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ABSTRACT  The mammary gland presents a valuable model for developmental studies, spanning 
the embryonic stage through menarche to menopause. The dynamic remodeling of this gland is 
orchestrated by cellular heterogeneity, integrating mammogenic, systemic and local cues. Gap 
junctional intercellular communication provides pivotal cross talk of mammary epithelial cells 
with the surrounding cells and their local microenvironment. Connexins are involved in regulating 
normal and pathological mammary gland development, through channel-dependent and channel-
independent roles. Modulation of the isoforms of connexins expressed, as well as their differential 
assembly into connexons and recruitment of a variety of associated partners, contributes to the 
complexity of signaling relayed at the membrane. This confers context-dependent functions of 
connexins at different stages of development and carcinogenesis. This review will summarize 
available knowledge about the functional dynamics of connexins and gap junctions in regulating 
normal mammary gland development and its pathophysiology.
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Introduction

Being the organ responsible for milk production in females, 
the mammary gland is one of the distinctive features character-
izing the class “Mammalia”. The highly branched architecture of 
the gland acquired post-puberty and its plasticity that reflects a 
constant remodeling in response to microenvironmental cues, 
make it a valuable developmental model to investigate. Rodent 
and human mammary glands share similar cellular composition 
of their parenchyma, mainly the epithelial, adipose and other 
stromal cells (Maller et al., 2010). The most notable difference is 
in the relative abundance of connective tissue to epithelial cells.  
The more accessible rodent tissue, with low stromal to epithelial 
ratio, is thus an attractive surrogate to study breast and cancer 
development. During mouse embryonic development, mammary 
epithelial placodes begin to branch from the ectoderm into a 
rudimentary tree, with relatively restricted growth until puberty. 
Initial branching of the epithelium thus results in a bilayered ductal 
structure, whose inner ductal layer harbors the ductal and alveolar 
luminal cells, and its outer counterpart is mainly composed of 
myoepithelial cells. At the onset of puberty, secreted systemic 
hormones induce secondary side branching, where the ductal 
ends proliferate, expand their lumens by shedding cells and grow 
into the surrounding adipose tissue, subsiding to minor remodeling 
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during recurrent estrous cycles. Upon pregnancy, full differentiation 
of the gland induces extensive branching, proliferation and sprout-
ing of the lobulo-alveolar milk-secreting buds at the forefront of the 
ducts. At this tertiary side branching stage, ductules of mammary 
epithelial cells take up most of the fat pad. This remodeling supports 
lactation, when the alveolar luminal cells apically secrete milk into 
the lumen, where its expulsion is aided by the contractility of an 
outer layer of myoepithelial cells that surrounds the alveoli. Post-
weaning, the structure returns to a virgin-like architecture due to 
the degeneration of the newly acquired structures. This complex 
process of mammary development is orchestrated by a complex 
array of microenvironmental cues (Tiede et al., 2011).

Systemic hormones and paracrine factors contribute to the de-
velopment, homeostasis and functionality of the mammary gland, 
whose cellular components are spacio-temporally conditioned to 
express the associated receptors (Brisken et al., 2010). These 
humoral mammogens cross-talk with local cellular components 
that express, in a context-dependent manner, extracellular matrix 
(ECM) components and modifiers such as matrix metalloproteinases 
(MMPs), a disintegrin and metalloproteinases (ADAMs) and their 
inhibitors to allow for the gland’s flexible remodeling (Khokha et al., 
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2011). More recently, ECM mechanics has also been implicated 
in the establishment of cellular polarity, proliferation and cell fate 
determination. The ECM in general and collagen specifically is a 
mechanosensitive reservoir of growth factors and cytokines that 
are responsive to proteolytic cleavage that affects the mechanical 
strength of the milieu, in turn activating/deactivating mechanosensi-
tive mediators such as TGF-b (Maller et al., 2010). 

On another note, cellular junctions such as hemidesmosomes, 
tight and adherens junctions exert physical tension contributing to 
the chemical and physical polarization of the cells. All the tensile 
forces are choreographed by the cytoskeleton, bidirectionally 
relaying the cues from and to the transcriptional level. Exposure 
of mammary epithelial cells to different tensile forces, either im-
posed during milk suckling, interaction with neighboring cells or 
more subtle matrix stiffness changes, monitored in 2D versus 3D 
culture systems, were found to deeply impact cell to cell signaling 
(Schedin et al., 2011; Mroue et al., 2011). 

Tight, adherens, desmosomal and gap junctions are the main 
epithelial cell-cell junctional complexes, each of which has a dis-
tinctive membranous localization and connection to cytoplasmic 
elements, mediating cellular polarity and function. Nearest to the 
apex of the epithelial cell are tight junctions, whose dynamic selec-
tive permeable barrier to paracellular movement maintains tissue 
homeostasis, especially in secreting glands. These junctions are 
composed of transmembrane occludin and claudins associating 
with cytoplasmic partner proteins such as the Zona Occludens 
(ZO) family members, and initiate numerous signaling cascades 
to the cytoskeleton and the nucleus (Brennan et al., 2010). These 
modulating partners play a role in the differential permeability 
needed in the lactating mammary gland, regulating adhesion, 
migration, polarity and differentiation. Apical polarity markers and 
their association with cytoskeletal elements at cell junctions are 
critical for the homeostasis of mammary epithelia by affecting the 
epigenetic makeup and chromatin organization (Lelièvre et al., 
2010). Recent work characterized differential expression of clau-
dins during pregnancy, lactation and involution, and alterations of 
integral membrane proteins, adaptors or signaling partners were 
also reported in breast cancer context. Responsiveness of the 
assembly and tightness of these junction barriers to internal and 
external cues are pivotal in normal cell functioning and in coordinat-
ing synchronous milk secretion (Lanigan et al., 2007).

Adherens junctions also reflect the same complexity and dual 
function, by not only mediating intercellular adhesion but also by 
scaffolding the assembly of polarity markers and initiating down-
stream signaling. Calcium-dependent cadherins constitute the 
transmembrane backbone of adherens junctions, which are divided 
into classical and desmosomal cadherins, associating respectively 
with actin and intermediate filaments. Homophilic assembly of ap-
posing cadherins at the membranes of adjacent cells mediates the 
recruitment of cytoplasmic signaling partners and contributes to the 
maintenance of mammary tissue integrity during development and 
lactation. In the mammary ducts, E-cadherin is expressed in the 
luminal epithelial cells, whereas P-cadherin is found in the myo-
epithelial layer. Blocking E-cadherin inhibits growth of the epithelial 
tissue by interfering with downstream signaling pathways initiated 
at the junctional complex (Lanigan et al., 2007). 

Cellular junctions are of paramount importance to the differ-
entiation status of mammary epithelial cells and gap junctions 
are no exception. In fact, gap junctions’ contribution to mammary 

differentiation and pathophysiology gained recognition not only by 
serving as a nexus joining the cytosols of adjacent cells, but also 
by complexing with adaptor proteins and polarity markers and 
relaying cues into downstream signaling cascades.

Gap junctions are clusters of apposing hemichannels join-
ing two adjacent cells. Each hemichannel is an oligomer of six 
transmembrane connexin proteins, with divergent cytoplasmic 
C-terminus domains mediating differential binding affinities and 
functions among the different members. Twenty different con-
nexin genes were reported in mice and 21 in humans. Connexin 
nomenclature features the molecular weight of the isoform (kDa) to 
convey the type, i.e., Cx32 denotes the connexin with the molecular 
weight 32 kDa. Similar and different connexin isoforms can join 
forming homomeric and heteromeric hemichannels, respectively. 
Similar hemichannels can couple with those present on adjacent 
cells, via homotypic or otherwise heterotypic assembly, forming 
channels, whose aggregation defines gap junctions. Since many 
connexin isoforms can be expressed at once in the same cell, 
these heterogeneous junctions allow differential conductance of 
intercellular exchange of molecules less than 1.5 kDa in molecular 
weight. With recent revelation of complex translational and post-
translational mechanisms regulating connexin function and the 
growing myriad of its interacting proteins including cytoskeletal 
elements, junctional proteins and enzymes, gap junctions are now 
perceived not only as channels between neighboring cells, but as 
signaling complexes that regulate cell function and transforma-
tion. Several elements regulating and mediating the signaling 
downstream of adherens and tight junctions are also associated 
with gap junctional plaques, underlining the signaling potential 
of the latter and the cross-regulation of different junctions. For 
instance, connexin associations with cytoskeletal elements are 
not only pivotal for their proper transport and localization but also 
for allowing communication with other junctions. Several polarity 
markers and enzymes shuttle between the different complexes and 
contribute to the common pool of “junction-associated molecules” 
stressing global signal integration yet junction-dependent functions 
that contribute to mammary epithelial cell differentiation (Dbouk et 
al., 2009; Mroue et al., 2011).

Gap junctions in normal mammary tissue

Given the dynamic nature of the mammary gland, investigation 
of stage-specific gap junctional regulation, ranging from connexin 
expression to the recruitment of specific associated partners, is 
crucial for our understanding of normal gland development, tissue-
specific function and transformation.

Spatial and temporal expression of connexins
Among the connexin family, Cx26 and Cx43 were identified as 

the only connexins expressed in human mammary epithelial cells. 
Normal breast samples, obtained from reduction mammoplas-
ties, showed that Cx26 was expressed between the luminal cells 
whereas Cx43 was localized to the myoepithelial cells of the ducts. 
Although their expression and localization was cell type- specific, 
both connexins were subject to regulation. Cx26 expression was 
cell cycle-dependent, suggesting a role for Cx26 in luminal cell 
proliferation, while Cx43 expression was more constant, suggest-
ing a role for Cx43 in myoepithelial cell differentiation (McLachlan 
et al., 2007). The temporal pattern of connexin expression in the 
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human mammary gland is not well-characterized due to the dif-
ficulty in obtaining normal human breast tissue samples at different 
developmental stages. As an alternative, the spatial and temporal 
expression of connexins and their role in rodent mammary gland 
development was extensively studied, given that connexin genes 
are highly conserved in both species with respect to their high 
degree of sequence identity (El-Sabban et al., 2003a; McLachlan 
et al., 2007; Sӧhl and Willecke 2004). In addition to Cx26 and Cx43 
characterized in the human mammary gland, Cx32 and Cx30 were 
reported in the mouse mammary gland (Talhouk et al., 2005). 

Many studies have reported the modulation of connexin ex-
pression during pregnancy, lactation and involution in the rodent 
mammary gland. In fact, Talhouk et al., (2005) showed that Cx26 
and Cx32, expressed at the basolateral borders of luminal cells, 
were detected at all developmental stages of the gland. Both 
connexins had increased expression, at the mRNA and protein 
levels, during pregnancy; they peaked at lactation and declined 
at involution to levels comparable to that of the virgin gland. This 
expression profile of Cx26 and Cx32 peaking in lactation highlights 
their physiological importance in regulating milk production. Cx32 
in particular might play an important role in the mouse mammary 
gland development since it is rodent-specific and not reported in 
the human breast (McLachlan et al., 2007). We have shown that 
Cx30, which is epithelial-cell-specific, was detected at the protein 
level after day 15 of gestation and peaked at the onset of lactation 
in the mammary gland of BALB/c mice (Talhouk et al., 2005). Two 
years later, a report using oligonucleotide microarrays confirmed 
the abundant expression of Cx30 during late pregnancy and early 
lactation. Moreover, the study demonstrated that Cx30 colocalized 
with Cx26; however, at parturition, a drop in Cx30 mRNA levels 
was accompanied by a rise in Cx32 expression, suggesting its 
involvement at this specific developmental stage of the gland 
(Locke et al., 2007). Interestingly, another study from our laboratory 
showed that Cx30 expression and association at the membrane 
with a-catenin, b-catenin and ZO-2 proteins was only possible in 
heterocellular cultures of SCp2 and SCg6, the epithelial and myo-
epithelial subclones of CID-9 mouse mammary cells, respectively, 
but not in SCp2 cells dripped with EHS-matrix growth factor-reduced 
matrigel, suggesting a complex hierarchy for its expression that 
closely correlates with epithelial differentiation (Talhouk et al., 
2008). As for Cx43, while its mRNA expression decreased during 
mid-pregnancy and lactation, its active phosphorylated form was 
specifically upregulated during lactation (Talhouk et al., 2005). 
This is in accordance with previous studies from our laboratory 
that demonstrated a decrease in Cx43 mRNA expression and a 
concomitant increase in protein levels in CID-9 mammary cells, 
grown under differentiating conditions, suggesting post-translational 
regulation of Cx43 during mammary gland development and dif-
ferentiation (El-Sabban et al., 2003b). The localization of Cx43 to 
myoepithelial cells and its regulation at specific stages of develop-
ment proposes that it may be vital to myoepithelial function during 
lactation. However, Talhouk et al., (2005) reported that Cx43 was 
localized to the myoepithelial-epithelial cell contact regions, sug-
gesting that Cx43 may be expressed by myoepithelial cells and 
secretory alveolar epithelial cells. 

Role of connexins in mammary gland development
To address the role of connexins at specific stages of mammary 

gland development, many studies have used knockout and trans-

genic mouse models. While Cx26 and Cx43 knockout mice were 
lethal, mammary gland development was not assessed in Cx30 
and Cx32 knockout mice. Using genetically altered mouse strains, 
a study showed that mice with inactivated Cx32 and Cx43KI32 
mice, in which Cx43 was replaced with Cx32, had normal mam-
mary gland development, whereas loss of Cx26 from mammary 
epithelium before puberty resulted in abrogated lobuloalveolar 
development and function during lactation. However, ablation of 
Cx26 during the latter part of pregnancy in the secretory epithelial 
cells had no consequences on alveolar development and function, 
suggesting that Cx32, and perhaps Cx30, can compensate for 
Cx26 loss during later stages of pregnancy and lactation (Bry et 
al., 2004). In support of this, several studies reported a change in 
channel composition and permeability at different stages of mam-
mary gland development. At the onset of parturition, heteromeric 
Cx26-Cx32 hemichannels were formed and shifted predominantly 
into homomeric Cx32 channels which had wider pores than the 
former ones allowing the passage of larger permeants. Taurine, an 
osmolyte which accumulates in mammary cells during lactation, is 
required for milk synthesis and was shown to inhibit the molecular 
permeability of Cx26-Cx32 channels but not that of homomeric Cx32 
nor heteromeric Cx26-Cx30/ Cx30-Cx32 channels, suggesting an 
important role for Cx30 and Cx32 at this specific developmental 
stage of the gland (Locke et al., 2000, 2004, 2007). Collectively, 
these findings show that differential oligomerization of connexins 
is tightly regulated and plays a major role in mammary gland dif-
ferentiation. 

The mouse model (Gja1Jrt/+), that has an autosomal dominant 
Cx43 mutation and mimics the human disease of oculodentodigital 
(ODD), has provided a new insight to the role of Cx43 in mammary 
gland development and function. In these Cx43 mutant mice, de-
creased Cx43 protein levels were associated with reduced GJIC in 
myoepithelial cells. While a delay in mammary gland development 
was observed, the morphology of the gland did not differ from that of 
wild type mice at parturition. Interestingly, high levels of milk proteins 
(b-casein and WAP) were detected in Gja1Jrt/+ mice at parturition 
with a failure to deliver milk to the ducts by oxytocin stimulation, 
suggesting an essential role of Cx43 in mammary gland function, 
particularly in the contraction of myoepithelial cells and ejection 
of milk (Plante et al., 2008). A recent study by the same group 
demonstrated that other connexins, adherens and tight junction 
proteins were unaltered in the Cx43 mutant mice (Plante et al., 
2010a). Our group has established a direct correlation between 
functional GJIC and mammary epithelial differentiation by studying 
CID-9 mouse mammary cells and their two sub-clones, SCg6 the 
myoepithelial-like cells, and SCp2 the epithelial cells that express 
b-casein as a marker of functional differentiation in response to 
lactogenic hormones and in the presence of exogenous basement 
membrane components. We showed that enhanced GJIC induced 
partial differentiation of mammary epithelial cells, in the absence 
of exogenously provided basement membrane (El-Sabban et 
al., 2003b). It should be noted that Cx-associated proteins that 
include enzymes, cytoskeletal elements, junctional proteins and 
others known to regulate Cx assembly and functions, are highly 
implicated in the channel-independent role of connexins during 
mammary gland differentiation (Dbouk et al., 2009). We have previ-
ously demonstrated that heterocellular interaction between SCg6 
and SCp2 caused an increased association between connexins 
(Cx32, Cx43 and Cx30) on one hand and a-catenin and ZO-2 
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proteins on the other hand, leading to the recruitment of b-catenin 
into the gap junctional complex and preventing its translocation 
to the nucleus, thereby stabilizing the GJ and contributing to the 
GJ-induced functional differentiation of mammary epithelial cells 
and b-casein expression (Talhouk et al., 2008). Thus, in addition 
to their role as channels allowing the passage of many important 
regulatory molecules between adjacent cells, connexins are 
also implicated in channel-independent functions whereby their 
context-dependent expression and functional interactions further 
regulate normal tissue function. Given the role of connexins and 
their associated-proteins in maintaining normal development and 
differentiation, it is not surprising that any alteration of their expres-
sion or localization may contribute to neoplastic progression in the 
gland (Mroue et al., 2011).

Gap junctions role in neoplastic mammary gland

Many studies have classified cancer in the category of connexin-
related pathologies (Laird, 2010). In breast carcinogenesis in 
particular, addressing the role of connexins in cancer progression 
has yielded contradictory results; while connexins have long been 
considered as tumor suppressor genes, recent data indicates 
that invasive breast carcinomas express high levels of connexins 
(Naus and Laird, 2010). Since cancer involves multiple steps from 
the onset to progression and metastasis, the paradoxical roles of 
connexins in breast carcinogenesis, either as tumor suppressors 
or enhancers, depend greatly on the stage of carcinogenesis at 
the primary or metastatic sites.

Role of connexins in breast carcinogenesis
Since Loewenstein and his colleagues (1966) first made the 

link between the absence of GJIC and cancer, several studies 
further demonstrated that breast cancer tissues have altered GJIC 
which is often associated with aberrant expression or localization 
of connexins. However, it is generally accepted that impaired GJIC 
facilitates the release of tumor cells and promotes tumorigenesis at 
the initial steps of this process, while a functional GJIC is found to 
be crucial, at later stages, for migrating cells to invade, interact with 
endothelial cells, intravasate and extravasate (Czyz et al., 2008).

Studies have shown that Cx26 and Cx43 were downregulated 
in human breast cancer cell lines. While some researchers have 
attributed this reduction in Cx26 expression to hypermethylation 
of the gene, leading to its inactivation, others have linked it to 
perturbations in cell-cell adhesion and more specifically, a loss of E-
cadherin, or to the activation of oncogenes such as ras and c-erbB-2 
in keratinocytes and hepatocytes, respectively. However, the role 
of these oncogenes in mammary neoplasms connexin expression 
has not been identified (Locke et al., 1998; McLachlan et al., 2007). 
In addition, Cx43 expression was found to be reduced in all stages 
of human breast cancer and carcinogen-induced breast tumors, 
possibly as a result of cancer-specific stimuli such as the activation 
of PKC, ErbB2, EGF and src pathways (Carystinos et al., 2001). 
In a recent report, the role of Cx43 in breast carcinogenesis was 
further addressed where Cx43 mutant mice were cross-bred with 
mice overexpressing ErbB2, an oncogene overexpressed in breast 
cancer patients, and both spontaneous and carcinogen-induced 
tumor development were assessed. Although those mice exhibited 
delayed onset of palpable tumors and developed extensive mam-
mary gland hyperplasia, they had increased metastasis to the lungs 

(Plante et al., 2010b). Such findings require re-evaluation of the 
role of connexins in cancer progression and studying them from 
a different perspective, as conditional tumor suppressors or even 
tumor enhancers, depending on the stage of carcinogenesis and 
the context of their microenvironment. In fact, several studies have 
reported an increased expression of connexins in breast cancer 
tissue. Cx26 and Cx43 expression was detected in more than 50% 
of the invasive breast carcinomas, as compared to normal tissue 
samples. Phosphorylation of Cx43 was strongly upregulated in 
myoepithelial cells and transformed luminal cells of in situ and 
invasive breast carcinomas, as well as in their associated capillary 
endothelium. Although connexins were shown to be upregulated in 
some breast cancers, their localization was cytoplasmic and failed 
to reach the plasma membrane to fulfill their normal function of 
GJIC (McLachlan et al., 2007). 

At later stages of carcinogenesis, connexins were shown to be 
highly implicated at intravasation and extravasation sites thereby 
promoting breast cancer metastatic potential. In fact, increased Cx43 
expression was detected in tumor cell/endothelial cell contact areas 
in vitro and in vivo, where it marked the sites of micrometastases 
to the lungs. Moreover, a GJIC via Cx43 increased the adhesion of 
breast cancer cells to lung endothelial cells, whereas such adhe-
sion was reduced in breast cancer cells with a dominant-negative 
Cx43 mutation, known to exhibit non-functional GJIC, highlighting 
the importance of Cx43 and GJIC in metastatic homing of breast 
cancer cells (Elzarrad et al., 2008). Other studies have correlated 
Cx26 expression to an increased lymphatic vessel invasion, large 
tumor size and poor prognosis in breast cancer patients (Naoi et 
al., 2007). Similarly, another group of researchers showed that 
Cx26 and Cx43 contributed to breast cancer metastasis to lymph 
nodes where their expression was upregulated when compared 
to primary tumors, with distinct localization of connexins to the 
membrane (Kanczuga-Koda et al., 2006). Later on, the same group 
generated similar results and reported Cx32 increased expres-
sion in lymph node metastases. Interestingly, 70% of Cx26, Cx43 
and Cx32-negative primary tumors developed Cx26, Cx43 and 
Cx32-positive lymph node metastases, suggesting an alteration 
in connexin protein expression during breast cancer progression 
resulting in a more malignant phenotype (Kanczuga-Koda et al., 
2007). Interestingly, in a recent review by Mroue et al., (2011), the 
authors emphasized the fact that connexins and GJIC were either 
reduced or enhanced in different cancer models depending on the 
stage of tumorigenesis, the type of tissue and the microenviron-
ment of the tumor cell, which led to the notion that connexins might 
have either tumor suppressive or promoting potentials depending 
on their cellular and tissue context. 

Connexins as breast cancer modulators
The involvement of connexins in modulating breast carcinogen-

esis can no longer be strictly looked at from a channel-dependent 
perspective; in fact, connexins and Cx-associated proteins can 
mediate different signaling events in a channel-independent context. 
We will elucidate the gap junction-dependent and independent 
roles of connexins, as either suppressors or facilitators of breast 
carcinogenesis.

 
Gap junction-dependent roles of connexins in breast carcinogenesis

Knowing that gap junctions are involved in the intercellular 
exchange of diverse regulatory molecules that affect normal as 
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well as cancer cells, several research groups have reported a 
gap junction-dependent role of connexins in modulating tumor 
progression. In fact, two reports showed that the expression of 
BRMS1, a tumor suppressor gene, in MDA-MB-435 cells resulted 
in the restoration of GJIC. In the breast cancer cell lines MCF-7 
and MDA-MB-435, homotypic GJIC was significantly lower than 
heterotypic GJIC of either cell line with hFOB, a human osteoblastic 
cell line; this correlated with increased tumorigenesis and meta-
static potential. However, metastasis-suppressed MDA-MB-435/
BRMS1 displayed greater homotypic GJIC than heterotypic GJIC 
with hFOBs, behaving more like normal breast HTERT cells known 
to have high degree of homotypic GJIC (Saunders et al., 2001; 
Kapoor et al., 2004). The GJ-dependent role of Cx26 as a tumor 
suppressor gene was demonstrated when MCF-7 breast cancer 
cells, supposedly GJ-deficient, were transfected with Cx26. Their 
cell-cell communication was restored and their malignant properties 
characterized by anchorage-independent growth, migration and 
invasion were reduced (Momiyama et al., 2003). 

On the other hand, very few studies have attributed a channel-
dependent function of connexins in enhancing rather than suppress-
ing breast carcinogenesis. In fact, one report assessed the role of 
GJIC between breast cancer cells and endothelial cells in breast 
cancer progression; Connexin 43 expression in GJIC-deficient 
and non-metastatic HBL100 cells resulted in increased GJIC 
with endothelial cells and subsequent upregulation of diapedesis 
through the endothelial monolayer, further supporting the concept 
of stage-specific role of connexins in breast cancer progression 
(Pollmann et al., 2005). 

Gap junction-independent roles of connexins in breast carcino-
genesis

There is increasing evidence for gap junction-independent roles 
of connexins in the suppression of breast carcinogenesis. Retroviral 
delivery of Cx26 and Cx43 to breast cancer cell lines that either 
lack connexin expression (HBL100) or have defect in gap junction 
assembly (MDA-MB-231) resulted in a dramatic inhibition of tumor 
growth in vivo independently of the formation of gap junctions. 
Immunostaining of mammary fat pad xenografts of MDA-MB-231 
expressing Cx43 showed that Cx43 was retained within the cell 
and not assembled into gap junctional plaques (Qin et al., 2002). 
The same group investigated the role of Cx26 as a tumor suppres-
sor gene in two independent studies. In the first one, they showed 
that expression of Cx26 and its GJIC-incompetent variants in 
MDA-MB-435 cells upregulated anti-angiogenic molecules by both 
GJIC-dependent and -independent mechanisms (Qin et al., 2003). 
In their second study, only GJIC-incompetent variants inhibited 
MDA-MB-435 cell growth, migration and invasion and regulated 
the expression of several genes involved in adhesion (b-integrin) 
and invasion (MMP-9 and TIMP-1), suggesting a GJIC-independent 
role of Cx26 in breast cancer suppression (Kalra et al., 2006). 
Another report showed similar results where MDA-MB-435, stably 
transfected with human Cx43, had decreased metastatic potential, 
which was independent of GJIC, migration or invasion; however, it 
was related to a decrease in N-cadherin expression and increased 
sensitivity to apoptosis (Li et al., 2008). The tumor suppressive 
role of connexins was further demonstrated in a three-dimensional 
culture of MDA-MB-231. Cx26 or Cx43 were shown to decrease 
the malignant properties of breast cancer cells by promoting 
mesenchymal to epithelial transition and to regulate the release of 

pro-angiogenic and anti-angiogenic molecules thereby inhibiting 
angiogenesis in vitro and in vivo (Shao et al., 2005; McLachlan 
et al., 2006). Another aspect of channel-independent roles of 
connexins is mediated by Cx-associated proteins that are known 
to play essential roles in regulating the assembly and function of 
gap junctions (Dbouk et al., 2009). This highlights the importance 
of studying connexins and gap junctions in a context-dependent 
manner, where the cancer cell type, the tumor microenvironment 
and the stage of carcinogenesis altogether can regulate connexin 
expression, localization and interactions, and hence their contribu-
tion to cancer progression (Mroue et al., 2011). 

 
Gap junctions and breast cancer drug therapies

The possibility of connexins involvement at various stages of 
breast carcinogenesis and the accumulating evidence of most 
cancers having reduced capacity of GJIC suggests that restoration 
of GJIC at primary stages of the metastatic cascade might have 
beneficial effects in breast cancer therapies. However, if one consid-
ers connexins to facilitate the advancement of late-stage disease, 
a reverse strategy must be applied to achieve therapeutic purposes 
in which connexins are downregulated to inhibit extravasation and 
metastasis. In fact, gamma linolenic acid (GLA), a polyunsaturated 
fatty acid known for its anti-proliferative and cytotoxic effects on 
cancer cells as well as its inhibition of cancer cell motility and inva-
sion, was shown to reduce adhesion of breast (MDA-MB-231) and 
colon (HT115) cancer cells to endothelial cells. GLA was shown 
to reverse the effect of HGF/SF, a paracrine factor regulating mi-
togenesis, motility and morphogenesis, which reduced GJIC and 
increased cell-cell dissociation/motility in HGF/SF-treated endo-
thelial cells. Therefore, the inhibitory effect of GLA on tumor cell to 
endothelial cell interaction might be attributed to an improvement 
of GJIC between endothelial cells (Jiang et al., 1997). Later on, 
combinational treatment strategies were developed and directed 
towards multiple mechanisms involved in breast cancer progres-
sion. One report studied the effect of Tamoxifen and retinoic acid 
combination on GJIC in MCF-7 cells, as a possible mediator of 
their anti-cancer activities. Interestingly, combinational treatment 
enhanced GJIC with a concomitant membranous localization of 
Cx26 and Cx43 at cell-cell contacts. At the same time, an inhibi-
tion of cancer cell proliferation and a partial reversion of the tumor 
phenotype, characterized by increased E-cadherin expression, 
decreased Bcl-2 and c-myc protein levels and reduced telomerase 
activity, suggest a role of GJIC in mediating the action of Tamoxifen 
and retinoic acid (Saez et al., 2003). More recently, it was demon-
strated that combinational treatment of T47D breast cancer cells 
with Tamoxifen and PQ1, a substituted quinoline and a gap junction 
activator, caused a decrease in cancer cell proliferation and colony 
growth, versus an increase in BAX proapoptotic protein levels, 
subsequently leading to caspase 3 activation. This suggests that 
PQ1, by increasing GJIC, allows the intercellular passage and the 
rapid action of Tamoxifen, thereby potentiating apoptosis of breast 
cancer cells (Gakhar et al., 2010). The same group showed that 
a second-generation substituted quinoline, PQ7, has anti-tumor 
effect on the same cell type by activating GJIC, due to an increase 
in Cx43 protein expression, thus leading to 50% reduced colony 
growth in vitro and 100% regression of tumor growth in xenograft 
models (Heiniger et al., 2010). The therapeutic potential of gap 
junctions in combinational treatments can be partially attributed 
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to their “bystander effect” whereby restoration of GJIC between 
neighboring cells provides a route for drugs to be delivered within 
a tumor mass and to induce cell death. The “bystander effect” was 
mostly evaluated in brain tumor gene therapy where the delivery 
of herpes simplex virus thymidine kinase gene to cancer cells, 
followed by the administration of the pro-drug ganciclovir, resulted 
in the formation of a toxic phosphorylated form of the drug. The 
latter induces cytotoxicity in cancer cells expressing HSV-TK, 
and in surrounding cells not expressing HSV-TK, only if they are 
coupled by gap junctions (Mesnil et al., 2000). 

Conclusion

Dynamic cues from the cellular microenvironment including 
humoral mediators such as growth factors and hormones, cell-cell 
or cell-ECM interactions are essential for proper function of the 
mammary gland. Gap junctions, mediating the intercellular transfer 
of regulatory molecules, are found to be important modulators of 
normal gland development and differentiation as well as of breast 
cancer progression. However, connexins, the gap junction proteins, 
have important functions beyond gap junctional intercellular com-
munication where they interact with a growing list of associated 

proteins that generate signals downstream of connexins, adding 
to the complexity of connexin functions to include a channel-
independent aspect. Even though connexins have recently been 
considered as tumor suppressor genes, they have been shown to 
play diverse roles in breast carcinogenesis depending on cancer 
progression stages; whereas at primary tumor sites, connexins 
are downregulated, they are re-expressed at intravasation and 
extravasation sites to facilitate the progression of the tumor. In Fig. 
1, we proposed a model for the role of connexins and their associ-
ated proteins in mammary differentiation on one hand and in breast 
cancer progression on the other hand. We have already established 
a role for the assembly of the GJ complex in inducing functional 
differentiation of mammary epithelial cells (Talhouk et al., 2008). 
We speculate that the dissociation of such complex and the loss of 
GJIC might be involved in the initiation of tumorigenesis, whereas 
at later stages of the metastatic cascade such as at intravasation/
extravasation sites, this complex has to be reassembled in order 
to allow breast cancer cells’ interaction with endothelial cells, thus 
facilitating tumor progression. Therefore, a better understanding 
of the extent of connexin involvement at different stages of breast 
cancer will be highly beneficial for therapeutic strategies that should 
aim at upregulating connexins at initial stages of the disease or 

Fig. 1. Proposed dynamics of gap junction (GJ) complex assembly in mammary differentiation and cancer progression. (A) In normal mammary 
epithelial cells, connexins assemble at the membrane and associate with several signaling molecules including a-catenin (     ) and ZO-2 (     ), thereby 
recruiting b-catenin (         ) from the nucleus to the GJ complex to induce functional differentiation, accompanied with an increased GJIC (Talhouk et 
al., 2008). (B) At the primary tumor site, connexins are still expressed yet without functional GJIC. The GJ complex dissociates thereby releasing b-
catenin, enabling its recruitment into the nucleus, leading to the loss of communication of tumor cells with surrounding cells and activation of cellular 
proliferation. (C) As the cancer progresses, invasive epithelial cells regain GJIC with the endothelial barrier, facilitating their intravasation/extravasation. 
Connexin interactions with other molecules to assemble an invasion conducive protein complex (    ) could take place to re-stabilize the GJ complex. 
Recent development in therapeutic approaches target GJIC by [1] inducing the reestablishment the GJ complex to inhibit replication of cancer cells or 
[2] dissociation of the GJ complex to inhibit cancer cell interaction with endothelial cells at the sites of intravasation/extravasation.

B CA
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downregulating them, to inhibit extravasation and subsequent 
metastasis at advanced stages of the disease. Finally, given the 
complexity of connexin function and interactions, treatments that 
target connexins and/or other interacting proteins should be con-
sidered in combination with other therapeutic strategies to yield 
greater benefits for cancer patients.
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