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Abstract

Connexin43 (Cx43) containing gap junctions play an important role in bone homeostasis, yet little
is known about the second messengers communicated by Cx43 among bone cells. Here, we used
MC3T3-E1 pre-osteoblasts and UMR106 rat osteosarcoma cells to test the hypothesis that cAMP
is a second messenger communicated by bone cells through Cx43 containing gap junctions in a
manner that is sufficient to impact osteoblast function. Overexpression of Cx43 markedly
enhanced the activity of a cAMP-response element driven transcriptional luciferase reporter (CRE-
luc) and increased phospho-CREB and phospho-ERK1/2 levels following expression of a
constitutively active Gsa or by treatment with prostaglandin E2 (PGE2), 3-Isobutyl-1-methyl
xanthine (IBMX) or forskolin. The Cx43-dependent potentiation of signaling in PGE2 treated cells
was not accompanied by a further increase in CAMP levels, suggesting that the cAMP was shared
between cells rather than Cx43 enhancing CAMP production. To support this, we developed a
novel assay in which one set of cells expressing constitutively active Gsa (donor cells) were co-
cultured with a second set of cells expressing a CRE-luc reporter (acceptor cells). Using this assay,
activation of a CRE-luc reporter in the acceptor cells was both Cx43- and cell contact-dependent,
indicating communication of CAMP among cells. Finally, we showed that Cx43 increased the
cAMP-dependent mMRNA expression of receptor activator of nuclear factor kappa B ligand
(RANKL) and enhanced the repression of the sclerostin mRNA, implying a potential mechanism
for the modulation of tissue remodeling. In total, these data demonstrate that Cx43 can
communicate cAMP between cells and, more importantly, that the communicated cCAMP is
sufficient to impact signal transduction cascades and the expression of key bone effector molecules
between interconnected cells.
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1. Introduction

Cell-to-cell transfer of small molecules through gap junctions regulates diverse biologic
processes (1,2). The size and charge selectivity of the small molecules that can be
communicated by gap junctions is dictated by the connexin composition of the channel. A
connexin is the monomeric protein subunit of a gap junction, and six connexin monomers
form a hemichannel. When hemichannels on adjacent cells dock, they form a gap junction
channel that interconnects the two cells.

In bone, the gap junction-dependent intercellular communication of signals is important to
tissue function (3—6). Indeed, bone is formed through the coordinated action of hundreds of
connexin expressing osteoblasts, acting in concert to lay down a collagen-rich extracellular
matrix that subsequently becomes mineralized. An elaborate network of gap junction-
expressing osteoblasts and osteocytes (7—9) plays an important role in the activation of both
the osteoblast and the bone resorbing osteoclasts (10). Numerous studies have implicated
Cx43-containing gap junctions in a complex array of biologic responses that influence bone
quality /n vivo, including regulation of mechanosensitivity, hormonal and growth factor
responsiveness, and control of the balance of bone resorption and bone formation (3—5,11).
Despite the array of Cx43-sensitive affects on osteoblast and osteocyte function, little is
known about the specific, biologically relevant molecules that are being communicated
throughout this cellular network to impact bone homeostasis.

Previous studies have shown in relatively non-physiological contexts (e.g., CAMP added via
patch pipet or photo-release of caged cAMP) that the biophysical properties of Cx43 permit
the passage of cCAMP between cells (12,13). However, whether or not Cx43-dependent
communication of cCAMP occurs at a level sufficient to elicit a biological response in
coupled bone cells has not been demonstrated. Similarly, PGE2 has been shown to regulate
the abundance of Cx43 in bone cells (14—17), but whether or not cAMP produced by PGE2
is then communicated through this gap junction-coupled network of cells and is capable of
eliciting a biological response has not been explicitly tested. Indeed, if CAMP is a
biologically relevant second messenger that permits coordination of osteoblast activity, then
it is essential that not only must cAMP pass between gap junction coupled cells but also
must impact signaling and cell function. Here, we identify cAMP as a biologically relevant
second messenger communicated by bone cells via Cx43 containing gap junctions. Further,
we show that Cx43-dependent communication of CAMP impacts the expression of sclerostin
and RANKL, two critically important factors for the regulation of bone homeostasis.

2. Materials and methods

2.1. Chemicals, Antibodies and Reagents

Prostaglandin E2 (PGE2), 3-1sobutyl-1-methyl xanthine (IBMX) and H89 dihydrochloride
were purchased from Sigma. Forskolin was purchased from Calbiochem. Tissue culture
media and fetal bovine serum were purchased from Hyclone. Antibodies were purchased as
follows: rabbit anti-connexin43 (#C6219) antibody was purchased from Sigma; rabbit anti-
phospho-CREB (Ser133, #9198), total-CREB (#9197), rabbit anti-phospho-ERK1/2
(Thr202/Tyr404; #9101), rabbit anti-total-ERK1/2 (#9102) and horseradish peroxidase-
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conjugated secondary antibodies were purchased from Cell Signaling Technology. The
mouse anti-GAPDH antibody (#MAB 374) was purchased from Millipore. All other
chemicals were purchased from Sigma, unless indicated otherwise.

2.2. Cell Culture

MC3T3-E1 clone 4 mouse pre-osteoblasts and UMR106 rat osteosarcoma cells were
purchased from the ATCC. UMRZ106 cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin, and 50 pg/ml gentamycin. MC3T3 cells were cultured as previously described
(18). Gja1Tox/flox mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA) and maintained in the animal care facility at the University of Maryland School of
Medicine. All animal studies were performed with approval by the Animal Care and Use
Committee at the University of Maryland School of Medicine. Primary murine osteoblasts
were isolated from the long bones of 4 week old Gja1¥flox mice by collagenase digestion,
as described previously (19,20). To facilitate Cx43 gene deletion, cells were transduced with
an eGFP adenovirus (Ad-GFP) or a Cre recombinase expressing adenovirus (Ad-Cre) at an
moi of 5 in the presence of tissue culture grade poly-I-lysine (0.5 pg/ml). Cells were
maintained in a tissue culture incubator at 37°C, 5% CO,. Media was replaced every 2-3
days and cells were passaged upon reaching confluence. Cell viability was routinely
monitored by a CCK-8 (cell counting kit-8) assay (Dojindo), as described previously (21).

2.3. Plasmids

The constitutively active pcDNA3.1-Gsa long Q227L plasmid, which has reduced GTPase
activity resulting in a constitutively active function, was obtained from the Missouri S&T
cDNA Resource Center. pcDNA3 was purchased from Invitrogen. The cAMP-response
element luciferase reporter plasmid (CRE-Luc) was obtained from Clontech. The pSFFV-
Cx43 construct, which contains the full-length rat Cx43 open reading frame cloned into the
EcoR1 site of the pSFFV-neo plasmid, was provided by Dr. Thomas Steinberg (Washington
University, St Louis, MO). The pSFFV-neo empty vector (22) was provided by Dr. Gabriel
Nunez (University of Michigan, Ann Arbor, MI). The pSFFV-Cx43 G138R was generated
by Mutagenex from the pSFFV-Cx43 backbone vector, by a G>C mutation at nucleotide 608
(NCBI Reference Sequence: NM_012567.2). We find that the use of the pSFFV-neo vector,
which has modest level of expression relative to CMV/CAG based expression vectors,
generates more consistent responses than more robust overexpression vectors. Further,
unlike pSFFV-Cx43, we have routinely observed that using stronger promoters (CMV/CAG)
to drive Cx43 have effects that mimic loss of function rather than gain of function with
respect to signaling and gene expression (data not shown). We have observed similar effects
of modest Cx43 expression in human synovial cells (23). The promoterless pRL-null vector
was from Promega. The PKI plasmid was provided by Dr. Raymond Penn (Thomas
Jefferson University, Philadelphia, PA) (24). The cAMP responsive nano-lantern
luminescence reporter plasmid Nano-lantern(cAMP-1.6)/pcDNA3 was a gift from Takeharu
Nagai (Addgene plasmid # 53594) (25). Plasmid DNA was prepared using either a
PureYield endotoxin-free plasmid maxi prep kit (Promega) or a HiSpeed maxi prep kit

(Qiagen).
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2.4. Transient Transfections

One day prior to transfection, cells were seeded at 25,000-30,000 cells/cm? in the
appropriate multiwell tissue culture plate. Cells were co-transfected with up to three
plasmids with JetPrime reagent (Polypus), according to manufacturer's directions. Luciferase
reporter plasmids were used at 0.13 pg/cm?2. The Cx43 expression vector (pSFFV-Cx43) and
its negative control (pSFFV-neo) were used at 0.27 pug/cm?. The constitutively active Gsa
plasmid (pcDNA3.1- Gsa long Q227L) and empty pcDNA3 vectors were used at 0.13
Hg/cm2. JetPrime reagent was added at 4:1 ratio (ul JetPrime:pg of DNA).

Cell treatments were begun 48 hours post-transfection. Where indicated, cells were pre-
treated for 30 minutes with H89 (10 uM) prior to exposure to PGE2 (2 uM, 4 hours),
forskolin (10 uM, 4 hours) or IBMX (1 mM, 4 hours). Subsequently, the cells were rinsed in
Hank's balanced salt solution (HBSS) and then lysed in 1x passive lysis buffer (Promega).
Luciferase activity in the lysate was then monitored on a Berthold Centro LB960
luminometer, as described previously (26). Transfection efficiency was routinely monitored
by co-transfection with a promotorless renilla luciferase construct (pRL-null) using a dual
luciferase assay (27). For calcium free culture conditions, cells were placed in calcium free-
Ringer's solution (10mM HEPES, 140 mM NaCl, 4 mM KCI, 1 mM MgSQOg4, 10 mM
glucose, 5 mM NaHCOg, pH 7.4) and loaded with BAPTA-AM (10 uM) just prior to
treatment with PGE2 (2 uM, 4 hours). Experiments were conducted on six replicate wells
and repeated a minimum of three times. Data from a representative experiment are shown.

2.5. Modified Parachute Assay

This assay is a modified version of the classic gap junction assay known as the parachute
assay. The original parachute assay for gap junctions used a population of “donor” cells that
were loaded with calcium green AM ester, a gap junction permeable, low molecular weight
fluorescent dye (28,29). The donor cells were then seeded onto a monolayer of unlabeled
“acceptor” cells, and gap junction communication determined by the diffusion of the
calcium green from the donor cell to the acceptor cell. In our variation, we co-transfect the
donor cells (UMR106) with the pcDNA3.1- Gsa long Q227L plasmid and pSFFV-neo
(empty vector) or pSFFV-Cx43. Acceptor cells were co-transfected with a CRE-luc reporter
plasmid and pSFFV-neo or pSFFV-Cx43. Forty-eight hours post-transfection, the cells were
rinsed in HBSS, trypsinized and co-cultured at a 1:2 donor:acceptor cell ratio in a 48-well
plate, and incubated for 24 hours. The cells were then rinsed twice with HBSS and lysed in
reporter lysis buffer and luciferase activity measured as above. To ensure that gap junction
communication was involved in the communication of signals from the donor cells to the
acceptor cells, the experiment was repeated with acceptor cells seeded in the well of a
multiwell plate and the donor cells seeded into a transwell chamber (Corning Life Sciences,
5 um pore size), which shared the tissue culture media, but prevented direct cell-to-cell
contact. These experiments were performed in sample size of six per group and repeated a
minimum of three times.

In parallel, we performed an immunofluorescence-based version of this modified parachute
assay. MC3T3 cells were separated into donor and acceptor cell populations and transfected
with or without Cx43 and Gga, as indicated. Forty-eight hours post-transfection, the donor
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cell population was stained with Dil and then seeded onto a confluent monolayer of the
acceptor cells. Immunofluorescence for phospho-CREB was performed to examine
activation of signaling in the acceptor cells, as described (30). To quantify positive signals,
the phospho-CREB staining image (12-bit) was converted into a binary image using a
threshold value of 780. The number of objects above this threshold (size range from 0.004 to
0.4 mm) was quantified using Nikon NIS Elements software (v4.3). Data are from three
fields of view per slide and three slides per group.

2.6. Western Blotting

Whole cell extracts were prepared using modified RIPA buffer containing 50 mM Tris, pH
8.0, 150 mM NaCl, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 10 mM B-
glycerophosphate, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS and 1X HALT protease and phosphatase inhibitor cocktail (Thermo Scientific) as
described (31,32). Equal amounts of cell lysates were electrophoresed on SDS-PAGE gels
and transferred to PVDF membranes. Membranes were blocked in 5% non-fat dry milk in
phosphate buffered saline containing 0.1% Tween-20 and probed with primary and
secondary antibodies as described previously (23). After incubation in ECL detection
reagent (Clarity ECL Western Blotting Reagent, Bio-Rad), blots were imaged and analyzed
using an EpiChem gel documentation system (UVP Bio imaging Systems). Quantitation of
western blots was performed using ImageJ software (Fiji v2.0).

2.7. CAMP ELISA Assay

Cyclic AMP ELISA kits were purchased from Cayman Chemicals. Briefly, cells were
transfected with pSFFV-neo or pSFFV-Cx43. Forty-eight hours post-transfection, the cells
were treated with vehicle (0.1% ethanol) or PGE2 (2 pM, 4 hours). Subsequently, the cells
were incubated in 0.1 M HCI for 20 minutes at room temperature, scraped and pelleted by
centrifugation. The cAMP levels in the resultant cell supernatants were determined
according to manufacturer's directions using a pQuant spectrophotometer (Biotek). Data
were determined by comparison to known concentrations of cCAMP standards.

2.8. RNA Isolation and Quantitative Reverse Transcription and Real-Time PCR

RNA extraction was done by Directzol RNA mini prep (Zymo). RNA was reverse
transcribed with iScript (BioRad) reverse transcription master mix, according to the
manufacturer directions. Quantitative real time PCR was carried out by SYBR green master
mix from Quanta using an Applied Biosystems 7300 sequence detection system. A melting
curve was performed to ensure amplification of a single PCR product. For each sample, the
relative gene expression was determined by simultaneously normalizing the gene of interest
with three housekeeping genes (Rp/13, Hprtand Gapah) by the 2-2ACt method, using
GeNorm v3.5 software as described (23,26). The primer sets used for quantitative real time
PCR are: Sclerostin/Sost - GGA ATG ATG CCA CAG AGG TCA T and CCC GGT TCA
TGG TCT GGT T; RANKL/ 7nfsf11 - ACC AGC ATC AAA ATC CCA AGT T and TCA
GAA TTG CCC GAC CAG TT,; Cx43/Gjal - CAG GCC GGA AGC ACC AT and GCT
GTC GTC AGG GAA ATC AAA; Rpl13- CGA AAC AAG TCC ACG GAG TCA and
GAG CTT GGA GCG GTA CTC CTT; Hprt- AGC AGT ACA GCC CCA AAA TGG and
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AAC AAA GTC TGG CCT GTA TCC AA; and Gapdh- CGT GTT CCT ACC CCC AAT
GT and TGT CAT CAT ACT TGG CAG GTT TCT.

2.9. Statistical Analysis

Experiments were repeated a minimum of three times and each experiment was done in six
replicate wells, unless indicated otherwise. Graphs show averages with error bars indicating
standard deviations. Samples were compared by a two-way ANOVA using Prism 6 software.
A p-value <0.05 was used as a threshold for statistical significance and for interaction of the
variables.

3. Results

3.1. Alteration of Cx43 expression levels modulates basal phospho-CREB levels in
osteoblasts

We observed that modest (2- to 4-fold) overexpression of Cx43 increased the basal phospho-
CREB levels in MC3T3 pre-osteoblasts and UMR106 osteoblast-like osteosarcoma cells
(Fig. 1A, quantitation in Supl Fig 1A). Conversely, deletion of Cx43 in primary osteoblasts
isolated from Gja1x7oX mice reduced basal phospho-CREB levels. These observations
prompted us to ask if Cx43 could communicate CAMP-dependent signals between cells to
facilitate a coordinated osteoblast response to these factors converging on phospho-CREB.

3.2. Connexin43 enhances the osteoblast response to cAMP generating factors

To test if Cx43 expression could influence cAMP-dependent signaling, we overexpressed
Cx43 in UMR106 cells, which have very little endogenous Cx43 (FiglA; quantitation in
Supl Fig 1A) (33), along with a constitutively active Gsa (pcDNA3.1- Gsa long Q227L
plasmid) and assessed their influence on a cAMP/protein kinase A (PKA)-dependent CRE-
Luc reporter. When Cx43 and Gsa long Q227L were co-expressed, there was a marked
potentiation of CRE-luc activity (Fig. 1B, left). Analogous results were obtained in MC3T3
pre-osteoblasts cells (Fig. 1B, right), which have a moderate amount of endogenous Cx43
expression (Fig. 1A). Western blots with anti-phospho-CREB antibodies confirmed that
Cx43 overexpression enhanced the phosphorylation of CREB, consistent with increased
cAMP/PKA-dependent signaling (Fig. 1C; quantitation in Supl Fig 1B). A similar effect of
Cx43 on cAMP/PKA-dependent signaling was observed after treating osteoblastic cells with
the phosphodiesterase inhibitor, IBMX, for 4 h (Fig. 1D), or with forskolin (adenylate
cyclase agonist) for 4 h (Fig. 1E), as determined by a CRE-luc pathway specific luciferase
reporter assay. The activation of CRE-Luc by forskolin was blocked by the PKA-inhibitor
H89 (Fig. 1E).

In order to examine a biologically relevant stimulator of cAMP production, we treated
MC3T3 and UMR106 cells with PGE2, which acts through EP2 and EP4 receptors to
stimulate Gsa and cAMP accumulation. PGE2 is a bone anabolic factor that plays an
important role in bone mechanotransduction, including modulation of the osteoanabolic
Whnt/B-catenin signaling pathway (34-38). In both cell types, PGE2 activated CRE-Luc
reporter activity, and overexpression of Cx43 synergistically enhanced this response (Fig.
2A). The PKA inhibitors, H89 (Fig. 2B) and PKI (Fig. 2C), blocked this effect. Western
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blots probed with anti-phospho-CREB antibodies confirmed that Cx43 overexpression
further enhanced the phosphorylation of CREB following treatment with 2 uM PGE2 in
MC3T3 cells (Fig. 2D; quantitation in Supl Fig 2A). In addition, phospho-ERK1/2 levels
were similarly elevated in MC3T3 cells treated with both PGE2 and overexpressing Cx43
(Fig. 2D; quantitation in Supl Fig 2A). Both CREB and ERK1/2 phosphorylation were
blocked by H89, indicating that they are activated downstream of PKA activity. Because
PGE2 can also act through Gg/calcium dependent pathways, we treated UMR106 cells with
forskolin to confirm involvement of the cCAMP pathway. As was seen with PGE2, forskolin
increased both CREB and ERK1/2 (Fig. 2E; quantitation in Supl Fig 2B) phosphorylation in
a PKA-dependent manner, and this effect was enhanced by Cx43 overexpression. As
observed for PGE2 treatment, both CREB and ERK1/2 phosphorylation were blocked by
H89 in forskolin treated cells. Similarly, overexpression of the PKA inhibitor PKI reduced
the combined effects of Cx43 and PGE2 on phospho-CREB and phospho-ERK1/2 levels
(Fig. 2F; quantitation in Supl Fig 2C). These data indicate that Cx43 can synergistically
enhance the osteoblast response to cCAMP generating factors to increase CAMP/PKA-
dependent signaling and ERK1/2 activation.

3.3. Connexin43 permits cAMP sharing among cells

Based on the synergistic activation of the CRE-Luc reporter and signal pathway activation
by Cx43 and cAMP stimulating factors, we hypothesized that if Cx43 were involved in
sharing cCAMP between cells, then the total abundance of cAMP in the cell culture would
remain static, despite Cx43 overexpression. In contrast, a previous study reported that loss of
Cx43 function through antisense RNA reduced cAMP levels in parathyroid hormone treated
ROS17/2.8 osteosarcoma cells (39). This result would suggest that the action of Cx43 lies
upstream of cCAMP production in response to parathyroid hormone, as the amount of cAMP
present in the cell population was inhibited by Cx43 knockdown. Indeed, in this report
forskolin-induced cAMP levels were unaffected by Cx43 antisense RNA, consistent with a
defect in signaling upstream of adenylate cyclase activation and cAMP production. In
addition, several studies have shown roles for Cx43 in various aspects of signaling that are
gap junction/communication-independent (40,41). Thus, it remained possible that the
mechanisms of Cx43 potentiation of cAMP-dependent signaling involved Cx43 directly or
indirectly increasing the cCAMP response in cells, rather than sharing cAMP between cells.
Therefore, we examined the abundance of cAMP in UMR106 cells using a cCAMP ELISA
and bioluminescence cAMP reporter (nano-lantern (CAMP1.6)/pcDNA3). We chose
UMRZ106 cells for this study as their low level of Cx43 expression minimized the effects of
the endogenously expressed Cx43 containing gap junctions, and these cells have a higher
transfection efficiency than MC3T3 cells. Though PGE2 treatment increased CAMP levels in
the cultured cells, the combination of Cx43 overexpression and PGE2 treatment did not
further increase CAMP levels (Fig. 3A-B). Rather, the total amount of cAMP is slightly
reduced in Cx43 transfected cells treated with PGE2. The failure of Cx43 to increase total
cAMP levels, despite synergistically activating phospho-CREB, phospho-ERK1/2 and a
CRE-luc reporter, is consistent with a model of cAMP being shared between Cx43-
expressing cells.
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Calcium dependent activation of cAMP-dependent signaling occurs in many cell types,
where CAMP primes elevation of intracellular calcium influx, which then activates calcium
sensitive adenylate cyclases to re-initiate cCAMP dependent signaling (42,43). To address
whether the effects of Cx43 on PGE2-dependent cCAMP-signaling are an indirect effect of
shared calcium rather than cAMP, we performed the Cre-Luc reporter under calcium free
conditions. MC3T3 cells were cultured in calcium free Ringer's solution and loaded with the
intracellular calcium chelator BAPTA-AM (dose) prior to treatment with PGE2 (Fig. 3C).
Despite the removal of extracellular calcium and the sequestration of intracellular calcium,
the synergistic amplification of CRE-luc activity by PGE2 and Cx43 was still observed,
implying that the cells may directly share cCAMP rather than a re-initiation of CAMP
production in the gap junction coupled cells.

To confirm that Cx43 channels are required for this effect, we used a plasmid construct that
encodes for a mutant Cx43 (G138R) that forms hypomorphic or dominant negative gap
junctional communication and hyperactive hemichannels (44-46). Unlike the wild type
Cx43, when this construct was overexpressed it was unable to enhance PGE2-stimulated
CRE-luciferase activity (Fig. 4). Instead, the ability of the Cx43 G138R mutant to affect
PGE2 responses was indistinguishable from the pSFFV-neo empty vector transfection
controls. This suggests that functional Cx43 gap junctions, not just the structure or Cx43
hemichannel activity, are required for the Cx43-dependent communication of cCAMP
signaling in bone cells.

To further confirm the observation of the requirement for functional gap junctions and
sharing of cAMP-dependent signals, we developed a modified version of the classic
parachute assay for examining cell-to-cell communication (28,29). For this novel assay, we
expressed the constitutively active Gsa construct in one set of UMRZ106 cells, which we
refer to as the donor cell. Accordingly, these donor cells generate cCAMP. In a second
population of UMR106 cells, which we term the acceptor cells, we expressed a CRE-Luc
reporter. Thus, these acceptor cells have the potential to respond to increases in CAMP
levels. Next, we co-cultured the donor and acceptor cells. When the donor cells and acceptor
cells both overexpressed Cx43 and the donor cell expressed the constitutively active Gsa
construct, we observed a nearly two-fold increase in CRE-Luc activity (Fig. 5A). This
suggested that CAMP generated in the donor cells was communicated to the acceptor cell
and activated the CRE-luc reporter. To confirm, we co-cultured the UMR106 donor and
acceptor cells but did not introduce exogenous Cx43 into the acceptor cell population (Fig.
5B). In this context, the donor cells were unable to stimulate CRE-luc activity in the
acceptor cells. Further, when Cx43 overexpressing donor and acceptor UMR106 cells were
separated by a transwell chamber, the donor cells were unable to stimulate CRE-luc activity
in the acceptor cell population (Fig. 5C). In total, these data strongly indicate that cAMP
generated in one cell population can influence CRE-luc activity in another cell population in
a Cx43 and cell-to-cell contact dependent manner, strongly supporting the notion of
intercellular communication of cAMP between cells to elicit a signaling response. Similar
data were obtained using an immunofluorescence-based approach to this assay, in which
donor cells (MC3T3) were transfected with empty vector or the constitutively active Gsa
construct and labeled with Dil and then seeded onto a monolayer of cells transfected with
pSFFV-neo or pSFFV-Cx43 and subsequently stained with phospho-CREB antibody (Fig.
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5D). The number of phospho-CREB positive cells was quantitated in cells whose
fluorescently intensity exceeded background threshold levels. There was increase in
phospho-CREB positive cells in Gsa expressing cultures, which was synergistically
increased by Cx43 overexpression. Importantly, an increase in phospho-CREB positive cells
adjacent to the Dil labeled donor cells was observed consistent with a model of shared
signals between cells resulting in an amplified the number of cells responding to a cue.
Indeed, this finding is consistent with our previous findings of a Cx43-dependent increase in
the percentage of phospho-ERK and phospho-PKCS positive osteoblasts when stimulated
with FGF2 (18,30).

3.4. Connexin43-dependent communication of cCAMP differentially regulates the expression
of key regulators of bone homeostasis

To determine the consequence of Cx43-communicated cCAMP, we examined the expression
of two key regulators of bone homeostasis, RANKL (gene name, 7nfsf11) and sclerostin
(gene name, Sosi), by quantitative real time RT-PCR (Fig. 6). We also confirmed Cx43 (gene
name, Gjal) overexpression by quantitative real time RT-PCR. These data show that Cx43
amplified the effects of PGE2 and Gsa expression on these genes. Induction of CAMP
signaling with either PGE2 or Gsa, synergistically combined with the effect of Cx43
overexpression to amplify RANKL/ 7nfsf11 expression, a key factor in the activation of
osteoclasts and bone resorption. Cx43 and either PGE2 or Gsa synergistically reduced the
expression Sclerostin/Sost, a repressor of the Wnt/B-catenin cascade in bone cells and
inhibitor of osteoblastogenesis. Alteration of the balance of these two vital factors in bone
remodeling underscores the potential importance of cCAMP as a second messenger
communicated by bone cells.

4. Discussion

In this study, we show that Cx43 synergistically enhanced the ability of osteoblasts to
respond to cAMP-dependent signals by propagating signals through interconnected cells
(Fig. 7). Specifically, we activated cAMP-dependent signaling using a physiologically
relevant factor, PGE2, as well as with more direct cAMP-activation by overexpression of a
constitutively active Gsa, treatment with the adenylate cyclase agonist, forskolin or
treatment with the phosphodiesterase inhibitor, IBMX. We also used a novel, modified
version of the parachute assay to demonstrate that cAMP-production in one cell can
synergistically activate cAMP- signal pathway specific luciferase reporters in an adjacent
cell. Indeed, in this modified parachute assay, the fact that separating the donor and acceptor
cells from each other via transwell chambers, suggest that it is direct cell-to-cell
communication, not Cx43 hemichannel activity or other communication-independent
functions, that is critical to the transmission of cAMP-dependent signals between the cells.
Our immunofluorescence data further underscores that the overexpression of Cx43 permits
cells that are not expressing the Gsa to activate CREB, increasing the total percentage of
cells responding to the signal. These findings are similar to our previous findings showing a
synergistic increase in FGF2-dependent phospho-ERK and phospho-PKCS activation to
stimulate Runx2 transcriptional activity in bone cells, a response that also included an
increased percentage of responding cells in the presence of Cx43 expression, the need for
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physical interaction and functional channel activity (18,30). Recently published work used
cellular and mathematical models to show that cell-to-cell communication through gap
junctions can enhance the sensitivity of cell populations to a weak stimuli, such as a shallow
epidermal growth factor concentration gradient, by collectively coordinating and averaging
noisy signals sensed by single cells (47).

In addition, this is the first study to show the potentiation of PGE2 signaling by Cx43 in
osteoblastic cells and is the first to show that Cx43 and cAMP interact to synergistically
regulate the gene expression of two key regulators of bone turnover, namely RANKL/
Tnfsf11 and sclerostin/Sost. Others have previously shown that cCAMP can regulate RANKL/
Tnfsf11 and sclerostin/ Sost expression (36,38,48), but we now provide evidence that Cx43
propagates CAMP to regulate these factors. This is a key concept as these data demonstrate
that not only can Cx43 gap junctions communicate CAMP between cells, but more
importantly, that the communicated cAMP is sufficient to elicit a biological response in gap
junction coupled cells. Explicitly connecting these dots in bone is particularly interesting as
Cx43, PGE2, sclerostin and RANKL are all intimately involved in how bone responds to
mechanical cues, as well as for maintenance of skeletal homeostasis (5,49-52).

These findings of cAMP sharing between cells are consistent with similar observations made
in other cell types, using less biologically relevant models. For example, in HeLa and N2A
cells, cAMP can be passed through Cx43 containing gap junction channels by introducing
cAMP into a patch pipet and showing connexin-dependent transfer from the patched cells
into an adjacent cell using a reporter gene readout (12). In this model, Cx43 was up to 10
times more permeable to CAMP than Cx40 or Cx26. Similarly, Cx43-dependent transfer of a
photo-activatable cAMP was shown using an EPAC-based FRET sensor in Rat1 fibroblasts
and Cx43 siRNA-mediated knockdown (13). Interestingly, our data is in contrast to a report
in retinal pigment epithelial cells, which shows Cx43 regulates CAMP-dependent signaling
in a structural context involving the Cx43 C-terminus, and not by direct cell-to-cell
communication (53). While we and others have shown an important role in the Cx43 C-
terminus in signaling cascade activation in bone cells (54—57), the data from both the
modified parachute assay and the Cx43 G138R mutant suggest that gap junctional
communication is required for the CAMP effects we observed here. This Cx43 mutant forms
hypomorphic or dominant negative gap junctions, yet has hyperactive hemichannel function
(44-46). Thus, the inability of this mutant Cx43 to enhance PGE2-stimulated CRE-luciferase
activity supports the notion that functional Cx43 gap junctions, not just the structure or Cx43
hemichannels, are required for the Cx43-dependent communication of cCAMP signaling in
bone cells. In addition, our finding are distinct from those reported for the intersection of
Cx43 and parathyroid hormones in ROS17/2.8 osteosarcoma cells (39). In that study, the
generation of cAMP was blunted by Cx43 knockdown by antisense RNA suggesting an
action upstream of cAMP production, while in our study we show that Cx43 overexpression
does not enhance CAMP levels, but rather permits its communication among cells, and Cx43
gene deletion reduces phospho-CREB levels.

We cannot fully rule out the possibility that the increase in cAMP-dependent signaling does
not involve the direct communication of cAMP from cell-to-cell, but rather involves the re-
amplification of cAMP-dependent signaling in the second cell. Re-amplification of cAMP-
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dependent signaling occurs in many cell types, where cAMP primes elevation of
intracellular calcium influx, which then activates adenylate cyclase to re-initiate cCAMP
dependent signaling (42,43). However, the cAMP ELISA and nanolantern data do not show
a synergistic increase in CAMP levels by Cx43, rather a statistically significant decrease in
cAMP levels is observed in PGE2 treated cells expressing Cx43. This would seem to suggest
that cAMP levels are perhaps diffusing between adjacent cells and the total amount of
CAMP on a per cell basis is reduced. This possibility of direct cAMP sharing is underscored
by the data in which removal of calcium did not prevent the luciferase driven synergy
between Cx43 and PGE2. However, future experiments are planned for examining these
possibilities in more depth with more sensitivity probes and greater spatial and temporal
resolution. These future experiments will also help us determine the “range” of CAMP
transmission among these cells.

Our data may help to explain the skeletal phenotype of Cx43 knockout mice, at least in part.
In vivo studies have shown osteoblast-osteocyte expressed Cx43 plays an important role in
bone homeostasis and mechanotransduction (3—6). PGE?2 is a bone anabolic factor involved
in mechanotransduction (34-38). Disruption of the gap junction coupled cellular network,
which permits the coordinated action of bone cells in response to mechanotransduction
signals like PGE2, may explain the complex partitioning of the cortical bone formation and
resorption at the periosteal and endosteal bone surfaces, respectively, of the Cx43 osteoblast-
lineage specific conditional knockout models (3—6). These conditional knockout models have
reduced sclerostin expression, perhaps contributing to increased periosteal bone apposition,
and an increased RANKL to osteoprotegerin ratio, leading to increased endosteal
osteoclastic bone resorption (58—60). The data presented here support the involvement of
Cx43 gap junction communicated CAMP in the regulation of these both sclerostin and
RANKL. Additionally, osteoblast-lineage Cx43 deficiency has been shown to decrease the
anabolic response of bone to intermittent parathyroid hormone (PTH) treatment /in vivo (61).
Like PGE2, PTH acts through a G-protein coupled receptor to stimulate cAMP. Accordingly,
our data suggest that perhaps it is the inability of Cx43 deficient cells to effectively
communicate cAMP second messengers that underpins key aspects of this phenotype. In
addition to the Cx43-dependent communication of cCAMP, the C-terminus of Cx43 can bind
to B-arrestin, sequestering it away from its role in attenuating Gsa activation by the PTH
receptor (56). However, a Cx43 C-terminus truncation mutant could not fully recapitulate
the effect of Cx43 deletion on the anabolic action of PTH on bone (57), suggesting that -
arrestin sequestration is not the only mechanism by which Cx43 can facilitate CAMP-
dependent signaling.

Importantly, the present data demonstrate only a single second messenger communicated by
gap junctions. This is not to suggest that cAMP is the only second messenger communicated
by gap junctions to affect bone function. We think many second messengers are exchanged
through gap junctions in bone. The specific cell context will influence the nature of these
messages, and, in some cases, these exchanged signals may be conflicting. Such an
explanation is obligated by the diverse set of cellular responses that can occur in Cx43-
deleted bone cells during loading, unloading, and hormone stimulation (5,49). Previously,
we have demonstrated that FGF2 stimulation of osteoblasts can lead to the Cx43-dependent
exchange of inositol phosphates to regulate bone cell function through Runx2 (26). While
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our experiments with the Cx43 G138R mutant do not support a role for Cx43 hemichannels
in the amplification of cAMP-dependent signals in this system, this does not preclude a role
for hemichannels to function through other pathways to influence bone. In fact, Cx43
hemichannels have been shown to be involved in the release of PGE2 from mechanically
stimulated osteocytes (55,62,63). Further, PGE2 has been shown to increase Cx43
expression and regulate gap junctional communication among osteoblasts and osteocytes
(15,17,64). The subsequent gap junction dependent communication of the signals
downstream of PGE2 release, including cAMP, may be an important regulator network for
controlling the autocrine and paracrine action of PGE2 in bone formation.

5. Conclusion

In total, our data demonstrate the Cx43-dependent cell-to-cell exchange of CAMP between
osteoblasts downstream of PGE2, and show that this communicated second messenger is
sufficient to regulate the expression of key modulators of bone turnover. These data
implicate cAMP as a biologically relevant second messenger communicated by bone cells
through Cx43 gap junctions. By understanding the nature of the signals communicated
among bone cell networks, we can begin to unravel the regulatory circuits leading to bone
anabolic and catabolic responses.
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Highlights

Cx43 potentiates cAMP-dependent signaling in osteoblasts in a physiologic
context

Cx43 can communicate cCAMP between osteoblasts in a Cx43- and cell contact-
dependent manner

Communication of cCAMP by Cx43 is sufficient to affect signaling and osteoblast
gene expression
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Figure 1. Connexin43 overexpression synergistically enhances cAMP-dependent signaling
A, Basal phospho-CREB, Cx43 and GAPDH were examined in whole cell extracts of

MC3T3, UMR106 and murine primary osteoblasts (mOB) from Gja10X/flox mice treated
with GFP-encoding (GFP) or CRE recombinase-encoding (CRE) adenovirus particles by
western blotting. B, CRE-Luc activity was determined in UMRZ106 (left) or MC3T3 (right)
cells co-transfected with pSFFV-Neo (neo) or pSFFV-Cx43 (Cx43) and pcDNA (EV) or
pcDNA3.1-Gsa long Q227L (Gsa). C, Western blotting of whole cell extracts from
transfected UMR106 cells showing levels of phospho- and total CREB, Cx43 and GAPDH
48 hours post-transfection. D, CRE-Luc activity was determined in UMRZ106 cells co-
transfected with pSFFV-Neo or pSFFV-Cx43 and treated with IBMX (1 mM, 4 h) £, CRE-
Luc activity was determined in MC3T3 cells co-transfected with pSFFV-Neo or pSFFV-
Cx43 and treated with forskolin (FSK, 10 uM, 4h) in the presence or absence of H89 (10
uM). DMSO was used as a negative control. Bar graphs display mean + standard deviation.
*, p-value < 0.05 versus empty vector transfected control. #, indication of an interaction of
the two variables (p-value < 0.05) by two-way ANOVA.
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Figure 2. Connexin43 potentiates PGE2 signaling in a cAMP PKA-dependent manner
A-B, CRE-Luc activity was determined in UMR106 (A) and MC3T3 (B-C) cells co-

transfected with pSFFV-Neo or pSFFV-Cx43, and then treated with PGE2 (2 uM, 4 h) or
vehicle (\eh, 0.1% DMSO) 48 hours post-transfection. (B), For H89 (10 uM) treated
samples, the cells were pre-treated for 30 minutes prior to PGE2 application. H89 remained
in the media during the course of PGE2 exposure. (C), samples were co-transfected with
PKI plasmid or empty vector control. Bar graphs display mean + standard deviation. *, p-
value < 0.05 versus empty vector transfected control. #, Indication of an interaction of the
two variables (p-value < 0.05) by two-way ANOVA. b, p-value < 0.05 versus corresponding
control (non-inhibitor treated) sample. D-F, Western blotting of whole cell extracts from
transfected (D,F) MC3T3 and (£) UMRZ106 cells probed for phospho- and total CREB,
phospho and total ERK1/2 and GAPDH. D, 48 hours post-transfection the cells were treated
with PGE2 (2 uM, 4 h) in the presence or absence of H89 (10 uM). £, 48 hours post-
transfection the cells were treated with forskolin (FSK, 10 uM, 4 h) in the presence or
absence of H89 (10 uM). £/, MC3T3 cells were co-transfected with the PKA inhibitor, PKI
and the indicated plasmids. 48 hours post-transfection the cells were treated with PGE2 (2
UM, 4 h). Note the altered load order in Frelative to Dand E.
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Figure 3. PGE2 does not synergistically stimulate CAMP levels in UMR106 cells, despite
synergistically activating signaling that converges on a CRE-Luc reporter

A-B, Relative cAMP abundance is shown as determined by a (A) cAMP ELISA or (B) as
Renilla luciferase activity in cells transfected with the bioluminescent Nano-lantern
(cAMP1.6)/pcDNA3 cAMP reporter in extracts from cells transfected with pSFFV-Neo or
pSFFV-Cx43 and subsequently treated with PGE2 (2 uM, 4 h). Bar graphs display mean +
standard deviation. *, p-value < 0.05 versus the vehicle (\Veh) treated control. #, indication of
an interaction of the two variables (p-value < 0.05) by two-way ANOVA. C, MC3T3 cells
were co-transfected with pSFFV-Neo or pSFFV-Cx43 and a CRE-Luc reporter. 48 hours
post-transfection the cells were placed in calcium-free Ringer's solution and loaded with
BAPTA-AM (10 uM) prior to treatment with with PGE2 (2 uM, 4 h) or vehicle (\eh, 0.1%
ethanol). The bar graph displays mean relative CRE-luciferase activity + standard deviation.
*, p-value < 0.05 versus the vehicle (\eh) treated control. #, indication of an interaction of
the two variables (p-value < 0.05) by two-way ANOVA.
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Figure 4. Wild type Cx43, but not a mutant Cx43 with reduced gap junctional communication
and hyperactive hemichannel activity, potentiates PGE2 signaling

A, CRE-Luc activity was determined in UMR106 cells co-transfected with pSFFV-Neo,
pSFFV-Cx43 or pSFFV-Cx43 G138R and then treated with PGE2 (2 UM, 4 h) or vehicle
(\Veh) 48 hours post-transfection. Bar graphs display mean + standard deviation. a, p-value <
0.05 versus empty vector transfected control. b, p-value < 0.05 versus PGE2 treated wild
type Cx43 transfected cells. B, Western blotting of whole cell extracts from transfected cells
showing levels of Cx43 and GAPDH 48 hours post-transfection. The images are from the
same blot and same exposure but unrelated wells were removed.
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Figure 5. Cx43 overexpression and cell-cell contact is necessary for constitutively active Gsa
expressing cells to activate a CRE-luc reporter in another cell population

A-C, CRE-Luc activity was determined in co-cultured UMR106 donor and acceptor cells
after 24 h of co-culture. A, Donor cells were transfected with pcDNA (EV) or pcDNA-Gsa
(Gsa). Acceptor cells were co-transfected with a CRE-luc reporter and pSFFV-Cx43. 48 h
post-transfection, the cells were co-cultured together for 24 hours as indicated in the cartoon
below. B, Donor cells were transfected with pcDNA (EV) or pcDNA-Gsa (Gsa). Acceptor
cells were co-transfected with a CRE-luc reporter and pSFFV-neo. 48 h post-transfection,
the cells were co-cultured together for 24 hours as indicated in the cartoon below. C, Donor
cells were transfected with pcDNA (EV) or pcDNA-Gsa (Gsa). Acceptor cells were co-
transfected with a CRE-luc reporter and pSFFV-Cx43. 48 h post-transfection, the acceptor
cells were seeded in the bottom of a tissue culture plate, while the donor cells were seeded
into the upper chamber of a transwell chamber. The cells were co-cultured together for 24
hours sharing the same media, but without direct cell-to-cell contact, as indicated in the
cartoon below. Bar graphs display mean * standard deviation. *, p-value < 0.05 versus
empty vector transfected control. D, Left, quantitation of phospho-CREB positive cells
(fluorescence intensity above a threshold of 780) per field of view following co-culture of
Dil labeled donor cells expressing pcDNA (EV) or pcDNA-Gsa (Gsa) and pSFFV-Neo or
pSFFV-Cx43 seeded on to a confluent monolayer of unlabeled MC3T3 cells. Bar graphs
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display mean number of cells per field of view n=9 fields of view from three slides per
condition. *, p-value < 0.05 versus the vehicle (\eh) treated control. #, indication of an
interaction of the two variables (p-value < 0.05) by two-way ANOVA. Right, representative
images of the binarized phospho-CREB immunofluorescence (blue) and Dil labeled donor
cells (red). Scale bar equals 20 um. /nsets, show a brightness-enhanced phospho-CREB
image showing similar cellular densities between fields of view among each treatment
groups.
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Figure 6. Cx43 overexpression synergistically enhances the Gsa and PGE2-dependent effects on
RANKL/Tnfsf11 and Sclerostin/Sost mRNA expression

A-C, Relative gene expression is shown for Cx43/Gjal, RANKL/ Tnfsf11 and Sclerosfin/
Sost as determined by quantitative real time RT-PCR of RNA from UMR106 cells

transfected with pSFFV-neo or pSFFV-Cx43 and, co-transfected with (A) pcDNA or
pcDNA-Gsa or (B), treated with vehicle (Veh) or PGE2 (2 pM, 4 h). Bar graphs display
mean + standard deviation. *, p-value < 0.05 versus empty vector transfected control. #,

indication of an interaction of the two variables (p-value < 0.05) by two-way ANOVA.
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Figure 7. Model of intercellular communication of ;CAMP among bone cells to modulate signaling
and gene expression

Activation of PGE2 receptors triggers the generation of cCAMP in the responding osteoblasts.
Subsequently, the Cx43-dependent communication of cAMP among interconnected permits
these cells to activate downstream PKA and ERK1/2-dependent signaling to modulate the
expression of the sclerostin and RANKL encoding genes.
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