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Summary

Connexins are essential for  the
communication of cells among themselves
and with their environment. Connexin
hexamers assemble at the plasma membrane
to form hemichannels that allow the exchange
of cellular contents with the extracellular
milieu. In addition, hemichannels expressed in
neighboring cells align to form gap junction
channels that mediate the exchange of
contents among cells. Connexin 43 (Cx43) is
the most abundant connexin expressed in
bone cells and its deletion in all tissues leads
to osteoblast dysfunction, as evidenced by
reduced expression of osteoblast markers
and delayed ossification. Moreover, Cx43 is
essential for the survival of osteocytes; and
mice lacking Cx43 in these cells exhibit
increased prevalence of osteocyte apoptosis
and empty lacunae in cortical bone. Work of
several groups for the past few years has
unveiled the role of Cx43 on the response of
bone cells to a variety of stimuli. Thus, the
preservation of the viability of osteoblasts and
osteocytes by the anti-osteoporotic drugs
bisphosphonates depends on  Cx43

expression in vitro and in vivo. This survival
effect does not require cell-to-cell
communication and is mediated by
unopposed hemichannels. Cx43 hemichannels
are also required for the release of
prostaglandins and ATP by osteocytes
induced by mechanical stimulation in vitro.
More recent evidence showed that the cAMP-
mediated survival effect of parathyroid
hormone (PTH) also requires Cx43
expression. Moreover, the hormone does not
increase bone mineral content in mice
haploinsufficient for Cx43 or lacking Cx43 in
osteoblastic cells. Since inhibition of
osteoblast apoptosis contributes, at least in
part, to bone anabolism by PTH, the lack of
response to the hormone might be due to the
requirement of Cx43 for the effect of PTH on
osteoblast survival. In summary, mounting
evidence indicate that Cx43 is a key
component of the intracellular machinery
responsible for the transduction of signals in
the skeleton in response to pharmacologic,
hormonal and mechanical stimuli.
Key words: connexin43,
osteocyte, apoptosis, bone.

osteoblast,

* Direccion postal: Dept. Anatomy & Cell Biology, Indiana University School of Medicine. 635 Barnhill Drive MS 5035,
Indianapolis, IN 46202-5120. USA. Correo electrdnico: Iplotkin@iupui.edu

Actualizaciones en Osteologia, VOL. 7 - N° 2 - 2011

79



Resumen

CONEXINA 43 Y HUESO: NO SOLO UNA
PROTEINA DE LAS UNIONES GAP

Las conexinas son esenciales para la comuni-
cacioén de las células entre ellas mismas y con
el medio que las rodea. Hexameros formados
por conexinas se sitlan en la membrana plas-
matica, constituyendo los llamados hemica-
nales que permiten el intercambio de compo-
nentes celulares con el medio extracelular.
Ademas, hemicanales expresados en células
vecinas se alinean para formar uniones gap
que participan en el intercambio de moléculas
entre las células. La conexina 43 (Cx43) es el
miembro mas abundante de la familia de las
conexinas en hueso y su remocion de todos
los tejidos lleva a la disfuncion de los osteo-
blastos, como se evidencia por la disminucion
en la expresion de marcadores osteoblasticos
y el retraso en la osificacion. Mas aun, la Cx43
es esencial para la viabilidad de los osteoci-
tos; y ratones deficientes en Cx43 en estas
células exhiben aumento de la prevalencia de
osteocitos apoptoticos y lagunas vacias en el
hueso cortical. Trabajos realizados por varios
grupos durante los ultimos afos han revelado
la participacién de la Cx43 en la respuesta de
las células 6seas ante una variedad de esti-
mulos. En particular, el efecto antiapoptético
sobre los osteoblastos y osteocitos de los
bisfosfonatos depende de la expresién de
Cx43 in vitro e in vivo. Este efecto no necesi-
ta la comunicacién célula-célula'y es mediado
por hemicanales. Los hemicanales de Cx43
también son necesarios para la liberacion de
prostaglandinas y ATP en osteocitos someti-
dos a estimulacién mecanica. Estudios mas
recientes han mostrado que el efecto la hor-
mona paratiroidea (PTH) en la preservacion
de la viabilidad de los osteoblastos mediado
a través de la produccién de AMP ciclico tam-
bién es dependiente de la expresidon de Cx43.
Mas aulin, administracién de PTH no resulta en
un aumento en el contenido mineral éseo en
ratones hemicigotas para Cx43 o deficientes
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de Cx43 en células del linaje osteoblastico.
Debido a que la prevencién de la apoptosis
de los osteoblastos contribuye, por lo menos
parcialmente, al efecto anabdlico de la PTH,
la falta de respuesta a la hormona puede
deberse al rol de la Cx43 en el efecto de PTH
en la sobrevida de los osteoblastos. En sinte-
sis, existe abundante evidencia que indica
que la Cx43 es un componente clave de la
maquinaria intracelular responsable de la
transduccién de sefiales en el hueso en res-
puesta a estimulos farmacolégicos, hormona-
les y mecanicos.

Palabras claves: conexina 43, osteoblastos,
osteocitos, apoptosis, hueso.

Introduction

Bone cells communicate with each other to
properly respond to hormonal and mechanical
stimuli. One of the mechanism by which cells
this communication is achieved is through
gap junctions - clusters of channels that open
only transiently and allow the exchange of
small (<1 kDalton) molecules between
adjacent cells." A gap junction channel is
formed by two hemichannels provided by
each adjacent cell; and each hemichannel is
composed of six molecules of connexin
(Figure 1). Hemichannels are also present in
unopposed cell membranes and their opening
allows exchange of cytoplasmic contents with
the extracellular fluid.?® Besides its
participation in gap junctions and
hemichannels, Cx43 might affect cellular
functions by interacting with structural and
signaling intracellular molecules (summarized
in Table 1). The majority of these interactions
are localized in areas of the cytoplasmic C-
terminal tail of Cx43, which does not
participate in channel formation.** Moreover,
it has been shown that the C-terminus domain
of Cx43 (in the absence of channel forming
domains of the protein) can inhibit cell
proliferation when transfected to Hela or
HEK293 cells,®” or to human glioma cells, in
which it also increases cell migration.?

Early studies on bone sections and isolated
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Figure 1. Hemichannels and gap junction channels formed by connexins. Cx43 is a transmembrane
protein that forms hexamers on the cell membrane, known as hemichannels. Two hemichannels from

opposing cells align to form a gap junction channel.

bone cells showed that gap junctions and
connexins are expressed in all the cells types
in bone including pre-osteoblasts,
osteoblasts, osteocytes and osteoclast.?'®
This manuscript reviews the evidence

collected during the past years pointing
towards Cx43 as an essential component of
signaling pathways activated in osteoblasts
and osteocytes.

Table 1. Molecules that interact with Cx43

caveolin-1 and 3 *#
tight junction protein ZO-1 *
N-cadherin ®

Structural

a-catenin ®

tubulin *
drebrin

Src *
PKA ¢

Kinase / phosphatase

PKC vy, ¢ and d *#
Receptor protein tyrosine phosphatase u *

Growth suppression

Cell motility

CCNS/NOV *

ephrin

Nedd4, Eps15 ®

Protein turnover

CIP75 #
Scaffolding 14-3-3
B-arrestin 4
Cox-2 ¢
Other Hsp90 and TOM *

p-catenin ®
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Connexin 43 and bone

The connexin family comprises approximately
21 proteins that exhibit high homology.® Each
connexin molecule is formed by 4
transmembrane domains, 2 extracellular and
1 intracellular loop, and N-terminus and C-
terminus tails (Figure 1). Among the members
of the connexin family, Cx43, is the most
highly expressed in bone cells, although Cx45
and Cx37 have also been detected.'™"
Inhibition of connexin channel opening or
reduced Cx43 function leads to reduced
expression of osteoblast specific genes '8
and to decreased osteoclast precursor fusion
and osteoclastic bone resorption in vitro.?*#
Mice lacking Cx43 ubiquitously die within
hours after birth due to cardiac malformations
precluding the study of the adult skeleton.?
Nevertheless, neonatal bones exhibit delayed
ossification and osteoblastic cells show low
expression of osteoblast markers and
deficient mineralization compared to wild type
cells.?* Similarly, immortalized calvaria cells
derived from Cx437" mice show delay
differentiation and mineralization in culture.?® In
addition, mice expressing ubiquitously Cx43
mutants associated with oculodentodigital
dysplasia (ODDD), which is unable to form
gap junctions and acts as dominant negative
for wild type Cx43, exhibit low bone mass and
decrease bone strength.?*?® Moreover, mice in
which Cx43 was deleted exclusively from
osteochondroprogenitor cells (by using the
Dermo1 promoter) have a severe phenotype,
with decreased trabecular bone mass and
cortical thickness.? In contrast, deletion of
Cx43 from early osteoblastic cells expressing
the 2.3 kb fragment of the collagenial
promoter (Cx43"-;ColCre mice) have a less
pronounce phenotype, with mild reduction in
bone volume, osteoblast number and bone
mass, when compared to control littermates
up to 6 months of age.* Furthermore, we
have found that mice in which Cx43 has been
deleted specifically in mature osteoblasts and
osteocytes by expression of the Cre
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recombinase under the control of the human
osteocalcin promoter (Cx43";0CNCre mice)
exhibit indistinguishable growth, body weight
and bone mass (at least between 2 and 4.5
month of age), when compared to littermates
expressing Cx43 in osteoblasts and
osteocytes.?' Consistent with the requirement
of Cx43 expression in early progenitors, but
not mature osteoblast, for full skeletal
development, a Cx43 ODDD mutant only
prevents osteoblast differentiation when
present as a germline mutation and not when
it is expressed after osteoblast commitment.®
Overall, these findings indicate that Cx43
expression in osteoblast precursors (but not
mature osteoblasts or osteocytes) is required
for normal development of the skeleton.

In addition to Cx43 participation in cell-to-cell
communication, we and others have shown
that osteoblasts and osteocytes express
functional hemichannels that allow the
communication of the cells with the
extracellular medium.®** This evidence,
together with findings in other cell types,®*¢
indicate that connexin hemichannels have
physiological functions, in addition to be an
intermediate in the formation of gap junction
channels.® Moreover, Cx43 might also
function as a scaffold, necessary for the
transduction of intracellular signaling. Indeed,
the interaction of Src with Cx43 is required for
the anti-apoptotic effect of the anti-
osteoporotic drugs bisphosphonates on
osteoblasts and osteocytes ** and Cx43
interacts with p-arrestin to modulate
parathyroid hormone (PTH) signaling (40).
Another protein that interacts with the C-
terminal domain of Cx43 is the
nephroblastoma overexpressed gene
CCNB3/NQV, a cell growth suppressor that in
turn may be responsible for the tumor
suppressor properties of Cx43 over-
expression.**"* Whether Cx43 is involved in
the reported effects of CCN3/NOV on
osteoblastogenesis and BMP and Wnt
signaling remains unknown.*
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Connexin 43 and osteoblast and osteocyte
survival induced by bisphosphonates

In addition to inhibiting osteoclast function,
the recognized mechanism by which
bisphosphonates stop bone loss, these
agents prevent apoptosis of osteoblasts and
osteocytes,*” via a mechanism different from
inhibition of the mevalonate pathway or
conversion into toxic metabolites, the
mechanisms of action of bisphosphonates on
osteoclasts (Figure 2).** Thus, anti-apoptosis
by bisphosphonates is observed at
concentrations about 3 orders of magnitude
lower than those required to promote
osteoclast apoptosis in vitro.****® Moreover,
the anti-apoptotic effect of bisphosphonates
on osteoblasts and osteocytes is exerted not
only by traditional bisphosphonates but also
by compounds such as 1G9402 that do not
affect osteoclasts and do not inhibit the
mevalonate pathway.*549-5®

Mechanistic studies demonstrated that
bisphosphonates induce the opening of Cx43
hemichannels, but do not affect gap
junctions, leading to activation of the survival
kinases ERKs in osteoblasts and osteocytes
(Figure 3).%* Cx43, but not other connexins,
confers the anti-apoptotic response to
bisphosphonates. Similar to other ERK
activators, bisphosphonates induce activation
of the kinase Src. However, unlike most ERKs
activating stimuli that induce nuclear

bisphosphonates

inhibi

osteoclast
apoptosis

osteoblast/osteocyte
survival

Figure 2. Bisphosphonates actions in osteo-
clasts and osteoblasts/osteocytes. The anti-
osteoporotic drugs bisphosphonates exert oppo-
site actions on osteoclasts and osteoblast/osteo-
cytes, by modulating distinct signaling pathways in
these two cell types.
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Figure 3. Model for bisphosphonate action in
osteoblasts and osteocytes. Bisphosphonates
prevent osteoblast and osteocyte apoptosis by a
novel mechanism that involves the phosphorylation
of cytoplasmic targets of the kinases ERKs and is
independent of new gene transcription.

accumulation of the kinases, bisphosphonate-
activated ERKs are retained outside the
nucleus. This leads to the activation of the
cytoplasmic ERK substrate p9QReK, 3354

We found that bisphosphonates increase the
association of Cx43 with p-arrestin, a
scaffolding protein that binds to clathrin, and
via this association, induce G protein-coupled
receptor internalization and cell desensitization
to the corresponding agonist. In addition, p-
arrestins associate with signaling molecules,
and modulate cell motility, chemotaxis and
apoptosis.®®* Moreover, recent evidence
indicates that p-arrestins are responsible for
cytoplasmic retention of ERKs and inhibition of
the activation of ERK nuclear targets induced by
some ligands of G protein-coupled receptors.®
% Consistent with a role of B-arrestins in
bisphosphonate-induced extranuclear retention
of ERKs, cytoplasmic retention of ERKs and
anti-apoptosis induced by the drugs are
abolished in cells expressing a dominant
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negative form of p-arrestin that prevents the
interaction of endogenous p-arrestin with
clathrin.®® Based on this evidence, we
propose that opening of Cx43 hemichannels
by bisphosphonates results in the formation
of a complex containing Cx43, ERKs, -
arrestin and clathrin (Figure 3). This complex
is responsible for the retention of ERKs
outside the nucleus, leading to activation of
the cytoplasmic target of ERKs p90RsK
followed by phosphorylation of BAD and
C/EBP, resulting in osteoblast and osteocyte
survival.

Connexin 43 and signaling elicited by
mechanical forces

Studies of the last decade have shown that
Cx43 is a target of, and mediate the effect of
mechanical stimulation in osteoblastic cells.
Thus, mechanical loading increases Cx43
expression in osteoblasts and osteocytes in
vitro and in murine tibiae in vivo,®* and
increases gap junction communication and
leads to opening of Cx43 hemichannels in
Vitro.®5%%®! |t has been also shown that Cx43
expression and opening of hemichannels are
required for mechanical stimulation-induced
release of 2 in osteocytic cells,**% which may
be involved in the anabolic effect of
mechanical forces on the skeleton.®* More
recent evidence suggests that ATP release
through Cx43 hemichannels and the
consequent stimulation of purinergic receptor,
rather than direct release of 2 through the
hemichannels, is required for 2 release
induced by mechanical stimulation in
osteocytic cells.®” Taken together, these
pieces of evidence suggest that the response
to mechanical stimulation depends on Cx43
expression. Consistent with this, Cx43""
;ColCre mice deficient in Cx43 in osteoblasts
and osteocytes, exhibit an attenuated
response to the anabolic action of mechanical
stimulation.® Thus, loading of the tibia
resulted in significantly lower increase in
endocortical bone formation rate and mineral
apposition rate in Cx43"-;ColCre mice, as
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compared to wild type littermates. However,
the mechanism by which Cx43 mediates the
response to mechanical loading remains
unknown.

Connexin 43 and PTH signaling

Daily injections of PTH increase osteoblast
number and bone mass.®*™ Studies in mice
have shown that the increase in osteoblast
number in cancellous bone is due, at least in
part, to inhibition of osteoblast apoptosis.”
Similarly, PTH related protein (PTHrP), the
other ligand of the PTH1 receptor, as well as
constitutive activation of this receptor in
transgenic mice, also increases osteoblast
number and decreases the prevalence of
osteoblast apoptosis.’”*™ This anti-apoptotic
effect of PTH and PTHrP have been
reproduced by us and others in murine and
human  osteoblastic cell lines.”""s""
Mechanistic studies showed that the anti-
apoptotic effect of PTH on osteoblasts
requires the activation of the cAMP/PKA
pathway, the phosphorylation of the pro-
apoptotic protein BAD and the activity of the
transcription factors and Runx2.7" Strikingly,
PTH does not prevent apoptosis in osteoblastic
cells expressing dominant negative forms of
Cx43 or in which Cx43 expression was silenced
using small hairpin RNA.** Moreover, the
response to PTH on cAMP production is
blunted in osteoblastic cells in which Cx43
expression has been reduced using anti-
sense cDNA.” Cx43 expression appears to be
required to obtain a full anabolic response to
intermittent PTH administration in mice.®*™
Thus, PTH does not increase bone mass,
bone formation and osteoblast number when
administered to heterozygous Cx43 deficient
mice (Cx43+*). Consistent with this,
intermittent PTH administration does not
increase bone mineral content in mice lacking
Cx43 in osteoblastic cells.*® Taken together,
these pieces of evidence suggests that
intermittent PTH administration does not
result in a full anabolic response in mice
lacking Cx43 due to the inability of the
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hormone to prevent apoptosis of osteoblastic
cells in the absence of Cx43. Further studies
are required to address this possibility.

Conclusion

Mounting evidence suggests the importance
of Cx43 for the development and function of
several cell types, including bone cells. In
addition to its well-recognized function in cell-
to-cell communication, Cx43 hemichannels
are also active in unopposed plasma
membranes, mediating the exchange of
molecules between the cells and the
extracellular milieu.*® Small molecules
released through hemichannels might
transmit signals from one cell to others in the
vicinity, without requiring direct cell-to-cell
contact. Cx43 exhibits also channel
independent functions, acting as a scaffolding
protein with the ability to foster interactions
among molecules of different signaling
pathways, thereby regulating intracellular
signaling.?® The importance of Cx43
expression in bone has been demonstrated
by the phenotype of embryos of Cx43 null
mice.* However, the role of Cx43 and, in
particular Cx43 hemichannels, in the
response of bone to different stimuli, is far
from being completely understood. We
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propose that Cx43 has a central role in the
response of the skeleton to pharmacologic,
hormonal and mechanical stimuli (Figure 4).
Understanding the mechanism of the
contribution of Cx43 on the effect of bone-
acting stimuli will provide new opportunities
to improve the treatment of conditions with
increased bone fragility.

(Recibido: junio de 2011. Aceptado: junio de
2011)
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