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Developmental Regulation of Gap Junctions and Their Role
in Mammary Epithelial Cell Differentiation
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Gap junctions play a critical role in the development and differentiation of many tissues.
Formed by the joining of two connexons on opposing membranes of two cells, gap junctions
permit passage of ions and small molecules. Six connexins (Cx) belonging to a family of closely
related tetraspan transmembrane proteins form a connexon. Connexin expression peaks in
lactation, and those identified in the gland, thus far, are Cx26, Cx30, Cx32, and Cx43. Cx43
associates with myoepithelial cells, while others associate with epithelial and ductular cells.
In vitro, assembly of functional gap junctions appears to be essential for differentiation of
mammary epithelial cells. However, the role of gap junction intercellular communication
(GJIC) in differentiation and growth remains unclear. Recent evidence challenges the view
that gap junctions are simply pore-forming proteins and suggests that cell adhesion-associated
proteins interact with the cytosolic carboxy-terminus of connexins and participate in signaling
events. The possible implications on mammary cell function are discussed.
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GAP JUNCTIONS: AN OVERVIEW

Gap junctional intercellular communication
(GJIC) is critical in diverse cell and tissue functions,
including regulation of growth, differentiation, and
developmental signaling. Based on X-ray diffraction
studies a three-dimensional model of the gap junction
channel predicts that each apposed cell contributes a
hemichannel (connexon) to the formed aqueous pore.
Each hemichannel is constructed from six protein sub-
units called connexins. Connexins, a multigene family
comprising over 20 distinct connexin genes that code
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for homologous proteins, are temporally and spatially
distributed throughout the body. Sequence analysis of
connexin cDNAs has shown that they all share a simi-
lar structural topology, with four hydrophobic regions,
presumably the membrane spanning domains, two ex-
tracellular loops, thought to be involved in initiating
the interactions between two opposing connexons,
and one cytoplasmic loop. Both carboxy and amino-
terminal domains of the protein are located on the
cytosolic side. Sequence comparison revealed that,
within the connexin gene family, the N-terminus, the
extracellular loops, and the transmembrane regions
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are highly conserved. The cytoplasmic loop and C-
terminus are highly divergent, both in length as well
as in sequence. These sequence differences are likely
to be responsible for many of the connexin-specific
functional properties, including sensitivity to differ-
ent stimuli and second messenger molecules, and the
recruitment of other associated proteins to the junc-
tional complexes. Connexins oligomerize intracellu-
larly and are then inserted into the plasma membrane
in a series of assembly processes. They are synthesized
and inserted into the membrane of the endoplasmic
reticulum (ER) where they must fold correctly prior
to oligomerizing into hemichannels, an event occur-
ring as they traffic from the ER to the Golgi. Connex-
ons are then transported to the membrane, where they
remain in a closed hemichannel configuration until
they form channels with other connexons on oppos-
ing cell membranes. Recent evidence for connexons’
hemichannel functions has been described. Complete
channel formation is accomplished upon the dock-
ing of neighboring connexons via disulfide bridges
between the cysteine residues on extracellular loops
of opposing connexins. Recently, it has become clear
that connexins, via their cytosolic domain, interact
with a variety of structural and signaling molecules, in-
cluding tight junction-associated proteins such as ZO-
1, tetraspan trans-membrane proteins occludin and
claudins, or Src proteins, as well as adherens junction-
associated proteins, such as cytoskeletal proteins and
catenins. The most commonly used nomenclature for
connexins was first introduced by Beyer et al. (1) and
is based on the molecular mass predicted from the
cDNA. An alternate nomencalture (α,β, andγ ) based
on the length of the cytoplasmic loop has also been
used. Connexin expression displays organ, tissue, and
cell-type specificity, and in many cases multiple mem-
bers of the connexin family are expressed at the same
location. Hemichannels may assume various configu-
rations; they may be homomeric, comprising six iden-
tical connexin subunits, or heteromeric, comprising
more than one isoform of connexins. Channels may
also be homotypic when connexons are identical or
heterotypic when the two connexons are different.
The intercellular channels cluster and aggregate in
the plane of the membrane to form plaques that are
known as gap junctions (Reviewed by 2–5).

The intercellular channels allow diffusion of ions
and small molecules (up to 1.5 kDa) between the
cytosols of two adjacent cells, therefore creating an
ionic and metabolic syncytium in the compartments
of interacting cells. In excitable cells, such as car-
diomyocytes and neurons, the ionic conductance al-

lows for the rapid intercellular spread of action poten-
tials. However in nonexcitable cells, many different
small molecules and second messengers might diffuse
from cell to cell. One consequence of the molecular
diversity in the connexin family is that the channels
display selective permeability with respect to molec-
ular mass and/or charge that will permit the discrim-
ination of second messengers like cAMP, cGMP, IP3,
or Ca2+ (5). The basic function of gap junctions can
be electrically regulated by transmembrane voltage
and/or chemically via changes in cytoplasmic pH and
calcium ions (6). Hormones, growth factors, second
messengers, cell–cell adhesion molecules, and cell–
extracellular matrix (ECM) interactions also poten-
tially regulate GJIC function. In addition, the stabil-
ity of connexin proteins is an important factor in reg-
ulating GJIC function, since connexins have a high
turnover rate with very rapid disassembly. Musil et al.
(7) have shown that reducing gap junction degrada-
tion is coupled to an upregulation in GJIC.

The expression of connexins can be develop-
mentally or metabolically regulated at both transcrip-
tional and post-translational levels. Typically, con-
nexin genes are made of two exons separated by an
intron. Promoter regions have been sequenced, and
several putative regulatory sites have been examined
for function. Of those connexins expressed in the
mammary gland, the promoter sequences for Cx32
gene were found to be differentially regulated in sev-
eral tissues (8). The human chorionic gonadotropin
(hCG) hormone has been shown to up-regulate Cx26
in rat mammary and uterine tissues by increasing the
binding of Sp1 and Sp3 transcription factors to the
promoter sequence (9). Estrogen has been shown
to increase Cx43 transcription by affecting the es-
trogen responsive-elements in the Cx43 gene pro-
moter region (10). Except for Cx26, the only non-
phosphoprotein connexin, post-translational modifi-
cation via phosphorylation plays a central role in gap
junction formation, regulation of channel permeabil-
ity, and degradation. Connexin phosphorylation by
Protein Kinase A occurs mostly on the serine residues
that reside on the COOH-tail, increasing GJIC. Basal
phosphorylation is needed for proper trafficking and
assembly of gap junctions. Once formed, gap junction
gating is regulated by phosphorylation (Reviewed
by 11,12). Phosphorylation has been shown to de-
crease or inhibit GJIC, as in the cases of epidermal
growth factor and platelet-derived growth factor caus-
ing Cx43 serine phosphorylation via a MAPK (13,14)
and Cx32 serine phosphorylation via protein kinase
C in rat liver epithelial cells (15), respectively. On
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the other hand, Atkinson et al. (16) reported ser-
ine/threonine phosphorylation of Cx43 by kinases in
turn increasing GJIC. A schematic diagram of the
current knowledge of connexin/connexon structure is
presented in Fig. 1.

SPATIAL AND TEMPORAL EXPRESSION
OF CONNEXINS DURING MAMMARY
GLAND DEVELOPMENT

Gap Junctions in the Rodent Mammary Gland

A variety of factors are involved in mammary
gland development and differentiation. These include
soluble factors, cell–ECM interaction, and direct cell–
cell interaction. In the latter, gap junctions are per-
ceived as “modulators of cellular differentiation” and
“coordinators of cellular function” (17–20).

Using electron microscopy techniques, Pitelka
et al. (21) was the first to describe gap junctions be-
tween epithelial cells of the mammary gland in vir-
gin, pregnant, and lactating mice. Later, Berga et al.
(22) demonstrated gap junctional intercellular com-
munication or coupling between alveolar cells by mi-
croinjection of lucifer yellow dye into lobules of lac-
tating mammary glands. The development of specific
anticonnexin antibodies and the cloning of individual
Cx isoforms permitted characterization of the spatial
and temporal expression of Cx isoforms within rodent
and human mammary gland. Monaghan et al. (23) re-
ported Cx26 as the dominant isoform expressed in
lactating mouse mammary gland epithelium and sug-
gested its involvement in synchronous activity of ep-
ithelial cells. Cx26 was not detected in virgin mice
mammary glands; however, its levels increased at
early stages of pregnancy, localized to the luminal ep-
ithelial cells of the duct system, peaked during lacta-
tion in alveolar cells, and then declined during involu-
tion. Cx32, 40, and 43 were absent or expressed below
detection levels.

Pozzi et al. (24) and Perez-Armendez et al. (25)
have identified Cx26 and Cx32 within the luminal
cell population. The temporal expression patterns for
these connexins in both studies were not in agree-
ment. Pozzi et al. (24) reported the detection of Cx26
and Cx32 transcripts using RT-PCR and proteins us-
ing immunolocalization in the luminal epithelium of
the BALB/c mouse and Sprague-Dawley rat mam-
mary gland only during lactation. No Cx26 staining
was evident in nonpregnant, pregnant, or postwean-
ing rodents, although Cx26 mRNA was present in

nonpregnant mouse but not in rat. Using immunolo-
calization studies, Perez-Armendez et al. (25) re-
ported that Cx26 and Cx32 were evident in the virgin
gland and during all stages of mammary development
in CD1 mice and Wistar rats.

Locke et al. (20) demonstrated that Cx26 and
Cx32 were differentially expressed throughout preg-
nancy, with the latter being detected only during lac-
tation. Interestingly, immunolocalization, freeze frac-
ture, and differential centrifugation studies showed
that both Cx26 and Cx32 can organize as homomeric
and heteromeric connexons and localize to the same
junctional plaques. Similar results were reported by
Yamanaka et al. (26). Such plaques were larger dur-
ing lactation; however, whether gap junctions were
more numerous in these plaques was not determined.

In a recent study (Talhouk et al., 2001), it has
been shown that in addition to Cx26 and Cx32 (both
expressed and confined to cell borders of luminal ep-
ithelial cells in all stages of mammary development),
Cx30, a novel Cx expressed in mouse skin and closely
related (77% sequence homology) to Cx26 (4,27,28),
was detected after day 15 of gestation and peaked at
the onset of lactation.

Within the myoepithelial cells, Cx43 is the only
identified isoform. Cx43 was detected in virgin, preg-
nant, lactating, and postweaning rodent mammary
gland. The intensity of Cx43 immunolabeling and the
phosphorylation state of Cx43, which is a prerequi-
site for the assembly and/or maintenance of Cx43 in
gap junction plaques (29), were shown to increase
during early lactation and mammary differentiation
(24,30, and Talhouk et al., submitted). At parturition
and in response to oxytocin, a dramatic and transient
induction of Cx43 mRNA occurs that rapidly declines
thereafter, while increased Cx43 protein persists in
the gland (31, and Talhouk et al., submitted). It has
been suggested that the increased expression of Cx43
in myoepithelial cells leads to increased communica-
tion and thus coordinated contraction and milk ejec-
tion into the ducts (18).

Heterocellular communication between lumi-
nal and myoepithelial cell compartments has been
suggested earlier by Berga (22). Woodward et al. (19),
reported that both mammary epithelial cells and fi-
broblasts readily assemble Cx43-positive gap junction
plaques when cocultured with an intermediate cell
type (i.e. a cell type with both epithelial and fibroblas-
tic characteristics), but not when cocultured together.
Whether this cell type has any resemblance to a my-
oepithelial cell in vivo was not discussed. Preliminary
studies in our laboratory demonstrated GJIC, as



P1: JOL

Journal of Mammary Gland Biology and Neoplasia (JMGBN) pp1132-jmgbn-481715 February 14, 2004 0:10 Style file version June 22, 2002

466 El-Sabban, Abi-Mosleh and Talhouk

Fig. 1. A schematic diagram of a gap junction plaque joining the cytoplasm of two adjacent
cells (Cell 1 and Cell 2; top panel). The opposed phospholipid bilayers are traversed by
connexons that cluster and aggregate in the plane of the membrane to form a gap junction
plaque. Connexons from two adjacent cells form an intercellular channel that allows the
passage of small (s) molecules (up to 1.5 kDa), such as Ca++, IP3, and cAMP, but not large
(L) molecules such as proteins, from the cytoplasm of one cell to the other. Depending on the
type of connexin (for ex. black, grey, light grey), the connexon formed could be homomeric
or heteromeric and consequently the gap junction could be homotypic or heterotypic, with
selective permeability (¥ N •✔). Each connexon (middle panel) is made of six connexins
(1, 2, 3, 4, 5, and 6). Tangential twisting of the connexon mediates gap junction gating that
opens (left connexon) or closes (right connexon) the hemichannel. Changes in cytoplasmic
pH and calcium (Ca) ion concentration, among other things, regulate gap junction function.
A connexin (lower panel) has four hydrophobic transmembrane domains, two extracellular
loops (E1 and E2), one cytoplasmic loop of different lengths (indicated by connexin iso-
forms α, β, γ ), and N- and C-termini, both cytoplasmic. The main variation between the
different connexins resides in the C-terminal domain and the cytoplasmic loop. P, indicates
phosphorylation sites (Adapted from (4)).
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evidenced by calcein dye transfer between mam-
mary epithelial cells and an α-actin-staining mam-
mary myoepithelial-like cell population (unpublished
data).

It is apparent that connexins are abundant in the
lactating gland; however, there is no agreement on
the temporal expression of connexin isoforms dur-
ing the different stages of mammary gland devel-
opment. This is attributed to either species differ-
ences in the development of the mammary gland
(32,33) or the fact that discriminating antibodies
and cDNA for all connexin isoforms have only re-
cently become available. In support of this notion,
more recent studies have demonstrated some con-
cordance and reported Cx expression throughout
mammary gland development and most notably dur-
ing lactation (9,26, and Talhouk et al., submitted),
consistent with early EM studies of Pitelka et al.
(21).

Gap Junctions in the Human Mammary Gland

Given the difficulty of obtaining normal human
breast tissue at different time points of mammary
development, the expression of specific gap junc-
tion proteins in normal human epithelium is not
well documented. Wilgenbus et al. (34), described
gap junctions in mammary cells obtained from re-
duction mammoplasties and showed a decrease in
gap junction proteins in breast cancers. In another
study, normal mammary cell lines, capable of trans-
ferring Lucifer yellow dye, expressed the twocon-
nexin genes, Cx26 and Cx43. Regulation of Cx26, in
contrast to Cx43, was cell cycle dependent. Mam-
mary tumor cell lines, on the other hand, did not
express either Cx26 or Cx43 and failed to show
dye transfer. Screening of normal and tumor hu-
man cell lines for expression of Cx31.1, Cx32, Cx33,
Cx37, and Cx40 showed that none of these con-
nexins were expressed under the culture conditions
tested (35).

Monaghan and Moss (17), using both in vivo
and in vitro studies, have attempted to attribute spe-
cific gap junction proteins to individual cell types in
the human breast tissue. Ultrastructural studies de-
scribed gap junctions between myoepithelial (basal)
cells in ducts and alveoli, but rarely between se-
cretory (luminal) cells. No gap junctions were ob-
served between myoepithelial and secretory cells.
Immunofluorescence studies performed on breast
samples obtained from reduction mammoplasties re-

ported Cx43 between myoepithelial cells in major
ducts and to a lesser extent within alveolar struc-
tures. Using immunolabeling, Cx26, although less
abundant in breast epithelium, was detected between
secretory cells in major ducts but to a lesser ex-
tent in alveolar structures. In addition, PCR anal-
ysis of breast mRNA identified messages for Cx26
and Cx43. To date, however, it is not yet certain if
Cx32 is expressed at any time during human breast
development.

Homologous and heterologous communication
between normal human mammary cells was reported
by Tomasetto et al. (36). Three types of cells were
used: normal mammary epithelial cells (NMEC) ex-
pressing both Cx26 and Cx43 genes, mammary tu-
mor epithelial cells (TMEC) where neither gene is
expressed but into which Cx26 or Cx43 gene were
transfected, and normal human mammary fibroblasts
(NHMF) where only Cx43 protein is synthesized.
Calcein dye transfer quantitated by flow cytometry
showed that NMEC and NHMF communicate effec-
tively and that all three cell types expressed strong
homologous communication. However, no heterol-
ogous gap junctional intercellular communication
was detected between Cx26- and Cx43-transfected
TMEC, suggesting that heterotypic channels do not
form or that Cx26/Cx43 channels do not permit dye
transfer.

There is increasing interest in the role gap junc-
tions play in breast cancer. A correlation has been
drawn in many instances between loss of gap junction
communication and a transformed phenotype. The
majority of these studies speculate that the absence
or decrease in GJIC in highly metastatic cells may
enhance tumor proliferation, detachment from the
primary site, tumor invasion, and possible formation
of tumor metastasis (Reviewed by 37). However,
direct association between aberrant gap junctional
intercellular communication and a true malignant
phenotype is not yet well established. For example,
Jamieson et al. (38) observed an upregulation of Cx26
and Cx43 in about two-thirds of the invasive hu-
man breast carcinomas studied. A similar observa-
tion has been reported in mouse skin cancer (39).
According to Jamieson et al. (38), the increase in con-
nexin expression in breast carcinoma cells may en-
hance tumor progression and establish distant metas-
tases. This notion is further supported by the fact that
highly metastatic rat mammary adenocarcinoma cells
communicate with vascular endothelium in vitro to a
higher extent than their low metastatic counterparts
(40). It is worth noting, however, that such contrasting
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reports do not contradict the hypothesis of GJIC’s
role in tumor suppression. We speculate that at
the primary site of tumors, heterologous GJIC is
downregulated, facilitating detachment and intrava-
sation. However, at the secondary site of tumor,
where distant metastases will be established, GJIC
between tumor and target cells is up-regulated fa-
cilitating extravasation (41, and Bazarbachi et al.,
submitted).

ROLE OF GAP JUNCTIONS IN MAMMARY
DEVELOPMENT AND DIFFERENTIATION

Status of Studies With Connexin Knockout Animals

Knock out animal models and in vitro mammary
cell culture models have been used to address the
contribution of different mammary connexins (Cx26,
30, 32, and 43) to development and differentiation of
the mammary gland. Unfortunately no studies on the
phenotype of the mammary gland in Cx30 and Cx32
knock out animals have been reported, while Cx26
and Cx43 knockouts have been found to be lethal
(42,43). Cx26-deficient mice die during midgestation
due to insufficient nutrient uptake through the pla-
centa from the maternal blood stream to the embryo
(43). Cx43 knockouts die within a few hours after
birth due to gross abnormalities in the heart tissue
(42).

Homozygous mutant Cx30 (−/−) knockouts that
develop normally were fertile, but exhibited a se-
vere hearing impairment. The Cx30 protein was re-
ported in the brain, skin, lung, kidney, and uterus.
However, no obvious histological abnormalities were
detected in the organs of Cx30-deficient mice, but
Cx30 missense mutations have been reported to cause
hidrotic ectodermal dysplasia or Clouston syndrome
(Reviewed by 4,44).

Cx32-null mice, a model for human patients
who suffer from Charcot–Marie–Tooth (X type)
disease, exhibit enhanced vulnerability to global
ischemia-induced neuronal death, consistent with a
role for Cx32 gap junctions in neuroprotection against
ischemia-induced cell death (45).

The fact that homozygous Cx30(−/−) and
Cx32(−/−) knockouts can be generated, and appar-
ently can mate, reproduce, and maintain a litter sug-
gests, contrary to most reported studies (18,20,30),
that the role of these connexins in regulating mam-
mary function may be compensated by connexin
redundancy (46).

Gap Junction Cross Talk With
Adhesion-Related Molecules

Interplay Between ECM and Gap Junction

The role of the microenvironment in govern-
ing mammary phenotype and differentiation has long
been recognized. Initially, the work of Emmerman
and Pitelka in 1977 (47) highlighted the critical role
of the microenvironment, embodying cell–cell and
cell/ECM interactions, in regulating differentiation of
mammary cells in culture. Subsequently, Bissell et al.
(48) suggested that the cell’s interaction with its mi-
croenvironment dictates cell function and phenotype,
which in turn dictate the makeup of the microenvi-
ronment. The term “dynamic reciprocity” was coined
for this concept, and much effort since then has em-
phasized the importance of cell/ECM interactions in
dictating the differentiated phenotype of the mam-
mary epithelial cell. The majority of studies have sug-
gested that cell–cell interactions enhance mammary
cell differentiation, but in a matrix-dependent manner
(Reviewed by 49). A study by Streuli et al. (50) demon-
strated that casein production was synergistically el-
evated upon cell–cell interaction. A consequence of
such cell–cell interaction could be intercellular com-
munication through gap junctions (30).

Molecules involved in cell–ECM interactions are
implicated in GJIC regulation. Endothelial cells of
the aorta and pulmonary artery fail to communicate
via gap junctions except when cultured on ECM (51).
ECM has also been shown to increase GJIC in thymic
cells (52) and keratinocytes by increasing the assem-
bly of Cx43 into Triton-X insoluble junctions (53). In
alveolar type II epithelial cells ECM, specifically fi-
bronectin, regulated the expression of Cx43 and Cx26.
Cx43 protein expression was up-regulated and de-
posited on the cell membrane, while Cx26 protein ex-
pression was reduced (54,55). A recent study showed
that parathyroid hormone treatment of MC3T3-E1
osteoblast cells increased mineralization of ECM, co-
inciding with a high expression of Cx43 and GJIC (56).

The complex interplay between prolactin sig-
naling, cell/ECM interactions, and GJIC in mediat-
ing optimal mammary differentiation was noted by
Miyoshi et al. (57). The authors reported that mam-
mary glands of both STAT-5 or prolactin receptor
(PrlR) null mice failed to develop normally and that
Cx32 was not detectable in the secretory epithelia.
Studies in our laboratory showed that CID-9 cells,
a mammary cell strain that differentiates and ex-
pressesβ-casein in an ECM- and prolactin-dependent
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manner, modulated the expression of their connexins
in response to growth factors (58) and to ECM (30).
In contrast to CID-9 cells cultured on plastic, those
cultured on EHS-matrix possess functional GJIC, as
measured by lucifer yellow dye transfer assays. When
cultured in the presence of EHS-matrix, but not when
cultured on plastic, Cx26, 32, and 43 localized predom-
inantly to the plasma membrane. Inhibition of GJIC
of cells on EHS-matrix with 18α glycyrrhetinic acid
resulted in reversible down-regulation of β-casein ex-
pression. In contrast, enhancing GJIC for cells on
plastic by treatment with cAMP, in the absence of
an exogenously provided basement membrane, up-
regulated Cx43 and Cx26 protein levels and increased
β-casein expression. Both Cx43 and β-casein were
down-regulated when these cells were treated with
18α glycyrrhetinic acid. In addition, cells plated on
a nonadhesive substratum (PolyHEMA) or on plas-
tic and supplemented with function-blocking anti-β1

integrin antibodies, both under conditions that en-
hance GJIC, maintainedβ-casein expression, suggest-
ing that cell–ECM interaction may induce differenti-
ation through formation of functional gap junctions.
These events are downstream of ECM signaling due
to the fact that enhanced GJIC induced partial differ-
entiation in mammary epithelial cells in the absence
of an exogenously provided basement membrane and
in a β1-integrin and cell–ECM adhesion-independent
manner (30).

Connexin-Associated Proteins

Historically, the function of gap junctions in cel-
lular communication has been limited to their role as
aqueous pores that traverse the cell membranes of two
adjacent cells. In contrast to occluding junctions and
anchoring junctions, evidence that gap junctions in-
teract with other cellular or cytosolic components was
scarce. However, recently many reports have demon-
strated that this is a limited view of a rather com-
plex gap junction structure, and that connexins, via
their cytosolic domain, interact with a variety of struc-
tural and signaling molecules, including tight junction-
associated proteins, such as zonula occluden-1 (ZO-
1), occludin, claudins and Src proteins, and adherens
junction-associated proteins, such as cytoskeletal pro-
teins and catenins (Reviewed by 2). The majority of
studies describe the association of the cytosolic struc-
tural and signaling molecules with Cx43, since it is
the most studied connexin and the primary connexin
subtype found in many tissues, including fibroblasts,
myoepithelial cells, and myocytes (4).

Tight junction associated-proteins, such as ZO-1,
and transmembrane occludin and claudins, might be
involved in the trafficking or organization of gap junc-
tions. Cx43 associates with ZO-1, a member of the
membrane-associated guanylate kinase (MAGUK)
family of proteins, which contain up to three distinct
amino acid sequence motifs that mediate protein–
protein interactions, the PDZ domains, a Src homol-
ogy 3 (SH3) domain, and a guanylate-kinase domain
(59,60). The interaction between Cx43 and ZO-1 has
been identified in the cardiac myocytes at the inter-
calated discs (61,62), testis, rat-1 fibroblast, lung ep-
ithelial cells (63), and osteoblastic cells (59). The C-
terminal residues of Cx43 interact with the second
PDZ domain of the ZO-1 protein, which may re-
cruit regulatory proteins into gap junctions (59,61,62).
More recently, Cx45 was also shown to associate with
ZO-1; indeed, Cx45 appears to interact with PDZ
domains of ZO-1 via a short terminal PDZ binding
motif, namely the last four amino acids (SVWI) of
the C-terminus (59,64). Multiple alignment studies
showed that Cx46 could also display a ZO-1 binding
motif similar to that of Cx43. Moreover, Cx32, which
ends with hydrophobic amino acids, could potentially
have a ZO-1 binding motif. Kojima et al. (65,66) re-
ported that Cx32 but not Cx26 associates with tight
junction proteins, such as ZO-1, ZO-2, occludin, and
claudin-1, in primary culture of rat hepatocytes, and
thus modulates cell polarization. In contrast, occludin
was reported to interact with Cx26 in human intesti-
nal cells, T84 (67), suggesting that interactions of such
proteins with connexins may be cell type specific. The
functional relevance of the association between con-
nexins and tight junction proteins, such as ZO-1, oc-
cludin, and claudin is still poorly understood. These
proteins may play a role in targeting or localizing
connexins to specialized plasma membrane domains
or in connexon assembly and stability. ZO proteins
associated with gap junctions could serve to recruit
signaling molecules involved in the regulation of in-
tercellular communication and/or provide a linkage
between connexins and other crucial elements in the
cell through ZO-1’s ability to associate with cytoskele-
tal components (eg. actin).

Src, a tyrosine kinase that localizes to the cyto-
plasmic side of the plasma membrane and contains
SH2 and SH3 domains, is another signaling molecule
reported to associate with gap junctions. Increasing
evidence indicates that v-Src and c-Src tyrosine ki-
nases can bind directly to and phosphorylate the
Cx43 C-terminal tail via SH2 and SH3 domain in-
teractions (63,68). It has been reported that tyrosine
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phosphorylation (Tyr 265) of Cx43 is required for
the pp60v-Src-induced inhibition of GJIC in paired
oocytes (69). Subsequently, it was shown that v-Src,
via its SH2 and SH3 domains, interacts with the
proline-rich region of Cx43 and phosphorylates neigh-
boring Tyr 247 and 265 at its C-terminus (70–72). The
phosphorylation of Tyr265 has been shown to be im-
portant for the binding of the oncogene v-Src to Cx43,
as has the second of two proline-rich putative SH3
binding domains in the C-terminus of Cx43 (68,72).
Multiple alignment studies conducted in our labora-
tory showed that such a proline-rich site is also present
in Cx46, bringing forth the possibility of an interac-
tion between Cx46 and c-Src (unpublished data). c-
Src has also been thought to modulate the interaction
between Cx43 and ZO-1. Different studies reported
that Tyr265 phosphorylation by c-Src is most likely in-
volved in the regulation of the interaction of Cx43
with ZO-1 (63,72,73). This finding suggests a role for
c-Src in the regulation of the protein complex com-
position at the Cx43 plaque. c-Src could thus act by
affecting trafficking of connexins to the plasma mem-
brane (gap junctional plaque) through regulation of
the connexin and ZO-1 interaction (Reviewed in 2).

Coimmunoprecipitation experiments us-
ing the C-terminal tail of connexin fused to
glutathione-S-transferase showed that the Cx43 tail
binds directly to tubulin via a binding sequence
234KGVKDRVKGK243 (74). Alignment studies re-
vealed that a tubulin-binding site was present at
least in connexins 41 and 46 in addition to Cx43
(unpublished data); thus, we speculate that Cx43 is
not the only member of its family to bind or anchor
microtubules. Indeed, it is reasonable to assume that
the anchoring of gap junctions to the cytoskeleton
would be of crucial importance for cell function
by providing a structural link to the cytoskeleton.
Such a link might lead to highly regulated control
of the cell’s responses to various substances that
are exchanged through the junctions by physically
modulating many downstream events. Recent reports
have also described the association of β-catenins
(75) and p120 catenins with Cx43 (76). However,
the significance of this interaction in the signaling
cascade is not yet clear.

MODEL FOR GAP JUNCTION ROLE IN
MAMMARY DEVELOPMENT AND
DIFFERENTIATION

Available data suggest that GJIC play an impor-
tant role in regulating mammary development and

Fig. 2. Schematic diagram showing the synthetic pathway
of connexins and the assembly route into homocellular (be-
tween epithelial cells or between myoepithelial cells) or possi-
ble heterocellular (between epithelial and myoepithelial cells)
gap junctional (GJ) structures, and their known binding part-
ners. Connexins traffic from the ER to the Golgi. Connex-
ons pinch off in vesicles from the Golgi apparatus and are
transported to the plasma membrane where they align and
dock with other connexons from the neighboring cell to form
a gap junctional channel. The precise localization and man-
ner of how connexin binding partners (i.e. Src, β-catenin, p-
120 catenin, claudin, occludin, and tubulin) associate with the
C-terminus of connexin is not clear yet. Optimal mammary ep-
ithelial cell differentiation in a complex tissue environment re-
quires the proper assembly of gap junctional plaques with their
associated proteins in addition to proper cell/ECM interactions,
cell/cell adhesion, and soluble factor signaling. BM, basement
membrane.
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differentiation by mechanisms that are still largely
unclear. The following summary outlines the “state
of our knowledge” on the involvement of gap junc-
tions in mammary development and differentiation.
First, gap junctions have been detected at all stages
of mammary development, with Cx26, 30, 32, and
43 being the main connexins described in the ro-
dent mammary gland. In human breast tissue only
Cx26 and Cx43 are described. Second, mammary ep-
ithelial cell differentiation in culture is partially de-
pendent on the membrane assembly and functional-
ity of gap junctions. GJIC signaling is downstream
of ECM signaling (30) and may be a crucial regu-
latory step in differentiation. Whether homocellular
(epithelial–epithelial) or heterocellular (epithelial–
myoepithelial) communication is essential to GJIC-
induced differentiation is not yet clear. Third, the
emerging literature strongly suggests that gap junc-
tions are not simply transmembrane channels me-
diating the passage of soluble molecules between
cells, but rather are actively involved in cell sig-
naling by association of Cxs with Src, catenins, oc-
cludins, and other molecules. More importantly, re-
cent findings strongly suggest that gap junctions are
in fact anchored to the cytoskeleton of the cell
not only through microtubules (74) but also per-
haps through actin (77), and that their assembly and
proper functioning is modulated by cell/ECM inter-
actions (30) (Fig. 2). In conclusion, a comprehen-
sive understanding of how GJIC-mediated signaling
generates tissue-specific gene expression leading to
complex phenotypes is still lacking. Furthermore, an
additional hierarchy of control is imposed by com-
plex cell and tissue architecture. Interpreting how
this hierarchy affects cross talk between cells, cells
and their ECM, and soluble signaling factors in com-
plex tissue environments is only beginning to be
addressed.
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