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Up-regulation of BMP2/4 signaling increases 
both osteoblast-specific marker expression and 
bone marrow adipogenesis in Gja1Jrt/+ stromal 
cell cultures
Tanya Zappitellia, Frieda Chenb, and Jane E. Aubina,b,c

aDepartment of Medical Biophysics and bDepartment of Molecular Genetics, University of Toronto, Toronto, 
ON M5S 1A8, Canada; cCentre For Modeling Human Disease, Samuel Lunenfeld Research Institute, Mount Sinai 
Hospital, Toronto, ON M5G 1X5, Canada

ABSTRACT Gja1Jrt/+ mice carry a mutation in one allele of the gap junction protein α1 gene 
(Gja1), resulting in a G60S connexin 43 (Cx43) mutant protein that is dominant negative for 
Cx43 protein production of <50% of wild-type (WT) levels and significantly reduced gap junc-
tion formation and function in osteoblasts and other Cx43-expressing cells. Previously we 
reported that Gja1Jrt/+ mice exhibited early-onset osteopenia caused by activation of osteo-
clasts secondary to activation of osteoblast lineage cells, which expressed increased RANKL 
and produced an abnormal resorption-stimulating bone matrix high in BSP content. Gja1Jrt/+ 
mice also displayed early and progressive bone marrow atrophy, with a significant increase in 
bone marrow adiposity versus WT littermates but no increase in adipose tissues elsewhere in 
the body. BMP2/4 production and signaling were increased in Gja1Jrt/+ trabecular bone and 
osteogenic stromal cell cultures, which contributed to the up-regulated expression of osteo-
blast-specific markers (e.g., Bsp and Ocn) in Gja1Jrt/+ osteoblasts and increased Pparg2 ex-
pression in bone marrow–derived adipoprogenitors in vitro. The elevated levels of BMP2/4 
signaling in G60S Cx43-containing cells resulted at least in part from elevated levels of cAMP. 
We conclude that up-regulation of BMP2/4 signaling in trabecular bone and/or stromal cells 
increases osteoblast-specific marker expression in hyperactive Gja1Jrt/+ osteoblasts and may 
also increase bone marrow adipogenesis by up-regulation of Pparg2 in the Cx43-deficient 
Gja1Jrt/+ mouse model.

INTRODUCTION
Gap junctions and hemichannels mediate cellular communication 
by allowing the passage of small molecules and ions (e.g., ATP, Ca2+, 
IP3, cAMP) directly between cells and between cells and their extra-
cellular environment, respectively (Loewenstein, 1981; Alexander 
and Goldberg, 2003). Connexin 43 (Cx43), one member of the large 
connexin protein family, is the major gap junctional protein found in 
bone and is expressed by osteoblasts, osteocytes (Civitelli et al., 
1993; Donahue et al., 1995), and bone marrow stromal cells (includ-
ing osteoblast and adipocyte precursors; Dorshkind et al., 1993). 
Other members of the connexin protein family expressed in bone 
are Cx45 (Steinberg et al., 1994), Cx46 (Koval et al., 1997; Sanches 
et al., 2009), and Cx37 (Yamada et al., 2007; Paic et al., 2009), al-
though their expression is much lower than that of Cx43. In bone, 
Cx43 is important in mediating hormonal and molecular signals 
(Chung et al., 2006; Plotkin et al., 2008; Zhang et al., 2011), fracture 
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and function, exhibited early-onset osteopenia and changes in the 
structure and biomechanical properties of bone (Zappitelli et al., 
2013). The osteopenic phenotype results from activation of osteo-
clasts secondary to activation of the osteoblast lineage both in tra-
becular bone in vivo and bone marrow stromal cultures. We con-
firmed here that activation of Gja1Jrt/+ osteoblastic cells resulted in 
increased bone nodule formation, increased osteoblast marker ex-
pression (with Bsp being the most highly and significantly up-regu-
lated), and production of an abnormal bone matrix high in BSP con-
tent (Figure 1, B and C), which we previously showed stimulates 
resorption (Zappitelli et al., 2013).

As early as 7 wk of age, Gja1Jrt/+ mice exhibited increased bone 
marrow atrophy versus wild-type (WT) mice (Figure 2A; Flenniken 
et al., 2005). Histomorphometry confirmed that whereas adipocyte 
size (adipocyte volume/adipocyte number) and percentage marrow 
fat (adipocyte volume/marrow volume) were not significantly differ-
ent between genotypes, adipocyte density (adipocyte number/
tissue volume, mm2) was significantly increased at 2 and 4 mo of age 
in Gja1Jrt/+ versus WT bone marrow (Figure 2B). Expression of all 
adipocyte markers tested, including Pparg2, the master adipogenic 
transcription factor, and downstream adipogenic markers aP2, LPL, 
and Adipsin, were significantly increased in Gja1Jrt/+ versus WT 
bone marrow (Figure 2C).

The increase in adipogenesis in Gja1Jrt/+ mice was restricted to 
the bone marrow, as evidenced by the fact that neither body mass 
composition (Supplemental Figure S1A) nor expression of adipo-
cyte markers in the epididymal fat pads (Supplemental Figure S1B) 
was significantly different between Gja1Jrt/+ and WT mice at any 
age tested. Of note, Gja1Jrt/+ stromal cells cultured under adipo-
genic conditions displayed significantly increased expression of adi-
pocyte markers at day 1 compared with WT cells but not thereafter 
(Figure 3); consistent with this, no difference was seen in oil red O 
staining at endpoint between genotypes (Supplemental Figure S2).

The BMP2/4 and Wnt/β-catenin signaling pathways are 
up-regulated in Gja1Jrt/+ trabecular bone and osteogenic 
stromal cell cultures, but only BMP2/4 is responsible for the 
increase in osteoblast-specific gene expression
We next sought to identify which signaling pathway(s) downstream 
of Cx43 were altered by the G60S Cx43 mutation and might ac-
count for the increased expression of markers in the Gja1Jrt/+ osteo-
blasts. Using a Pathway Finder QPCR array and RNA isolated from 
Gja1Jrt/+ and WT trabecular bone samples, we identified and se-
lected two candidate pathways for further analysis, the BMP2/BMP4 
pathway and the Wnt/β-catenin pathway (based on expression dif-
ferences of 1.5-fold or greater between genotypes; Table 1). Given 
the reported ability of β-catenin to interact physically with CX43 (Ai 
et al., 2000), we first examined the Wnt/β-catenin signaling pathway. 
Whereas total β-catenin protein was significantly increased in Gja-
1Jrt/+ versus WT stromal cells, the level of transcriptionally active β-
catenin was not (Supplemental Figure S3A). When expression of 
Axin2 and naked cuticle 1 (Nkd1), two direct targets of β-catenin 
signaling, was assessed via quantitative PCR, we found that Axin2 
was unaffected, but expression of Nkd1 was significantly up-regu-
lated in Gja1Jrt/+ versus WT stromal cells (Supplemental Figure S3B). 
The inconsistent changes in Wnt/β-catenin target genes suggested 
that this pathway was not involved in the increased marker expres-
sion by Gja1Jrt/+ osteoblasts. This was confirmed by treating WT 
and Gja1Jrt/+ stromal cells with a Wnt signaling inhibitor, IWP-2. 
Treatment with 1 μM IWP-2 significantly reduced Wnt/β-catenin sig-
naling in both WT and Gja1Jrt/+ stromal cells, as evidenced by 
down-regulation of expression of Axin2 (Supplemental Figure S3C); 

repair (Loiselle et al., 2012), mechanical loading (Grimston et al., 
2008, 2012; Zhang et al., 2011), and control of the subpopulation 
makeup of the stroma (Gonzalez-Nieto et al., 2012).

Cx43 gap junction function is critical to the processes of osteo-
blast and osteocyte differentiation and activity and bone formation 
and maintenance and has been studied extensively through the 
generation of Cx43-knockout (Lecanda et al., 2000), conditionally 
deleted (Chung et al., 2006; Watkins et al., 2011; Zhang et al., 2011; 
Bivi et al., 2012; Gonzalez-Nieto et al., 2012), and point-mutation 
mutant mice (Flenniken et al., 2005; Dobrowolski et al., 2008; 
Zappitelli et al., 2013) and by overexpression of mutant Cx43 pro-
teins in cell lines (McLachlan et al., 2008). The role of Cx43 in adipo-
cytes and adipogenesis is less well studied. However, it has been 
reported that functional Cx43 gap junctions are present and re-
quired for mitotic expansion and C/EBPβ expression in preadipo-
cytes (Yanagiya et al., 2007) and that levels of Cx43 protein and gap 
junction formation and function are down-regulated during adipo-
cyte differentiation (Azarnia and Russell, 1985; Umezawa and Hata, 
1992; Yeganeh et al., 2012).

In addition to the important role of Cx43 channels in transport of 
signaling molecules, Cx43 has been shown to interact with intracel-
lular structural and signaling molecules to modulate cellular signal-
ing activities. For instance, Cx43 proteins have been proposed and/
or shown to interact with Src kinase to activate ERKs in response to 
bisphosphonate-mediated cell survival signaling (Plotkin et al., 
2002), with β-arrestin in response to PTH survival signaling (Bivi 
et al., 2011), and with protein kinase Cδ during FGF2 signaling 
(Niger et al.). Cx43 has also been proposed to physically interact 
with β-catenin (Ai et al., 2000), although its involvement in Wnt and 
bone morphogenic protein (BMP) signaling pathways is unknown.

Loss or disruption of Cx43 gap junctions and hemichannels in 
cells early in the osteogenic lineage has been reported to impair 
osteoblast differentiation, bone formation, and mineralization activi-
ties in various mouse models (Lecanda et al., 2000; Chung et al., 
2006; McLachlan et al., 2008; Watkins et al., 2011). However, in 
Gja1Jrt/+ mice, in which a dominant- negative G60S Cx43 mutation 
results in a significant (>50%) reduction of Cx43 protein production, 
phosphorylation, and gap junction formation and function in osteo-
blasts (McLachlan et al., 2008) and other cell types (Flenniken et al., 
2005), we recently showed that osteoblast differentiation and func-
tion are not decreased but are instead activated (Zappitelli et al., 
2013). In particular, we found that Gja1Jrt/+ osteoblasts overexpress 
many osteoblast-associated genes, including Bsp, and deposit an 
abnormal resorption-stimulating bone matrix high in bone sialopro-
tein (BSP) content. In addition to its novel osteoblast phenotype, 
Gja1Jrt/+ is the only Cx43 mutant mouse model with a reported 
change in bone marrow adipogenesis, leading to progressive bone 
marrow atrophy beginning at 17 wk of age (Flenniken et al., 2005).

We now report that the G60S Cx43 mutation increases the ex-
pression level of osteoblast-specific markers in the osteoblasts by 
up-regulation of BMP2/4 production and signaling and that the in-
creased BMP production by activated osteoblasts and/or stromal 
cells may also up-regulate Pparg2 (for peroxisome proliferator–acti-
vated receptor γ [Pparg2]) expression, leading to increased bone 
marrow adipogenesis.

RESULTS
The G60S Cx43 mutation concomitantly activates the 
osteoblast lineage and increases bone marrow adipogenesis 
in early-onset osteopenic Gja1Jrt/+ mice
As we previously reported, Gja1Jrt/+ mice, which carry a G60S Cx43 
mutation resulting in reduced gap junction formation (Figure 1A) 
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(e.g., fat pads, trunk) of Gja1Jrt/+ mice, suggesting that the in-
crease was dependent on factors in the marrow microenvironment. 
The fact that increased expression of adipocyte-associated genes 
was seen only at early times, that is, day 1, but not thereafter in 
Gja1Jrt/+ versus WT stromal cell cultures also supported the pos-
sibility that cells other than adipocytes or their endogenous factors 
in the marrow microenvironment were responsible for the in-
creased adipogenesis. Previously, we showed that mature en-
dosteal osteoblasts are dislodged from bone surfaces when bone 
marrow is flushed from long bones, and they remain viable for only 
short periods of time in culture (Malaval et al., 1994). We therefore 
hypothesized that it is the hyperactive Gja1Jrt/+ osteoblasts that 
are responsible, potentially through their increased production of 
BMP2/4, for increased marrow adipogenesis in Gja1Jrt/+ mice. The 
increased Bmp2/4 expression and signaling in Gja1Jrt/+ versus WT 
osteogenic stromal cell cultures at confluence (Figure 4, B and C) 
supports this possibility. To test this hypothesis further, we cultured 
stromal cells under adipogenic conditions but further supple-
mented with addition of either WT or Gja1Jrt/+ osteogenic stromal 
cell–conditioned medium. The expression of Pparg2 was signifi-
cantly increased when cells of either genotype were grown in the 
presence of Gja1Jrt/+ conditioned medium versus those supple-
mented with WT conditioned medium (Figure 5B). To determine 
whether this increase was due to increased BMP2/4 in the 
Gja1Jrt/+ conditioned medium, we next treated adipogenic stromal 
cells supplemented with Gja1Jrt/+ conditioned medium with Nog-
gin for 48 h. In cultures supplemented with Gja1Jrt/+ conditioned 
medium, treatment with 6.25 ng/ml Noggin significantly reduced 
the expression of Pparg2 in both WT and Gja1Jrt/+ adipogenic 
cells (Figure 5C).

however, IWP-2 treatment had no significant effect on expression of 
Bsp in either WT or Gja1Jrt/+ stromal cells, and Bsp expression re-
mained higher in Gja1Jrt/+ than in WT stromal cells, regardless of 
the IWP-2 concentration used (Supplemental Figure S3D).

Therefore we next examined the BMP2/4 signaling pathway and 
confirmed that expression of Bmp2, Bmp4, and Tcf7 (for transcrip-
tion factor 7 [Tcf7]) was significantly increased in RNA isolated from 
both Gja1Jrt/+ trabecular bone (Figure 4A) and osteogenic stromal 
cell cultures (Figure 4B) versus WT specimens. BMP2/4 signaling, 
determined by immunoblotting for phosphorylated SMAD1/5/8 
(pSMAD1/5/8) proteins, was also significantly increased in Gja1Jrt/+ 
versus WT stromal cell cultures. Levels of SMAD1 were unaffected 
between genotypes (Figure 4C).

To determine whether the up-regulated marker expression in 
Gja1Jrt/+ osteoblasts resulted directly from up-regulated BMP2/4 
signaling, we treated osteogenic stromal cell cultures with Nog-
gin, a BMP2/4-signaling inhibitor. The dose of Noggin required 
for either half (ID50) or maximal knockdown of both Bsp and Ocn 
(for osteocalcin [Ocn]) expression was higher in Gja1Jrt/+ than WT 
cells (e.g., ID50 = 12.5–25 ng/ml Noggin in WT cells vs. ID50 = 
100–200 ng/ml Noggin in Gja1Jrt/+ cells; Figure 5A). The signifi-
cant reduction in pSMAD1/5/8 levels confirmed that Noggin treat-
ment knocked down BMP2/4 signaling in cells of both genotypes 
(Supplemental Figure S4).

Up-regulated BMP2/4 production by Gja1Jrt/+ osteogenic 
stromal cell cultures increases adipocyte gene expression in 
adipogenic stromal cultures
As summarized so far, adipocyte density and volume were 
increased in the bone marrow but not elsewhere in the body 

FIGURE 1: The Gja1Jrt mutation activates the osteoblast lineage and alters bone matrix composition. (A) The formation of 
gap junctional plaques on the surface of Gja1Jrt/+ mouse embryonic fibroblasts was significantly decreased vs. WT cells, 
whereas intracellular localization of CX43 protein was significantly increased in Gja1Jrt/+ vs. WT cells. (B) Levels of Bsp 
mRNA and BSP protein were significantly increased in the trabecular bone matrix of Gja1Jrt/+ vs. WT mice. 
(C) Alkaline phosphatase and VonKossa stained endpoint osteogenic stromal cultures revealed that numbers of CFU-ALP 
and CFU-O were higher in Gja1Jrt/+ vs. WT cultures. Expression of osteoblast-associated markers Bsp and Ocn at endpoint 
of culture was significantly increased in stromal cultures isolated from Gja1Jrt/+ vs. WT mice; n ≥ 3. *p < 0.05, **p < 0.01.
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treatment (Figure 6B). To determine whether increased cAMP sig-
naling in Gja1Jrt/+ cells was the mechanism behind the increased 
BMP2/4 production, we next treated WT and Gja1Jrt/+ stromal cells 
with an inhibitor of cAMP signaling and assessed Bmp2 expression. 
Myristoylated cAMP-dependent protein kinase inhibitor (mPKI) 
knocks down cAMP signaling by interfering with the activation of 
protein kinase A (Ashby and Walsh, 1972, 1973). Treatment with 
mPKI had no significant effect on Bmp2 expression in WT stromal 
cells but knocked down Bmp2 expression in Gja1Jrt /+ cells to WT 
levels (Figure 6C).

DISCUSSION
G60S Cx43-containing cells exhibit significantly reduced levels of 
total CX43 protein, gap junction formation, and gap junction cou-
pling between cells (Flenniken et al., 2005; McLachlan et al., 2008), 
which result in an early-onset osteopenic phenotype in Gja1Jrt/+ 
mice due to activation of osteoclast bone resorption by production 
of an abnormal resorption stimulating bone matrix, high in BSP, as 
well as changes in receptor activator of nuclear factor-κB ligand 
(RANKL)–osteoprotegerin (OPG) signaling, both of which arise from 
activation of osteoblast lineage cells (Zappitelli et al., 2013). We now 
report that the activation (i.e., up-regulated Bsp and Ocn expres-
sion) of the osteoblast lineage results from increased BMP2/4 

Increased levels of cAMP contribute to the up-regulation of 
BMP2/4 signaling in Gja1Jrt/+ versus WT osteogenic stromal 
cell cultures
To establish the link between decreased G60S Cx43 channel func-
tion and the increased activity of Gja1Jrt/+ osteoblasts including in-
creased BMP2/4 production, we next compared the intracellular 
concentrations of several molecules and ions known to be trans-
ported through Cx43 channels in WT and Gja1Jrt/+ stromal cells. 
Whereas intracellular levels of ATP and Ca2+ were not different be-
tween genotypes, cAMP levels were significantly increased in 
Gja1Jrt/+ versus WT stromal cells cultured under osteogenic condi-
tions (Figure 6A). To determine whether cAMP signaling was up-
regulated, we quantified phosphorylation of cAMP-responsive ele-
ment–binding protein (CREB), a cAMP-responsive transcription 
factor; given the relatively rapid decay of cAMP and low basal levels 
of pCREB/CREB, we performed the assay in the presence of 3-isobu-
tyl-1-methylxanthine (IBMX), a nonselective phosphodiesterase in-
hibitor, which inhibits cAMP breakdown, thereby amplifying any dif-
ferences in levels of cAMP and its targets between genotypes. 
Levels of pCREB/CREB increased significantly in Gja1Jrt/+ cells after 
2 h of IBMX treatment, whereas no change in cAMP levels was de-
tectable in WT cells; of note, pCREB/CREB levels were also signifi-
cantly increased in Gja1Jrt/+ versus WT stromal cells at 2 h of IBMX 

FIGURE 2: Adipocyte number and activity are increased in Gja1Jrt/+ vs. WT bone marrow. (A) Hematoxylin and 
eosin–stained tibia bones revealed an increased bone marrow atrophy in Gja1Jrt/+ mice at 2 and 4 mo of age vs. WT 
littermates. (B) Histomorphometric analysis of the long bones showed a significant increase in adipocyte density at 2 
and 4 mo of age. Percentage marrow fat and adipocyte size were unaffected between genotypes; n ≥ 4. (C) Expression 
of adipocyte-associated markers was significantly increased in Gja1Jrt/+ vs. WT whole bone marrow of 4-mo-old mice; 
n ≥ 4. Solid and dashed lines indicate significance over time in WT and Gja1Jrt/+ mice, respectively. #p < 0.1, *p < 0.05, 
**p < 0.01.
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also production of an abnormal bone matrix due to increased BSP 
incorporation and changes in RANKL-OPG production), which result 
in activation of osteoclasts and therefore the early-onset osteopenic 
phenotype of Gja1Jrt/+ mice, remains to be determined, for exam-
ple, by knocking down BMP2/4 signaling in Gja1Jrt/+ mice. We also 
cannot exclude the possibility that other intrinsic defects or dis-
rupted signaling molecules or pathways may be responsible for or 
contribute to the activation of the Gja1Jrt/+ osteoblasts.

To date, no other studies have attributed the osteopenic bone 
phenotypes of Cx43 mutants to increased BMP2/4 signaling, al-
though osteoblast hyperactivity has also not been reported in other 
mouse models with decreased Cx43 gap junction formation and 
function. However, Gja1Jrt/+ mice also exhibit all the classical fea-
tures of oculodentodigital dysplasia (ODDD), including syndactyly 
(Flenniken et al., 2005). Alterations in BMP2 levels have been re-
ported to underlie common phenotypic features of ODDD, although 
in contrast to the activation we report in Gja1Jrt/+ cells, others have 
shown that disruption of Cx43 gap junction function causes a reduc-
tion in BMP2 signaling. For instance, Dobrowolski et al. (2009) 
showed that the syndactyly phenotype of the Cx43+/G138R and 
Cx43−/− mice arises from decreased interdigital apoptosis due to 
decreased SHH and BMP2, along with subsequent increase in FGF 
signaling due to increased FGF4 and FGF8. Kim et al. (2005) showed 
that disruption of Cx43 by antisense-oligonucleotides caused 

production and signaling. Increased BMP2/4 also increases Pparg2 
expression to promote bone marrow adipogenesis in Gja1Jrt/+ ver-
sus WT mice. Our data also suggest that the increased production 
of BMP2/4 is due to reduced gap junction intercellular communica-
tion and consequent build-up of intracellular cAMP and its down-
stream signaling in Gja1Jrt/+ osteogenic stromal cells.

Increased BMP2/4 signaling results in up-regulated 
osteoblast-specific marker expression in Gja1Jrt/+ 
osteoblasts
Gja1Jrt/+ mice, like other Cx43 mutant mice exhibiting reduced gap 
junction formation and function, are osteopenic, but the osteopenia 
results not from decreased osteogenesis and osteoblast activity, but 
from osteoblast hyperactivity, which activates osteoclasts (Zappitelli 
et al., 2013). We show here that BMP2/4 production and signaling 
are significantly increased in Gja1Jrt/+ versus WT trabecular bone 
and/or osteogenic stromal cells both in vivo and in vitro. The knock-
down of expression of up-regulated genes such as Bsp and Ocn in 
Gja1Jrt/+ stromal cell cultures to WT levels by Noggin treatment 
confirmed that the up-regulation of gene expression in Gja1Jrt/+ 
osteoblasts is at least partly, if not entirely, due to up-regulated lev-
els of BMP2/4. Whether the increase in BMP2/4 production is di-
rectly responsible for all of the up-regulated osteoblast activities 
(i.e., not only increased osteoblast-specific gene expression, but 

FIGURE 3: The Gja1Jrt mutation does not affect adipocyte lineage development in vitro. RNA was isolated at four time 
points throughout proliferation-differentiation in adipogenic stromal cultures derived from 4-mo-old mice. Expression of 
adipocyte-associated markers Bmp2, Bmp4, and Tcf7 was unchanged between genotypes, except at day 1, when 
expression of these markers was increased in Gja1Jrt/+ vs. WT adipogenic stromal cultures; n ≥ 3. #p < 0.1, *p < 0.05, 
**p < 0.01.
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by hemichannels may play a role in the up-regulation of BMP 
production and the hyperactive phenotype of the Gja1Jrt/+ 
osteoblasts.

Whereas the increase in BMP2/4 signaling is directly responsible 
for the increased expression of osteoblast-specific markers in hyper-
active Gja1Jrt/+ osteoblasts, our data for the Wnt/β-catenin inhibitor 
IWP-2 indicate that the up-regulation of Wnt/β-catenin signaling is 
not. However, the inconsistent and variable changes in the Wnt/β-
catenin pathway that we report in the Gja1Jrt/+ mice is consistent 
with recently published data by Bivi et al. (2013), who reported in-
creased expression of (total) β-catenin protein and some Wnt target 
genes (e.g., Axin2) when Cx43 is disrupted in osteocytes (in bones 
of DMP1Cre;Cx43fl/fl mice and in the MLO-Y4 osteocytic cell line). At 
the same time, however, the expression of other Wnt/β-catenin tar-
get genes (e.g., cyclin D1 and Smad6) and Wnt-mediated transcrip-
tion (assessed via a TCF/Lef1-luciferase reporter assay) were unaf-
fected in Cx43-silenced MLO-Y4 cells (Bivi et al., 2013). These 
results, along with the data we present here, suggest that the accu-
mulation of β-catenin protein in Cx43-deficient cells may not lead to 
increased Wnt/β-catenin–mediated transcription; instead, elevated 
levels of total β-catenin in Cx43 mutant mice may be involved in 
other cellular processes, such as mediating the responsiveness of 
cells to mechanical stimulation (i.e., enhancing the responsiveness 
of “primed” Cx43-deficient cells to mechanical stimulation) or to 
other signals/factors, independently of classical Wnt/β-catenin tran-
scription. As such, it will be interesting to determine whether sensi-
tivity to mechanical loading or unloading in the Gja1Jrt/+ mice is 
altered as a result of the increased β-catenin protein levels.

Increased bone marrow adipogenesis in Gja1Jrt/+ mice
Whether the Gja1Jrt/+ mouse bone marrow adipocyte phenotype is 
a direct consequence of altered Cx43 function in adipogenic cells 
and/or is indirect through other cell types is not yet clear. Adipogen-
esis and expression of adipocyte markers are increased in Gja1Jrt/+ 
bone marrow but not at other anatomical sites in Gja1Jrt/+ mice. 
Similarly, several adipocyte markers and BMP2 were increased at 
very early times in cultures of Gja1Jrt/+ versus WT stromal cells but 
not later, and no increase in adipogenesis was detectable in these 
cultures. We therefore hypothesized that the up-regulated produc-
tion of BMP2 and BMP4 in Gja1Jrt/+ trabecular bone and osteogenic 
stromal cell cultures is responsible for the increased marrow adipo-
genesis in vivo and in stromal cultures, respectively. The fact that 
Noggin abrogated the increased expression of Pparg2 in adipo-
genic stromal cells treated with Gja1Jrt/+ osteogenic stromal cell–
conditioned medium is consistent with such a hypothesis. Similarly, 
no other Cx43 mutant mouse models have been described to have 
an adipocyte phenotype or an increase in bone marrow adipogen-
esis, either because the marrow has not been screened in other 
models or, more likely, reflecting the unique activated osteoblast 
phenotype seen in the Gja1Jrt/+ model with its associated up-regu-
lated BMP production. Thus no increase in adipogenesis was de-
scribed in the global G138R mutant, Cx43+/G138R, or the condi-
tional deletion and conditional G138R mutant, DM1Cre;Cx43−/fl and 
DM1Cre;Cx43+/fl(G138R), mice, whose osteoblasts are dysfunctional 
but not hyperactive as in the Gja1Jrt/+ mice (Dobrowolski et al., 
2008; Watkins et al., 2011).

It is also worth noting that early in adipogenesis in vitro, Cx43 is 
highly phosphorylated and localized in the plasma membrane of 
3T3-L1 cells (Azarnia and Russell, 1985) and H-1/A stromal cells 
(Umezawa and Hata, 1992), and functional gap junctions are re-
quired in these early stages (Yanagiya et al., 2007). However, as 
preadipocytes differentiate into mature adipocytes, the level of 

increased Shh and decreased Bmp2 expression levels during fungi-
form papillae development. Clearly, disruption of Cx43 gap junction 
coupling can lead to alterations of morphogens such as BMP2, but 
differences may arise due to the specific and diverse effects of the 
various mutations on gap junction and hemichannel formation and 
function (Laird, 2014).

Altered Cx43 gap junction and hemichannel formation and func-
tioning can vary significantly, depending on the location and type of 
Cx43 point mutation (Shibayama et al., 2005; Dobrowolski et al., 
2007). For instance, the H194P Cx43 mutation inhibits gap junction 
coupling but has no effect on hemichannel activity, whereas the 
G138R and G143S mutants reduce gap junction coupling but in-
crease hemichannel activity (Dobrowolski et al., 2007). The effect of 
the mutation on the differing channels is important, since hemichan-
nels and gap junctions exhibit distinct specificity with regard to 
molecules that they transport and the functions that they perform 
(reviewed in Jiang et al., 2007). The effect of the G60S Cx43 muta-
tion on hemichannel activity remains to be determined, but altera-
tions in formation, transport, and/or degradation of small second 
messenger molecules that are transported across Cx43 channels, 
such as cAMP (as discussed later), suggest that changes in signaling 

Gene 
symbol Gene name

Expression, fold 
change vs. WT

Bmp2 Bone morphogenetic protein 2 2.33

Bmp4 Bone morphogenetic protein 4 3.00

Ccl2 Chemokine (C-C motif) ligand 2 −1.56

Cdkn2a Cyclin-dependent kinase inhibitor 
2A

−1.58

Cxcl1 Chemokine (C-X-C motif) ligand 1 −2.53

Egr1 Early growth response 1 1.79

Fn1 Fibronectin 1 −2.02

Hhip Hedgehog-interacting protein 2.79

Il1a Interleukin 1α 1.65

Il4ra Interleukin 4 receptor α −1.75

Mmp10 Matrix metallopeptidase 10 −1.91

Pparg Peroxisome proliferator–activated 
receptor γ

2.53

Selp Selectin, platelet −3.82

Tcf7 Transcription factor 7, T-cell 
specific

3.21

Tfrc Transferrin receptor 1.69

Pme-
pa1

Prostate transmembrane protein, 
androgen induced 1

−1.56

Vcam1 Vascular cell adhesion molecule 1 1.54

Vegfa Vascular endothelial growth fac-
tor A

1.52

Wisp1 WNT1-inducible signaling path-
way protein 1

1.89

Genes of interest were identified as those whose expression was changed 
1.5-fold or greater in Gja1Jrt/+ vs. WT samples. RNA was isolated from trabe-
cular bone of 2-mo-old WT and Gja1Jrt/+ mice; n = 2, and each sample was the 
combination of n ≥ 2 independent biological samples.

TABLE 1: Results of the Mouse Signal Transduction Pathway Finder 
RT2 Profiler PCR Array.
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investigated intracellular levels of several signaling molecules and 
ions known to be released via Cx43 channels. Although our results 
revealed only a small increase in levels of intracellular cAMP, a sec-
ond messenger signaling molecule known to pass through Cx43 
gap junctions (Lawrence et al., 1978), such small changes can have 
profound impacts on cell activities. Consistent with this, treatment 
with the cAMP-dependent protein kinase inhibitor mPKI reduced 
the elevated levels of Bmp2 expression in Gja1Jrt/+ cells to WT 
levels, suggesting that increased cAMP signaling was at least 
partly responsible for the up-regulation of Bmp2 expression. We 
cannot exclude the possibility that the transport of other small sec-
ond messenger molecules, which we did not test, were also af-
fected by the G60S Cx43 mutation and involved in the up-regula-
tion of BMP2/4 production and/or the expression of downstream 
osteoblast markers in Gja1Jrt/+ cells. Further analysis of the G60S 
Cx43 mutation on hemichannel and gap junction channel conduc-
tance, permeability, pore size, and specificity are underway.

Of importance, we and others have found no evidence of 
changes in or compensation by Cx45 (gene or protein expression 
levels; unpublished data) in Cx43-mutant ODDD mouse models to 
account for alteration in levels of BMP2/4 molecules (i.e., up-regu-
lated BMP2/4 levels in Gja1Jrt/+ mice or down-regulated BMP2 lev-
els in Cx43+/G138R mice; Dobrowolski et al., 2008). This likely 
reflects the inability of connexin family members to adequately 
compensate for one another, since the channels have different 

Cx43 protein declines via proteasomal degradation, an effect re-
ported to be essential for the development of mature adipocytes 
(Yeganeh et al., 2012). In Gja1Jrt/+ mice, however, the reduction in 
Cx43 expression and gap junction function appears to have no ef-
fect on adipogenesis in epididymal fat pads or elsewhere, except in 
the bone marrow, where our data suggest that the adipogenic con-
sequences of Cx43 deficiency are indirect and via osteoblasts and 
possibly other BMP2/4-producing cells. The data suggest that only 
a low level of gap junctional communication is necessary for the 
early differentiation stages of adipogenesis, levels commensurate 
with the low residual gap junction communication seen in Gja1Jrt/+ 
cells, or that other pathways, such as an enhanced BMP2/4 pathway, 
can compensate for low Cx43. However, we cannot entirely rule out 
a direct action of the G60S Cx43 mutation on bone marrow adipo-
cyte precursors, which may behave phenotypically differently than 
adipocytes in other tissues. Future experiments will be aimed at as-
sessing the direct effects of the germline G60S Cx43 mutation in 
bone marrow–derived adipocyte precursors and testing more rigor-
ously the link between increased BMP2/4 production and increased 
bone marrow adipogenesis in Gja1Jrt/+ mice.

Increased intracellular cAMP in G60S Cx43 osteogenic 
stromal cells plays a role in increased BMP2/4 production
To uncover a link between the G60S Cx43 mutant channels and 
the up-regulation of BMP2/4 production by Gja1Jrt/+ cells, we 

FIGURE 4: BMP2/4 signaling is increased in Gja1Jrt/+ in vivo and in vitro. Expression of Bmp2, Bmp4, and Tcf7 was 
increased in Gja1Jrt/+ vs. WT (A) trabecular bone at 4 mo of age (n ≥ 8) and in (B) osteogenic stromal cultures at 
confluence (n ≥ 3). (C) Levels of pSMAD1/5/8 were significantly increased in Gja1Jrt/+ vs. WT confluent osteogenic 
stromal cultures. Levels of SMAD1 were unchanged. One representative blot is shown; n ≥ 4. #p < 0.1, *p < 0.05, 
**p < 0.01.
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MATERIALS AND METHODS
Animals studies
Gja1Jrt/+ mice were generated as previously described (Zappitelli 
et al., 2013). The studies reported here were done on male Gja1Jrt/+ 
and WT littermates between 2 and 4 mo of age. All experimental 
procedures were performed in accordance with protocols approved 
by the Canadian Council on Animal Care and the University of To-
ronto Faculty of Medicine and Pharmacy Animal Care Committee.

Body composition
Dual energy x-ray absorptiometry (PIXImus; Lunar, Madison, WI) was 
used to measure body composition (percentage fat, lean tissue 
mass) on the whole body (excluding the head).

Immunocytochemistry
Mouse embryonic fibroblasts cultured on glass coverslips were 
permeabilized in 1% Triton X-100 in phosphate-buffered saline 

molecular and ionic permeabilities (Steinberg et al., 1994; Veenstra 
et al., 1994; Koval et al., 1995), serving different functions as cells 
differentiate (Lecanda et al., 2000). Alternatively, however, elevated 
levels of Cx45 protein have been proposed to partially compensate 
for loss of Cx43 in Cx43−/− neonatal calvaria osteoblasts (Lecanda 
et al., 2000); it is possible that compensatory mechanisms by other 
connexins can be influenced on the basis of whether Cx43 is entirely 
deleted, as in the knockout, or simply mutated, as in the G60S or 
G138R mutants.

In summary, we report the novel findings that up-regulation of 
BMP2/4 signaling in trabecular bone and/or stromal cells increases 
osteoblast-specific marker expression in hyperactive Gja1Jrt/+ os-
teoblasts and may also increase bone marrow adipogenesis by up-
regulation of Pparg2 in the Cx43-deficient Gja1Jrt/+ mouse model. 
We also report that increased cAMP signaling may promote the up-
regulated production of BMP2 and BMP4 signaling molecules by 
Gja1Jrt/+ cells.

FIGURE 5: Up-regulated BMP2/4 signaling is responsible for the increased osteoblast marker expression and the 
increased Pparg2 expression in bone marrow–derived adipocytes and adipogenic precursors in Gja1Jrt/+ vs. WT mice. 
(A) The dose of Noggin required for either half (ID50) or maximal knockdown of both Bsp and Ocn expression was higher 
in Gja1Jrt/+ vs. WT osteogenic stromal cells. One representative experiment is shown, and samples were run in triplicate; 
n = 3. (B) Both WT and Gja1Jrt/+ adipogenic stromal cells grown in the presence of Gja1Jrt/+ conditioned medium 
expressed higher levels of Pparg2 vs. those grown with the addition of WT conditioned medium; n ≥ 3. Solid and dashed 
lines indicate significant differences between cells cultured in either conditioned medium situation in WT and Gja1Jrt/+ 
cells, respectively. (C) Expression of Pparg2 declined significantly when cells of either genotype (cultured under 
adipogenic conditions and with the addition of Gja1Jrt/+ conditioned medium) were treated with Noggin; n = 5. Asterisks 
indicate significance between genotypes at that dosage concentration; *p < 0.05, **p < 0.01, and ***p < 0.001. Capital 
letters indicate significance between WT samples; lowercase letters indicate significance between Gja1Jrt/+ samples; 
letters are assigned in alphabetical order according to the dosages (e.g., significant difference vs. dose 0 is denoted A in 
WT and a in Gja1Jrt/+). p < 0.05 was considered statistically significant.
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inactivated FBS and antibiotics (100 μg/ml penicillin, 1 μg/ml 
streptomycin, 50 μg/ml gentamicin, 250 ng/ml Fungizone; standard 
medium) at 1 × 106 nucleated cells/35-mm dish.

Osteogenic assay. After 3 d, the medium was changed to differ-
entiation medium (standard medium supplemented with 50 μg/ml 
ascorbic acid and 10 mM β-glycerophosphate).

Adipogenic assay. After 3 d, the medium was changed to differ-
entiation medium (standard medium with 50 μg/ml ascorbic acid 
and 10−5 M thiazolidinedione [BRL 49653]).

Conditioned medium. Conditioned medium was collected from 
osteogenic stromal cell cultures at confluence after 24–48 h of con-
ditioning. The conditioned medium was then used at 50:50 with 
fresh adipogenic medium.

Inhibitor studies in stromal cells
Stromal cells were cultured in standard medium with 50 μg/ml ascor-
bic acid until day 6 (matrix-forming time point). Cells were then 
treated for 24 h with 0.1 or 1 μM IWP-2 (I0536; Sigma-Aldrich, St. 
Louis, MO) in dimethyl sulfoxide (DMSO) or vehicle (DMSO) alone. 
RNA was isolated as described later.

(PBS), washed in PBS, blocked in 2% fetal bovine serum (FBS)–
PBS, incubated with rabbit anti-Cx43 (Invitrogen, Carlsbad, CA), 
diluted 1:200 in PBS at room temperature for 2 h, washed in PBS, 
incubated in Alexa Fluor goat anti-rabbit immunoglobulin G 
(Molecular Probes, Eugene, OR), washed in PBS, and then 
stained with 1 mg/ml Hoechst 33258 diluted 1:1000 in PBS 
for 5 min at room temperature. Coverslips were mounted and 
stored at 4°C overnight. Cells were imaged on a Leitz Dialux 
20 microscope with fluorescence and camera attachments (Leitz, 
Rockleigh, NJ).

Histochemistry
The right femur fixed in 4% paraformaldehyde was embedded 
in a mixture of methyl methacrylate and glycolmethacrylate, and 
5-μm sections were stained with hematoxylin and eosin (Carson, 
1990). Images were captured and analyzed using a Bioquant Os-
teoimager and Bioquant Osteo 2012 (Bioquant Image Analysis, 
Nashville, TN).

Isolation of bone marrow cells
Bone marrow cells were isolated from resected tibia and femora 
using a modification of a previously published method (Scutt et al., 
2004). Cells were plated in α-MEM supplemented with 10% heat-

FIGURE 6: Intracellular levels of cAMP and cAMP signaling are increased in Gja1Jrt/+ vs. WT osteogenic stromal cells. 
(A) Intracellular levels of cAMP were significantly increased in confluent Gja1Jrt/+ vs. WT osteogenic stromal cells. 
Intracellular levels of ATP and Ca2+ were unchanged; n ≥ 6. Levels of the signaling molecules and ions were normalized 
to WT levels. (B) Basal levels of pCREB/CREB were unaffected in osteogenic stromal cells isolated from 4-mo- old mice. 
However, treatment of cells with 1 mM IBMX for at least 2 h resulted in increased levels of pCREB/CREB in Gja1Jrt/+ vs. 
WT cells. Two representative blots; n = 3. (C) Bmp2 expression decreased when Gja1Jrt/+ osteogenic stromal cells were 
treated with 20 μM mPKI, a cAMP signaling inhibitor, for 15 min. Treatment of WT cells with mPKI had no effect on 
Bmp2 expression. One representative experiment; n ≥ 4. Solid and dashed lines indicate significant differences over 
time in WT and Gja1Jrt/+ mice, respectively. *p < 0.05, **p < 0.01.
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Noggin
Osteogenic cells. Stromal cells were cultured in standard osteo-
genic differentiation medium with vehicle (20 μg/ml acetic acid in 
0.1% BSA-PBS) or 25, 50, 100, 200, or 500 ng/ml Noggin (ab50156; 
Abcam, Cambridge, MA). Cells were cultured until vehicle-treated 
wells contained mineralized nodules, and RNA was then isolated as 
described later.

Adipogenic cells. Stromal cells were cultured in standard adipo-
genic differentiation medium for 24 h and then treated with ve-
hicle (20 μg/ml acetic acid in 0.1% BSA-PBS) or 25, 50, or 200 ng/
ml Noggin for 48 h. RNA was isolated as described later.

3-Isobutyl-1-methylxanthine
Stromal cells were cultured in standard medium with 50 μg/ml ascor-
bic acid to confluence, serum starved (α-MEM with 0.5% heat-inac-
tivated FBS and antibiotics) overnight, and treated with 1 mM IBMX 
(I5879; Sigma-Aldrich) for 40 min, 2 h or 4 h. RNA and protein were 
isolated as described later.

mPKI (14–22)
Osteogenic cells. Stromal cells were cultured in standard medium 
with 50 μg/ml ascorbic acid until confluence. Cells were then treated 
with vehicle (water) or 5, 10, or 20 μM mPKI (PHZ1202; Life Tech-
nologies, Carlsbad, CA) for 24 h, and RNA was collected.

Adipogenic cells. Stromal cells were cultured in standard adipo-
genic differentiation medium for 48 h and then treated with vehicle 
(water) or 5, 10, or 20 μM mPKI for 24 h, and RNA was collected.

Quantitative reverse transcription PCR
Total RNA was isolated from bone, bone marrow, and cell cultures 
using TriReagent (Sigma-Aldrich) and reverse transcribed using Su-
perscript II (Invitrogen) and random hexamers. cDNA was combined 
with 0.5 μM each of the forward and reverse primers (Supplemental 
Table S1) and iQ SYBR Green Supermix and run in the MyIQ Real-
Time PCR system (Bio-Rad, Hercules, CA). Raw data were analyzed 
with PCR Miner (Zhao and Fernald, 2005) and normalized using the 
internal control transcript for ribosomal protein L32.

SA Biosciences Mouse Signal Transduction PathwayFinder 
PCR Array
RNA was isolated from trabecular bone samples. Sample prepa-
ration and RNA isolation were performed using TriReagent 
(Sigma-Aldrich) and SA Biosciences qPCR-Grade RNA isolation 
kit (Qiagen, Venlo, Netherlands) following manufacturer’s instruc-
tions. The Mouse Signal Transduction Pathway Finder RT2 Profiler 
PCR Array (Qiagen) was used following the manufacturer’s 
instructions.

Protein isolation from bone and stromal culture and 
Western blotting
Long bones cleaned of surrounding tissue, epiphysis, and bone 
marrow were cut slightly below the growth plate to separate tra-
becular bone and washed in PBS. Stromal culture plates were 
washed with PBS. Proteins were extracted in cell lysis buffer as 
previously described (Thomas et al., 2004). Protein extracts (30 μg) 
underwent immunoblotting with antibodies of interest (Supple-
mental Table S2); actin was used as a loading control. Western 
blots were developed using chemiluminescence, imaged with Bio-
Rad ChemiDoc-XRS+, and analyzed using Image Lab software 
(Bio-Rad).
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