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The antiosteoporotic treatment strontium ranelate (SrRan)
was shown to increase bone mass and strength by dissociating
bone resorption and bone formation. To identify the molecular
mechanisms of action of SrRan on osteoblasts, we investigated
its effects on calcineurin-NFAT (nuclear factor of activated T
cells) signaling, an important calcium sensitive pathway con-
trolling bone formation. Using murine MC3T3-E1 and pri-
mary murine osteoblasts, we demonstrate that SrRan induces
NFATCc] nuclear translocation, as shown by immunocytochem-
ical and Western blot analyses. Molecular analysis showed that
SrRan increased NFATcl transactivation in osteoblasts, an
effect that was fully abrogated by the calcineurin inhibitors
cyclosporin A or FK506, confirming that SrRan activates
NFATCc1 signaling in osteoblasts. This has functional implica-
tions because calcineurin inhibitors blunted the enhanced
osteoblast replication and expression of the osteoblast pheno-
typic markers Runx2, alkaline phosphatase, and type I collagen
induced by SrRan. We further found that SrRan increased the
expression of Wnt3a and Wnt5a as well as 3-catenin transcrip-
tional activity in osteoblasts, and these effects were abolished by
calcineurin inhibitors. The Wnt inhibitors sFRP1 and DKK1
abolished SrRan-induced osteoblast gene expression. Further-
more, blunting the Wnt5a receptor Ryk or RhoA that acts down-
stream of Ryk abrogated cell proliferation and osteoblast gene
expression induced by SrRan. These results indicate that activa-
tion of NFATc1 and downstream canonical and non-canonical
Wnt signaling pathways mediate SrRan-induced osteoblastic
cell replication and differentiation, which provides novel
insights into the mechanisms of action of this antiosteoporotic
agent in osteoblastogenesis.

The maintenance of bone mass is dependent on bone remod-
eling activity, which involves the balanced effects of bone-
resorbing osteoclasts and bone-forming osteoblasts. Excessive
bone resorption relative to bone formation results in decreased
bone mass, altered bone quality, and increased incidence of
fractures in osteoporosis (1). Available treatments for osteopo-
rosis include antiresorptive or anabolic treatments, which

induce variable effects on bone mass and fracture incidence (2).
An antiosteoporotic treatment, strontium ranelate (SrRan),?
was shown to promote bone formation and to reduce bone
resorption in vitro (3). In vivo, SrRan was found to induce a
positive bone balance in experimental osteopenic models (3-5).
This treatment was also shown to decrease the risk of vertebral
and non-vertebral fractures in patients with postmenopausal
osteoporosis (6—8). In several in vitro models, SrRan was
shown to promote osteoblast replication, differentiation, and
survival (9-13). Nevertheless, the molecular mechanisms of
action of SrRan on bone-forming cells are still under investiga-
tion. The positive effects of SrRan on osteoblast replication and
survival may involve, in part, the seven-transmembrane-span-
ning extracellular calcium-sensing receptor that is expressed by
osteoblastic cells (14) and that responds to strontium (15-17).
The signaling pathways activated by SrRan via the calcium-
sensing receptor in osteoblasts include mitogen-activated pro-
tein kinases (MAPK) ERK1/2, phosphatidylinositol 3-kinase,
and phospholipase C (15, 17). However, we recently showed
that SrRan increases osteoblastic cell replication and survival
independently of the calcium-sensing receptor (17), indicating
that other signaling mechanisms may contribute to the positive
effects of SrRan on osteoblastogenesis.

Nuclear factor of activated Tc (NFATc) are transcription fac-
tors that are highly phosphorylated and remain in the cyto-
plasm in unstimulated cells. An increase in intracellular cal-
cium level leads to activation of the heterodimeric serine/
threonine phosphatase calcineurin (Cn) that is involved in the
regulation of various physiological processes (18). This induces
NFATc dephosphorylation, leading to its nuclear translocation
and regulation of target genes (18, 19). In bone, Cn-NFATc signal-
ing has recently emerged as an important activator of bone resorp-
tion, bone formation, and bone mass (20 —26). Recent studies indi-
cate that NFATcl and NFATc2 may positively control bone
formation through increased osteoblast replication and function
(27-31), highlighting the importance of the Cn-NFATCc signaling
in the control of both bone resorption and bone formation.

Because strontium is a cation chemically close to calcium and
Cn is a calcium-dependent phosphatase, we hypothesized that
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increasing strontium concentration in the osteoblast environ-
ment may activate Cn and subsequent NFATc-mediated sig-
nals in osteoblasts. In this study, we investigated the effects of
SrRan on Cn-NFATc signaling in osteoblasts and determined
the implication of this pathway on the osteoblast phenotype.
We show here that SrRan activates Cn-NFATc1 signaling in
osteoblasts, which results in increased osteoblastic cell replica-
tion and phenotypic gene expression. We further show that
Cn-NFATecl activation induced by SrRan results in induction
of Wnt expression and activation of canonical and non-canon-
ical Wnt signaling pathways that are involved in SrRan-induced
osteoblastogenesis.

EXPERIMENTAL PROCEDURES

Cells and Reagents—MC3T3-E1 cells were obtained from
ATCC. Primary mouse calvaria osteoblastic cells were dis-
sected from normal newborn mice, as described previously
(32). SrRan was a mix of strontium chloride (SrCl,, 6H,0)
(Sigma) and sodium ranelate (Technologie Servier, Orléans,
France) and was added to the culture medium at a molar ratio of
1:100 respectively to reflect the ratio found in blood of post-
menopausal osteoporotic patients treated with strontium rane-
late (2 g/day) (7, 8). SrRan concentrations were expressed as
Sr*>* concentrations. The calcineurin inhibitors cyclosporin A
(CSA) and FK506, PMA, ionomycin, calcium chloride, dexa-
methasone, and rabbit anti-B-actin antibody were from Sigma.
Mouse anti-p84 antibody was from Abcam (Cambridge, UK).
Mouse anti-NFATc was from BD Biosciences (Erembodegen,
Belgium). Mouse anti-3-catenin was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Secondary antibodies conjugated to
CY2 or CY3 were from Jackson ImmunoResearch (Newmarket,
UK). Recombinant human sFRP1 and BMP2 were from R&D
Systems (Lille, France). Wnt3a-conditioned medium was pre-
pared as described previously (33).

Transfection and Luciferase Activity—Transient transfec-
tions with pGL3-9xNFAT-luc plasmid (34) (kindly provided by
Dr. Molkentin, Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH), DKK1 encoding plasmid (kindly provided by
Galapagos, Romainville, France), dominant-negative RhoA
(DN-RhoA, kindly provided by Dr. Jacques Bertoglio, INSERM,
Chatenay-Malabry, France), or control vectors were performed
as described previously (33). For luciferase reporter assays,
pCMV-B-galactosidase was added to the transfection mix (TCF
and TopFlash or FopFlash). Transcriptional activity was evalu-
ated by luciferase assay using a luciferase assay kit (Promega)
and B-galactosidase gene reporter assay kit (Roche Diagnostics,
Meylan, France) (33).

Immunofluorescence Microscopy—Subconfluent MC3T3-E1
osteoblastic cells and primary mouse calvaria osteoblasts were
fixed in 4% PFA, permeabilized in 0.5% Triton X-100 for 15
min, saturated with 0.5% bovine serum albumin, incubated
with primary antibody (1/100), and then incubated with corre-
sponding secondary antibodies (donkey anti-mouse conjugated
to CY3 or donkey anti-rabbit conjugated to CY2; Jackson
ImmunoResearch Laboratories, West Grove, PA). 4',6-Dia-
midino-2-phenylindole (300 nm) was used to localize the nuclei.
The signal was visualized by confocal fluorescence microscopy
(Apotome, Carl Zeiss SAS, Le Pecq, France).
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TABLE 1
Sequences of primers used

Housekeeping gene

18S Sense 5'-TCAAGAACGAAAGTCGGAGG-3’
Antisense 5'-GGACATCTAAGGGCATCACA-3’
Histone
H4 Sense 5'-GCAAAGTCTTGCGTGACAAC-3’
Antisense 5'-CACGGGTCTCCTCGTAGATG-3'
Osteoblast markers
Runx2 Sense 5'-TTGACCTTTGTCCCAATGC-3'
Antisense 5'-AGGTTGGAGGCACACATAGG-3’
ALP Sense 5'-AAGGCTTCTTCTTGCTGGTG-3’
Antisense 5'-GCCTTACCCTCATGATGTCC-3'
CollAI Sense 5'-CTTGGTGGTTTTGTATTCGATGAC-3’
Antisense 5'-GCGAAGGCAACAGTCGCT-3'

Wnt family members

Wnt3a Sense 5'-CTTAGTGCTCTGCAGCCTGA-3’
Antisense 5'-AGTGCTCAGAGAGGAGTACTGG-3'
Wnt4 Sense 5'-CTGGACTCCCTCCCTGTCTT-3’
Antisense 5'-ATGCCCTTGTCACTGCAAA-3'
WntSa Sense 5'-ATGAAGCAGGCCGTAGAAC-3’
Antisense 5'-CTTCTCCTTGAGGGCATCG-3’
Wntll Sense 5'-GAGGATCCCAAGCCAATAAA-3'
Antisense 5'-TCCAGGGAGGCACGTAGA-3’
DKK2 Sense 5'-CTGGTACCCGCTGCAATAAT-3’
Antisense 5'-CATGGTTGCGATCTCTATGC-3’
sFRP2 Sense 5'-GACAACGACCTCTGCATCC-3’
Antisense 5'-TCACACACCTTGGGAGCTT-3’
Frz9 Sense 5'-AGACGGGAGGCACCAATAC-3'
Antisense 5'-TGGAAAAGACTCCGATTTTGA-3'

Western Blot Analysis—MC3T3-E1 osteoblastic cell lysates
were prepared as described previously (32). Protein concentra-
tions in both cytosolic and nuclear subcellular fractions were
measured using the DC protein assay (Bio-Rad Laboratories).
Equal aliquots (60 ug) of cell lysates were resolved on 10% SDS-
PAGE. Western blot was performed as described previously
(17) using specific primary antibodies raised against NFATc1
(1:1000) and against p84 (1/1000) for nuclear fraction or B-ac-
tin (1/2000) for cytosolic fraction. Representative images of
immunoblots are shown in Fig. 2. Relative levels are expressed
as a ratio of treated over control, after correction to the house-
keeping protein. Results are representative of 2—3 independent
experiments.

Cell Replication Analysis—Cells were plated at 6000 cells/
cm?in 96 wells and treated as indicated, and cell replication was
determined using a bromodeoxyuridine enzyme-linked immu-
nosorbent assay (Roche Diagnostics), according to the manu-
facturer’s instructions. The experiments were repeated three
times with at least six replicates per experiment.

Quantitative Reverse Transcription-PCR Analysis—Total
RNAs were isolated using the TRIzol reagent (Invitrogen,
Cergy Pontoise, France) according to the manufacturer’s rec-
ommendations and stored at —80 °C in RNASecure (Applied
Biosystems, Courtaboeuf, France) supplemented with H,O.
cDNAs were generated from 3 ug of total RNA of each sample
by reverse transcription using 300 units of Moloney murine
leukemia virus reverse transcriptase, 15 ug of oligo(dT) prim-
ers, 1 mm ANTP, in 30 ul of total volume. The relative mRNA
levels were evaluated by quantitative PCR using the SYBR
Green master kit (ABGen, Courtaboeuf, France) supplemented
with 0.5 uMm of specific primers (Table 1). Signal was normalized
to 18S as internal control. Reactions were performed in tripli-
cate on the LightCycler 480 instrument (Roche Diagnostics)
using the following thermal conditions: activation for one cycle
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FIGURE 1. SrRan induces NFATc1 nuclear translocation in osteoblasts. MC3T3-E1 osteoblastic cells (A) or
mouse primary calvaria osteoblastic cells (B and C) were treated with CSA (100 ng/ml) for 10 min to fully
phosphorylate NFATc1 and then rinsed and incubated with or without PMA (25 nm)/ionomycin (1 um) for 4 h,
or dexamethasone (Dex, 10™° m), BMP2 (100 ng/ml), SrRan (1-3 mm), or CaCl, (1-3 mm) for 30 min and immu-
nostained for NFATc1 (red) and 4’,6-diamidino-2-phenylindole (blue). Arrows indicate nuclear localization of
NFATc1 (violet spots). B, magnification, X 250; C, magnification, X500.

Statistical Analysis—All values
are presented as the mean = S.D.
Data were analyzed with the un-
paired two-tailed Student’s ¢ test as
appropriate for the data set. A p
value <0.05 was considered statisti-
cally significant.

RESULTS

SrRan Induces NFATcl Nuclear
Translocation and Transcriptional
Activity in Osteoblasts— Activation
of Cn is known to lead to de-
phosphorylation and nuclear trans-
location of NFATcl. We first
determined the effect of SrRan on
NFATcl translocation. As ex-
pected, treatment of MC3T3-El
cells with PMA and ionomycin,
used as a positive control, led to
NFATCcI nuclear translocation (Fig.
1A). We found that BMP2 induced
NFATcl translocation, whereas
dexamethasone had no apparent
effect. In these cells, both CaCl, and
SrRan induced NFATcl transloca-
tion (Fig. 1A4). Importantly, similar
effects were observed in murine pri-
mary calvaria osteoblasts (Fig. 1, B
and C). These results indicate that
SrRan, like calcium, induces NFATc1
nuclear translocation in osteoblasts.

To confirm this finding, we ana-
lyzed NFATcl protein levels in
MC3T3-E1 osteoblasts. As shown
in Fig. 2A, Western blot analysis
showed that SrRan increased
NFATcl levels in the nucleus,
confirming the results obtained
by immunocytochemical analysis.
Quantification of the scanned blots
confirmed the positive concentra-
tion-dependent effect of SrRan on
NFATCcl nuclear translocation (Fig.
2B). We then determined whether
NFATCcl translocation induced by
SrRan had a functional impact on
NFATCcl-transactivating activity. As
expected, PMA-ionomycin increased
NFATcl transcriptional activity by
about 2-fold in MC3T3-E1 osteo-
blasts (Fig. 2C). We found that both
CaCl, and SrRan increased NFATcl

at 95 °C for 15 min; 40 cycles of denaturation at 95 °C for 20's;  transcriptional activity in these cells. Moreover, this effect was fully
annealing at 58 °C for 15 s; and extension at 72 °C for 15 s. abrogated in the presence of the Cn inhibitors CSA or FK506 (Fig.
Melting curve analysis was included to assure that only one 2C). Taken together, these results indicate that SrRan, like cal-
PCR product was formed. The relative amount of RNA was cium, induces NFATc1 translocation into the nucleus and activa-
calculated by the 2744 method. tion of NFATc1 transcriptional activity.
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FIGURE 2. NFATc1 nuclear translocation induced by SrRan results in
NFATc transactivation in osteoblasts. A, MC3T3-E1 osteoblastic cells were
treated with the Cn inhibitor CSA (100 ng/ml) for 10 min, rinsed, and incu-
bated with or without SrRan (1-3 mm) for 30 min. Cytosolic and nuclear cell
lysates were immunoreacted with NFATc1 and B-actin or with NFATc1 and
p84 antibody, respectively. B, Western blots were scanned, quantified, and
reported as ratios in arbitrary units (AU). C, MC3T3-E1 osteoblastic cells were
transfected with a vector encoding luciferase sequence under NFAT-re-
sponse elements linked to a basic promoter and then incubated with or with-
out PMA (25 nm)/ionomycin (lono, 1 uM) used as positive control, SrRan (1-3
mm) or CaCl, (3 mm) for 24 h in the presence or absence of the Cn inhibitors
CSA (100 ng/ml) or FK506 (10 ng/ml). Transcriptional activity was evaluated
by luciferase assay. Data are the mean = S.D. g, p < 0.05 versus control cells; b,
p < 0.05 versus SrRan- or calcium-treated cells.

SrRan-induced Osteoblastic Cell Replication and Differenti-
ation Are Abrogated by Cn Inhibitors—Having shown that
SrRan activates NFATc1 signaling in osteoblasts, we then asked
whether this effect may have significant impact on cell replica-
tion or differentiation. We found that SrRan increased
MC3T3-E1 replication, as assessed by the bromodeoxyuridine
assay (Fig. 3A). Remarkably, this effect was fully abolished by Cn
inhibition using CSA or FK506. Similar effects were observed
with CaCl, (Fig. 3A). These data indicate that NFATc1 signal-
ing mediates, at least in part, the increased cell replication
induced by SrRan.

We then investigated whether NFATc1 signaling may im-
pact on osteoblast differentiation. As shown in Fig. 3, B-D,
treatment with SrRan increased mRNA levels of the phenotypic
osteoblast markers Runx2, ALP, and COLIAI by 2-3-fold,
as determined by quantitative reverse transcription-PCR,
whereas CaCl, had no significant effect. Importantly, the posi-
tive effect of SrRan on Runx2, ALP, and COLIAI expression

25254 JOURNAL OF BIOLOGICAL CHEMISTRY

was abolished by the Cn inhibitor CSA (Fig. 3, B—D). Similar
effects were observed in the presence of FK506 (data not
shown). These results indicate that activation of NFATc1 sig-
naling is involved in the increased osteoblast marker gene
expression induced by SrRan in murine osteoblasts.

SrRan Induces Expression of Several Whnt-related Proteins—
Calcineurin is known to affect B-catenin-associated pathways
(35). Recent data indicate that activation of NFATc1 signaling
in osteoblasts is associated with the production of Wnt-related
proteins (28). Given that we found that SrRan activates
NFATc]1 transactivation and osteoblast differentiation (Fig. 3),
we asked whether this effect may be mediated by the expression
of Wnt proteins. Interestingly, we found that treatment of
MC3T3-E1 osteoblastic cells with SrRan increased the mRNA
expression of canonical and non-canonical Wnt partners
(Wnt3a and Wnt4, Wnt5a, Wntll, respectively). In addition,
SrRan increased the expression of the Wnt inhibitor DKK2 and
SFRP2 and receptor Frizzled9, suggesting a physiological bal-
ance in terms of stimulation of the Wnt pathway. The positive
effect of SrRan on both Wnt activators and inhibitors was
related to Cn-NFATc1 signaling because it was abrogated by
CSA (Fig. 4, A-G) or FK506 (data not shown). These results
indicate that multiple positive and negative regulators of
Wnt pathway are targets of SrRan-mediated activation of Cn-
NFATc1 signaling in osteoblastic cells.

The above results, indicating that Wnt3a expression is
increased by SrRan as a result of SrRan-induced Cn-NFATc1
activation, suggest that canonical Wnt signaling may be acti-
vated by SrRan in osteoblasts. To test this hypothesis, we deter-
mined whether SrRan activates (3-catenin translocation into
the nucleus. Confocal microscopy showed that SrRan increased
B-catenin translocation into the nucleus in MC3T3-E1 osteo-
blasts, although to a lesser extent than Wnt3a, used as positive
control (Fig. 54). To confirm this finding, we determined
whether SrRan promotes -catenin transcriptional activity in
osteoblasts using a reporter gene assay. As expected, Wnt3a
markedly increased TCF-TOP transactivation (Fig. 5B). Inter-
estingly, SrRan and CaCl, also increased B-catenin transcrip-
tional activity in MC3T3-E1 osteoblasts. This effect was not
restricted to this cell line because both SrRan and CaCl,
increased TCF-TOP transactivation in primary murine calvaria
osteoblasts, although the effect was limited (Fig. 5C). Impor-
tantly, the positive effects of SrRan and calcium on TCF-TOP
transactivation were both related to Cn-NFATcl activation
because these effects were abolished by Cn inhibitors CSA and
FK506 (Fig. 5B). These results indicate that SrRan promotes
B-catenin transcriptional activity and that this effect is medi-
ated by Cn/NFATc1 activation.

Because we found that SrRan increased the expression of
non-canonical Wnt genes (Wnt4, Wnt5a, and Wntl11) (Fig. 4),
we examined the possible role of non-canonical Wnt signaling
in the response to SrRan in osteoblasts. To investigate the pos-
sible implication of the canonical and non-canonical Wnt path-
ways in SrRan-induced osteoblast gene expression, MC3T3-E1
osteoblasts were treated with SrRan in the presence of DKK1
that inhibits the Wnt-LRP5 interaction (36) or in the presence
of sERP1 that blocks Wnt proteins more effectively than sSERP2
(37). As shown in Fig. 6, A—C, both sFRP1 and DKK1 markedly
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FIGURE 3. SrRan-induced osteoblastic cell replication and differentiation are mediated by Cn/NFATc
signaling. MC3T3-E1 osteoblastic cells were treated with the Cn inhibitor CSA (100 ng/ml) for 10 min, rinsed,
and incubated with or without SrRan (1-3 mm) or CaCl, (3 mm) in the presence or absence of the Cn inhibitors
CSA (100 ng/ml) or FK506 (10 ng/ml). A, DNA replication was determined by bromodeoxyuridine incorporation
assay after 24 h. AU, arbitrary units. B-D, mRNA expression of osteoblast markers (Runx2, ALP, Col1AT) was
determined by quantitative PCR analysis after 48 h of incubation. Data are the mean = S.D. g, p < 0.05 versus

control cells; b, p < 0.05 versus SrRan- or calcium-treated cells.

reduced the expression of Runx2, ALP,and COL1A1 induced by
SrRan. These results imply that both Wnt canonical and non-
canonical pathways may be involved in osteoblast differentia-
tion induced by SrRan.

Non-canonical signals are transduced through frizzled
receptors and co-receptors such as Ryk, which activate small G
proteins including RhoA and c-Jun N-terminal kinase (JNK)
and the calcium-dependent Nemo-like kinase (NLK) and
NFAT signaling cascades (38). To analyze the implication of
non-canonical Wnt signaling in the response to SrRan,
MC3T3-E1 osteoblasts were transfected with a vector encoding
a small interfering RNA targeting Ryk. As shown in Fig. 6, D—F,
blunting the Wnt5a receptor Ryk using small interfering RNA
abrogated the induction of Runx2, ALP, and COLIAI induced
by SrRan in MC3T3-E1 osteoblasts. To confirm this finding,
MC3T3-E1 osteoblasts were transfected with a vector encoding
a dominant-negative form of RhoA (DN-RhoA) to inhibit RhoA
that acts downstream of Ryk (39). As shown in Fig. 7, A-C,
transfection with DN-RhoA blunted the increased Runx2, ALP,
and COLI1A1 expression induced by SrRan. These data indicate
that osteoblast gene expression induced by SrRan is at least in
part dependent on Wnt5a-Ryk-RhoA activation.

Finally, we investigated whether non-canonical Wnt signal-
ing may be implicated in stimulating proliferation of osteoblas-
tic cells induced by SrRan. Using measurement at histone H4 to
monitor DNA synthesis, we found that transfection with a
small interfering RNA raised against Ryk (siRyk) or DN-RhoA
abrogated the increased DNA synthesis induced by SrRan (Fig.
7, D and E), suggesting that the non-canonical Wnt signaling is
implicated in SrRan-induced stimulation of MC3T3-E1 osteo-
blastic cells. Taken together, the results indicate that SrRan
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esis in vitro (40) and in vivo (28). In
this study, we show that SrRan
induces translocation and tran-
scriptional activity of the Cn sub-
strate  NFATcl, indicating that
SrRan activates Cn-NFATc signal-
ing in these cells. Calcineurin is
known to be activated by low, sustained increases in intracellu-
lar calcium (41). Consistently, increased intracellular calcium
influx was shown to activate Cn and NFATc signaling in several
cell types (42, 43). The activation of Cn-NFATc signaling by Sr
may thus result indirectly from the increased intracellular cal-
cium levels induced by SrRan via activation of the calcium-
sensing receptor in osteoblasts (15).

Having shown that SrRan activates Cn-NFATc signaling in
osteoblasts, we investigated the functional implication of
NFATCc signaling induced by SrRan in osteoblasts. We (11, 17)
and others (10, 15) have previously shown that SrRan increases
osteoblastic cell replication. The present finding that the
increased osteoblastic cell replication induced by SrRan was
blunted by Cn inhibitors indicates that this effect involves
NFATcsignaling. This mechanism is consistent with the recent
finding that NFATc1 directs osteoblast replication in vivo (28).
Previous evidence indicated that SrRan promotes osteoblastic
cell replication in part via activation of ERK1/2 MAPK signaling
(15,17). The present data provide another mechanism by which
SrRan promotes osteoblastic cell replication via NFATc1 sig-
naling. In addition to this effect, our data reveal that SrRan
increased Runx2 and other osteoblast phenotypic genes via
activation of Cn-NFATc1 signaling. This indicates that activa-
tion of Cn-NFATcl signaling is implicated in the increased
osteoblast gene expression induced by SrRan. These results
therefore identify Cn-NFAT signaling as an important mecha-
nism that is involved in SrRan-induced osteoblastic cell repli-
cation and differentiation in vitro.

Several molecular mechanisms may be involved in the con-
trol of osteoblast differentiation by Cn-NFAT signaling.
NFATc and Osterix (Osx) were found to cooperate in the con-
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FIGURE 4. SrRan-mediated Cn/NFATc signaling induces expression of
Wnt family molecules. MC3T3-E1 osteoblastic cells were treated with or
without SrRan (1-3 mwm) for 48 h in the presence or absence of the Cn inhibitor
CSA (100 ng/ml). A-G, mRNA expression of Wnt molecules (A-D) and Wnt-
related molecules (E-G) was determined by quantitative PCR analysis. Data
are the mean = S.D. g, p < 0.05 versus control cells; b, p < 0.05 versus SrRan-
treated cells.

trol of osteoblast differentiation and bone formation (27, 45).
However, we did not detect any changes in Osx gene expression
by SrRan (data not shown). In the search for other NFATc tar-
get genes in osteoblasts, we found that SrRan increased the
expression of several Wnt-related genes. This is consistent with
the finding that NFATc1 signaling regulates components of
Wnt signaling in other cell types (28, 35). Wnt proteins are
known to play an important role in the control of cell replica-
tion, differentiation, and survival through signals involving
B-catenin-dependent and -independent pathways. Binding of
canonical Wnt proteins to Frizzled receptors and low density
lipoprotein 5 and 6 (LRP5/6) co-receptors initiates a cascade of
intracellular events that lead to inhibition of B-catenin phos-
phorylation and stabilization. This results in the translocation
of B-catenin into the nucleus where it interacts with TCF-LEF
transcription factors to activate the expression of Wnt-respon-
sive genes (46). Here, we found that several genes that control
osteoblast differentiation were up-regulated by SrRan. For
example, Wntl1 promotes osteoblast maturation via 3-catenin
(47), and DKK2 is an early stimulator of osteoblast differentia-
tion (48), suggesting that components of Wnt signaling may
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FIGURE 5. SrRan-mediated Cn/NFATc signaling promotes p-catenin
nuclear translocation and transcriptional activity. A, MC3T3-E1 osteoblas-
tic cells were treated with 15% Wnt3a conditioned medium (used as positive
control) or SrRan (1 mm) and then immunostained for B-catenin (yellow) and
4',6-diamidino-2-phenylindole (blue), and B-catenin translocation in the
nucleus (white spots, arrows) was determined by confocal microscopy. B and
C, MC3T3-E1 cells or primary mouse calvaria cells were treated with 15%
Whnt3a conditioned medium, SrRan (1-3 mm), or CaCl, (3 mm) for 24 h in the
presence or absence of the Cn inhibitors CSA (100 ng/ml) or FK506 (10 ng/ml),
and B-catenin transcriptional activity was evaluated by a luciferase assay kit.
Data are the mean = S.D. a, p < 0.05 versus control cells; b, p < 0.05 versus
SrRan or calcium-treated cells. AU, arbitrary units.

mediate the effects of SrRan on osteoblasts. Our findings that
SrRan increased Wnt3a expression and [-catenin transcrip-
tional activity, and that DKK1 blocked the effect of SrRan on
osteoblast gene expression suggest that canonical Wnt signal-
ing mediates in part the effects of SrRan on osteoblast differen-
tiation. The fact that SrRan-induced activation of Wnt3a-B-
catenin signaling was blunted by both Cn and Wnt inhibitors is
suggestive of a regulatory loop in which activation of
Cn-NFATcl signaling by SrRan induces Wnt3a expression,
which thereby activates canonical Wnt-3-catenin signaling and
osteoblast gene expression (Fig. 7F). Recently, several mole-
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FIGURE 6. Inhibition of Wnt5a signaling blocks SrRan-induced osteoblast
gene expression. A-C, MC3T3-E1 osteoblastic cells were transiently trans-
fected with a vector encoding DKK1 or empty vector or incubated in the
presence of sFRP1 and then treated with or without SrRan (1 mm) for 48 h. D-F,
MC3T3-E1 osteoblastic cells were transiently transfected with a vector encod-
ing a small interfering RNA raised against Ryk (siRyk) or an empty vector and
then treated with or without SrRan (1-3 mm) for 48 h. mRNA expression of
osteoblast markers (Runx2, ALP, and Col1AT) was determined by quantitative
PCR analysis after an incubation of 48 h. Data are the mean = S.D.a, p < 0.05
versus control cells; b, p < 0.05 versus SrRan-treated cells.

cules have been shown to exert a bone anabolic effect in part via
canonical Wnt signaling (49, 50). The present data reveal that
SrRan is another agent that may exert bone anabolism in part by
enhancing Wnt signaling.

Our data suggest that SrRan-induced osteoblast gene expres-
sion may also be in part mediated by non-canonical Wnt sig-
naling. We found that sFRP1 that effectively binds to and antag-
onizes all Wnt proteins blocked the effect of SrRan on
osteoblast gene expression. Additionally, SrRan increased the
expression of WntSa, a non-canonical Wnt family member that
was found to enhance osteoblast differentiation (51-54). The
mechanisms of action of Wnt5a are complex (38, 39, 55).
Wntb5a signaling is transduced through the Frizzled family
receptors and Ror2/Ryk co-receptors to the Dishevelled-
dependent RhoA and JNK or Ca®*-dependent signaling (38).
Here, we found that knocking down the transmembrane recep-
tor tyrosine kinase Ryk or its downstream effector RhoA abol-
ished SrRan-induced cell replication and osteoblast gene
expression, indicating that Wnt5a-Ryk-RhoA signaling is
involved in SrRan-induced osteoblastic cell proliferation and
differentiation, which is consistent with the recent findings
supporting a role of Wnt5a in osteoblastogenesis in vitro and in
vivo (44, 53). These results reveal that besides canonical Wnt3a-
B-catenin signaling, non-canonical Wnt signaling mediates
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FIGURE 7. Inhibition of RhoA signaling blocks SrRan-induced osteoblast
gene expression. A-E, MC3T3-E1 osteoblastic cells were transiently trans-
fected with DN-RhoA, a small interfering RNA raised against Ryk (siRyk), or
empty vector and then treated with or without SrRan (3 mm) for 48 h. mRNA
expression of osteoblast markers (Runx2, ALP, Col1A1, histone H4) was deter-
mined by quantitative PCR analysis. Data are the mean * S.D. g, p < 0.05
versus control cells; b, p < 0.05 versus SrRan-treated cells. F, schematic repre-
sentation of the role of calcineurin-NFATCc signaling in osteoblast replication
and differentiation induced by SrRan. Treatment with SrRan activates Cn,
leading to nuclear translocation of NFATc1 that acts with other transcription
factors to up-regulate cell replication. Additionally, activation of Cn-NFATc1
by SrRan results in increased expression of several genes, including Wnt3a,
which activates B-catenin transcription, and Wnt5a, which activates Ryk-
RhoA to promote cell replication and osteoblast gene expression.

osteoblastic cell proliferation and differentiation induced by
SrRan. Thus, several cross-talks between Cn-NFATc signaling
and Wnt signaling may contribute to the enhanced osteoblas-
togenesis induced by SrRan (Fig. 7F).

In summary, our data indicate that the stimulatory effects of
SrRan on osteoblast replication and differentiation involve the
activation of Cn-NFATcl and components of canonical and
non-canonical Wnt signaling, which provides novel molecular
mechanisms by which SrRan may promote osteoblastogenesis.
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