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Abstract The inhibition of proliferation or functional
alteration of osteoblasts by glucocorticoids (GCs) has been
recognized as an important etiology of GC-induced
osteoporosis (GIO). Connexin 43 (Cx43) is the most
abundant connexin isoform in bone cells and plays
important roles in bone remodeling. Despite the important
role of Cx43 in bone homeostasis and the prevalence of
GIO, the direct action of GCs on Cx43 expression in
osteoblasts has been poorly described. The aim of the
present study was to evaluate how GCs affect Cx43
expression in osteoblasts. Dexamethasone (Dex) treatment
decreased expression of Cx43 RNA and protein in MC3T3-
E1 mouse osteoblastic cells. Reduction of Cx43 expression
by Dex was dependent on the glucocorticoid receptor (GR),
as it was abolished by pretreatment with a GR blocker.
Treatment with PTH (1-34), a medication used for GIO
management, counteracted the suppression of Cx43 by
Dex. Akt or mTOR signaling modulators revealed the
involvement of the Akt/mTOR signaling pathway in Dex-
induced reduction of Cx43 expression. Moreover, overex-
pression of Cx43 significantly attenuated Dex-inhibited
cell viability and proliferation, as evidenced by MTT and
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bromodeoxyuridine (BrdU) incorporation assay of
MC3T3-El cells. To account for possible species or cell
type differences, human primary osteoblasts were treated
with Dex and similar downregulation of Cx43 by Dex was
observed. In addition, immunofluorescent staining for
Cx43 further demonstrated an apparent decrease in Dex-
treated human osteoblasts, while analysis of lucifer yellow
propagation revealed reduced gap junction intercellular
communication by Dex. Collectively, these findings indi-
cate that GCs suppress Cx43 expression in osteoblasts via
GR and the Akt/mTOR signaling pathway and overex-
pression of Cx43 may, at least in part, rescue osteoblasts
from GC-induced reductions in proliferation.

Keywords Glucocorticoid - Connexin 43 - Akt - mTOR -
Osteoblast
Introduction

Glucocorticoids (GCs) are a powerful tool used to treat a
range of human illnesses, including autoimmune diseases
and cancer, and to prevent rejection following organ
transplantation [1]. However, the side effects of GCs are a
major drawback, and one of the most severe is GC-induced
osteoporosis (GIO). GIO is considered to be the most
common form of iatrogenic osteoporosis and secondary
osteoporosis [2]. Bone loss and an increased rate of frac-
tures occur early after the initiation of GC therapy, and are
then related to dosage and treatment duration [3]. More-
over, despite similar bone mineral density (BMD) levels,
patients receiving GCs are at greater risk of fracture than
patients suffering from other forms of osteoporosis [4].
Aging is also associated with endogenous hyperglucocor-
ticoidism [5].
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The skeleton is a dynamic system, and undergoes con-
tinuous remodeling after full development to maintain
structural integrity, mechanical competence, and mineral
homeostasis [6]. Control of bone modeling and remodeling
requires a tightly orchestrated interplay among osteoblasts,
osteocytes, and osteoclasts [6]. Although osteoclast num-
bers and bone resorption rapidly increase during the initial
disease phase of GIO, bone resorption then decreases to
sub-physiological levels, but persistent and severe inhibi-
tion of bone formation leads to further bone loss and pro-
gressively increased fracture risk [7, 8]. Thus, the
inhibition of proliferation or functional alteration of
osteoblasts by GCs has been recognized as an important
etiology of GIO.

Gap junctions have long been considered important in
their role as membrane channels, but it is now clear that
the proteins that form these channels, connexins, are
multi-modal in their structure and function [9]. Connexin
43 (Cx43), the most abundant connexin in bone cells, is
expressed in osteoblasts, osteocytes, and osteoclasts [10]
and is required for full differentiation and function of
cells of both osteoblastic and osteoclastic lineages and for
the maintenance of osteocyte viability [11, 12]. Missense
mutations in human Cx43 result in an autosomal domi-
nant disorder called oculodentodigital dysplasia (ODDD)
[13]. Patients with ODDD exhibit major skeletal malfor-
mations and craniofacial abnormalities [14]. Conventional
Cx43 knockout mice die prenatally. Osteoblast-enriched
cultures from calvaria of Cx43-deficient mice exhibit
reduced expression of marker genes and stunted miner-
alization in vitro, which are associated with poor cell-to-
cell diffusion of negatively charged dyes [15]. In addition,
modulation of Cx43 in osteoblasts could impact growth
factor responses and signal transduction cascades, leading
to altered gene expression and osteoblast function [16,
17]. Moreover, a recent study using osteoblast/osteocyte-
specific ablation of the Cx43 gene in a mouse model
confirmed reduced cortical bone thickness and density
[18, 19].

Cx43 also plays an important role in the effect of anti-
osteoporotic medications such as parathyroid hormone
(PTH) (1-34) or bisphosphonate. PTH increases gap
junctional communication between osteoblasts by modu-
lating Cx43 expression or function [20]. Mice lacking
Cx43 in osteoblastic cells exhibit a deficient response to
intermittent PTH administration [21]. In vivo, Cx43 is
required for the anti-apoptotic effect of bisphosphonates on
osteocytes and osteoblasts [22].

Although GIO is prevalent disease and evidence for the
role Cx43 in bone homeostasis is accumulating, the direct
effect of GCs on Cx43 expression in osteoblasts, as far as
we know, has not been well described. In the current study,
we examined whether Cx43 expression in MC3T3-E1 cells

or human primary osteoblasts was affected by GC treat-
ment and evaluated the involvement of corresponding
signaling pathways.

Materials and Methods
Materials

Antibodies against Cx43, Akt, phospho-Akt (p-Akt),
mTOR, and phospho-mTOR (p-mTOR) were obtained
from Cell Signaling Technology (Danvers, MA, USA) and
rabbit anti-GAPDH antibody from Bioworld Technology
(Dublin, OH, USA). Alexa 568 anti-rabbit antibody, CAS-
Block, and ProLong Gold Antifade Reagent with DAPI
were from Life Technologies (Carlsbad, CA, USA). Dex
was purchased from Santa Cruz Biotechnology. Akt acti-
vator (SC79) was obtained from Tocris (Bristol, UK).
Rapamycin was obtained from Cayman (Ann Arbor,
Michigan, USA). Torin 1, mTOR activator (MHY 1485),
human recombinant PTH (1-34), and other reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA) or
Life Technologies.

Cell Culture

MC3T3-El mouse osteoblastic cells were obtained from
the American-Type Culture Collection (Rockville, MD,
USA). Cells were cultured in a-MEM supplemented with
10 % fetal bovine serum (FBS; Life Technologies), 100
U/ml penicillin, and 100 pg/ml streptomycin. Human pri-
mary osteoblasts from the knee joint and femoral head
were purchased from PromoCell (Heidelberg, Germany).
These cells were each obtained from a single donor and
stored in a liquid nitrogen tank at passage 2. The osteo-
blasts were grown in osteoblast growth culture medium
(PromoCell) supplemented with 10 % FBS (Life Tech-
nologies). The medium was replaced every 2 days and the
cultured cells were frozen at passages 4-8. For the exper-
iments, cells were thawed and grown in M199 medium
(Sigma-Aldrich) supplemented with 10 % FBS and 2 mM
GlutaMAX (Life Technologies). All cell cultures were kept
at 37 °C in a humidified 5 % CO, incubator.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using the FavorPrep Blood/
Cultured Cell Total RNA Purification Mini Kit (Favorgen,
Ping Tung, Taiwan) according to the manufacturer’s
instructions. The QuantiTect Reverse Transcription Kit
(Qiagen, Germantown, MD, USA) was used to synthesize
cDNA from total RNA according to the manufacturer’s
protocol. The gRT-PCR reaction mixture consisted of
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20 ng reverse-transcribed RNA, 200 nM forward and
reverse primers, and 2x SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA) in a final volume of
10 pl. Primers were as follows: GGCGTGAGGAAAG
TACCAAA (forward) and ACGCCAAGTGATTGAA
CTCC (reverse) for Cx43, CTGGGACCCAACTGGTAA
GA (forward) and CCTGTTATGCTGTGGGGACT (re-
verse) for RPS3 in primary human osteoblasts, GGCG
TGAGGAAAGTACCAAA (forward) and AGCTTTG
AGCAGGAATCCAA (reverse) for Cx43, CCTCCAG
GAAACCTTTGACA (forward) and AGGGCTGGATCT
CAAACTCA (reverse) for RUNX2, AAGCTGGGAA
GAACACTCCA (forward) and TCCAAACAGGAGAG
CCACTT (reverse) for alkaline phosphatase (ALP), and
TACAGCTTCACCACCACAGC (forward) and TCTCCA
GGGAGGAAGAGGAT (reverse) for B-actin in MC3T3-
El cells. PCR reactions were carried out using an ABI Prism
7900HT Sequence Detection System (Applied Biosystems)
with the following program: 95 °C for 15 min, 94 °C for
15 s, and 57 °C for 30 s for 40 cycles. Relative RNA levels
were calculated by comparison to RPS3 or B-actin RNA
levels using a comparative cycle threshold method [23].

Western Blotting

Whole cell lysates were prepared in a radioimmunoprecipi-
tation assay (RIPA) lysis buffer (ELPIS, Taejon, Republic of
Korea) containing 50 mM Tris—HCl, pH 7.5, 150 mM NacCl,
1 % NP-40, 0.5 % deoxycholic acid, 0.1 % sodium dodecyl
sulfate, and 1 mM phenylmethylsulfonyl fluoride. Protein
concentrations were determined using bicinchoninic acid
solution (Sigma-Aldrich). Samples were subjected to 10 %
SDS-PAGE and then transferred onto a PVDF membrane
(Bio-Rad, Munich, Germany). Immunoblotting was per-
formed using primary antibodies against Cx43, Akt, phos-
pho—Akt (Ser473), mTOR, phospho-mTOR (Ser2448), and
GAPDH followed by horseradish peroxidase-conjugated
anti-rabbit IgG secondary antibody (Amersham Pharmacia,
San Francisco, CA, USA). Signals were visualized with a
chemiluminescent detection kit (GE Healthcare, London,
UK). Band images were obtained using Fusion FX7 (Peqlab,
Torcy, France) and quantitative image analysis was per-
formed using Image J software (National Institutes of Health,
Bethesda, MD, USA).

Preparation of Recombinant Adenovirus

Adenoviruses containing Cx43 (Ad-Cx43) were kindly pro-
vided by Dr. Seul (University of Chicago) [24]. Recombinant
replication-defective adenoviruses containing [3-galactosi-
dase (Ad-lacZ) were used as a control. HEK293 cells were
used for virus transfection and amplification. Viruses from the
culture supernatants of HEK 293 cells with cytopathogenic
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effects were purified by cesium chloride banding. Adenovirus
infection of MC3T3-El cells was performed using a multi-
plicity of infection (MOI) of 400. After 24 h of infection with
either an Ad-LacZ or an Ad-Cx43, cells were subcultured into
96-well and 6-well plates to perform the MTT assay and
Western blotting, respectively.

Cell Viability Assay

Viability of the osteoblasts was determined by MTT assay,
which is based on the ability of mitochondrial dehydroge-
nases to oxidize thiazolyl blue (MTT), a tetrazolium salt (3-
[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium  bro-
mide), to an insoluble blue formazan product. Cells were
incubated with MTT (5 mg/ml) at 37 °C for 2 h. After the
supernatant was removed, 100 pl of DMSO was added to
each well and the optical density of the solution was detected
using a VERSA MAX Microplate Reader (Molecular
Devices, Sunnyvale, CA) at a wavelength of 570 nm. Cell
viability was expressed as a ratio relative to control cells.

Cell Apoptotic Assays

Apoptotic cell death was determined via staining cells with
annexin V-fluorescein isothiocyanate (FITC; Invitrogen
Life Technologies, Camarillo, CA, USA; Ex/Em = 488/
519 nm). MC3T3-E1 cells were seeded onto six-well plates
and transfected using adenovirus (Ad-Lacz or Ad-Cx43.
After 48 h, cells were exposed to Dex for 24 h. The cells
were then washed twice with cold PBS and resuspended in
300 pl of binding buffer (10 mM HEPES/NaOH pH 7.4,
140 mM NaCl, 2.5 mM CaCl,). Annexin V-FITC (5 ul)
and propidium iodide (PI) (1 pg/ml) were then added and
the cells were analyzed with a BD FACS Canto II Flow
Cytometer (Becton—Dickinson, NJ, USA).

Cell Proliferation Assays

Cell proliferation was measured by incorporation of bro-
modeoxyuridine (BrdU). After 24-h transfection by aden-
ovirus (Ad-LacZ or Ad-Cx43), MC3T3-El1 cells were
seeded onto 96-well plates for 24 h and then exposed to
Dex. After 24 h, BrdU labeling solution was added with
fresh medium for 16 h and BrdU incorporation was
determined with a BrdU Labeling and Detection Kit III
(Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s protocol.

Confocal Microscopy
Human primary osteoblasts were grown to 80 % confluence

in 2-well chambered dishes (SPL, Pocheon, Korea) and
treated with DMSO (control) or Dex for 24 h. Next, the cells
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were fixed in 4 % paraformaldehyde in PBS for 20 min and
then permeabilized with 0.5 % saponin in PBS for 15 min.
After 10-min incubation with chemical block solution (Life
Technologies), the cells were incubated with anti-Cx43
antibody (1:250 dilution; Cell Signaling) for 1 h at room
temperature, washed in PBS, and then incubated with sec-
ondary antibody conjugated with Alexa Fluor 568 for 1 h.
Finally, the cells were rinsed with PBS and mounted with
ProLong Gold Antifade Reagent with DAPI. The cells were
visualized with a Zeiss LSM 510 confocal laser scanning
microscope (Carl Zeiss, Gottingen, Germany).

Assessment of Gap Junction Intercellular
Communication (GJIC) by Dye Transfer Assay

Cells were grown to confluence in 6-well culture dishes. To
determine the effects of Dex on gap junction intercellular
communication (GJIC) between human osteoblasts, a
scrape loading and dye transfer assay, based on monitoring
the transfer of lucifer yellow fluorescent dye from one cell
into the adjacent cell via functional gap junctions, was
performed [25]. After the medium was removed, the cells
were rinsed three times with pre-warmed Hanks’ balanced
salt solution (HBSS), and then 1 ml of a 0.05 % lucifer
yellow solution in calcium- and magnesium-free HBSS
was added to each well. The cell monolayer was scraped
with a scalpel blade. After incubation for 5 min, the cells
were thoroughly washed with HBSS to remove background
fluorescence and fixed with 3.7 % (v/v) formaldehyde in
PBS for 15 min. Two drops of 90 % (v/v) glycerol were
added to each well and covered with a glass coverslip. The
cells were photographed with a Zeiss Axiophot fluores-
cence microscope equipped with a digital camera under
blue excitation (450—-490 nm).

Data Analysis

Data in this study are shown as mean + standard error of
the mean (SEM) of at least three independent experiments.
Comparisons among groups were analyzed by Student’s
t test. For all experiments, a p value less than 0.05 was
considered statistically significant.

Results

Dex Decreases Expression of Cx43 RNA and Protein
in MC3T3-E1 Cells

To examine whether Dex affects the expression of Cx43
RNA, MC3T3E1 cells were first treated with 10, 100
nM, and 1 puM concentrations of Dex for 4 h. As shown
in Fig. la, all doses of Dex resulted in a significant

reduction in Cx43 RNA expression compared with the
control. To evaluate the time course, we treated cells
with 100 nM Dex for 8 or 24 h, with controls. Cx43
downregulation by 100 nM Dex was sustained for 24 h
(Fig. 1b). Western blot analyses also revealed that levels
of Cx43 protein were significantly decreased at the dose
of 10, 100 nM, and 1 pM of Dex 8 h after treatment
(Fig. 1c). We also examined the Cx43 protein response
to Dex 100 nM at 2 and 4 h and showed that the protein
level started to decrease at 4 h after Dex treatment
(Fig. 1d).

Glucocorticoid Receptor (GR) Blockage or PTH
(1-34) Treatment Prevents Dex-Induced
Downregulation of Cx43 in MC3T3-E1 Cells

To examine whether GR is involved in Dex-induced Cx43
expression, RU486, a GR blocker, was used. As shown in
Fig. 2a, pretreatment with RU486 significantly prevented
the decrease of Cx43 expression caused by 10 or 100 nM
Dex in MC3T3-El cells, indicating GR-dependent action
of Dex in Cx43 downregulation. When the RU486-only
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Fig. 1 Dex suppresses Cx43 expression in MC3T3-E1 cells. MC3T3-
El cells were treated with a Dex for 4 h or b Dex for 8 and 24 h.
Total RNA was isolated from the cells and Cx43 RNA expression was
measured by quantitative real-time PCR and normalized against -
actin. Values are presented as mean = SEM of three independent
experiments. ¢ MC3T3-El cells were treated with Dex for 8 h or
d Dex for 2, 4, and 8 h. Cx43 protein levels from treated cell lysates
were analyzed by Western blotting and normalized against GAPDH.
Band density values are presented as mean = SEM of three
independent experiments. *p < 0.05 versus control
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treatment group was compared with the control group, no
statistically significant differences were detected. Next, we
determined whether treatment with PTH (1-34) affects
Dex-induced downregulation of Cx43. Cells pretreated
with PTH (1-34) for 1 h were subjected to see Cx43
expression with Dex or without Dex for 4 h. PTH (1-34)
treatment duration was determined based on its short
plasma half-life of 1 h and a total peptide exposure dura-
tion of approximately 4 h in intermittent PTH administra-
tion in humans [26]. Pretreatment with PTH (1-34)
counteracted the suppression of Cx43 RNA and protein
levels by Dex (Fig. 2b, c¢). In addition, consistent with
previous findings [27, 28], PTH (1-34) significantly
upregulated Cx43 RNA and protein levels. Among osteo-
blast genes such as RUNX2 and ALP, ALP RNA expres-
sion also showed significant increases with PTH (1-34)
treatment.

Dex Reduces Akt/mTOR Phosphorylation and Akt/
mTOR Modulators Affect Cx43 Expression
in MC3T3-E1 Cells

To elucidate the molecular mechanisms responsible for
Cx43 downregulation of Dex, we examined the Akt sig-
naling pathway by considering the inhibiting effect of GCs
on Akt in osteoblasts [29]. Dex treatment caused a signif-
icant decrease in Akt phosphorylation in MC3T3-El cells
(Fig. 3a). The role of Akt in Dex-induced Cx43 down-
regulation was evaluated using an inhibitor or activator of
Akt. LY294002 is a PI3K inhibitor and thus blocks PI3K-
dependent Akt phosphorylation. Treatment of MC3T3-E1
cells with LY294002 reduced Cx43 expression dose-de-
pendently (Fig. 3b). In contrast, treatment with SC79, a
specific Akt activator, induced significant upregulation of
Cx43 expression with concordant Akt activation (Fig. 3c).
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To further confirm the signaling pathway, we measured
mTOR activation by Dex, as mTOR is one molecule of the
Akt signaling pathway. Significant reductions in mTOR
phosphorylation were seen at 10, 100 nM, and 1 pM doses
of Dex, respectively (Fig. 3a). The effects of mTOR
modulators on Cx43 expression were further investigated.
The mTOR inhibitors rapamycin and Torin 1 reduced Cx43
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Fig. 3 Dex reduces Akt/mTOR phosphorylation and Akt/mTOR
modulators affect Cx43 expression in MC3T3-El cells. MC3T3-El
cells were treated with a Dex for 8 h, b Akt inhibitor LY294002 for
4 h, ¢ Akt activator SC79 5 uM for the indicated time, d mTOR
inhibitors rapamycin (1 pM) and torin 1 (250 nM) for 4 h, and
e mTOR activator MHY 1485 (2 pM) for the indicated time period.
Protein levels of Cx43, phospho-Akt, and phospho-mTOR from
treated cell lysates were analyzed by Western blotting and normalized
against GAPDH, total Akt and mTOR, respectively. Band density
values are presented as mean = SEM of three independent experi-
ments. *p < 0.05; **p < 0.01 versus control

expression in MC3T3-El1 cells, while MHY1485, an
mTOR activator, induced upregulation of Cx43 with
stimulated mTOR phosphorylation (Fig. 3d, e). Collec-
tively, these findings suggest that Akt/mTOR signaling
plays a role in the regulation of Cx43 expression by Dex in
MC3T3-El cells.

Enhanced Cx43 Expression Attenuates Dex-Induced
Cell Viability and Reduces Cell Proliferation

As shown in Fig. 4a, Dex significantly reduced cell via-
bility at 24, 48, and 72 h both dose- and time-depen-
dently. To investigate whether enhanced Cx43 expression
could improve the viability of osteoblasts treated with
Dex, MC3T3-E1 cells were infected with Ad-Cx43
(Fig. 4b) and the MTT assay was used to analyze cell
viability. As shown in Fig. 4c, Cx43 overexpression in
MC3T3-El cells significantly attenuated the viability
reduction induced by 1 pM Dex compared to Ad-LacZ-
infected cells at 24, 48, and 72 h. We also tested whether
Cx43 overexpression affects anti-proliferative or pro-
apoptotic action by Dex. Fluorescence-activated cell
sorting (FACS) analysis of annexin V/PI staining was
used to identify apoptotic cells and the BrdU incorpora-
tion assay was used for cell proliferation analysis. Dex
significantly increased apoptosis in Ad-lacZ-infected
MC3T3-El cells in accordance with previous studies.
Compared with Dex-treated Ad-lacZ-infected cells, Dex-
treated Ad-Cx43-infected cells had a lower mean apop-
tosis value, but this did not reach statistical significance
(Fig. 4d). On the other hand, Dex-treated Ad-Cx43-in-
fected cells showed significant attenuation of reductions
in BrdU incorporation compared with Dex-treated Ad-
lacZ-infected cells (Fig. 4e), suggesting a protective role
for Cx43 against reduced proliferation in osteoblasts by
Dex.

Dex Downregulates Cx43 Expression and PTH
(1-34) Attenuates Dex-Induced Cx43 Reduction
in Human Primary Osteoblasts

To evaluate possible variation in the effects of GCs on
Cx43 according to species or cell type, we treated human
primary osteoblasts with Dex. Dex treatment exhibited the
same trend seen in MC3T3-E1 cells, reduced expression of
Cx43 RNA or protein (Fig. 5a, b, ¢). Immunofluorescent
staining of primary human osteoblasts with a Cx43 anti-
body revealed immunoreactivity on the plasma membrane
as well as the intracytoplasmic region (Fig. 5d). The dis-
tribution of Cx43 in the cell membrane and intracytoplas-
mic region was shown and 100 nM Dex treatment for 24 h
significantly reduced the immunofluorescent staining

@ Springer



94 C. Shen et al.: Glucocorticoid Suppresses Connexin 43 Expression by Inhibiting the...

& Adlaz
A s =L B Adtacz AdCu3 c g 129 -« Adcxas
n —_
8 EE 1000 M Cra3 [ - £ 101 ——
c o< x
—_ @©
8% 104 GAPDH 28 sl
o C ® T
n © =
25 g2o6
238 0.5 2
[l
4
Dex (h)
0.0-
0244872 0244872
Dex (h)
D
-Lac -LXx -Lacl +Dlex -LXx45 + Dex
Ad-LacZ Ad-Cx43 Ad-LacZ +D. Ad-Cx43 +D
o GateR1 — 5 Qate:R1 = o Sate R — 5 Qate:R1 —
W e B po% | HsR" R R 5%
: E
*q
a El
2 d
S
o

Annexin V intensity

E
A + gw 1269t
15 bommmmemnas sy <35 101 |
e I B%0.75-% N
g10] _ N < 3 \ \\
AN N 1N
NI N BN N
<

Ad-acZ Ad-Cxd3Ad-LacZ Ad-Cx43
Dex

Fig. 4 Enhanced Cx43 expression attenuates Dex-induced reductions
in cell viability and proliferation. a MC3T3-E1 cells were treated with
Dex for the indicated time period and cell viability was measured via
MTT assay. Values are presented as mean == SEM of three indepen-
dent experiments. *p < 0.05; **p < 0.01 versus control. b MC3T3-
El cells were infected with Ad-LacZ or Ad-Cx43 and Cx43
expression was determined by Western blotting. Representative
images of experiments repeated three times are shown. c¢ After
infection by Ad-LacZ or Ad-Cx43 for 24 h, MC3T3-E1 cells were

intensity of Cx43 in both regions, suggesting that Cx43
expression is downregulated by Dex (Fig. 5d).

Moreover, Dex perturbed GJIC (Fig. 5e). Lucifer yellow
dye transfer was used to determine gap junction perme-
ability to small molecules in Dex-treated osteoblasts. This
dye transfer experiment examined the distance or amount
of fluorescent dye moved from the central scrape line.
Lucifer yellow propagation decreased after Dex treatment
in human primary osteoblasts compared with that of con-
trol groups. Representative photomicrographs are shown in
Fig. Se. Attenuation of Dex-induced downregulation of
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treated with 1 uM Dex for the indicated time periods. MTT assay was
performed separately indicated each time and d FACS analysis of
annexin V/PI staining and e BrdU incorporation assay was performed
24 h after Dex treatment. MTT assay data are from three independent
experiments and FACS analysis data of annexin V/PI staining and
BrdU incorporation assay are from four independent experiments.
Values are presented as mean + SEM. *p < 0.05; **p < 0.01 versus
Dex-treated Ad-LacZ, NS non-significant, Tp < 0.05 versus Ad-LacZ
control

Cx43 expression by PTH (1-34) was also seen in human
primary osteoblasts (Fig. 5f).

Discussion

The deleterious effects of GC excess in bone result from
direct activity on osteoblasts and their progenitors, osteo-
cytes, and osteoclasts as well as indirect actions of GCs [5].
The rapid and profound suppression of bone formation by
GCs is caused by potent suppression of osteoblastogenesis,
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Fig. 5 Dex downregulates Cx43 expression and PTH (1-34) atten-
uates Dex-induced reductions of Cx43 in human primary osteoblasts.
Human primary osteoblasts were treated with a Dex for 4 h and
b Dex for 8 and 24 h. Total RNA was isolated from the cells and
Cx43 RNA expression was measured by quantitative RT-PCR and
normalized against RPS3. Values are presented as mean £+ SEM of
three independent experiments. *p < 0.05; **p < 0.01 versus control.
¢ Human primary osteoblasts cells were treated with Dex for 8 h.
Cx43 protein levels from treated cell lysates were analyzed by
Western blotting and normalized against GAPDH. Band density
values are presented as mean = SEM of three independent experi-
ments. **p < 0.01 versus control. d Representative images of four

a decrease in mature osteoblast function, diversion of
mesenchymal stem cells to the adipocyte lineage, and the
promotion of osteoblastic cell cycle arrest and apoptosis
[30-32]. This study observed a clear influence of GCs on
Cx43 expression via GR in osteoblasts.

Cx43 deletion driven by the alphal collagen promoter
results in low BMD, thin cortical bone, decreased bone
strength, and attenuated response to PTH and mechanical
loading, whereas Cx43 deletion in mature osteoblasts using
a human-osteocalcin-driven promoter does not yield
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independent immunofluorescent staining procedures for Cx43 on
confocal microscopy (x600). Human primary osteoblasts were
treated with Dex 100 nM or control for 24 h. e Representative
images of four independent lucifer yellow dye transfers on fluorescent
microscopy (x100). Human primary osteoblasts were treated with
100 nM Dex or control for 24 h. f After 1 h pretreatment with Dex,
human primary osteoblasts were treated with PTH (1-34) for 4 h.
Cx43 protein levels from treated cell lysates were analyzed by
Western blotting and normalized against GAPDH. Band density
values are presented as mean == SEM of three independent experi-
ments. *p < 0.05; *¥p < 0.01 versus the Dex-treated group. ¥
p < 0.05 versus control

abnormalities in bone mass [21, 22, 33]. Thus, the role of
Cx43 in osteoblasts may depend on differentiation stage,
although a recent study found slightly lower bone mass as a
result of increased bone resorption and osteoclastogenesis
in osteoblast and osteocyte specific Cx43 deficient mice
using an osteocalcin Cre-lox system [34]. However, there is
accumulating evidence for the role of Cx43 in osteoblast
and osteocyte differentiation, survival, and function [11].
Unlike the effects on bone mass and on cancellous bone in
particular, the consequences in cortical bone have been
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reproduced in mice lacking Cx43 in osteochondroprogen-
itors, immature osteoblasts, mature osteoblasts, and even
osteocytes [19, 35, 36]. In addition, stimuli that increase
bone mass have been shown to increase Cx43 expression,
localization in the cell membrane, activation of gap junc-
tions, and hemichannel activity [37]. Furthermore, PTH
(1-34), the only currently available anabolic anti-osteo-
porotic agent with a treatment duration limited to 2 years
due to osteosarcoma risk, counteracted the inhibition of
Cx43 by Dex in osteoblasts. It will be interesting to
determine the underlying mechanism by which Cx43 is
involved in osteoblast proliferation or function in response
to GCs.

Cx43 in osteoblasts and osteocytes indirectly modulates
skeletal muscle growth and function, potentially via an
undercarboxylated isoform of osteocalcin, indicating that
Cx43 is involved in bone-muscle crosstalk [18]. Indeed,
myopathy is an indirect effect of GCs on the skeleton. GC-
induced muscle weakness is one determinant of the risk of
falls and fractures in GIO patients [38]. Altogether, the
Cx43 downregulation following GC treatment of mouse
MC3T3-El cells and human primary osteoblasts shown in
this study may result in harmful effects on the skeleton
through osteoblast dysfunction or by compromising bone-
muscle crosstalk. However, more research is required to
understand the pathophysiological role of Cx43 changes
caused by GCs in bone.

The inhibition of PI3K/Akt signaling results in a
decrease in Cx43 mRNA and protein levels in MC3T3E1
cells [39]. We confirmed this reaction with a PI3K inhi-
bitor, 1.Y294002. In addition, we demonstrated that GC
inhibited Akt and activation of the downstream signaling
molecule mTOR. mTOR functions in two distinct protein
complexes, namely mTORCI1 and mTORC2 [40].
Although we did not examine the specific involvement of
the mTORC1 or mTORC?2 pathway in Cx43 expression in
the present study, rapamycin or torinl was shown to
decrease Cx43 expression, indicating that mTOR signaling
is involved in Cx43 expression.

As findings of the last decade have uncovered, Cx43 not
only functions in the communication between bone cells
and their extracellular milieu, but also serves as a scaf-
folding protein that associates with structural and signaling
molecules, leading to regulation of intracellular signaling
independent of channel activity [11, 41]. Its subcellular
localization, including surrounding the cell nucleus as well
as in non-junctional plasma membranes of osteoblasts and
osteocytes, supports a potential role of Cx43 in functions
beyond its role in gap junction communication in bone
[11]. In this study, primary human osteoblasts exhibited an
ability to transfer lucifer yellow, which indicates functional
gap junctions. Although a clear decrease in dye transfer
was shown after Dex treatment, our immunofluorescent
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staining of human osteoblasts also supports findings of a
subcellular location surrounding the cell nucleus, indicat-
ing a possible role beyond that of intercellular transmission
of small molecules.

In summary, GC treatment can affect Cx43 expression
in MC3T3-El cells and human primary osteoblasts. Fur-
thermore, we provide evidence for the involvement of Akt/
mTOR in Dex-mediated Cx43 downregulation and for
Cx43 overexpression-related rescue of GC-induced reduc-
tions in cell proliferation in MC3T3-El cells. Although the
efficacy of anti-osteoporotic drugs such as bisphosphonate
or PTH (1-34) in preventing and treating GIO has been
shown in randomized controlled clinical trials, there
remains an unmet need for fracture prevention in GIO. GC-
specific mechanisms related to increased fracture risk are
needed to identify more efficient prevention and treatment
strategies. Improved understanding of the pathophysiologic
role of Cx43 downregulation by GCs may lead to more
specific therapeutic targets for bone under conditions of
excess GCs.
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