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Epithelial sodium channel enhanced osteogenesis
via cGMP/PKGII/ENaC signaling in rat osteoblast
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Abstract The amiloride-sensitive epithelial sodium chan-
nel (ENaC) is a major contributor to intracellular sodium
homeostasis. In addition to epithelial cells, osteoblasts (Obs)
express functional ENaCs. Moreover, a correlation between
bone Na content and bone disease has been reported, sug-
gesting that ENaC-mediated Na* regulation may influence
osteogenesis. Obs were isolated and cultured by enzyme
digestion. Cell proliferation and differentiation were evalu-
ated by WST-8 assay kit and AKP assay kit respectively.
PKGII expression was silenced by siRNA. The mRNA
expression was investigated by semi-quantitative PCR and
the protein expression was determined by Western-blot. The
cell-permeable cGMP analog 8-(4-chlorophenylthio)-cGMP
(8-pCPT-cGMP) increased a-ENaC channel expression in
primary rat Obs as indicated by RT-PCR. In addition,
8-pCPT-cGMP stimulation enhanced expression of the
mRNA encoding cGMP-dependent protein kinases II
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(PKGII). The cGMP analog also promoted osteoblast pro-
liferation, differentiation and induced the expression of
several osteogenic genes, including core binding factor al,
osteocalcin, alkaline phosphatase, collagen type I, and
osteopontin. Furthermore, the expression of o-ENaC, the
main functional subunit of ENaC, was reduced when a small
interfering RNA specific for PKGII was introduced into
Obs. Treatment with 8-pCPT-cGMP in cells transfected with
the siRNA for PKGII partially reversed downregulated o-
ENaC mRNA expression. Our results suggest that 8-pCPT-
cGMP stimulates proliferation, differentiation, and osteo-
genic gene expression in Obs through cGMP/PKGII-
dependent regulation of ENaC channel expression. The
cGMP/PKGII signaling pathway is a potential target for

pharmaceutical interventions to treat metabolic bone
diseases.
Keywords Epithelial sodium channels - Osteoblast -

8-pCPT-cGMP - PKGII - SiRNA

Introduction

Skeletal cells such as osteoblasts (Obs) and chondrocytes
express a number of distinct ion channel types that may
contribute to osteogenesis [7, 18]. The epithelial sodium
channel (ENaC), first described in 1994, is a unique
amiloride-sensitive non-voltage dependent sodium ion
channel that belongs to the ENaC/DEG family of ion
channels. The ENaC is a large glycosylated molecule found
not only in the apical membranes of epithelial tissues like
urinary bladder, renal collecting duct, distal colon, sweat
and salivary glands, lung, and taste buds [14], but also in
bone cells such as Obs and chondrocytes [1, 11]. The
ENaC is responsible for transepithelial Na™ transport and
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plays a crucial role in sensing acidosis, maintaining intra-
cellular sodium homeostasis, and in transducing mechani-
cal stimuli [2, 8, 15]. The adult human body contains
90-130 g of sodium and roughly half is contained within
bone. Although the exact role of bone sodium is unknown,
extracellular sodium bathes the bone forming site during
mineralization [26].

Osteoblasts are intimately linked to bone formation,
repair, and remodeling. Indeed, the proliferation and dif-
ferentiation of Obs help lay down new bone, while Obs
also indirectly mediate osteoclastic bone resorption during
remodeling [16]. Osteoblast proliferation and differentia-
tion are regulated by many growth factors and cytokines
[12] that activate numerous intracellular signaling path-
ways, including cAMP- and cGMP-dependent kinase cas-
cades [17]. cGMP is the principle activator of PKG
signaling in muscle and nerve cells [23], moreover, it can
act as a direct external ENaC activator in oocytes [20, 21].
cGMP has three major intracellular receptors: cGMP-
dependent protein kinases (PKGII, PKGla, PKGIf), PKG-
dependent phosphodiesterases, and cyclic nucleotide-gated
ion channels. Both PKGI and PKGII are expressed in Obs
and chondrocytes, but they may have different functions in
bone development [22, 27].

Little is known about the effects of ENaC activity on
osteogenesis, however, and the molecular mechanisms
through which ¢cGMP regulates ENaCs are still unclear.
Therefore, the aim of the present study was to examine the
role cGMP/PKG signaling in ENaC expression and to
investigate whether ENaC activity influences osteogenesis.
To this end, we investigated the effect of exogenous
8-pCPT-cGMP, a cell-permeable cGMP analog, on osteo-
blast proliferation, differentiation, and induction of osteo-
genic genes [core binding factor al (Cbfal), alkaline
phosphatase (ALP), osteopontin (ONP), osteocalcin (OC)
and collagen la (Coll la)]. In addition, cGMP-induced
expression of ENaC was examined in Obs transfected with
an siRNA to PKGII to investigate whether cGMP/PKG
signaling is necessary for ENaC activity.

Results

8-pCPT-cGMP promoted the proliferation
and differentiation of Obs

Primary cultured Obs were stimulated with osteogenic
medium in the presence of 0, 0.05, 0.1, 0.2, 0.5, or 0.8 mM
8-pCPT-cGMP for 24 h (Figs. 1, 2). Both cell number and
ALP activity (a marker for Ob differentiation) increased
significantly in cells treated with 8-pCPT-cGMP compared
to Obs cultured in the absence of 8-pCPT-cGMP
(P < 0.05). While there were no differences among
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Fig. 1 Effects of 8-pCPT-cGMP on proliferation of Obs. To
determine the effects of 8-pCPT-cGMP on proliferation of Obs, the
cell viability of cells treated with 8-pCPT-cGMP at different
concentrations (0.05, 0.1, 0.2, 0.5, and 0.8 mM) for 24 h were
detected using the WST-8 assay kit. Results are pooled from three
independent experiments and expressed as mean £ SD. * P < 0.05
compared to untreated cells. ** P < 0.01 compared to untreated cells
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Fig. 2 Effects of 8-pCPT-cGMP on the differentiation of Obs. To
determine the effects of 8-pCPT-cGMP on the differentiation of Obs,
the AKP activity of cells treated with 8-pCPT-cGMP at different
concentrations (0.05, 0.1, 0.2, 0.5, and 0.8 mM) for 48 h were
detected using the AKP assay kit. Results pooled from three
independent experiments are expressed as mean £ SD. * P < 0.05
compared to untreated cells. ** P < 0.01 compared to untreated cells

concentration groups, the proliferation rate reached a
maximum at 0.2 mM 8-pCPT-cGMP (P <0.01 wvs.
control).

8-pCPT-cGMP enhanced the expression of ENaC
subunits

In addition to promoting Ob proliferation and osteogenic
differentiation, 8-pCPT-cGMP treatment for 24 h also
significantly increased o-ENaC mRNA expression
(P < 0.05) (Fig. 3). For a-ENaC, there was a significant
effect of concentration (P < 0.05) and the stimulatory
effect was greatest at 0.2 mM 8-pCPT-cGMP, and the
concentration dependence was correlated with expression
of the OC gene.
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Fig. 3 The effect of 8-pCPT-cGMP on the expression of a-ENaC
genes. a mMRNA of o-ENaC was examined in Obs. b Relative mRNA
levels of a-ENaC in Obs were compared. o-ENaC mRNA levels were
normalized to B-actin mRNA expression in the same sample using the
RT-PCR system (y axis, relative mRNA level). The images represent
three independent experiments with observation of multiple micro-
scopic fields and the results are expressed as mean + SD. * P < 0.05
compared to untreated cells

8-pCPT-cGMP enhanced the expression of PKGII

The cGMP analog (0.2 or 0.5 mM for 24 h) also increased
the expression of PKGII subunits (Fig. 4). In contrast,
8-pCPT-cGMP had no influence on PKGIa or PKGI at any
concentration tested (Fig. 4).

8-pCPT-cGMP promoted the expression of osteogenic
genes

We used semi-quantitative RT-PCR to assess the effect of
8-pCPT-cGMP on the expression of mRNA levels encoding
Coll 1a, OC, ALP, OPN, and Cbfal (Fig. 5). Stimulation of
Obs with 0.1 mM or 0.2 mM 8-pCPT-cGMP significantly
enhanced Coll 1o gene expression (normalized to B-actin
expression as an internal control) relative to the control
group (P < 0.05), but a high concentration (0.5 mM) had no
significant effect on Coll 1o mRNA levels. Expression of OC
was strongly induced by 8-pCPT-cGMP at all concentration,
but significantly higher at 0.2 mM (P < 0.05). All concen-
trations of 8-pCPT-cGMP upregulated ON, ALP, and Cbfal
gene expression (P < 0.05), with no dose-dependent effect,
indicating that low cGMP concentrations induced maximal
expression of these genes in cultured Obs.
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Fig. 4 The effect of 8-pCPT-cGMP on the gene expression of PKGI
(o0 and B) and PKGII. a mRNA of PKG was examined in Obs.
b Relative mRNA levels of o PKGI in Obs were compared. o-PKGI
mRNA levels were normalized to B-actin mRNA expression in the
same sample using the RT-PCR system (y axis, relative mRNA level).
¢ Relative mRNA levels of beta PKGI in Obs were compared. f-
PKGI mRNA levels were normalized to B-actin mRNA expression in
the same sample using the RT-PCR system (y axis, relative mRNA
level). d Relative mRNA levels of PKGII in Obs were compared.
PKGII mRNA levels were normalized to B-actin mRNA expression in
the same sample using the RT-PCR system (y axis, relative mRNA
level). The images represent three experiments with observation of
multiple microscopic fields and the results are expressed as
mean £ SD. * P < 0.05 compared to untreated cells
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Fig. 5 The effect of 8-pCPT-cGMP on the gene expression of bone
formation. a Expression of genes associated with bone formation was
examined in Obs. b—f Relative mRNA levels of Coll 1a, OC, ALP,
ON and Cbfal in Obs were compared, Coll 1o, OC, ALP, ON and
Cbfal were normalized by mRNA of B-actin in the same sample

Effects of PKGII siRNA and 8-pCPT-cGMP on o-
ENaC expression in Obs

To determine the signaling mechanisms that mediate cGMP-
dependent ENaC expression, we silenced PKGII expression
using a specific small interfering RNA (siRNA). Transfection
of Obs with siRNA directed against PKGII for 60 h signifi-
cantly reduced the expression of both PKGII mRNA (Fig. 6)
and o-ENaC, the main functional subunit of ENaC (P < 0.05
vs. control). The combination of siRNA PKGII and 8-pCPT-
cGMP partially reversed siRNA-mediated downregulation of
o-ENaC mRNA expression (P < 0.01), although expression
was still lower than after treatment with 8-pCPT-cGMP alone
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using the RT-PCR system (y axis, relative mRNA level). The images
represent three experiments with observation of multiple microscopic
fields and the result is expressed as a mean of three different
experiments. * P < 0.05 compared to untreated cells

(P < 0.05). Similarly, Obs treated with 8-pCPT-cGMP alone
exhibited a significant increase in a-ENaC expression com-
pared to both the untreated control group (P < 0.05) and the
8-pCPT-cGMP plus siRNA group (P < 0.05) (Fig. 7).

Expression of o-ENaC protein was inhibited in pKGII-
null mice

Western blot analysis was performed in bone tissue har-
vested from mice carrying a null mutation in the pKGII gene
(Fig. 8). Expression of o-ENaC protein was significantly
lower in pKGII-null mice (normalized to GADPH expres-
sion) compared to wild type mice (P < 0.01).
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Fig. 6 Effect of si-RNA transfection on the gene expression of
PKGII. To determine the effects of si-RNA (si-RNA-1, -2, -3, and -4)
transfection on the gene expression of PKGII, the mRNA of PKGII
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Fig. 7 The effect of PKGII si-RNA and 8-pCPT-cGMP on the gene
expression of o-ENaC. a mRNA of o-ENaC was examined in Obs.
b Relative mRNA levels of a-ENaC in Obs were compared, a-ENaC
were normalized by mRNA of B-actin in the same sample using the
RT-PCR system (y axis, relative mRNA level). The images represent

A
Curll

ENaC s S . o
GAPDH " - e

Cul2 KO KO

Fig. 8 Analysis of a-ENaC protein expression in normal and pKGII
KO mice. a Protein levels of pKGII were examined in wild type and
pKGII knockout mice. b Relative protein expression of each sample
was quantified by Image] software (National Institute of Health) and

Discussion

Osteoblast differentiation and bone formation are regulated
by endocrine, paracrine, and autocrine factors that activate

three experiments with observation of multiple microscopic fields and
the result is expressed as a mean of three different experiments.
* P < 0.05 compared with group NC, Mock and Blank respectively.
4P <005 compared with group siRNA3. Bp<0.05 compared
with group siRNA3 + 8-pCPT-cGMP
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then normalized with GADPH levels. Results show the mean value
from two (or three or more here) independent experiments.
* P < 0.01 compared to wild type mice

complex intracellular signaling pathways [3]. As one of the
most important osteogenic intracellular second messengers,
cGMP and cGMP signaling pathway play a positive role in
bone formation [5, 9]. In this study, we found that
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exogenous 8-pCPT-cGMP, a cell-permeable cGMP analog,
could stimulate the proliferation and differentiation of Obs.
In addition, semi-quantitative RT-PCR revealed a signifi-
cant upregulation of several osteogenesis-related marker
mRNAs (products of osteogenic genes). These osteogenic
gene products included mRNAs encoding ALP, OPN, and
OC, which are specific osteoblast markers during matrix
deposition, and Coll lo, the major component of the
extracellular bone matrix. In addition, Cbfal, an essential
transcription factor in osteoblast differentiation and bone
development, was also upregulated at the mRNA level by
8-pCPT-cGMP. Thus, a ¢cGMP analogue increased Ob
proliferation and the expression of genes associated with
Ob differentiation (ALP) and osteogenesis.

The cGMP-dependent protein kinase family (PKGlIo,
PKGIB, and PKGII) is one of the three major intracellular
downstream targets for cGMP [10]. Both PKGI and II are
expressed in Obs and chondrocytes, but they may make
different contributions to osteogenesis [22, 27], with PKGII
now considered a seminal regulator of endochondral ossi-
fication and bone growth [17, 24]. Our results demonstrated
that 8-pCPT-cGMP could increase the expression of PKGII
mRNA in Obs, but had no significant effect on PKGIa and
PKGIB mRNA expression. This result is in agreement with
earlier studies by [22] and [17], who found that PKGII-
deficient mice developed dwarfism as a result of a severe
defect in endochondral ossification at the growth plates,
and showed increased numbers of postmitotic, non-hyper-
trophic cells, confirming an important role for PKGII in
endochondral ossification [17, 22]. It was also reported that
the hypertrophic differentiation of chondrocytes by SOX9
was inhibited in PKGII-deficient mice [6]. In addition,
PKGII phosphorylates GSK3f and inhibits its activity, and
reduced GSK3p is necessary for enhanced hypertrophic
differentiation of growth plate chondrocytes [13]. More-
over, Rangaswami et al. [24] reported that mechanotrans-
duction in Obs was mediated by cGMP/PKGII signaling,
while PKGI had no effect. Both these previous studies and
our current findings suggested that PKGII is the major
functional downstream molecule mediating cGMP signal-
ing in bone.

Several recent studies have established an association
between dysfunctional sodium metabolism and osteoporo-
sis. High NaCl intake was linked to increased calcium
excretion in urine. Although the exact role of bone sodium
is still unknown, sodium in extracellular fluid (ECF) bathes
the bone forming site during mineralization [26]. Similar to
previous experiments [15, 19, 28], our study confirmed the
existence of ENaC in osteoblast. As the interaction of
cGMP-ENaC channel previously validated in Xenopus
oocytes, we then demonstrated that the mRNA levels of a-
ENaC were enhanced by 8-pCPT-cGMP treatment in pri-
mary cultured Obs (derived from BMSCs), suggesting that
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cGMP or a cGMP-activated pathway induces expression of
a-ENaC mRNA in Obs. Our previous study showed that
17B-estradiol stimulated osteogenesis-related genes and
ENaC mRNA expression in rat Obs (derived from BMSCs)
[4, 29]. These results demonstrated that ENaC may par-
ticipate in Ob bone formation and that cGMP signaling
may regulate bone formation through ENaC expression.

To confirm such a role for the cGMP/ENaC pathway in
osteogenesis, we measured o-ENaC mRNA expression in
Obs transfected with PKGII siRNA. Knockdown of PKGII
led to reduced expression of o-ENaC and this reduced
expression was partially reversed by co-application of the
c¢GMP analog. Moreover, we found the PKGII-null mice
showed significantly downregulated o-ENaC protein
expression, indicating that that 8-pCPT-cGMP regulated
ENaC expression by activating the cGMP-PKGII signaling
pathway. In addition, 8-pCPT-cGMP or cGMP could
directly impact the expression of a-ENaC, in accordance
with a previous report indicating that without a direct
demonstration that cGMP can activate Ob ENaCs in iso-
lated membrane patches of in the presence of PKG inhib-
itors [21].

Taken together, our results indicate that 8§-pCPT-cGMP
can enhance proliferation and differentiation of Obs, in
addition to promoting the expression of osteogenic genes.
These osteogenic effects may be mediated by the expres-
sion and function of ENaC channels that are under the
regulation of cGMP and/or the cGMP-PKGII signal path-
way. Furthermore, these experiments indicated that ENaC
may be a potential target for pharmaceutical interventions
to treat metabolic bone diseases.

Materials and methods
Isolation and culture of Obs

The newborn Sprague-Dawley rats were purchased from
Experimental Animal Center of Guangzhou University of
Traditional Chinese Medicine (SPF animals SCXK
2008-0020), and sacrificed by cervical dislocation. Obs
obtained from newborn Sprague—Dawley rat calvariae were
isolated and cultured according to the protocols reported
previously [25]. Briefly, calvariae were isolated and
cleaned with 0.1 M phosphate-buffered saline (1x PBS),
then minced and digested in 0.2 % collagenase I (Sigma,
USA) twice for 10 min and three times for 15 min at 37 °C
in the shaking waterbath. The first and second digestion
supernatant were not be used for culture. Thereafter, each
supernatant containing cells was collected by centrifuge for
6 min at 1500 rpm, pooled and resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL, USA)
with antibiotics and 10 % fetal bovine serum (Hyclone,
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Table 1 Primers sequences used for reverse transcription—-PCR analysis

Gene product

Primer sequence

Amplicon length

a-ENaC Forward 5'-GTTCTGTGACTACCGAAAGCAGAG-3’ 429bp
Reverse 5'-CGTAGCAGCATGAGAAGTGTGATG-3'

PKG l-a Forward 5'-CTTCTTCGCCAACCTG-3’ 369 bp
Reverse 5'-GGCAAACGCTTCTACCA-3’

PKGI-B Forward 5'-GGGCTCATTCCGATTT-3’ 363 bp
Reverse 5'-TCATGGCCTTTGTTCAG-3'

PKG 11 Forward 5'-TGTTCACCGCAAGACC-3' 474 bp
Reverse 5'-CGATGTAACTGCCCTGT-3

Coll-Ia Forward 5'-TAA AGG GTC ATC GTG GCT TC-3' 490 bp
Reverse 5'-ACT CTC CGC TCT TCC AGT CA-3’

OoC Forward 5'-TCC GCT AGC TCG TCA CAA TTG G-3' 589 bp
Reverse 5'-CCT GAC TGC ATT CTG CCT CTC T-3

ALP Forward 5'-CTC CGG ATC CTG ACA AAG AA-3 500 bp
Reverse 5'-ACG TGG GGG ATG TAG TTC TG-3'

ON Forward 5'-AAG CCT GAC CCA TCT CAG AA-3 446 bp
Reverse 5'-GCA ACT GGG ATG ACC TTG AT-3’

Cbfa 1 Forward 5'-GCC GGG AAT GAT GAG AAC TA-3' 200 bp
Reverse 5-GGA TGC AGG GAT GAT GTT CT-3’

B-actin Forward 5'-GAGAGGGAAATCGTGCGTGAC-3’ 457bp
Reverse 5'-CATCTGCTGGAAGGTGGACA-3’

ENaC, epithelial Na channel; PKG, cGMP-dependent protein kinase, Coll-Ia, collagen typel; OC, osteocalcin; ALP, alkaline phosphatase; ON,

osteopontin

USA). Cells were then cultured in complete DMEM
(supplemented with 10 % fetal bovine serum, 100 IU/ml
penicillin, and 100 pg/ml streptomycin) at 37 °C in 5 %
CO,. When 90 % confluence was reached, cells were
released from the culture substratum using trypsin/EDTA
(0.25 % wlv trypsin, 0.02 % EDTA), and were moved to
dishes (100 mm in diameter) at 1.0 x 10° cell/ml in 10 ml.
Culture medium was further supplemented with 50 pg/ml
ascorbic acid, 10 mmol/l B-glycerophosphate, and 10~®
mol/l dexamethasone after 2 passages. Cells at passage 3—5
were used for the following studies.

Determination of cell proliferation

Cells (2 x 10°) on 96-well plates were evaluated for pro-
liferation by WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt] assay kit (Beyotime Inst Biotech, China)
according to manufacture’s instructions. Briefly, WST-8
solution was added to each dish at a concentration of 1/10
volume 24 h after administration (8-pCPT-cGMP) and the
plates were incubated at 37 °C for an additional 1 h.
Absorbance was then measured at 450 nm with a Micro-
plate Reader 680 (Bio-Rad Laboratories, Hercules, CA,
USA).

Determination of cell differentiation

Cells (2 x 103) on 96-well plates were evaluated for dif-
ferentiation by AKP assay kit (Nanjing jiancheng Inst
Biotech, China) according to manufacture’s instructions.
Briefly, the supernatant was collected to assay the activity
of AKP 48 h after administration (8-pCPT-cGMP), the
AKRP assay kit solutions (buffer and media) were added to
each sample, and 15 min after incubated at 37 °C the
chromogenic reagent was added. Absorbance was mea-
sured at 490 nm with a Microplate Reader 680 (Bio-Rad
Laboratories, Hercules, CA, USA).

RNA purification and reverse transcription-PCR

Total RNA was extracted from cultured cells using Trizol
reagent (Life Technologies Inc., Gaithersburg, MD, USA)
according to the manufacturer’s protocol. Primers (syn-
thesized by Invitrogen, China) for rat ENaC-a, PKGlIa,
PKGIB, PKGII, Coll Ia,, OC, ALP, ON, Cbfa 1 and B-actin
are shown in Table 1. RT-PCR using Access RT-PCR
Reagent (One Step PrimeScript™ RT-PCR Kit, TaKaRa,
China) was performed as follows: an initial denaturation
step at 94 °C for 15 min, then 30 cycles of 94 °C for 30 s,
50-60 °C for 30 s and 72 °C for 1 min. Samples (5 pl) of
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each PCR product were size-fractionated by 2.0 % agarose
gelelectrophoresis and the bands were visualized with
Tanon 4100 (Tanon Science & technology Co., China).

PKGII small interfering RNA (siRNA)

PKGII expression was silenced in Obs by transient transfec-
tion of cells with pre-annealed siRNA oligonucleotides, cor-
responding to specific regions of the murine PKGII genes
(pre-validated siRNAs, GenePharma, Shanghai, China). Cells
were plated at 50-60 % density (about 1 x 10°/ml in a
60 mm dish) and allowed to grow over-night. The next
morning, cells were transfected with 50 nmol of siRNA and
10 ul Lipofectamine 2000 (Invitrogen, CA, USA) in 5 ml of
serum-free media for 5 h. Then, cells were placed in DMEM
with FBS and incubated for 48 h before 8-pCPT-cGMP
stimulation, RNA was extracted 60 h later, and RT-PCR was
performed as described above.

Western blot assay for ENaC isoforms

pKGII-null mice were used for Western blotting, the bone
sample (skull of mice) was skinned, the brain was removed,
and bones were homogenized in Sigma CelLytic'™™ M*
Mammalian Tissue Lysis/Extraction Reagent (Catalog num-
ber: (C3228-500 ml). o-ENaC was detected by Western
blotting using immunopurified goat polyclonal IgG a-ENaC
antibodys (SantaCruz,1:2,000). Protein expression of each
sample was quantified by Image J software (National Institute
of Health) and then normalized with GADPH levels.

Statistical analysis

All results are expressed as mean == SEM (standard error
of the mean) of at least three independent experiments
performed in duplicate. Statistical analysis was performed
by paired ¢ test or One-way ANOVA computation com-
bined with the Bonferroni test. Values were considered
statistically significant at a probability level of 0.05.
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