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ABSTRACT
Parathyroid hormone (PTH) promotes osteoblast survival through amechanism that depends on cAMP-mediated signaling downstream of the

G protein-coupled receptor PTHR1. We present evidence herein that PTH-induced survival signaling is impaired in cells lacking connexin43

(Cx43). Thus, expression of functional Cx43 dominant negative proteins or Cx43 knock-down abolished the expression of cAMP-target genes

and anti-apoptosis induced by PTH in osteoblastic cells. In contrast, cells lacking Cx43 were still responsive to the stable cAMP analog

dibutyril-cAMP. PTH survival signaling was rescued by transfecting wild type Cx43 or a truncated dominant negative mutant of barrestin, a

PTHR1-interacting molecule that limits cAMP signaling. On the other hand, Cx43 mutants lacking the cytoplasmic domain (Cx43D245) or

unable to be phosphorylated at serine 368 (Cx43S368A), a residue crucial for Cx43 trafficking and function, failed to restore the anti-apoptotic

effect of PTH in Cx43-deficient cells. In addition, overexpression of wild type barrestin abrogated PTH survival signaling in Cx43-expressing

cells. Moreover, barrestin physically associated in vivo to wild type Cx43 and to a lesser extent to Cx43S368A; and this association and the

phosphorylation of Cx43 in serine 368 were reduced by PTH. Furthermore, induction of Cx43S368 phosphorylation or overexpression of wild

type Cx43, but not Cx43D245 or Cx43S368A, reduced the interaction between barrestin and the PTHR1. These studies demonstrate that barrestin

is a novel Cx43-interacting protein and suggest that, by sequestering barrestin, Cx43 facilitates cAMP signaling, thereby exerting a

permissive role on osteoblast survival induced by PTH. J. Cell. Biochem. 112: 2920–2930, 2011. � 2011 Wiley-Liss, Inc.
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R epeated cycles of systemic elevation of parathyroid hormone

(PTH) by daily injections leads to a potent bone anabolic

effect (Hodsman et al., 2005; Jilka, 2007). Increased bone mass

results from a marked elevation in bone formation rate and in the

number of osteoblasts covering cancellous, endocortical, as well as

periosteal bone surfaces. Moreover, constitutive activation of

the PTH receptor 1 (PTHR1) in osteoblastic cells is sufficient to

cause bone anabolism (Calvi et al., 2001; O’Brien et al., 2008). One

potential mechanism for the anabolic effect of PTH is prolongation

of the lifespan of mature osteoblasts. Thus, intermittent PTH

decreases the prevalence of osteoblast apoptosis in murine

cancellous bone (Jilka et al., 1999; Bellido et al., 2003); and

conversely, mice with conditional deletion in osteoblastic cells of

PTH-related protein (PTHrP), the other ligand of the PTHR1, exhibit

increased osteoblast and osteocyte apoptosis (Martin, 2005; Miao

et al., 2005). In vitro studies demonstrated that PTH and PTHrP
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directly activate pro-survival signaling in murine and human

osteoblastic cells, by transcriptional and post-transcriptional

mechanisms downstream of cyclic AMP (cAMP)/protein kinase A

(PKA) activation (Jilka et al., 1999; Bellido et al., 2003).

Recent evidence showed that PTH fails to induce full bone

anabolism in mice lacking connexin43 (Cx43) (Chung et al., 2006),

the most abundant member of the connexin family of proteins

expressed in bone cells (Civitelli, 2008). Thus, the increase in bone

mineral content and mineral apposition rate, a measure of the work

of individual osteoblasts, induced by daily PTH injections are

diminished in mice lacking Cx43 in osteoblastic cells. Earlier studies

demonstrated that cultured osteoblastic cells in which Cx43

expression was reduced with anti-sense oligonucleotides displayed

blunted cAMP production in response to PTH (Vander Molen et al.,

1996). This evidence notwithstanding, the mechanistic basis for the

requirement of Cx43 for the effective response of osteoblastic cells

to PTH in vivo and in vitro remains unknown.

The effects mediated by connexins have been traditionally

ascribed to gap junction channels consistent of two hemichannels,

each of them formed by six connexin molecules and contributed by

neighboring cells. However, more recent studies demonstrate that

hemichannels expressed in unopposed cell membranes function

independently of cell-to-cell communication and mediate the

exchange of low molecular size molecules between cells and the

extracellular milieu (Goodenough and Paul, 2003). In addition, Cx43

regulates intracellular signaling acting as a scaffold that fosters

protein–protein interactions through domains located in its

cytoplasmic C-terminus tail (Goodenough and Paul, 2003;

Giepmans, 2004). We have previously demonstrated a novel

function of the C-terminus of Cx43 in mediating the transduction

of cell survival signals induced by the anti-osteoporosis drugs

bisphosphonates in osteoblasts and osteocytes (Plotkin et al., 2002).

Thus, bisphosphonates open Cx43 hemichannels and induce

the interaction of Cx43 with the kinase Src, followed by activation

of the ERK pathway and inhibition of osteoblast and osteocyte

apoptosis (Plotkin et al., 2002; Plotkin et al., 2005). This evidence

raises the possibility that a similar scaffolding function of

Cx43 could be required for the survival effect of PTH in osteoblastic

cells.

Herein, we demonstrate that osteoblastic cells lacking Cx43 are

refractory to the anti-apoptotic actions of PTH due to a deficient

cAMP-mediated response. We show that the requirement of Cx43 for

PTH action is due to the ability of Cx43 to interact with, thereby

sequestering, barrestin. barrestin is an intracellular protein that

is recruited to PTHR1 upon ligand binding, reduces the affinity

of PTHR1 to Gsa, thus suppressing cAMP responses (Premont

and Gainetdinov, 2007). In addition, barrestin induces clathrin-

dependent internalization of PTHR1, leading to its degradation or

recycling (Ferrari et al., 1999). We found that Cx43/barrestin

interaction is mediated through the cytoplasmic C-terminus domain

of Cx43 and requires phosphorylation of serine 368, thus identifying

a new site responsible for Cx43-protein interactions. These

studies provide the mechanistic basis for the requirement of Cx43

for PTH receptor signaling and define a previously unrecognized

scaffolding function of Cx43 that modulates signal transduction

in osteoblasts.

MATERIALS AND METHODS

MATERIALS

Etoposide, 18-a-glycyrrhetinic acid (AGA), glycyrrhizic acid (GA),

and the cAMP analog dibutyril-cAMP (DBA) were purchased from

Sigma Chemical Co. (St. Louis, MO); bovine PTH (1–34) was

purchased from Bachem (Torrance, CA). Dithiobis-(succinimidyl-

propionate) (DSP) was purchased from Pierce (Rockford, IL).

CELL CULTURE AND GENERATION OF Cx43-DEFICIENT OB-6 CELLS

Wild type murine bone marrow-derived OB-6 osteoblastic cells were

generated and cultured as previously described (Lecka-Czernik et al.,

1999). Cells were maintained in a-MEM medium containing

L-glutamine and 1% v/v penicillin/streptomycin (Gibco), 10% heat

inactivated fetal bovine serum (Hyclone), and 25mg/ml puromycin

(Sigma Chemical Co., St. Louis, MO). The expression of Cx43 in OB-6

cells was silenced using MISSION short hairpin (sh)RNA Lentiviral

Particles (Sigma), following the manufacturer’s instructions. The

efficiency of deletion was determined by quantifying Cx43 protein

and mRNA levels by Western blotting and by qPCR, respectively.

REAL TIME PCR (qPCR)

Total RNA was obtained using Ultraspec RNA isolation reagent

(Biotecx Laboratories, Houston, TX). Reverse transcription was

performed using the High Capacity cDNA Archive Kit (Applied

Biosystems Inc., Foster city, CA). Assay on Demand or Assay by

Design primer probe pair sets were used and the PCR reaction was

performed in a total volume of 20ml using the Gene Expression

Assay Mix and the TaqMan Universal Master Mix (Applied

Biosystems Inc., Foster city, CA), containing 80 ng of each cDNA

template in triplicates, using an ABI 7300 Real Time PCR system.

The fold change in expression was calculated using the DDCt

comparative threshold cycle method (Livak and Schmittgen, 2001).

DNA CONSTRUCTS AND TRANSIENT TRANSFECTION

The plasmids encoding nuclear targeted green fluorescent protein

(nGFP) and red fluorescent protein (nRFP) were previously described

(Plotkin et al., 1999; Kousteni et al., 2001). Wild type rat Cx43 and

chick Cx45 were provided by R. Civitelli (Washington University,

Saint Louis, MO). The mutant Cx43~245 and Cx43 C-terminus tail

were provided by B. Nicholson (The University of Texas Health

Science Center at San Antonio, San Antonio, TX). Cx43 mutant

lacking seven residues from the internal loop at positions 130–136

(Cx43D130) was provided V. A. Krutovskikh (International Agency

for Research on Cancer, Lyon, France). Cx43cys-less was a gift from

Dr. G. M. Kidder (The University of Western Ontario, Ontario,

Canada). Cx43 serine 368 to alanine (Cx43S368A) mutant was

provided by P. Lampe (Fred Hutchinson Cancer Research Center,

Seattle, WA). Cx43-GFP was a gift from D. W. Laird (University of

Western Ontario, London, Ontario, Canada) (Roscoe et al., 2005). The

construct for barrestin1-tdRFP was provided by L. M. Traub

(University of Pittsburgh School of Medicine, Pittsburgh, PA) (Keyel

et al., 2008). Wild type barrestin and barrestin319–418 constructs

were provided by K. DeFea (DeFea et al., 2000b). These constructs

have been shown to be normally expressed at the protein and mRNA

levels. Moreover, changes in the expression of osteoblast markers
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such as osteocalcin, cell-to-cell communication and hemichannel

opening have been shown to occur upon overexpression of wild type

Cx45 and Cx43 and Cx43 mutants in several cell types, including

osteoblastic cells [wt Cx43 (Lecanda et al., 1998); Cx43D245 (Zhou

et al., 1999); Cys-less Cx43 (Tong et al., 2007); Cx43Ser368 (Lampe

et al., 2000); Cx43D130, (Krutovskikh et al., 1998)]. Specifically for

apoptosis, we have shown that Cx45 and Cx43 and its mutants alter

the response to anti-apoptotic agents using MLO-Y4 osteocytic and

HeLa cells (Plotkin et al., 2002; Plotkin et al., 2005).

Cells were transiently transfected with a total amount of DNA of

0.1mg/cm2 using Lipofectamine Plus (Invitrogen) as previously

described (Plotkin et al., 2002). The efficiency of transfection was

�60%.

QUANTIFICATION OF APOPTOTIC CELLS

Apoptosis was induced in semi-confluent cultures (less than 75%

confluence). Cells were treated with vehicle (acetic acid 0.1%) or

50 nM PTH for 1 h, followed by treatment with 50mM etoposide for

6 h, as previously reported (Bellido et al., 2003). Apoptosis was

assessed by Trypan blue uptake or by enumerating OB-6 cells

expressing nGFP or nRFP exhibiting chromatin condensation and

nuclear fragmentation under a fluorescence microscope. At least

250 cells from fields selected by systematic random sampling for

each experimental condition were examined in all apoptosis assays.

WESTERN BLOT ANALYSIS AND IMMUNOPRECIPITATION

Immunoblottings were performed using a rabbit anti-phosphory-

lated Cx43S368 antibody (Millipore, Billerica, MA) or rabbit anti-

Cx43 antibody that recognizes both the phosphorylated and

unphosphorylated protein (Sigma, St. Louis, MO). The intensity of

the bands was quantified using the Fotodyne system (Hartland, WI).

For immunoprecipitation experiments, Cx43-silenced cells were

plated at a density of 4.4� 104/cm2 and 24 h later cells were

transfected with rat wild type Cx43 using Lipofectamine (Invitro-

gen). Forty-eight hours later, cells were cross-linked using 0.1mM

DSP for 30min at room temperature. Each plate was lysed with

0.1ml of RIPA buffer supplemented with phosphatase inhibitors

(sodium fluoride, sodium orthovanadate) and protease inhibitors

(leupeptin, aprotinin). Immunoprecipitation was performed using

600mg of extracts and 2mg of anti-Cx43 (Sigma), overnight at 48C.
Complexes were collected with 50ml of 25% slurry of protein-G

agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA).

CONFOCAL MICROSCOPY

Cells were grown on microscope coverslips and transfected with

Cx43-GFP and barrestin1-tdRFP. Forty-eight hours after transfec-

tion, coverslips were mounted onto slides in MowiolTM 4-88

supplemented with DABCO (1:5) as anti-fade reagent. Cells were

visualized using a Leica TCS SP laser-scanning confocal microscope

(Leica Microsystems, Wetzlar, Germany) equipped with a 488 nm

argon laser, a 543 nm HeNe laser and a 63� oil fluorescence

objective.

PTHR1/bARRESTIN BINDING ASSAY

The ability of Cx43 to interfere with the binding between PTHR1 and

barrestin2 was evaluated using a commercially available kit,

PathHunter (DiscoverX, Fremont, CA). The provided CHO cells were

seeded in a 96-well plate. For the experiments with the gap junction

inhibitors, 48 h after plating, cells were treated with either 100mM

AGA or 100mM GA for 30min, followed by 50 nM PTH (1–34) for

90min. Substrate addition and plate reading were performed

following the manufacturer’s instructions. For Cx43 overexpression,

cells were transfected with 0.1mg per well of the appropriate

construct, using Lipofectamine (Invitrogen). After 48 h, the assay

was performed following the manufacturer’s protocol.

STATISTICAL ANALYSIS

Data were analyzed student t-test or by one-way analysis of

variance, and the Student-Newman-Keuls method was used to

estimate the level of significance of differences between means.

RESULTS

Cx43 IS REQUIRED FOR PTH-INDUCED OSTEOBLAST SURVIVAL

AND TRANSCRIPTION OF cAMP-TARGET GENES

We investigated whether interfering with Cx43 function altered the

response of osteoblasts to PTH. Consistent with previous findings

(Jilka et al., 1999; Bellido et al., 2003), addition of 50 nM PTH 1h

before treatment with the pro-apoptotic agent etoposide prevented

the increase in apoptosis in OB-6 osteoblastic cells. However, PTH

did not prevent apoptosis in cells expressing Cx45, another member

of the connexin family expressed in osteoblastic cells shown to

interfere with Cx43-mediated responses (Steinberg et al., 1994;

Lecanda et al., 1998; Plotkin et al., 2002). Cx45 is highly

homologous to Cx43, but harbors a different C-terminus (Beyer

et al., 1990), suggesting that the C-tail of Cx43 mediates the

responsiveness to PTH. Indeed, PTH failed to inhibit apoptosis in

cells expressing a truncated form of Cx43 lacking the cytoplasmic C-

terminus domain (Cx43~245) that also acts as a dominant negative

(Zhou et al., 1999; Plotkin et al., 2002; Fig. 1A).

We next studied the requirement of Cx43 for PTH anti-apoptotic

effect using a stable cell line previously generated (Plotkin et al.,

2008) in which the expression of the protein was silenced using

shRNA. As shown previously (Plotkin et al., 2008), Cx43 protein and

mRNA were decreased compared to scramble shRNA-infected cells

as measured by Western blotting and qPCR, respectively, whereas

Cx43 mRNA levels were similar in wild type and scramble-infected

cells (Fig. 1B). PTH prevented etoposide-induced apoptosis in non-

infected cells or cells infected with scramble shRNA; however it

failed to do so in Cx43 silenced cells, named Cx43(�) (Fig. 1C).

Similar lack of responsiveness to PTH was found in OB-6 cells

silenced with a different Cx43 shRNA (not shown). In contrast, cells

silenced for Cx43 were protected from etoposide-induced apoptosis

by 100mM concentration of DBA, the stable analog of cAMP which

we have previously shown to mimic PTH induced anti-apoptosis in

osteoblasts (Jilka et al., 1999; Bellido et al., 2003; Fig. 1C). Moreover,

whereas 1mM DBA had no effect, concentrations as low as 10mM

DBA prevented apoptosis in both scramble and Cx43(�) cells

(Fig. 1D), validating that DBA is equally effective in preventing

apoptosis of cells expressing or lacking Cx43. Furthermore, PTH and

DBA used at higher concentrations (100 nM and 150mM,

respectively), in order to maximize the response in terms of gene
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Fig. 1. Cx43 expression is required for PTH-mediated survival signals and transcription of cAMP-target genes in osteoblasts. (A) OB-6 cells were transfected with vector or the

indicated constructs and treated with 50 nM PTH or the corresponding vehicle for 1 h, followed by 50mM etoposide for 6 h. Apoptosis was assessed by evaluating nuclear

morphology of transfected (fluorescent) cells as detailed under Materials and Methods section. Representative images of vehicle- and etoposide-treated cultures show alive

(white arrows) and apoptotic (yellow arrow) nuclei. (B) Cx43 protein and mRNA expression were assessed by Western blotting and qPCR, respectively, in wild type OB-6 cells or

cells infected with scramble shRNA or Cx43-specific shRNA. Values were normalized against the housekeeping protein ERK1/2 or to CHOB mRNA levels. N¼ 3, �P< 0.05

versus scr cells. (C) OB-6 that were not infected (�) or stably infected with scramble shRNA (scr cells) or Cx43-specific shRNA [(Cx43(�) cells] were treated with 50 nM PTH,

100mM DBA or the corresponding vehicle for 1 h, followed by 50mM etoposide for 6 h. Apoptosis was assessed by Trypan blue uptake. Bars represent mean� SD of

triplicate determinations. �P< 0.05 versus vehicle-treated cultures. (D) Scr and Cx43(�) cells were treated with vehicle (�) or the indicated concentrations of DBA for 1 h,

followed by 50mM etoposide for 6 h. Apoptosis was assessed by Trypan blue uptake. Bars represent mean� SD of triplicate determinations. �P< 0.05 versus vehicle-treated

cultures. (E) Messenger RNA expression levels of the indicated genes in scr and Cx43-deficient cells treated with 100 nM PTH, 150mMDBA or the corresponding vehicle for 4 h,

followed by RNA extraction and qPCR as described in Materials and Methods section. Bars represent mean� SD of triplicate determinations. �P< 0.05 versus vehicle-treated

cultures.
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transcription, induced the expression of IL-6, RANKL, c-fos, and

Nur77, recognized cAMP-target genes (Tetradis et al., 2001) in

Cx43(þ) cells. In contrast, only DBA had a significant effect in

Cx43(�) cells, although to a lesser extent compared to its effect in

Cx43(þ) cells (Fig. 1E).

PTH-INDUCED OSTEOBLAST SURVIVAL REQUIRES

PHOSPHORYLATION OF SERINE 368 WITHIN THE CYTOPLASMIC

DOMAIN OF Cx43 AND IT IS ABOLISHED BY OVEREXPRESSION OF

bARRESTIN

Expression of full length wild type Cx43 rescued responsiveness to

PTH in Cx43(�) cells (Fig. 2A). The cytoplasmic domain of Cx43

containing the C-terminus has been shown to have regulatory

functions, to interact with structural and signaling molecules

(Giepmans, 2004), and to be required for the anti-apoptotic effect of

bisphosphonates on osteoblastic cells (Plotkin et al., 2002). We

therefore investigated whether this domain was responsible for

rescuing the anti-apoptotic effect of PTH. We found that the Cx43

mutant lacking the cytoplasmic C-terminus domain Cx43~245 was

not able to confer responsiveness to PTH in Cx43(�) cells. Several

residues have been described in the C-terminus of Cx43 that are

important for Cx43-mediated functions. We focused our attention

on serine 368, since the phosphorylation at this residue has been

implicated in crucial events, such as Cx43 trafficking, plaque

assembly, and regulation of channel activity. We found that

elimination of the phosphorylation site at serine 368 (Cx43S368A),

abolished the ability of Cx43 to rescue the responsiveness to PTH.

This suggests that phosphorylation of serine 368 in the cytoplasmic

Fig. 2. PTH-induced osteoblast survival requires phosphorylation of serine 368 within the cytoplasmic domain of Cx43 and it is abolished by overexpression of barrestin. (A)

Cx43-deficient cells were transiently transfected with the indicated constructs. Forty hours after transfection, apoptosis was assayed as detailed under Materials and Methods

section. �P< 0.05 versus vehicle-treated cultures. (B) mRNA expression levels of barrestin1 and 2 in scr and Cx43-deficient cells. (C) Scr and Cx43(�) cells were transiently

transfected with wild type barrestin1 and wild type Cx43 or barrestin1319-418, respectively, along with nGFP. Apoptosis was determined by evaluating nuclear morphology of

transfected (fluorescent) cells as described in Materials and Methods section. Bars represent mean� SD of triplicate determinations. �P< 0.05 versus vehicle-treated cultures;
#P< 0.05 versus vector-transfected, vehicle-treated scramble cells.
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domain of Cx43 is required for prevention of osteoblast apoptosis by

PTH. We then investigated whether gap junction communication or

hemichannels activity was required for PTH-mediated survival. A

Cx43 mutant that lacks six cysteines in the extracellular domain

responsible for the docking between juxtaposed channels (Cx43cys-less)

able to form active hemichannels, but not gap junctions, restored PTH

responsiveness in Cx43(�) cells (Fig. 2A). On the other hand, cells

expressing a Cx43 mutant with impaired channel permeability

(Cx43~130) were not responsive to PTH-mediated survival signaling.

Cx43 PHYSICALLY ASSOCIATES WITH bARRESTIN THROUGH

PHOSPHORYLATED SERINE 368

Previous evidence indicates that barrestins 1 and 2, highly

homologous scaffolding proteins that bind G protein-coupled

receptors, are responsible for suppressing PTH-induced cAMP

production (Castro et al., 2002) and for inducing internalization of

the PTHR1 (Ferrari and Bisello, 2001; Vilardaga et al., 2001; Ferrari

et al., 2005). Based on this, and on evidence from our laboratory

showing that Cx43 interacts with barrestin1 in osteocytic cells

(Plotkin et al., 2006), we explored the possibility that barrestin

association with Cx43 was responsible for the modulation of the

anti-apoptotic effect of PTH by Cx43.

OB-6 osteoblastic cells express both isoforms of barrestin, 1 and

2; and their expression was not significantly altered by silencing

Cx43 (Fig. 2B). Overexpression of barrestin1 induced a small but

significant increase in apoptosis in the absence of etoposide and

independently of the presence of PTH (Fig. 2C). Importantly,

barrestin1 overexpression abolished the survival effect of PTH in

cells expressing Cx43. Moreover, in cells lacking Cx43, the response

to PTH was recovered by a dominant negative form of barrestin that

consists solely of the clathrin binding domain (barrestin319-418),

which has been shown to block PTHR1 internalization (Sneddon and

Friedman, 2007) and to interfere with the action of barrestins (DeFea

et al., 2000a; Ge et al., 2003; Sneddon and Friedman, 2007).

To determine whether Cx43 interacts with barrestin, we

immunoprecipitated Cx43 in total protein lysates from Cx43-

deficient cells transfected with wild type Cx43. We found that the

anti-Cx43 antibodies pulled down barrestin1 (Fig. 3A). In addition,

when the Cx43S368A mutant was transfected instead of wild type

Cx43, the ratio of immunoprecipitated barrestin1/Cx43 was

decreased from 2.52 to 0.69 (a fourfold decrease). An additional

experiment showed a similar decrease. The small amount of

barrestin immunoprecipitated in the presence of the mutant

Cx43S368A might result from the presence of residual wild type

Cx43 still expressed in Cx43(�) cells. These results indicate that

Cx43 physically associates with barrestin1 and that phosphoryla-

tion of Cx43 in serine 368 is important for the interaction between

the two proteins. As a complementary approach to demonstrate

physical association, we performed confocal microscopy of Cx43-

deficient cells co-transfected with Cx43 fused to GFP and barrestin1

fused to RFP. Overlay of the green and red images showed discrete

areas in the cytoplasm displaying yellow color, indicating co-

localization of Cx43-GFP and barrestin1-RFP (Fig. 3B and Supple-

mentary Fig. 1). Interestingly, the two proteins also co-localize in

areas at which membranes of adjacent cells are in contact (such as

the one shown in Supplementary Fig. 1, lower panels), suggesting

that barrestin could also associate with the pool of Cx43 molecules

involved in cell-to-cell communication through gap junctions.

Cx43 EXPRESSION AND ITS PHOSPHORYLATION IN SERINE 368

INTERFERE WITH THE ASSOCIATION OF bARRESTIN WITH PTHR1

We next questioned whether association with Cx43 affected the

recognized interaction of barrestins with the PTHR1. Towards this

end, we employed an assay in which CHO cells, which express Cx43

(not shown), are stably transfected with one fragment of the b-

galactosidase enzyme fused to the PTHR1 and another fused to

barrestin2. PTH induced the expected interaction between PTHR1

and barrestin2 in cells transfected with vector, as evidenced by a

5.8-fold increase in relative luminescence units resulting from the

association of the two b-galactosidase fragments to form the active

enzyme (Fig. 3C). In cells transfected with wild type Cx43, PTH-

induced b-galactosidase activity was reduced by 40%. Since only

about 50% of CHO cells are transfected, the decreased enzymatic

activity is consistent with a strong inhibition of the interaction in the

transfected cells. On the other hand, PTH induced similar PTHR1/

barrestin2 interaction in cells expressing the mutated forms

Cx43~245 or Cx43S368A compared to vector-transfected cells.

Moreover, transfection of the C-terminus of Cx43 alone did not

interfere with the interaction between PTHR1 and barrestin2;

suggesting that intact Cx43 is required to prevent PTHR1/barrestin2

association. Similar results were reproduced in two additional

independent experiments. These findings suggested that Cx43

decreases the interaction between PTHR1 and barrestin by binding

to barrestin through phosphorylated serine 368.

To directly test this possibility, we examined the effect of

phosphorylating Cx43 in serine 368 with glycyrrhetinic acid, AGA

(Liang et al., 2008), on PTHR1/barrestin2 interaction. We found that

AGA increased the phosphorylation of Cx43 in serine 368 in OB-6

cells, whereas the inactive analog GA had no effect (Fig. 3D).

Moreover, AGA treatment resulted in a small, but significant

reduction in PTH-induced PTHR1/barrestin2 interaction, compared

to cells treated with the inactive analog GA or to untreated cells

(Fig. 3E). The low solubility and high toxicity of AGA and GA

precluded their use at higher concentrations that could have resulted

in stronger effects. Nevertheless, the modest increase in Cx43

phosphorylation inversely correlated to the extent of inhibition of

PTHR1/barrestin interaction. Taken together, these results suggest

that Cx43 sequesters barrestins through phosphoserine 368 in its

cytoplasmic C-terminal domain, reducing the pool of barrestin

available to associate with the PTHR1.

We next determined whether changes in the phosphorylation

status of serine 368 of Cx43 contribute to binding of barrestin to the

PTHR1 induced by PTH. We found that PTH caused a time-

dependent decrease in the levels of phosphorylated Cx43S368,

reaching a minimum after 30min of addition of the hormone to OB-

6 cells (Fig. 3F). In addition, and consistent with the requirement of

phosphorylation of Cx43 in serine 368 for its binding to barrestin,

PTH also caused a significant reduction in the amount of barrestin

pulled down by anti-Cx43 antibodies (Fig. 3G). Taken together, these

findings suggest that PTH induces Cx43 dephosphorylation and the

release of barrestin from its interaction with Cx43, thereby

increasing the pool of barrestin available to bind to the PTHR1.
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DISCUSSION

The studies reported herein demonstrate that Cx43 expression is

indispensable for the survival effect of PTH on osteoblastic cells.

Considering that bone anabolism induced by intermittent PTH

administration is associated with inhibition of osteoblast apoptosis,

our findings provide an explanation for why mice lacking Cx43 in

osteoblasts and osteocytes exhibit reduced response to PTH (Chung

Fig. 3. barrestin association with Cx43 or the PTHR1 is modulated by Cx43S368 phosphorylation. A: Cx43-deficient cells transfected with wild type Cx43 or Cx43S368A were

lysed and total protein extracts were immunoprecipitated with anti-Cx43 antibodies. Western blot was performed with anti-Cx43 and anti-barrestin1 antibodies. Bands were

analyzed by densitometry and the ratio between immunoprecipitated barrestin1 and Cx43 was calculated. B: Representative images showing the sub-cellular distribution of

Cx43-GFP and barrestin1-RFP analyzed by confocal microscopy in wild type OB-6 cells transiently transfected with the indicated constructs. Yellow and white arrows point at

areas of co-localization of the two proteins in the cytoplasm and the plasma membrane, respectively. C: CHO cells were transfected with the indicated constructs and barrestin

binding to the PTHR1 was assayed as detailed in the Materials and Methods section. Bars represent mean� SD of six wells independently transfected. �P< 0.05 versus vector-

transfected cells. Similar results were reproduced in two additional independent experiments. D: 100mMAGA, GA, or DMSO as vehicle were added for 30min to OB-6 cells and

the levels of phosphorylated Cx43S368 (pSer368) were evaluated by Western blotting. Bands were analyzed by densitometry and the ratio between pSer368 and total Cx43 was

calculated. Values represent mean� SD of three replicas. E: CHO cells were treated with 100mM AGA, GA, or DMSO as vehicle 30min prior to the addition of 50 nM PTH for

90min. barrestin binding to the PTH receptor was assayed as detailed in the Materials and Methods section. Bars represent mean� SD of six wells independently treated.
�P< 0.05 versus vector-transfected cells. Similar results were reproduced in two additional independent experiments (F) 50 nM PTH was added for the indicated time points to

wild type OB-6 cells and phosphorylation of Cx43S368 was evaluated by Western blotting on total protein extracts. Bands were analyzed by densitometry and the ratio between

pSer368 and total Cx43 was calculated. Values correspond to mean� SD of three replicas. G: Cx43-deficient cells transfected with wild type Cx43 were treated with 50 nM PTH

or vehicle for 5min. Cells were lysed and total protein extracts were immunoprecipitated with anti-Cx43 antibodies. Western blot was performed with anti-Cx43 and anti-

barrestin1 antibodies. Bands were analyzed by densitometry and the ratio between immunoprecipitated barrestin1 and Cx43 was calculated. The mean� SD of three

independent experiments are shown. �P< 0.05 versus vehicle-treated cells.
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et al., 2006). Nevertheless, future studies are required to establish

whether indeed osteoblasts from Cx43-deficient mice are refractory

to the survival effect of PTH.

Cx43 is required for the early steps of PTHR1 signaling leading to

the transcription of cAMP-dependent genes, as evidenced by the

ability of the stable cAMP analog DBA to circumvent the

requirement of Cx43 for gene transcription and anti-apoptosis.

The lower effect of DBA on cAMP-target gene expression observed

in Cx43 deficient cells could be due to the fact that a full response to

cAMPmight require cooperation between cAMP signaling and other

signaling pathways known to be activated downstream of the

PTHR1, such as ERKs and Wnt signaling. The fact that DBA is able

to fully mimic the response of PTH in Cx43 expressing cells but

not in Cx43 deficient cells indicates that Cx43(�) cells lack

some of these additional factors required for a full response

in gene expression. Remarkably, DBA faithfully mimics the

response to PTH regarding anti-apoptosis even in Cx43(�) cells,

indicating that the cAMP pathway is sufficient to trigger survival

signaling.

Based on our findings, we propose the sequence of events

depicted in Figure 4. In Cx43-expressing osteoblasts, a pool of

barrestin is sequestered by its interaction with phosphorylated

serine 368 within the cytoplasmic domain of Cx43, allowing PTH-

dependent pro-survival signaling downstream of cAMP. PTH also

induces the dephosphorylation of Cx43, likely by activating protein

phosphatases. This leads to the release of barrestin from Cx43,

binding of barrestin to the PTHR1, inhibition of cAMP production,

and internalization of PTHR1. In Cx43-deficient osteoblasts, a larger

pool of barrestin is available to bind to PTHR1, thus blunting cAMP

accumulation, transcription of cAMP target genes, and survival

signaling induced by PTH. Similar to our findings with Cx43, it has

been recently shown that sequestration of barrestin by binding to

the Naþ/Hþ exchange regulatory factor 1, NHERF1, interferes with

PTHR1/barrestin interaction (Wang et al., 2009).

Previous studies have identified several proteins that bind to the

C-terminus domain of Cx43 and regulate Cx43 cellular trafficking,

its phosphorylation, and the formation and gating of gap junctions

(Giepmans, 2004). In turn, through protein–protein interactions,

Cx43 regulates intracellular signaling. By binding to zona occludens

protein 1, ZO-1, and directly to microtubules, Cx43 controls

cytoskeletal organization in several cell types, including glioma

cells (Crespin et al., 2010) and breast cancer cells (Sin et al., 2009).

Moreover, we have shown that in osteoblastic cells Cx43 interaction

with the kinase Src results in activation of the ERK pathway and

induction of cell survival (Plotkin et al., 2002). Our current studies

reveal that barrestin is another partner of Cx43 in osteoblastic cells

through which Cx43 modulates cAMP signaling downstream of the

PTH receptor.

The immunoprecipitation experiments and confocal imaging

suggest that barrestin1 and Cx43 co-localize not only at the cell

membrane, but also in the cytoplasm. This evidence is consistent

with previous studies that detected Cx43 in both cellular

compartments (Lampe and Lau, 2000; Valiunas et al., 2001) and

suggests that Cx43 physically associates with barrestin during

trafficking of the protein from the Golgi apparatus to the plasma

membrane. However, transfection of the C-terminus of Cx43 alone is

not sufficient to interfere with PTHR1/barrestin binding. This can be

attributed to the inability of the C-terminus to localize in the plasma

membrane unless is co-transfected with the transmembrane domain

of Cx43 (Dang et al., 2003) and suggests that the membrane

localization of the complex Cx43/barrestin is required in order to

allow PTHR1-mediated survival signaling.

Fig. 4. Working model. In Cx43-expressing osteoblasts [Cx43(þ) cells], a pool of barrestin is sequestered by its interaction with phosphorylated serine 368 within the

cytoplasmic domain of Cx43 (1), allowing PTH-dependent pro-survival signaling downstream of cAMP (2 and 3). PTH also induces the dephosphorylation of Cx43, likely by

activating a protein phosphatase (PP) (4). This leads to the release of barrestin from Cx43, binding of barrestin to the PTHR1, inhibition of cAMP production, and internalization

of PTHR1 (5). In Cx43-deficient osteoblasts [Cx43(�) cells], a larger pool of barrestin is available to bind to PTHR1, thus blunting cAMP accumulation, transcription of cAMP

target genes, and survival signaling induced by PTH.
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The dominant negative barrestin319-418 mutant was used as a tool

to interfere with barrestin function. The mechanism of action of this

protein is not completely understood. Indeed, this barrestin mutant

might inhibit or not PTHR1 internalization depending on the cell

context (Syme et al., 2005; Sneddon and Friedman, 2007). In

addition, barrestin319-418 blocks PTH-induced ERK activation (Syme

et al., 2005). In OB-6 osteoblastic cells, we found that this dominant

negative reverses the effect of endogenous barrestin by conferring

responsiveness to PTH in the absence of Cx43. Whether this action is

due to inhibition of PTHR1 stabilization or to other functions of

barrestin potentially relevant for the survival effect of PTH will

require future studies.

Two isoforms of barrestin have been described, 1 and 2, that share

75% homology (Attramadal et al., 1992). Notably, although

barrestin1 is less efficient than barrestin2 in promoting PTHR1

internalization (Sneddon and Friedman, 2007), both equally

suppress cAMP production induced by PTH (Castro et al., 2002).

Moreover, deletion of either barrestin1 or 2 abolishes PTH-induced

sustained ERK activation, suggesting a similar mechanism of action

of both isoforms (Gesty-Palmer et al., 2006). Consistent with this

evidence, the current study suggests that Cx43 regulates PTHR1

signaling associating with either barrestin1 or 2.

We also demonstrate that serine 368 is the specific site in the C-

terminus domain of Cx43 responsible for its interaction with

barrestin. Although phosphorylation of this amino acid has been

previously shown to modulate Cx43 channel gating (Giepmans,

2004), to our knowledge our study is the first to propose its

participation in the scaffolding function of Cx43. Moreover,

Cx43S368 is phosphorylated by several stimuli that induce activation

of protein kinase C, including phorbol esters (Lampe et al., 2000),

agonists of the d opiod receptor (Miura et al., 2007), and during

wound healing (Richards et al., 2004), with the consequent closure of

connexin channels. Although it has been proposed that PKA

mediates the increase in phospho-Cx43S368 induced by the follicle-

stimulating hormone (Yogo et al., 2002), a direct effect of the kinase

in the phosphorylation of this residue has not been demonstrated.

Our findings that PTH reduces the levels of phosphorylated Cx43S368

suggest that the hormone activates a serine phosphatase. Consistent

with this, PTH enhances the activation of PPA2 in human colon

Caco-2 cells (Calvo et al., 2010). Moreover, Cx43 co-localizes with

protein phosphatases such as PP1 and PPA2 in ventricular myocytes

(Duthe et al., 2001; Ai and Pogwizd, 2005), raising the possibility

that PTH induces the activation of a Cx43-bound phosphatase

resulting in the dephosphorylation of the connexin. In addition,

phosphorylation of serine 365 in Cx43 induced by PKA inhibits

protein kinase C phosphorylation in serine 368 (Solan and Lampe,

2009), suggesting another potential mechanism for the reduction of

phosphorylated Cx43S368 induced by PTH in osteoblastic cells.

In earlier studies, PTH has been reported to stimulate cell coupling

through gap junctions by a mechanism that does not require new

protein synthesis (Civitelli et al., 1998). Although this phenomenon

has been ascribed to a positive effect of PTH on the assembly of new

plaques, we cannot rule out the possibility that the enhancement

of cell-to-cell communication is due to channel opening via

dephosphorylation of serine 368. Indeed, previous evidence

indicates that hemichannel permeability is diminished by phos-

phorylation of Cx43S368, through a conformational change of the

protein (Bao et al., 2004). The finding that Cx43 channel

permeability is indeed required for PTH-induced survival further

indicates that hemichannels opening may play a role in the

interaction between Cx43 and barrestin and in PTH survival

signaling. This may also explain ability of Cx45 to abolish PTH-

induced survival; thus, Cx45, harboring a different C-terminus,

might not bind barrestin as efficiently as Cx43, and might also

reduce channel permeability. Whether indeed reduction in Cx43S368

phosphorylation by PTH results in Cx43 channel opening in

osteoblastic cells will require future investigations.

In conclusion, our findings reveal a novel scaffolding function of

the cytoplasmic C-terminus domain of Cx43, through which the

connexin plays a permissive role on cAMP-mediated osteoblast

survival induced by PTH. We propose that in the presence of Cx43,

the pool of barrestin bound to the PTHR1 is reduced, thereby

allowing cAMP production and survival signaling (Fig. 4).

Subsequently, PTH induces the dephosphorylation of Cx43 and

the release of barrestin, which then binds to the PTHR1, turning off

downstream signaling.
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