cytoplasmic areas not 

associated with gap junction or hemichannel formation at the plasma membrane. Cx43 staining 

in green. Wheat germ agglutinin staining to show the plasma membrane in red.  

 

Figure 2. Restoration of GJIC for enhancing cancer treatment.  

A) Current literature supports differential and dynamic mechanistic functions for Cx43 during 

tumor cell dissemination.  During early stages of malignancy and in the primary tumor Cx43 is 

frequently downregulated and associated with loss of gap junctional intercellular communication 

GJIC. Cx43 expression during the processes of intravasation and extravasation remains 

controversial and is likely cell and context dependent. Transient upregulation of Cx43 has been 

associated with metastatic progression and the formation of secondary tumors. The red colored 
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X represent points during the metastatic process where targeting Cx43 offers therapeutic 

opportunity. Therapeutic opportunity for targeting Cx43 in breast cancer may exist in the 

prevention of  : (1) Primary Tumor formation  [16, 19, 20, 29-31, 47, 65, 124-126], (2) Tumor cell 

detachment/Metastatic progression [18, 46, 47, 127], (3) Intravasation [51, 67] (4) 

Extravasation/Formation of secondary lesions [8, 18, 43, 59, 63, 67, 127-129]. 

B) Treatment of MCF7 breast cancer cells with the gap junction restoring agent, αCT1, 

enhances tamoxifen cytotoxicity. Cellular toxicity was measured using crystal violet staining 

analysis. 

 

 

 

 

 

 

 

Cx43 Targeting Mechanism Study results Reference 

Cx43 over-expression  
MCF-7 and MDA-MB-231  

 MCF-7 proliferation decreased (2D and 3D culture)  

 MDA-MB-231 proliferation decreased (3D culture).  
 

[65] 

Cx43 gene knockdown  
Hs578T cells 

 GJIC impaired 

 Proliferation increased  

 Cell migration enhanced; decreased expression of 
thrombospondin-1, and increased VEGF 
expression.  
 

[30] 

Cx43 overexpression  
MDA-MB-231 and HBL100  

 Inhibited tumor growth in vivo (xenograft)  

 Tested GJIC and proliferation but 
observed no effect  

[31] 

Cx43 overexpression; 
Carbenoxolone treatment 
(inhibits GJIC) 
HBL1000 

 GJIC increased 

 Tumor cell diapedesis increased 

 GJIC and diapedesis blocked with 
carbenoxolone 

[51] 
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Cx43 overexpression  
MDA-MET 

 GJIC increased 

 Cell invasion decreased; decreased ability to 
adhere to hFOB and HUV-EC-C cells 

 

[46] 

Cx43 overexpression  
MDA-MB-231  

 Invasive potential impaired (MC3T3-E1 model) 

 Tested growth, adhesion, and regulation of 
osteogenic gene expression but observed no 
effect 

 

[8] 

Cx43 WT and Cx43 G138R 
overexpression  
4T1 

 Increased adhesion of 4T1 cells to the pulmonary 
endothelium with overexpression of Cx43 WT  

 Decreased adhesion of 4T1 cells to the pulmonary 
endothelium with overexpression of Cx43 G138R  

 

[43] 

Cx43 overexpression  
MDA-MB-231  

 

 Proliferation decreased  

 Anchorage-independent cell growth decreased 

 Partial re-differentiation of 3D organoids  

 Tested GJIC but observed no effect  
 

[29] 

Transgenic expression of Cx43 
G60S  
MMTV-ErbB2 GEMM  

 Onset of palpable with 7,12-
dimethylbenz[alpha]anthracene (DMBA)-treatment 
was delayed in Cx43 G60S;MMTV-ErbB2 mice  

 Pulmonary metastases increased in Cx43 
G60S;MMTV-ErbB2 mice  
 

[47] 

RNAi depletion of Cx43; 
Carbenoxolone treatment 
(inhibits GJIC); Twist expression 
(increases Cx43 expression) 
Zebrafish and chicken embryo 
models 
 

 Tumor cell extravasation blocked by RNAi and 
carbenoxolone 

 GJIC increased by Twist expression 

 Tumor cell extravasation increased by Twist 
expression 

 

[127] 

PQ1 treatment (binds to Cx43 
hemichannel)  
T47D breast cancer cells; 
MMTV-PyVT GEMM 

 GJIC increased 

 Tumor growth decreased (T47D xenograft and 
MMTV-PyVT) 

 

[14, 120, 
130] 

 
Genistein and quercetin 
(increases Cx43 expression)  
MDA-MB-231   

 

 Cell proliferation inhibited 

 Tested GJIC but observed no effect independent 
of GJIC 

 Cx43 localized to the plasma membrane and 
perinuclear region following genistein treatment 
and quercetin treatment, respectively. 

 

[125] 

ACT1 therapeutic peptide 
(enhances GJIC via Cx43 
binding) 
MCF-7, MDA MB 231, BT474  

 GJIC increased (MCF-7, MDA MB 231, BT474)  

 Proliferation decreased (MCF-7, MDA MB 231, 
BT474)  

 Survival impaired (BT474)  

 Augments the chemotherapeutic activity of 
lapatinib and tamoxifen (BT474 and MCF-7 
respectively)  

 

[15] 
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ATRA (increases Cx43 
expression) 
MCF-7  

 GJIC increased when combined with a VEGFP-
TK/CD gene suicide system  

 Survival decreased 

 Bystander effect increased  
 

[131] 

 
A number of studies have incorrectly used MDA-MB-435 cells to investigate the role of Cx43 in 
breast cancer tumorigenesis and metastasis 
 

[27, 45, 
52] 
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