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Beyond gap junctions: Connexin43 and bone cell signaling
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Abstract

Connexin 43 (Cx43) is the most abundant gap junction protein expressed in bone cells and plays a
central role in cell-to-cell communication in the skeleton. Findings of the last decade uncovered
functions of Cx43 hemichannels expressed on unopposed plasma cell membranes as mediators of
the communication between bone cells and their extracellular milieu. Additionally, through its
cytoplastmic C-terminus domain, Cx43 serves as a scaffolding protein that associates with
structural and signaling molecules leading to regulation of intracellular signaling, independently of
channel activity. This perspective discusses the evidence demonstrating that via these diverse
mechanisms Cx43 is a key component of the intracellular machinery responsible for signal
transduction in bone in response to pharmacologic, hormonal and mechanical stimuli. This
advance in the knowledge of the role of connexins increases our understanding of the
pathophysiological mechanisms that regulate bone cell function and provides new opportunities to
treat bone diseases.
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Gap junction channels, hemichannels, and other potential functions of
connexins

Connexins are structurally-conserved proteins that consist of four transmembrane domains,
one intracellular and two extracellular loops, with both the C-terminus and the N-terminus
domains facing the cytoplasm [1]. Six molecules of connexin assemble in the Golgi
apparatus to form a hemichannel or connexon that is transported to the plasma membrane
[2]. Hemichannels from neighboring cells align to form gap junction channels that allow
intercellular communication (Figure 1A and B). Gap junction channels and hemichannels
are closed under normal conditions but can open, allowing the passage of molecules directly
from one cell to the other or from cells to the extracellular milieu. Only molecules smaller
than 1,000 daltons pass through connexin channels, including inorganic ions, sugars,
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aminoacids, nucleotides and vitamins. Channel opening and closure is tightly regulated by
mechanisms still not completely understood. Changes in cytosolic pH, voltage, intracellular
or extracellular Ca2+, as well as oncogenes and growth factors have been shown to open or
close connexin channels, likely resulting from changes in the state of phosphorylation of the
connexin molecules [3].

The relative contribution of junctional versus extra-junctional connexin channels to cell
communication or to a particular cellular function has been difficult to establish due to the
fact that deletion or overexpression of particular connexin gene modifies both gap junctions
and hemichannels. Permeability of both types of channels is also identical and their opening
and closure are regulated by the same factors. Therefore, specific pharmacological inhibition
of hemichannel or gap junction channel activity is not possible. Moreover, some inhibitors
of connexin channels also inhibit channels formed by pannexins [4], molecules that form
plasma membrane channels but that are not involved in cell-to-cell communication,
suggesting that some of the functions ascribed to connexin hemichannels might be mediated
by pannexins. Recent advances in this regard were made by developing tools that distinguish
between half and full channels, in particular for connexin 43 (Cx43), one of the most studied
members of the connexin family of proteins. An antibody directed against the extracellular
loop of Cx43 (antibody E2) has been shown to block hemichannel activity induced by
mechanical stimulation, without affecting gap junction communication in MLO-Y4
osteocytic cells [5], astrocytes and specialized ependymal-glial cells (tanycytes) [6]. In
addition, Gap26 and Gap27, Cx43 mimetic peptides comprising amino acids 64-76 and
201-211 of the protein, respectively, were originally designed to inhibit the docking of two
Cx43 molecules from opposing cells. However, more recent evidence demonstrated that
they also block hemichannel opening within minutes, and that gap junctions are only
inhibited at longer times of exposure [7]. Thus, the decreased osteoclast formation and
resorption observed by prolonged exposure of osteoclast precursors to Gap27 cannot be
attributed to either type of Cx43 channel [8]. The plasma membrane-permeable TAT-
Cx43L2 peptide, corresponding to amino acids 119-144 in the Cx43 cytoplasmic loop, was
shown to inhibit hemichannel responses, without affecting gap junctions in several cell
types; and to block fear conditioning memory when microinfused in the basolateral
amygdala [9, 10]. However, the effect of TAT-Cx43L2 in bone cells has not been tested.

Mutated forms of Cx43 have been also used to inhibit gap junction communication without
affecting hemichannel activity. In particular, a Cx43 mutant that lacks six cysteines in the
extracellular domain required for docking of juxtaposed channels (Cx43°Ys-1ess) js able to
form active hemichannels, but not gap junctions [11]. This mutant was found to confer
responsiveness to PTH in osteoblastic cells in which Cx43 was silenced, consistent with an
anti-apoptotic effect of PTH independent of gap junction communication (see below) [12].
Other Cx43 variants with impaired gap junctional communication but normal or even
enhanced hemichannel activity are the Cx43G138R mutant, associated with
oculodentodigital dysplasia (ODDD), and the Cx43-R76W mutant. Mice expressing G138R-
Cx43 ubiquitously [13] or in osteochondroprogenitors [14], or R76W-Cx43 in osteocytes
[15] exhibit reduced bone mineral density. These findings suggest that functional
hemichannels cannot compensate for the absence of gap junctions during bone development.
However, the role of hemichannels for bone homeostasis in the adult remains to be
determined.

In addition to their role in the formation of membrane channels, connexins, and in particular
Cx43, have been shown to interact with intracellular structural and signaling molecules and
to affect cellular functions [16]. The majority of these interactions are exerted through the
cytoplasmic C-terminal tail of Cx43, which does not participate in channel formation but
contains domains that regulate channel closure [17]. As it will be discussed later,
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hemichannel opening induced by the bone-active drugs bisphosphonates triggers activation
of the Src/ERK pathway by promoting interaction of SH2 and SH3 binding domains present
in the C-terminus of Cx43 with the kinase Src, leading to survival of osteoblasts and
osteocytes [18]. This study was the first demonstration in bone cells not only of hemichannel
opening but also of modulation by Cx43 of intracellular signaling pathways that affect
osteoblastic cell function [2]. In addition, interaction of the cytoplasmic C-tail of Cx43 with
arrestins dictates the intracellular localization of activated ERKSs [19]. Association between
Cx43 and B-arrestins is also a requirement for PTH receptor/cAMP signaling in osteoblasts
[12].

Remarkably, the truncated protein generated by the sequence encoding only the C-terminus
portion of Cx43 inhibits cell proliferation when transfected into cells [20, 21], and also
increases cell migration [21]. These findings suggest that at least part of the regulation of
cell behavior by Cx43 is exerted through functions independent of the ability of the protein
to form membrane channels. Moreover, knock-in mice expressing a truncated Cx43 mutant
lacking the C-terminal tail (Cx43K258stop) exhibit defective epidermal barrier leading to
perinatal death due to dehydration in homozygous mice, impairment of cardiac function,
female infertility, and enhanced cerebral injury after stroke [22, 23]. It is likely that these
phenotypic features are not solely due to lack of the scaffolding property of the Cx43
cytoplasmic domain, since cells from Cx43K258stop mice also exhibit reduced ability of
establishing gap junctions and altered hemichannel activity [22].

Connexin4d3 and osteoblast differentiation and function

Cx43 is expressed in osteoblasts, osteocytes, and osteoclasts and it is the most abundant
connexin in bone cells [24-26]. Ultra microscopy studies showed that gap junction channels
are present in the dendritic processes of adjacent osteocytes and in osteocytic projections
that reach cells of the bone surface, including bone lining cells, osteoblasts and osteoclasts
[27, 28]. This evidence is consistent with the notion that gap junctions are involved in inter-
cellular coupling among the different bone cell types within the osteocyte network (Figure
1B). In addition, the expression of Cx43 in unopposed membranes of osteocytic cells and
the functionality of the hemichannels have been demonstrated using cell surface
biotinylation followed by immunoprecipitation, and dye uptake, respectively [18, 29].
Accordingly, Cx43 is detected also in non-junctional plasma membranes of osteoblasts and
osteocytes, although the primary site of expression is surrounding the cell nucleus [18, 29—
31] and (Figure 1C). This subcellular localization supports a potential role of Cx43 in
functions beyond its role in gap junction communication in bone.

Regardless of the specific mechanism of action, it has been established that Cx43 expression
is required for normal osteoblastic gene expression and function in primary calvaria cells
and cultured osteoblastic cell lines [32—34]. This is supported by studies showing that
mineralization is impaired in osteoblastic cells isolated from calvaria of mice with global
deletion of Cx43 (Cx43~/~ mice) or with specific deletion of Cx43 from osteoblast
precursors (Cx43f/=;Col1a.1-2.3kb-Cre mice) [33-35]. Impaired osteoblast differentiation
is consistent with accumulation of mesenchymal progenitors in bones from Cx43/~;Col1a.
1-2.3kb-Cre and of Cx43/~;Dermo1-Cre mice lacking Cx43 in osteochondreoprogenitors,
as evidenced by increased colony forming units (CFU) for fibroblasts and for osteoblasts in
ex vivo bone marrow cell cultures, and by reduced levels of Sost and DMP1, genes
preferentially expressed in terminally differentiated osteocytes [14, 36]. In addition,
osteoblast markers including osteocalcin, collagen 1a.1, osteopontin and Runx2 are
decreased in osteoblastic cells isolated from Cx43~/~ mice or osteoblastic cell lines
overexpressing Cx45, which acts as a functional dominant negative for Cx43 [32, 34]. The
regulation of the osteocalcin and collagen 1a.1 genes by Cx43 occurs via modulation of
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binding of the Sp1/Sp3 transcription factors to Cx43 responsive domains found in the
promoters of these genes [37]. Disruption of Cx43 channels by overexpression of Cx45 or
by pharmacological inhibitors in ROS17/2.8 rat osteosarcoma cells reduces activation of the
extracellular signal-regulated kinases (ERKS). In turn, decreased ERK activity leads to
reduced phosphorylation and DNA binding of the stimulator of transcription Sp1 and
recruitment of the inhibitor of transcription Sp3 [37, 38]; resulting in reduced transcription
of the osteocalcin and collagen 1a.1 genes. Cx43 also potentiates the induction of osteoblast
differentiation by fibroblast growth factor 2 (FGF2) [39]. In the presence of FGF2, the C-
terminus tail of Cx43 interacts with protein kinase C (PKC) 6 and this phenomenon,
together with activation of ERKSs, increases Runx2 activity and, ultimately, osteocalcin gene
transcription [39, 40]. Overall, this evidence suggests that Cx43 has a central role in the
regulation of intracellular signaling pathways that are required for osteoblast differentiation
and function.

Recent studies have shown that pannexins 1 and 3 are also expressed in osteoblastic cells
[41, 42]. Pannexinl might mediate the effects of mechanical stimulation in osteoblastic cells
(see below) whereas pannexin3 is a target of Runx2 signaling. Whether pannexins are
involved in bone development or homeostasis remains unknown.

Table 1 summarizes the skeletal phenotypes of the Cx43 mutant mice reported to date.
Although Cx43 deletion from the mouse genome renders mice that die within hours after
birth due to cardiac malformations precluding the study of the adult skeleton [43], neonatal
bones from these mice exhibit delayed intramembranous ossification and a less pronounced
delay of endochondral ossification, supporting the involvement of Cx43 in osteoblast
differentiation also /n vivo[33, 44]. In addition, mice globally expressing a Cx43 mutant
associated with oculodentodigital dysplasia (ODDD), which does not form gap junctions
and acts as dominant negative for endogenous Cx43, exhibit low bone mass and decreased
bone strength [13]. Moreover, Cx43f/fl:Dermo1-Cre mice lacking Cx43 in
osteochondroprogenitors show a severe skeletal phenotype, with decreased whole body
mineral density and cortical thickness [14]. In contrast, deletion of Cx43 from more mature
cells in the lineage exhibit less pronounced skeletal defects. Cx43 deletion from early
osteoblastic cells (Cx43f/~;Col1a.1-2.3kb-Cre mice) exhibit only mild reduction in bone
volume, osteoblast number and bone mass [34]. Furthermore, deletion of Cx43 from mature
osteoblasts and osteocytes (Cx43f/~:0CN-Cre mice) exhibit indistinguishable BMD
measured by Dexa [45] or only a small decrease in cortical femoral BMD measured by uCT
[46]; and deletion of Cx43 from osteocytes (Cx43/fl: DMP1-8kb-cre mice) does not affect
bone mass [30]. Consistent with a role of Cx43 in the differentiation of early osteoblast
precursors, but not in more mature cells, a Cx43 ODDD mutant only prevents osteoblast
differentiation when present as a germline mutation (and therefore, in all undifferentiated
progenitors) and not when it is expressed after osteoblast commitment [47]. Moreover, a
recent study reported that Cx43f/~:OCN-Cre mice exhibit defective fracture healing, with
reduced bone formation and resorption at the site of the fracture, and decreased
biomechanical properties [48]. Overall, these findings indicate that Cx43 expression in
osteoblast precursors, but not in mature osteoblasts or osteocytes, is required for full skeletal
development, and that Cx43 expression is also needed for proper function of mature
osteoblasts and osteocytes.

Connexin43 and differentiation and function of osteoclasts and
hematopoietic cells

Although less explored than its role on cells of the osteoblastic lineage, Cx43 is also
required for generation and function of osteoclasts. Expression of Cx43 in osteoclast
precursors and mature osteoclasts has been demonstrated /7 vitro and in vivo [25, 49, 50].
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Gap junction communication might be involved in the process of osteoclast differentiation
as studies in intact rat calvarial bone showed the presence of Cx43-containing gap junctions
between osteoclasts and overlying mononuclear cells at sites of active resorption [49].
Consistent with this notion, blockade of connexin channel function using pharmacologic
inhibitors or the Gap27 connexin mimetic peptide leads to impaired fusion of osteoclast
precursors and bone resorption /n vitro [8, 50]. However, considering that these reagents
block both full and half connexin channels, further research using specific channel blockers
is needed to discriminate whether gap junctions or hemichannels are required for
osteoclastogenesis.

In addition to these direct actions of Cx43 on osteoclasts, recent evidence indicates that
Cx43 regulates osteoclast formation by modulating the expression of RANKL and OPG in
cells of the osteoblastic lineage that support osteoclast formation. Thus, deletion of Cx43
from osteochondroprogenitors (and their progeny), from mature osteoblasts/osteocytes, or
from osteocytes in the DMP1-8kb-Cre;Cx43/fl mice, results in increased osteoclast
formation, elevated endocortical resorption and high RANKL/OPG ratio in cortical bone
[14, 30, 46]. When Cx43 is deleted from more mature cells the increase in osteoclasts and
resorption is localized to the endocortical surface of the long bones, changing their geometry
but not affecting BMD. These findings suggest that removal of Cx43 from osteocytes is
sufficient to control osteoclast generation.

Cx43 expression in osteoblasts and osteocytes also regulates the hematopoietic stem cell
niche, as demonstrated by reduced homing and engraftment of hematopoietic progenitors
transplanted into irradiated collal-2.3kb-cre;Cx43/fl mice [36]. However, transplanted
hematopoietic stem cells are better retained in the bone marrow of non-irradiated collal-
2.3kb-cre;Cx43/fl mice associated with increased expression of the chemoattractant Cxcl12
in mesenchymal cells and osteoprogenitors. Therefore, Cx43 expression in cells of the
osteoblastic lineage differentially regulates hematopoietic stem cell homing/mobilization in
normal versus myeloablated mice.

Connexin43 as transducer of survival signals elicited by bisphosphonates

The search for effects of the anti-osteoporotic drugs bisphosphonates on osteoblastic cells
showed that these compounds protect osteocytes and osteoblasts from apoptosis [18, 45, 51—
56], via a novel mechanism that activates ERKs and requires Cx43 /n vitroand in vivo
(Figure 2A) [18, 45, 51, 57]. In contrast to the survival effect of bisphosphonates at low
concentrations, high concentrations of bisphosphonates induce apoptosis of cells of the
osteoblastic lineage (similar to osteoclasts) [58—62]. Moreover, bisphosphonates regulate
apoptosis of osteoblasts/osteocytes and osteoclasts by different mechanisms (reviewed in
[63]). Thus, the inhibitory actions of the drugs on osteoclasts are due to inhibition of
enzymes of the mevalonate pathway or to generation of toxic nucleotide analogs [64].

Only Cx43 mediates the survival pathway activated by bisphosphonates. This strict
requirement of Cx43 for anti-apoptosis by bisphosphonates raised the possibility that the
connexin would be a receptor for the drugs. However, recent evidence suggests the
possibility that bisphosphonates bind to a phosphatase, and not to Cx43, on the cell surface
[65, 66]. This phosphatase might in turn interact with Cx43 and activate downstream
signaling (Figure 2A).

Despite the requirement of Cx43 for bisphosphonate anti-apoptotic action, remarkably,
bisphosphonates do not stimulate gap junction communication, but instead open
hemichannels in osteoblastic cells [18]. This phenomenon was surprising at a time at which
Cx43-mediated events were synonymous of gap junction channels, as functional
hemichannels had not been described in bone cells [2]. It was then hypothesized that half
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Cx43 channels may serve as transducers of extracellular signals for endogenously produced
molecules or other stimuli. Indeed, as it will be discussed below, Cx43 hemichannels are
opened by mechanical stimulation and likely participate in prostaglandin release and
survival of osteocytic cells induced by strain [29, 67].

The specific requirement of Cx43 for bisphosphonate anti-apoptotic action is due to domains
located in the cytoplasmic C-terminal region of the protein, which differs considerably
among members of the connexin family. This is demonstrated by the inability of a Cx43
mutant lacking the cytoplasmic tail to confer survival responsiveness to bisphosphonates.
This portion of the molecule contains sites that bind to and are phosphorylated by
intracellular kinases, including Src and ERKSs, known to protect cells from apoptosis (Figure
2A).

A notable feature of ERKSs activated by bisphosphonates through the Cx43/Src pathway is
that instead of undergoing nuclear translocation like ERKSs activated by most stimuli,
including sex steroids (estrogens and androgens), bisphosphonate-activated ERKSs are
retained in the cytoplasm (Figure 2B) [68]. The cytoplasmic versus nuclear location of
activated ERKs determines that different molecular targets mediate the biological response
to bisphosphonates versus estrogens in osteoblastic cells. The cytoplasmic retention of
ERKSs activated by bisphosphonates results also from the scaffolding function of Cx43 by
which its C-terminus tail interacts with p-arrestins [12, 19].

Nevertheless, bisphosphonates still prevent bone loss induced by glucocorticoids [45] or
ovariectomy [69] in mice lacking Cx43 in osteoblasts/osteocytes, demonstrating that the
anti-apoptotic effect of bisphosphonates does not explain the effect of these agents on bone
mass. This is due to the potent inhibition of resorption exerted by bisphosphonates that
might mask the potential contribution of prevention of osteoblast and osteocyte apoptosis to
the overall effects of the drugs. Indeed, when a bisphosphonate that does not affect
osteoclasts but prevents osteoblast and osteocyte apoptosis is administered to mice, the
decrease in bone mass and strength induced by glucocorticoids is prevented, even though
bone remodeling is not reduced [57, 70, 71]. Bisphosphonate analogs that do not inhibit
osteoclasts might represent an alternative tool to increase bone strength in condition in
which a decrease in bone remodeling is not advised. However, a potential stimulatory effect
on osteoblasts through the Cx43 pathway with the bisphosphonates currently used in the
clinic has minimal, if any, contribution to the overall pharmacologic action of the drugs.

Connexin43/B-arrestin interaction and PTH-induced osteoblast survival

Mice lacking Cx43 (Cx43fl~: Col1a1-2.3kb-cre mice) do not exhibit a full anabolic
response to PTH, as evidenced by decreased mineral appositional rate (MAR) and bone
mineral content (Table 1) [34]. The inability of the hormone to induce full anabolism might
be explained by defective cAMP production [72] and survival signaling [12] induced by
PTH in osteoblasts lacking Cx43. Mechanistic studies showed that Cx43 interacts with 8-
arrestin, thereby removing the inhibitory effect of p-arrestin on cAMP downstream signaling
(Figure 2C). Association of Cx43 and p-arrestin occurs through phosphorylated serine 368
in the C-terminus tail of Cx43 and leads to decreased binding of p-arrestin to the PTH
receptor. This is another case in which the ability of Cx43 to interact with other molecules,
through specific phosphorylation sites in its cytoplasmic tail, regulates intracellular signaling
in osteoblastic cells.

Connexin43 and mechanotransduction

Cx43 is highly expressed in osteocytes, the cells ideally positioned to sense and transmit
signals induced by mechanical forces in the skeleton, as well as in osteoblasts. Mechanical
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stimulation has marked effects on Cx43-related functions in these two cell types. First, Cx43
expression is enhanced by loading in bones /n vivo as well as in cultured osteoblasts and
osteocytes [73-76]. Moreover, pulsatile fluid flow or substrate stretching increase gap
junction communication among osteocytic and osteoblastic cells and this phenomenon has
been proposed as a major way of transmission of signals among cells within the osteocyte
network [73, 74] (Figure 2D). More recent studies demonstrated that mechanical strain also
induces opening of Cx43 hemichannels in osteocytic cells, which is required for the release
of prostaglandin PGE2 [5, 29]. However, channels formed by P2x7 receptors and/or
pannexinl might are also involved in the release of PGE2 by mechanical stimulation [41,
77].

Regardless of the mechanism by which PGE2 is released by mechanical stimulation, fluid
flow inhibits glucocorticoid-induced apoptosis of osteocytic cells through activation of the
PGE2 receptors EP2/4 and activation of the cAMP/PI3K pathway [67]. More recent
evidence suggests that physical interaction of the C-terminus domain of Cx43 with a5 and
B1 integrins leads to activation of PI3K, which in turn is responsible for hemichannel
opening induced by mechanical stimulation [78]. This evidence is consistent with our earlier
studies showing that mechanical stimulation leads to engagement of integrins a5 and p1,
which in turn activate the kinases FAK/Src and the ERK pathway, promoting osteocyte
survival [79] (Figure 2D). Taken together with earlier studies demonstrating that unloading
by tail suspension leads to increased prevalence of osteocyte apoptosis [80], this evidence
suggests that mechanical forces prevent osteocyte apoptosis via PGE2 release through Cx43
hemichannels. Moreover, lack of survival effect of mechanical stimulation during normal
ambulatory conditions might explain the increased osteocyte apoptosis observed in mice
lacking Cx43 in osteoblasts/osteocytes or in osteocytes [30], as will be discussed below.

These /n vitrofindings suggest that Cx43 is a critical component of the mechanotransduction
machinery by which the skeleton responds to mechanical forces. Consistent with this, bone
formation on the endocortical surface of the tibia is attenuated in mice in which Cx43 was
deleted from preosteoblasts, osteoblasts and osteocytes (Collal-2.3kb), resulting from
reduced number of osteoblasts laying matrix (MS/BS) as well as activity of osteoblasts
(MAR) [81]. However, three different research groups demonstrated that mice lacking Cx43
from osteochondroprogenitors (Dermol), osteoblasts and osteocytes (OCN), or osteocytes
(DMP1-8kb) exhibit enhanced bone formation on the periosteal surface of long bones
instead of the anticipated decreased response to loading [46, 82] (Table 1). Periosteal bone
formation rate is higher in Cx43 deficient mice compared to the respective controls, mainly
due to an increased MS/BS. These findings are consistent with a differential regulation by
Cx43 function of the number and/or synthetic activity of osteoblasts depending on whether
they are located on the periosteal versus the endosteal surface of bone. The reasons for the
apparent discrepancy between the studies showing a requirement of Cx43 expression for
PGE?2 release induced by mechanical stimulation 7 vitro versus the enhanced periosteal
response to loading of mice lacking Cx43 are not known. However, Cox2 deficient mice
exhibit similar increased periosteal bone formation rate in response to loading than wild type
animals [83], demonstrating that PGE2 synthesis is not a prerequisite for anabolism and that
other molecules are involved at the periosteal surface. Among the potential mediators, the
inhibitor of bone formation sclerostin is downregulated by loading [84]; and its decrease is
essential for the anabolic response [76]. Mice lacking Cx43 indeed exhibit lower levels of
Sost/sclerostin [14, 30], opening then the possibility that activation of Wnt signaling under
basal conditions is the cause of the exaggerated response of these animals to mechanical
loading at the periosteal surface.

Deletion of Cx43 from osteoblastic cells also alters the response of the bone to reduced
mechanical forces. The decrease in cortical thickness due to endosteal resorption observed in
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wild type mice subjected to muscle paralysis is abolished in mice lacking Cx43 in
preosteoblasts, osteoblasts and osteocytes (Collal-2.3kb), whereas both type of mice
exhibit similar cancellous bone loss in the femur [85]. Hindlimb unloading also results in
differential effects in wild type versus osteoblast/osteocyte-specific Cx43 deletion (OCN)
[86], although in this case the attenuated response occurs in cancellous bone. The apparent
contradiction between the two studies might be due to the different means to reduce loading
of the skeleton (muscle paralysis versus hindlimb unloading), to the fact that preosteoblasts
lack Cx43 in one animal model and not in the other (Collal-2.3kb versus OCN) or to
differences in the genetic background of the mice (Cx43fl/- mixed C57BL/6-C129/J for
Collal-2.3kb mice versus Cx43fl/fl backcrossed to C57BL/6 for three generations for
OCN).

Osteocyte intrinsic actions of Cx43 regulating osteoclast and osteoblast

activity

A feature of mice in which Cx43 is deleted from osteocytes is the elevated prevalence of
apoptotic osteocytes and accumulation of empty lacunae in cortical bone, without changes in
cancellous bone (Figure 3A) [30]. Whether this differential effect on osteocyte apoptosis is
due to higher expression of Cx43 in murine cortical versus cancellous bone, as previously
suggested [14, 30], remains to be investigated. Increased osteocyte apoptosis is associated
with increased endocortical resorption and high periosteal bone formation in the femur, with
the consequent higher marrow cavity and total tissue areas measured in femoral mid-
diaphysis. Remarkably, similar geometrical changes are exhibited by mice lacking Cx43 in
osteochoprogenitors (Dermol), or in preosteoblasts, osteoblasts and osteocytes (Colla.1-
2.3kb) [14, 81], or in mature osteoblasts and osteocytes [30, 46]. Thus, removal of Cx43
from osteocytes [30] is sufficient to recapitulate the cortical bone phenotype observed in all
the models of Cx43 deletion in osteoblastic cells and their progenitors.

Blockade of endocortical resorption with bisphosphonates reversed the increased marrow
cavity and increased cortical bone area in mice lacking Cx43 in osteoblasts and osteocytes.
However, bisphosphonate treatment did not affect total tissue area (bone plus bone marrow).
These findings demonstrate that endocortical resorption and periosteal apposition are
independently regulated by Cx43 [30]. Indeed, anatomical mapping of apoptotic osteocytes,
osteocytic proteins and formation/resorption, revealed that Cx43 controls osteoclast and
osteoblast activity in separate areas of cortical bone and by different mechanisms (Figure
3B). Reduced expression of the inhibitor of bone formation sclerostin due to loss of
osteocytes was found close to periosteal surfaces exhibiting elevated bone formation.
Similarly, Sost expression is reduced in mice lacking Cx43 in osteochondroprogenitors [14].
On the other hand, the number of osteocytes expressing osteoprotegerin (OPG) was
decreased throughout cortical bone; and apoptotic osteocytes were preferentially located
adjacent to endocortical areas containing osteoclasts. These findings suggest that whereas
reduced OPG expression is a permissive event, osteoclast recruitment might require active
signaling from dying osteocytes. Cx43 deletion in cultured osteocytic cells resulted in
increased apoptosis, and increased RANKL and decreased OPG expression resulting in a
marked increase in RANKL/OPG ratio demonstrating a cell autonomous role of Cx43 in
osteocytes (Figure 3B) [30, 46].

In conclusion, although tissue/cell-restricted promoters rarely achieve absolute specificity
and efficiency, the current available mouse models of Cx43 deletion strongly suggest
distinct roles of Cx43 in osteoblastic cells at different stages of differentiation. Cx43
expression in osteoblast precursors is indispensable for bone development and bone mass
acquisition; Cx43 expression in osteoblast precursors, osteoblasts and osteocytes regulates
osteoclast development; and Cx43 expression in osteocytes maintains their viability.
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Development of novel models to target more specifically cells of the osteoblastic lineage, as
well as to directly remove Cx43 from osteoclasts, are required to increase our understanding
of the biology of Cx43 in bone cells. Moreover, inducible deletion of Cx43 is needed to
establish the role of the protein on the adult skeleton, independent of its influence on bone
development.

Connexin43 signaling and aging bone

Bones from Cx43-deficient mice exhibit features of bones from aging rodents and humans,
including elevated osteocyte apoptosis, exacerbated endosteal resorption and periosteal
expansion of long bones [87, 88]. Although Cx43 expression in bones or cells from old
rodents appears unaltered [89, 90]. However, PTH-induced gap junction communication is
reduced in old animals, suggesting defective Cx43 function. Osteoblastic cells from old
mice are also resistant to insulin-like growth factor-1 (IGF-1)-induced survival [91], even
when receptor expression and its binding ability are not decreased, suggesting defective
downstream signaling. Recent studies found that osteocytes lacking Cx43 are also refractory
to the survival effect of IGF-1 [92]. Cx43-deficient osteocytes also exhibit altered
expression of microRNA (miRs) miR21 and miR218, which are associated with regulation
of apoptosis in several cancer cells [93, 94]. These miRs control activation of Akt [95] and
NFxB [96], known mediators of IGF-1 survival signaling [97, 98]. This evidence raises the
possibility that resistance of osteoblasts/osteocytes to IGF-1 and/ or PTH signaling is due to
altered Cx43 function in aging. More research is warranted to confirm this hypothesis and to
determine whether miRs regulate osteocyte survival and/or play a role in skeletal aging
downstream of Cx43.

Other connexins and bone homeostasis

While Cx43 has received the most attention of all the skeletal connexins, other members of
this family of proteins are also expressed in bone cells. Cx46 and Cx45 are detected in
osteoblasts and osteocytes [44, 99, 100]. Cx46 localizes in the perinuclear region in
osteoblastic cells as monomers and does not form membrane channels [101]. Whether Cx46
has any function in osteoblast biology is not known. On the other hand, Cx45 functions as a
dominant negative for Cx43 actions, likely due to its ability to form heterochannels with
Cx43. This results in blockade of Cx43 actions, including gap junction communication,
osteoblast differentiation, and osteoblast and osteocyte survival [18, 32, 102]. Global Cx45
deletion is embryonically lethal due to defective vascular development and some Cx45*/~
embryos exhibit growth retardation [99]. However, the role of Cx45 per se on the skeleton
or the skeletal phenotype of the global Cx45*/~ mice or that of mice with bone specific
deletion of Cx45 have not been reported.

Polymorphisms in the Cx37 gene have been associated with bone mineral density in men
[103]. Recent evidence demonstrate that Cx37 is expressed in osteocytes and osteoblasts,
although its expression is higher in osteocytes [104]. Future studies are warranted to address
the potential role of Cx37 on bone homeostasis.

Conclusions and future directions

In conclusion, work of several investigators during the last fifteen years points towards a
role of Cx43 in bone cells that not only depends on its function as a gap junction protein.
Thus, Cx43 also forms hemichannels that open in response to pharmacological and
mechanical cues and, likely, to endogenous stimuli yet to be discovered. Opening of Cx43
hemichannels appears to be triggered by the interaction of Cx43 with other proteins, such as
phosphatases in the case of bisphosphonates, or integrins in the case of mechanical
stimulation. Moreover, the ability of Cx43 to act as a docking platform for signaling
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molecules, such as the Src kinase and B-arrestin, results in activation of the ERK/MAPK
pathway as well as in crosstalk with the PTH receptor/cAMP signaling pathway, leading to
modulation of biological outcomes in osteoblastic cells. In summary, Cx43 controls the
differentiation, activity, and survival of bone cells, impacting bone mass and bone
mechanical properties and geometry (Figure 4).

The current understanding of the pathophysiologic role of Cx43 in bone cells serves as the
foundation for developing new strategies to manipulate bone cell function with the final
therapeutic goal of improving bone mass and strength. It is expected that future approaches
will take advantage of function-specific tools to trigger gap junctions, hemichannels, or
scaffolding functions of Cx43 to achieve the desired outcomes. Understanding the
mechanism that mediates the control of osteoblast and osteoclast function by osteocytes
could provide new molecular targets to modulate bone formation and resorption. These
strategies will also shed light on the crosstalk between Cx43 and bone acting stimuli such as
PTH or IGF-1, and on the potential impact of Cx43 and associated pathways on the process
of skeletal aging. It is also anticipated that revealing the mechanisms that regulate the
balance between Cx43 and other connexins in bone cells will provide new means to control
bone cell viability and function, with the final goal of improving bone mass and strength.
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Figure 1. Connexin43, hemichannels and gap junction channels

(A) Schematic representation of a Cx43 molecule, showing the amino (NH5) and carboxy
(COOH) domains facing the cytoplasm and the 4 transmembrane domains. Six molecules of
Cx43 associate to form a connexon or hemichannel that might be expressed in unopposed
cell membranes; and 2 connexons expressed in neighboring cells align to form a gap
junction channel. (B) Cx43 expressed in osteoblasts, osteocytes and osteoclasts, forms gap
junction channels that allow inter-cellular communication and hemichannels that establish
communication between cells and the extracellular milieu. (C) Representative images of
OB-6 osteoblastic cells (confocal microscopy, upper panel) and MLO-Y4 osteocytic cells
(fluorescence microcopy, middle panel) transfected with Cx43 tagged with green fluorescent
protein; and MLO-Y4 osteocytic cells stained with anti-Cx43 antibody (bright field
microscopy, lower panel). Localization of Cx43 in areas of cell-cell contact (yellow arrows),
unopposed membranes (white and black arrows) and in the perinuclear area (red arrows) is
shown. Bars represent 20 um. The inset in the lower panel corresponds to an MLO-Y4
osteocytic cell stained with non-immune IgG as a negative control to demonstrate the
specificity of the anti-Cx43 antibody.
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Figure 2. Scaffolding function of connexin43 as aregulator of osteoblast and osteocyte survival
(A) Bisphosphonates induce the transient opening of non-junctional Cx43 hemichannels,
likely indirectly by binding to a phosphatase that interact with Cx43. Hemichannel opening
results in Src activation, followed by MEK and ERK phosphorylation, which in turn
activates survival signaling in osteocytes and osteoblasts. (B) Opening of Cx43
hemichannels by bisphosphonates results in the retention of activated ERKSs in the
cytoplasm through Cx43/B-arrestin (BA) interactions. This leads to phosphorylation of the
cytoplasmic ERK targets p90RSK, BAD and C/EBP. In contrast, ERKs activated by
estrogens translocate to the nucleus and activate transcription factors that promote survival.
(C) Cx43 sequesters pB-arrestin (BA) away from the PTHRL1, facilitating CAMP/PKA.-
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mediated downstream signaling promoting osteoblast survival. (D) Mechanical stimulation
induces a5plintegrin engagement, followed by FAK/Src/ERK activation. Association of
integrins with Cx43 opens the hemichannels. Release of PGE2 through the hemichannels
induces autocrine/paracrine signaling through the EP2/4 prostaglandin receptor, CAMP/PI3K
activation and inhibition of apoptosis.
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Figure 3. Cell Autonomous requirement of Connexin43 for osteocyte survival and control of
osteoblast and osteoclast activity

(A) Transmission electron micrographs showing apoptotic and empty lacunae in bones from
Cx437/=;0CN-cre mice lacking Cx43 in osteoblasts and osteocytes. Scale bars indicate 2
um. (B) Increased osteocyte apoptosis in mice lacking Cx43 from osteocytes regulates
periosteal apposition and endocortical resorption in cortical bone, by separate mechanisms.
Accumulation of empty lacunae adjacent to periosteal surfaces results in decreased
sclerostin expression and enhanced bone formation. Apoptotic osteocytes trigger osteoclast
recruitment and decreased expression of osteocytic OPG is a permissive event, leading to
enhanced resorption on the endocortical surface.

Bone. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Plotkin and Bellido Page 22

hormones/growth factors

bisphosphonates (PTH, IGF-1, FGF-2) mechanical forces
osteoblast differentiation/ osteoclast differentiation/
bone formation bone resorption

osteoblast and osteocyte survival

Figure 4. Connexin43 as a mediator of pharmacologic, hormonal and mechanical stimuli
Cx43 is a key component of intracellular machinery responsible for signal transduction in
bone in response to pharmacologic, hormonal, and mechanical stimuli.
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Phenotype of mice with deletions or mutations of Cx43
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M ouse model Deletion/mutation Challenge Phenotype

Cx437- global delayed skeletal mineralization
altered osteoblast gene expression

Cx43*/G138R (ODDD) global craniofacial abnormalities

reduced cancellous bone volume

Dermol-cre;Cx43f/fl

osteochondro progenitors

low bone mass

delayed mineralization

increased endocortical resorption and femoral
cortical thinning

reduced mechanical strength

increased periosteal and decrease endocortical
bone formation

reduced expression of osteoblastic and osteocytic
genes, and OPG

increased osteoclast formation

Dermol-cre;Cx43*f(G138R) (ODDD)

osteochondro progenitors

low bone mass

Collal-2.3kb-cre;Cx43fl-

osteoblast precursors

reduced body weight

decreased BMD

reduced cancellous bone volume

delayed osteoblast differentiation

reduced expression of osteoblastic and osteocytic
genes

reduced homing and engraftment of
hematopoietic stem cells

intermittent PTH

attenuated response

tibia 3-point bending

attenuated endocortical response

OCN-cre;Cx43ffl

mature osteoblasts

no overt changes in BMD

increased endocortical resorption without femoral
cortical thinning

reduced bone material strength

increased endocortical resorption and periosteal
apposition

increased bone resorption markers in young mice
and reduced

bone formation markers in adult mice

increased osteocyte apoptosis in cortical bone

bisphosphonates

lack of anti-apoptotic effect in osteoblasts and
osteocytes

tibia loading

enhanced periosteal bone formation

femoral fracture

impaired bone formation and resorption

DMP1-8kb-cre;Cx43fifl

osteocytes

no change in BMD

increased endocortical resorption without femoral
cortical thinning

increased bone formation markers

increased RANKL/OPG ratio and reduced
expression of sclerostin

increased osteocyte apoptosis in cortical bone

ulna loading

enhanced periosteal bone formation
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