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Sonic hedgehog increases the commitment of
pluripotent mesenchymal cells into the osteoblastic
lineage and abolishes adipocytic differentiation
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SUMMARY

The proteins of the hedgehog (Hh) family regulate various
aspects of development. Recently, members of this family
have been shown to regulate skeletal formation in
vertebrates and to control both chondrocyte and osteoblast
differentiation. In the present study, we analyzed the effect
of Sonic hedgehog (Shh) on the osteoblastic and adipocytic
commitment/differentiation. Recombinant N-terminal Shh
(N-Shh) significantly increased the percentage of both the
pluripotent mesenchymal cell lines C3H10T1/2 and ST2
and calvaria cells responding to bone morphogenetic
protein 2 (BMP-2), in terms of osteoblast commitment as
assessed by measuring alkaline phosphatase (ALP) activity.
This synergistic effect was mediated, at least partly,
through the positive modulation of the transcriptional

output of BMPs via Smad signaling. Furthermore, N-Shh
was found to abolish adipocytic differentiation of
C3H10T1/2 cells both in the presence or absence of
BMP-2. A short treatment with N-Shh was sufficient to
dramatically reduce the levels of the adipocytic-related
transcription factors C/EBPa and PPARy in both
C3H10T1/2 and calvaria cell cultures. Given the inverse
relationship between marrow adipocytes and osteoblasts
with aging, agonists of the Hh signaling pathway might
constitute potential drugs for preventing and/or treating
osteopenic disorders.
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INTRODUCTION

that mediate Hh signaling in animal cells (Ruiz i Altaba,

1997).

The proteins of the hedgehog (Hh) family are important Recently, members of the hedgehog gene family have been
signaling molecules that play a central role in the controshown to regulate skeletal formation in vertebrates. Although Ihh
of pattern formation and cellular proliferation during was first identified as a regulator of chondrocyte differentiation
development (Hammerschmidt et al., 1997; Perrimon, 1995Vortkamp et al., 1996), Ihh signaling has been shown to be
In vertebrates, the hedgehog family consists of at least thressential for normal osteoblast development in endochondral
members: Sonic hedgehog (Shh), Indian hedgehog (lhh) artdnes (St-Jacques et al., 1999). Mice in which Shh has been
Desert hedgehog (Dhh) (Fietz et al., 1994). Autocatalytideleted fail to form vertebrae and display severe defects of distal
processing mediated by the C-terminal domain of the Hlimb skeletal elements (Chiang et al., 1996). Shh seems to affect
precursor protein generates an N-terminal product thaioth chondrocyte and osteoblast differentiation. Overexpression
accounts for all known signaling activity (Lee et al., 1994).of Shh in in vitro chondrogenic cultures promoted characteristics
Biochemical and genetic data suggest that the hedgehadhypertrophic chondrocytes (Stott and Chuong, 1997) and Shh
receptor is the product of the tumor suppressor getehed has been shown to mediate the survival of both myogenic and
(Ptch) (Marigo et al., 1996; Stone et al., 1996), and that @hondrogenic cell lineages in the somites (Teillet et al., 1998).
distinct membrane protein, smoothened (Smo), functions da vitro, Shh has been demonstrated to induce alkaline
the signaling component of the Shh receptor (Murone et alphosphatase (ALP), a marker of osteoblast differentiation, in the
1999). Two different Ptch receptors (Ptchl and Ptch2) havaouse mesenchymal cell line C3H10T1/2 (Katsuura et al., 1999;
been characterized in vertebrates (Carpenter et al., 1998). Kinto et al., 1997; Murone et al., 1999; Nakamura et al., 1997)
the absence of Hh induction, the activity of Smo is inhibitecand the osteoblast cell line MC3T3-E1 (Nakamura et al., 1997).
by Ptch probably through their physical association (Inghaninterestingly, intramuscular transplantation of fibroblasts
1998). Members of the Ci/Gli family of DNA-binding expressing Shh into athymic mice induced ectopic bone
proteins are the major downstream transcriptional effectorrmation (Kinto et al., 1997).
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In the present study, we analyzed the effects of Shh ahawed in proliferation medium; two days later, this medium was
osteoblastic and adipocytic differentiation by using eithereplaced by differentiation mediuneMIEM containing 10% FCS,
pluripotent cell lines or murine calvaria cultures. Interestingly? MM glutamine, 50 ug/ml ascorbic acid and 10 mMs-
we found that Shh increases the commitment of mesenchynﬁi}’?er0|ph93phate) and stimulated with the different agents for the
cell lines and calvaria cells to the osteoblastic lineage iffdicated times.
response to BMP-2. Shh also inhibits the ability of these cellgieasurement of alkaline phosphatase activity

to d'ﬁ?rem',ate 'n_to gdlpocytgs. G'V?n that the bone Ic'S,t'i‘ells were treated for the indicated time with BMP-2, Shh or BMP-
occurring with aging is associated with reduced osteoblastig/shh, and alkaline phosphatase (ALP) activity was determined in
bone formation and an increased volume of marrow adiposgll lysates using Alkaline Phosphatase Opt kit (Roche Molecular
tissue, the Shh pathway might constitute a good therapeutBiochemicals). Cell lysates were analyzed for protein content using
target to treat osteopenic disorders. a micro-BCA Assay kit (Pierce), and ALP activity was normalized
for total protein concentration. For histochemical analysis of
plasma-membrane-associated ALP, after stimulation with BMP-2,
Shh or BMP-2/Shh for the time indicated, cells were washed three
MATERIALS AND METHODS times with PBS and stained using Alkaline Phosphatase Leukocyte
Staining Kit (Sigma, St Louis, MO), according to the manufacturer’s

N-terminal Shh production
otocol.

r
The N-terminal part of the murine Shh (corresponding to amino acio%
25-198) was isolated by RT-PCR and confirmed by nucleotid®lasmids, cell transfection and assay for luciferase
sequencing. The isolated sequence was subcloned into the mammaliiivity

expression vector pABWN under control of CMV enhancer/chickenrpe gal4-Smad1 construct was provided by A. Atfi. The aP2 promoter
B-actin promoter (pShh). pShh was transfected into mouse fibr9b|aﬁfciferase construct (paP2/luc) was made by subcloning the 5.4 kb
L-cells (L‘_I’K-P2_ cells) and stably transfe_cted cells were esta_b_llsheﬁpm_Smm insert isolated from aP2-pBSKII+ into the pGL3-basic
by selection with G148 (80fig/ml) medium. N-Shh was purified yector (Promega). Glil and Noggin were isolated by RT-PCR and
from cell culture medium as follows. The pH of the cellular cultureg|gnes were confirmed by DNA sequence analysis. Gli1 and Noggin
medium was adjusted to 7.5 by adding Tris buffer (50 mM finalyere subcloned into pcDNA3.1 vector (Invitrogen). pRSV-PKI and
concentration). DTT (0.5 mM) and PMSF (0.5 mM) were added tHRSV-PKMUtwere kindly provided by R. A. Maurer.
the medium before its clarification by centrifugation at 42.®6r C3H10T1/2 cells plated in 24-well plates, as indicated above, were
3 hours at 4°C. The conductivity of the supernatant was adjusted {@nsijently transfected with the indicated construgtgjlusing DNA-
14 mS by adding NaCl then loading on a 25 ml SP Sepharose Fagfid complex Fugene 6 (Boehringer Mannheim) according to the
Flow resin column (Pharmacia). The column was pre-equilibrateghanufacture’s protocol. To assess transfection efficacy 20 ng of pRL-
with buffer A (25 mM Tris, pH 7.5, 120 mM NaCl and 0.1 mM Tk (Promega, Madison, WI), which encodeRenillaluciferase gene
PMSF). Elution was developed with a linear gradient to 60% buffegownstream of a minimal HSV-TK promoter, was systematically
B (buffer A containing 1 M NaCl). Fractions were analyzed for Shhadded to the transfection mix. In experiments using pGlil and pNog
content by SDS-PAGE, followed by coomassie-blue staining. constructs, controls were carried out by replacing constructs with
Shh was then concentrated on a 5 ml Hitrap SP column (Pharmacighpty pcDNA3. 16 hours after transfection, cells were washed,
and further purified using a gel filtration column (Superdex 200 pgeultured in medium at 2% fetal calf serum and either left unstimulated
Pharmacia). Final fractions containing Shh were pooled then storest stimulated with Shh for an additional 48 hours. ALP activity was
at—80°C until used. determined in cell lysates as indicated above. When luciferase reporter
constructs were used, luciferase assays were performed with the Dual
Cell culture Luciferase Assay Kit (Promega) according to the manufacturer's
C3H10T1/2 (obtained from ATCC) and MC3T3-E1 (kindly provided instructions. 1Qul of cell lysate was assayed first for firefly luciferase
by R. Francesch) cell lines were cultured (5%2@D37°C) ina-  and then foRenillaluciferase activity. Firefly luciferase activity was
MEM supplemented with 10% heat inactivated fetal calf serumnormalized toRenillaluciferase activity.
C2C12 cells (kindly provided by G. Karsenty) was maintained (5%
COp at 37°C) in Dulbecco’s modified Eagle’s medium supplementedRNA purification and gene expression analysis by real-
with 15% fetal calf serum. For treatment or transient transfection, celéme TagMan PCR
were plated at2L0%cn¥ and 24 hours later the culture medium was Cells were treated as indicated above and total RNA was isolated from
changed for that with 2% fetal calf serum. Treatment or transfectionsultured cells using total isolation kit from Quantum Appligene

were carried out as indicated below. (Hlkirch, France). ALP, PPAR C/EBPIi, aP2 and leptin mRNA
. . expression was determined by RT followed by real-time TagMan PCR
Calvaria cell preparation analysis. Optimal oligonucleotide primers and TagMan probes (Table

Murine calvaria cells were obtained from the calvariae of neonatal) were designed using Primer Express V1.0 (Perkin-Elmer Applied
mice 1-2 days after birth by sequential collagenase digestion at 37°8iosystems Inc.) using murine ALP (Accession J02980), RPAR
Calvariae were removed from the animals under aseptic conditiorG/EBPX1, aP2 and leptin sequences from the GenBank database.
and incubated at 37°C in DMEM containing trypsin (0.5 mg/ml) andGlyceraldehyde phosphate dehydrogenase (GAPDH) primers and
EDTA (1.5 mg/ml) under continuous agitation. Trypsin digests werefTagMan probe (labeled with Vic fluorochrome) were from Perkin-
discarded at 15 minutes and replaced with DMEM containing 1 mg/mtimer Applied Biosystems.

of collagenase. The collagenase digests were discarded at 20 minuteRT reactions were carried out usingd.total RNA at the following

and replaced with fresh enzyme dilution. The cells released betweeonnditions: 42°C for 60 minutes, 95°C for 5 minutes, 4°C for 5
20-40 minutes were collected by a short passive sedimentation stepinutes. RT product were diluted three times in sterile bi-distilled
and two centrifugation steps (4@) 10 minutes) and cultured in water and Jul were used to perform TagMan PCR. ALP TagMan PCR
proliferation medium (DMEM supplemented with 20% FCS and 2was carried in a final volume of 28 containing: 1X TagMan EZ

mM glutamine) at a density of %50* cells per crin Petri dishes buffer, 5 mM Mn(Oac)2, 20QuM dA/dC/dG/dUTP, 0.625 unit
(200 mm diameter). Calvaria cells were cultured until 80% confluencémpliTaq Gold, 300 nM of each of mMALPF1 and mALPR1 (forward
and stocks were frozen. For the experiments described here, cells waral reverse), 40 nM of each of GAPDH reverse and forward primers,
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Fig. 1. Shh enhances BMP-2-induced alkaline phosphatase activity. (A) MC3T3-E1, (B) C2C12, (C) C3H10T1/2 and (D) ST2 cells were
stimulated with increasing concentrations of BMP-2 (15-500 ng/ml) in the presence or absence ofughhl{1The inset in C shows ALP
activity obtained with C3H10T1/2 cells stimulated with Shh{gtml) in the absence of BMP-2. Cells were cultivated for 5 days and ALP
activity was measured in cell lysates and normalized to protein contents. The results (meanzs.d.) are representativeepktihdeati
experiments performed in triplicate.

Table 1. Primer and probe sequences used for TagMan PCR analysis

Target mMRNA Forward primer (8') Reverse primer (83" Probe (53)*

Alkaline phosphatase TCAGGGCAATGAGGTCACATC CACAATGCCCACGGACTTC AGCATCCTTGGCCCAGCGCAG

Leptin GTCTGGTGCTGTGAGCTAGAGAAG CGCCGCGAGTAGGGTCTAA TCACCACATACATATAAAAATCAGAGGCTCATC
aP2 GTCACCATCCGGTCAGAGAGTAC TCGTCTGCGGTGATTTCATC CGAGATTTCCTTCAAACTGGGCGTGG

PPAR2 TGAAACTCTGGGAGATTCTCCTG CCATGGTAATTTCTTGTGAAGTGC CCAGAGCATGGTGCCTTCGCT

C/EBRx GGACAAGAACAGCAACGAGTACC GGCGGTCATTGTCACTGGTC AACAACATCGCGGTGCGCAAGAG

Osteocalcin CCACCCGGGAGCAGTGT CTAAATAGTGATACCGTAGATGCGTTTG CAGACCAGTATGGCTTGAAGACCGCCT
Osf2/Cbfal TTTAGGGCGCATTCCTCATC TGTCCTTGTGGATTAAAAGGACTTG AGAACCCACGGCCCTCCCTGAAC

*Labeled with FAM fluorochrome.

and 200 nM of each of GAPDH and ALP TagMan probes. Cyclingusing Sigma diagnosis glycerol-triglyceride (GPO-Trinder) kit
conditions were 95°C for 15 seconds, 60°C for 1 minute for 40 cyclesccording to the manufacture’s specification (Sigma).

Real-time TagMan PCR was performed in ABI PRISM 7700

Sequence detector (Perkin-Elmer Applied Biosystems Inc.).

Conditions for PPARR C/EBPI, aP2 and leptin TagMan PCR were RESULTS

exactly the same as for the ALP reaction, except that ALP primers

and probe were replaced by PRAR/EBP I, aP2 or leptin ones. All - Shh has been reported to induce alkaline phosphatase (ALP)
PCR reactions were performed in duplicate and ALP, RPAR gctivity in the murine mesenchymal pluripotent cell line
C/EBP1, aP2 and leptin signals were normalized to GAPDH signagi1071/2 (Katsuura et al., 1999; Kinto et al., 1997; Murone
in the same reaction. et al., 1999; Nakamura et al., 1997). To further investigate the
Determination of triglyceride effect of Shh on the osteoblast commitment we studied the
C3H10T1/2 cells were cultured as indicated above, then either lefffect of recombinant murine N-terminal Shh (N-Shh) on the
unstimulated or stimulated with Shh. The accumulation ofALP activity displayed by three mesenchymal murine cell lines
intracellular triglyceride droplets was visualized by staining with(C3H10T1/2, ST2 and C2C12) that can differentiate into the
Oil Red O. Triglyceride release into culture supernatant was measurexteoblastic lineage in the presence of bone morphogenetic
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protein 2 (BMP-2), and the already committed immatureShh, induced an important increase in ALP activity in
osteoblastic cell line MC3T3-E1. As shown in Fig. 1, inC3H10T1/2 cells (Fig. 4B). Interestingly, co-transfection of
the absence of BMP-2 only C3H10T1/2 cells respondethese cells with N-Shh and Noggin did not significantly modify
significantly to N-Shh with an increase in ALP activity. the Shh-induced ALP activity (Fig. 4B). Thus, N-Shh can
Whereas N-Shh did not significantly modify the ALP activity induce ALP in C3H10T1/2 cells even in the absence of BMPs.
levels induced by different doses of BMP-2 in MC3T3-E1 andlransfection of C3H10T1/2 cells with a plasmid expressing
C2C12 cells, N-Shh and BMP-2 displayed a synergistic effegglil, a transcription factor identified as a candidate
on the stimulation of ALP activity in both ST2 and C3H10T1/2downstream mediator of the Shh response (Dominguez et al.,
cells (Fig. 1). To determine whether this was the result of ah996), also induced ALP activity (Fig. 4C) indicating that Gli-
increase in the expression of ALP by individual cells or of arl overexpression mimics the effect of N-Shh. Furthermore,
increase in the number of cells expressing the enzyme, we usddggin overexpression had no effect on Gli-1-induced ALP
an enzymatic staining assay to investigate whether N-Shdctivity (Fig. 4C). We conclude from these experiments that
could modify the percentage of cells displaying ALP activitythe stimulatory effect of N-Shh on osteoblastic differentiation
in response to BMP-2. Interestingly, N-Shh induced ds direct and independent of the autocrine stimulation by
significant increase in the percentage of cells responding BMPs.

BMP-2 in terms of ALP activity in both C3H10T1/2 (Fig. 2) The observed synergistic effects of N-Shh and BMP-2 led
and ST-2 (data not shown). us to conduct experiments in which cells were pretreated with
Given that C3H10T1/2 were the only cells responding to NN-Shh for different periods of time, before stimulating
Shh in the absence of BMP-2, we evaluated the capacity of \G3H10T1/2 cells with BMP-2 to determine how long N-Shh
Shh to affect the expression of other osteoblast markerbad to be present to enhance the BMP-induced ALP activity.
including the transcription factor Cbfal/Osf2 and the selectivéds shown in Fig. 5, N-Shh pretreatment induced a significant
mature osteoblast marker osteocalcin (OC). For this purposand time-dependent increase in ALP activity in response to
C3H10T1/2 cells were transfected with a plasmid encoding NBMP-2. The synergy was maximal between 1 and 6 hours of
Shh; 5 days later, RNA was extracted and the expression bFShh pretreatment (data not shown). When BMP-2 was added
these two genes was determined by real-time TagMan PCR. 24 hours after the N-Shh pulse, no increase in ALP activity

shown in Fig. 3, as expected, N-Shh
significantly upregulated the ge
expression of ALP (20-fold), but al A
induced the expression of Cbfal/O
(2.5-fold) and OC (5-fold). These d: >
strongly suggest that N-Shh increa
the commitment of pluripote
mesenchymal cells into tl
osteoblastic lineage.
We then investigated whett &
spontaneous or N-Shh-induced Bl
secretion by these cells could accc
for the effects of N-Shh on AL
activity. It has been reported that
Shh treatment does not affect BMP-2 BMP-2 + Shh
expression levels of BMP-2, -4, -5,
and -7 genes in C3H10T1/2 ce B

(Nakamura et al., 1997). In our han 80

BMP-2 RNA expression level wi 70 4 .
unmodified in the presence of N-S

as assessed by TagMan quantite ~ 607

PCR (data not shown). Furthermc g 54

we carried out experiments in whi %

BMP signaling was abolished Z 7

transiently transfecting cells with S 30

expression vector encoding the Bl &

inhibitor Noggin (Zimmerman et a 20

1996). Under our experimen 10

conditions, transfection with Nogg o

abolished the ability of BMP-2 - BMP-2 BMP-2/Shh

induce ALP activity (Fig. 4A). Noggi Fig. 2.Shh increases the number of alkaline phosphatase-positive cells in response to BMP-2.

was effective over a broad range  c3141071/2 cells were stimulated with either BMP-2 (100 ng/ml) or BMP-2 and Shrttp
BMP-2 concentrations, from 100  (a) after three days, cells were stained for plasma-membrane-associated ALP as indicated in
1000 ng/ml (data not showr Mmaterials and Methods. (B) The percentage of ALP-positive cells was determined from six
Transfection of cells with a plasm  series of treatment. Results are expressed as meanzs.d. Statistically significant changes were
encoding N-Shh, like recombinant  detected using Studentgest (*<0.001).
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Fig. 3. Overexpression of Shh induces osteocalcin and Osf2/Cbfal 3 %
mRNA in C3H10T1/2 cells. C3H10T1/2 cells were transfected with & 2]
a vector expressing N-Shh (pShh), as indicated in Materials and < 201
Methods. Transfected cells were cultured for 5 days, and total RNA E 151
was extracted. Control was performed by transfecting cells with g 10
empty vector. The mRNA expression level of alkaline phosphatase i
(ALP), Osf2/Cbfal and osteocalcin (OC) in both pShh transfected g 51
cells and control cells was determined by real-time TagMan PCR. =
The expression level of tested markers was normalized on the basis g1 vector . .

of GAPDH expression. Results (meanzts.d.) are representative of tw Shh ) )
; . ORI p + +
independent experiments, both performed in triplicate. Data are

presented as the relative expression level of osteoblast markers in PNeg i i *
N-Shh expressing cells versus control cells. C
5
B

could be demonstrated (Fig. 5). Thus, N-Shh can rapidly ar § 47
transiently modify the behavior of C3H10T1/2 cells by Z 3]
increasing their ability to respond to BMP-2. 3

Smad proteins act as signal transducers for differer g 21
members of the TGB-family, including BMPs (Heldin et al., S 11
1997; Massague and Wotton, 2000; reviewed by Derynck ¢ & [ . .

al., 1998). BMP type | receptors signal via Smad1 and its clos
homologues Smad5 and Smad8 (Derynck et al., 1998; Held
et al., 1997; Massague and Wotton, 2000). To determin
whether N-Shh affects Smad signaling, we performec

experiments in C3H10T1/2 and ST2 cells cotransfected with &ig- 4. Effect of Noggin overexpression on Shh activity. (A) Noggin
plasmid containing a fusion of the Gal4 DNA-binding domainP!ocks completely BMP-2 activation. C3H10T1/2 cells were

and Smadl, and a Gald-dependent luciferase report pnsfected_wn_h elthe_r empty vector or Noggin expressing vector
construct. Although N-Shh alone did not modify the luciferas pPNog), as indicated in Materials and Methods. Transfected cells

AP f d cells. it sianifi Vi d th ere cultured in the absence or presence of BMP-2 (100 ng/ml) for 5
activity In co-transfected cells, it significantly increased t edays, then ALP activity was measured in cell lysates and normalized

Smad1-dependent transcriptional activity induced by BMP-Z, nrotein concentration. (B,C) Shh or Gli1 induce ALP but their
(Fig. 6A). Interestingly, co-transfection of cells with Glil activity is not blocked by Noggin. C3H10T1/2 were co-transfected
did not mimic the effect of N-Shh, suggesting that thewith pShh and pNog, or pGlil and pNog and cultured for 5 days. In
enhancement of Smad1l transcriptional activity by N-Shh isontrol wells, pGlil or pShh were replaced by empty vector. ALP
independent of the induction of the transcription factor Glil. phosphatase activity was determined in cell lysates and normalized to
C3H10T1/2 cells can differentiate into different lineagesProtein content. Results (meanzs.d.) are representative of three
depending on the cell culture conditions. In the absence of arfjieépendent experiments, each performed in triplicate.
stimulus, a small but consistent fraction of these cells displays
spontaneous adipocytic differentiation. The presence db examine the expression of a series of genes related to
BMP-2 does not significantly modify the appearance of thé¢he adipocyte commitment, including C/E®P PPAR/2
adipocytic cells during the culture. However, both in theadipocyte fatty acid binding protein (aP2) and leptin. As
absence or presence of BMP-2, N-Shh reduced dramaticalijustrated in Fig. 8A, the expression of aP2 and leptin was
the number of adipocytic cells in these cultures, as assesssidnificantly reduced by the treatment with N-Shh. In addition,
by Oil Red O staining (Fig. 7). Triglyceride levels in cell N-Shh dramatically decreased the expression of CJE&RI
supernatants (indicative of lipase activity) were alsoPPARy2(Fig. 8A), two transcription factors that play a crucial
dramatically reduced in N-Shh-treated cells (data not shownjole in the adipocyte differentiation program that induces the
To further investigate the inhibitory effect of Shh onmaturation of pre-adipocytes into fat cells (Rosen et al., 1999;
adipocytic differentiation, we used real-time quantitative PCRRosen et al., 2000; Wu et al., 1999). Not surprisingly, in the

Empty vector + + -
pGli-1 - + +
pNog - - +
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1.2, Glil resulted in a significant reduction of luciferase activity

(Fig. 8), strongly suggesting that Glil plays a crucial role in

the ability of N-Shh to inhibit adipogenesis in these cells.
Given that lhh has been shown to induce PTHrP in the

1.0

0.84

.
periarticular perichondrium (Vortkamp et al., 1996), and that it
0.61 has been recently reported that PTHrP abolishes adipocytic
0.4 differentiation in both pre-adipocyte 3T3-L1 and C3H10T1/2
J I l cell lines (Chan et al., 1999; Chan et al., 2000), we investigated

N

021 whether N-Shh induces PTHrP in C3H10T1/2 cells. As assessed
by real-time PCR, no increase in PTHrP gene expression could
CTRL Shh15 Shh30  Shh60' Shh24h be demonstrated in cells treated for different periods of time with
+ BMP-2 N-Shh. Moreover, PTHrP protein was not detected by
radioimmunoassay in both untreated and N-Shh-treated cells.
Fig. 5.A short time of Shh treatment is sufficient to enhance BMP-2 Finally, whereas BMP-2 significantly induced the expression of
gﬁr']V'(tlyqfi’}Hll)OtEl/Z Ce”f] Véefe_tge?tefli f%fége tlrge 'Ttd'cafd tWh'th PTH/PTHIP receptor in C3H10T1/2 cells, N-Shh did not
g/mi) then washed with steriie Fbs and cuttured In e giqnificantly modify the expression of this receptor both in the
resence of BMP-2 (100 ng/ml) for additional 5 days. ALP activit
\?vas measured in cel(l Iysatgs aZId normalized to prztein content. g presence or absence of BM.P'Z (data nqt shown). Th.es"‘.-‘ Qata
Results (meanzs.d.) are representative of three independent Su.ggeSt th.at. the mechanism by .WhICh N'Shh inhibits
experiments, each performed in triplicate. adipogenesis is not related to an autocrine loop involving PTHrP.
Together, our results indicate that N-Shh differentially
regulates the osteoblastic and adipocytic commitment in a
same conditions, ALP gene expression was found to beluripotent cell line. It was therefore very interesting to
dramatically increased (Fig. 8A). Pulse experiments were thanvestigate whether comparable effects are found using
performed to evaluate how long Shh had to be present to inhilgtimary cells in culture. Calvaria cells constitute a good
the adipocyte commitment of C3H10T1/2 cells. As shown ircellular model because these cells differentiate into osteoblasts
Fig. 8B, pre-treatment with N-Shh for 1 hour was sufficient tain the presence of serum, ascorbate @Bugtlycerolphosphate.
significantly reduce adipocytic commitment as assessed hbiyloreover, in these conditions, adipogenesis can also be
measuring the gene expression of the adipocyte markeabserved. In fact, most of the adipocyte markers are induced
C/EBRx and PPAR2, and aP2 and leptin. It is interesting to during the culture (data not shown). Mouse calvaria cells
note that a 1 hour pulse of N-Shh was not sufficient to reacprepared as described in Materials and Methods were cultured
the strong increase in ALP mRNA levels found when N-Shfin the presence of N-Shh, BMP-2 or both. After 5 days of
was not removed from the medium (Fig. 8A,B). culture, ALP activity was measured and RNA expression levels
We then determined whether transfecting cells with thef aP2, PPAR2 and C/EBR were determined and compared
transcription factor Glil could mimic the inhibitory effect of with control unstimulated cells. As shown in Fig. 10A, N-Shh
Shh on adipocytic differentiation. For this purpose, we toolkalone did not affect the ALP activity of calvaria cells but it
advantage of the fact that N-Shh significantly decreasesignificantly increased the ALP activity displayed by calvaria
luciferase activity in cells transfected with a construct in whictcells at day 5 of culture in the presence of BMP-2. N-Shh alone
this reporter gene was under the control of an aP2 promotdramatically reduced the adipocyte markers in calvaria cells
(Fig. 9). Interestingly, co-transfection of C3H10T1/2 cells with(Fig. 10B).

ALP activity
(nmol pnpp/min/ug prot)

0.04

Fig. 6.Shh enhances BMP-2 A B W C3H10T1/2
mediated Smad1 activation. 0 sr2

(A) C3H10T1/2 or ST2 cells were
transiently cotransfected, as 84 81
indicated in Materials and
Methods, with an expression vec
coding for Smad1 fused to the
yeast Gal4 binding site (pGal4-

Smad1) and a reporter plasmid ° °

driven by the Gal4 binding site 44 44

(pG15E1b-luc). To normalize 3 3-

luciferase signal, pTK-RL was 3 -

included in the transfection mix. 27 2

Transfected cells were either left 1 I_. I_‘_. 14

unstimulated (CTRL) or stimulate o o I_. I_.

with BMP-2 (100 ng/ml) and Shh . )
(10 pg/ml) for 24 hours. Cells we CTRL ~ BMP-2 Shh B'VLPZ PCONA3Z  pGlil  pcDNA3  pGlil

then lysated and luciferase activi E———
was e)\//aluated and normalized to Shh BMP-2
Renilla activity obtained from pTK-RL plasmid. (B) C3H10T1/2 were co-transfected with Gal4-Smad1, pGlil and pG15E1b-luwaritiche
experiment, pGlil was replaced by empty vector (pcDNA3). Transfected cells were cultured for 24 hours in the absence af Bbeiic
(100 ng/ml). Luciferase activity was determined in cell lysates and normalized to Renilla activity obtained from pTK-RL Rlesuotisl
(mean luciferase fold inductionts.d.) are representative of two independent experiments, each performed in triplicate.

Luciferase fold induction
Luciferase fold induction
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in C3H10T1/2 cells. C3H10T1/2 A 4
cells were either left unstimulated {& z . & &
(A) or treated with (B) BMP-2 3 .®p .Te
(100 ng/ml). (C) Shh (agim) R
or (D) both. Cells were then L | :
cultured for 5 days and stained " __§ N
with Oil Red O, as described in ,:?‘;Q‘ ¥
Materials and Methods. The B tan
photos are representative of three ;\'_? n BQ
distinct series of treatment. oAt 3

Fig. 7.Shh inhibits adipogenesis ?f a1 *i"

DISCUSSION A

Members of the Hh gene family were initially characterized a:
patterning factors in embryonic development, but recently the
have also been shown to regulate skeletal formation i
vertebrates (reviewed by lwamoto et al., 1999). The inductio
of ectopic cartilage and bone formation by N-Shh (Kinto et al.
1997) suggests that Hh proteins act on skeletal cells, includir
mesenchymal progenitor cells, chondrocytes and osteoblas
The mesenchymal cell line C3H10T1/2, which possesses tt
ability to differentiate in the presence of BMP-2 into different
mesenchymal lineages including osteoblasts (Ahrens et a
1993; Wang et al., 1993), has been demonstrated to responc

14 ) ;
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Relative mRNA expression kvel

Fig. 8. Shh inhibits the expression of the adipocyte markers aP2,
leptin, C/EBRx and PPARR. (A) C3H10T1/2 were stimulated with

Shh (10ug/ml)) and total RNA was extracted after 4-day stimulation.
Control cells were cultured without any stimulation and total RNA
was extracted at the same time as stimulated cells. (B) C3H10T1/2
cells were stimulated for 1 hour with Shh @@'ml); cells were

washed and cultured for 4-days and total RNA was extracted.
Control cells were similarly treated but did not receive any
stimulation. The mRNA expression level of aP2, leptin (Lep),

C/EBRx and PPARZ in both stimulated and unstimulated cells was
determined by real-time TagMan PCR. Alkaline phosphatase (ALP)
mMRNA was quantified and shown as a positive control of Shh
stimulation. The expression level of tested markers was normalized
on the basis of GAPDH expression. Data are presented as the relativ
expression level of adipocyte markers in stimulated versus
unstimulated cells. Results (meanzs.d.) are representative of two -8
independent experiments, both performed in triplicate. C/EBPa  PPAR2y aP2 Lep ALP
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Fig. 9.Glil inhibits aP2 promoter activity. C3H10T1/2 cells were 0

transfected with paP2/luc reporter construct and then either left
unstimulated or stimulated with Shh (@§/ml) for 24 hours. In a
distinct set of experiments, C3H10T1/2 cells were co-transfected
either with paP2/luc and pGlil, or with paP2/luc and empty vector
(pcDNAB3); after transfection, cells were cultured for 24 additional
hours. In all transfections pTK-RL plasmid was included. Luciferase

-2
44
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Relative mRNA expresson
level

activity was determined in cell lysates and normalized to Renilla -8
activity. Results (meanzs.d.) are representative of two independent
experiments, both performed in triplicate. -10+
] ] ] -12
Shh by increasing the expression of the osteoblast marker Al ar2 PPAR2y C/EBPa

(Katsuura et al., 1999; Kinto et al., 1997; Murone et al., 1999;.

: ig. 10.Shh enhances BMP-2 activity and inhibits adipocyte markers
Nakamura et al., 1997). Only a fraction of C3H10T1/2 cell n calvaria cells. (A) Mouse calvaria were cultured in the presence of

are capable of acquiring an osteoblast phenotype Whe&f\,o 5 100 na/mi Shh (1ag/mI) or both for 7 days. Control
stimulated with BMP-2. We have shown here that N-Shh alterg-tr| ) (cells dgin nz)t rece?vg%ny)stimulation. ALPyactivity was

the ability of C3H10T1/2 cells, as well as the stromal celimeasured in cell lysates and normalized to protein concentration.
line ST2, to respond to BMP-2 in terms of osteoblasticResults (mean+s.d.) are representative of two independent
commitment. Moreover, our data demonstrate that N-Shh alorexperiments, both performed in triplicate. (B) Mouse calvaria cells
induces osteoblast commitment and blocking adipocytigvere cultured with Shh (18g/ml) for 7 days and total RNA was
differentiation of C3H10T1/2 cells. In calvaria cells, a synergyextracted. Total RNA was also extracted at the same time point from
between BMP-2 and N-Shh concerning osteoblasti€ontrol cells that did not receive nay stimulation. The mRNA

; ot Shihit ; : ; expression level of aP2, C/EBRnd PPAR2 in both stimulated and
ggfrigenn;;?;gé and an inhibition of adipocytic commitment Was(:ontrol cells were determined by real-time TagMan PCR. The

expression level of adipocyte markers was normalized on the basis of

One of the most interesting observations of this study is th8APDH expression. Data are presented as the relative expression

synergistic effect of BMP-2 and N-Shh on the osteoblasgyel of adipocyte markers in stimulated versus control cells. Results
dlf‘feren.tlathn. Although BMP-2 was ShO_W” to be dispensablemeanzs.d.) are representative of two independent experiments, both
for a slight induction of ALP by N-Shh in C3H10T1/2 cells, performed in triplicate.

cooperation between BMP-2 and N-Shh was necessary to

promote a strong induction of the osteoblast marker. This

synergy might be explained by a modulation exerted by N-Sh@i, which is localized in the cytoplasm, is processed into an N-
on the signaling by BMP-2 or vice-versa. Currently, theterminal nuclear repressor form. Phosphorylation of Ci by
intracellular signals induced by Hh proteins in mammal cellKA may target this protein for ubiquitination and processing
are poorly understood. Smo has been demonstrated to be thethe 26S proteasome. In the presence of Hh, phosphorylation
signaling component of the Hh receptor complex, whereasf Ci is suppressed, possibly a consequence of inhibiting PKA
patched is considered as a ligand-regulated inhibitor of Smeviewed by Ingham, 1998). Concerning BMP signaling, it is
(Murone et al.,, 1999). Smo activity requires the thirdwell established that the main intracellular signaling mediators
intracellular loop of Smo, a domain typically involved in theare the different members of the Smad protein family.
coupling of seven transmembrane receptors to G proteiReceptor-regulated Smadl, Smad5 and Smad8 are the targets
effectors. However, so far there is no evidence that secoraf BMP receptors. After phosphorylation, receptor-regulated
messengers implicated in G-protein-coupled receptofmads associate with the common Smad, Smad4, and the
signalling take part in the Hh response (Murone et al., 1999heteromeric complex is translocated into the nucleus where it
Members of the Ci/Gli family of DNA-binding proteins are the activates specific genes through cooperative interactions with
major downstream transcriptional effectors mediating HHDNA and other DNA-binding proteins such as FAST1, FAST2
signaling (Ruiz i Altaba, 1997). Studies conducted inand Fos/Jun (reviewed by Derynck et al., 1998). Recently, two
Drosophilahave shown that, in the absence of Hh, full-lengthexamples of crosstalking between BMP and Hh signaling have
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been reported. First, truncated Gli3 proteins have beethat these two mechanisms are triggered at the same time only
demonstrated to associate with Smads (Liu et al., 1998n cells displaying a particular stage of differentiation, because
Second, Shh has been shown to promote somitionly the more immature cells studied here, C3H10T1/2,
chondrogenesis by altering the cellular response to BMRespond to N-Shh alone. Although N-Shh alone did not affect
signaling (Murtaugh et al., 1999). the osteoblastic commitment in calvaria cells, one could not
Concerning the synergy between BMP-2 and N-Shtexclude the existence of a subpopulation of calvaria cells that
described here, we have demonstrated that a short pmespond to N-Shh in the absence of BMP-2 but, if they exist,
treatment (30-60 minutes) with N-Shh followed by BMP-2the fraction of responding cells is very small.
stimulation is sufficient to obtain the synergy between these Hh molecules have been shown to control the differentiation
proteins. Interestingly, no synergy was demonstrated with af different cell types. Here, we present evidence that N-Shh
longer pre-treatment with Shh (24 hours). This suggests thdtamatically compromises the adipocytic commitment of both
Shh provides a transient window of competence during whicthe pluripotent mesenchymal cell line C3H10T1/2 and calvaria
time BMP signals induce osteoblastic differentiation in cellscells. The decrease in the number of mature adipocytes was
otherwise refractory to osteoblast commitment in response &valuated by looking at the presence of lipidic vacuoles in cells,
BMP-2. A similar mechanism has been recently proposed tby measuring the lipase activity and also by looking at the gene
explain the effects of Shh in the promotion of somiticexpression of a number of adipocytic markers. Thus, Shh
chondrogenesis (Murtaugh et al., 1999). Shh can alter BM&ramatically reduced the levels of PRA&Rand C/EBH, two
responsiveness by directly affecting one or several proteins transcription factors playing a central role in adipogenesis.
the cascade of BMP signaling events. We have demonstratédrthermore, we have shown that overexpression of the
that the synergistic N-Shh/BMP-2 effect is in part mediated byranscription factor Glil in the cells mimics this activity. How
an N-Shh modulation of the BMP signaling pathwayGlil can affect adipocytic differentiation needs to be explored
component Smadl. Indeed, N-Shh increases BMP-2-mediat@ddetail. Glil has not been described as directly repressing any
Smad1l transcriptional activity in both C3H10T1/2 and ST2gene transcription, therefore one possibility is that Shh via Glil
cells In addition, this modulation seems to be independent ahduces the expression of molecules that inhibit adipocytic
the well known Hh pathway transcription factor Glil, becauseommitment. One candidate could be PTHrP, which can be
transfection with Gli1 did not alter the transcriptional activityinduced in mesenchymal cells and osteoblasts and has been
of Smad1l (Fig. 6), suggesting that Hh signaling componentdescribed as negatively affecting adipogenesis. However, our
upstream of Gli are integrated with the BMP signaling complexiata demonstrate that PTHrP is not involved in the effects
to affect Smad activity. The enhancement of SmadUescribed here. We are currently using genome-wide
transcriptional activity may be the result of a positive effecexpression analysis to study the regulation of genes by N-Shh
in the life span/availability, phosphorylation or nuclearin C3H10T1/2 to select candidate genes potentially involved in
accumulation of Smadl or an indirect effect on a co-activatahe activity of N-Shh on adipocytic differentiation.
or co-repressor involved in the transcriptional machinery of The potential in vivo relevance of our results remains to be
Smad1l. We are currently investigating whether N-Shh modifieslucidated. Concerning the expression of Hh proteins in vivo,
the expression of a series of proteins described as capableSith signal is observed in the posterior mesoderm at the initial
interacting with BMP signaling. stage of limb development, and remains distant from the area
Another interesting finding described in this study is the factvhere skeletal elements appear. By contrast, the distribution of
that the ability to respond to N-Shh in terms of ALP expressiothh signals is closely related to cartilage-forming regions.
seems to be dependent on the stage of differentiation of cellsitle information exists about the expression of hedgehog
N-Shh displayed synergistic effect on stromal cell line STZ2nolecules in osteoblastic or adipocytic lineages in adult
(described as a pre-adipocyte cell line but able to differentiatissues, but the expression of Shh in cells surrounding the
into an osteoblast in the presence of BMP-2) and mesenchynariostium after fracture has recently been reported in mice
pluripotent C3H10T1/2 cells. On the contrary, the pre{Kuriyama et al., 2000). None of the different cell lines used
osteoblastic MC3T3-E1 cells and the mature osteoblastic cah our study expresses Shh mRNA (data not shown). These data
lines ROS 17/2.8 and ROB-C26 (data not shown) arsuggest that the source of Hh proteins in vivo must be other
insensitive to N-Shh in terms of ALP induction in the presencéhan the osteoblasts or their precursors. Concerning the effect
of BMP-2. This suggests that only immature pluripotent cell®f Shh on adipocytic commitment, no relevant finding has been
respond to N-Shh. A synergistic effect of N-Shh and BMP-2lescribed in mice lacking Shh gene function (Chiang et al.,
was clearly demonstrated in calvaria, in which there is 4996).
heterogeneous population including cells at different stage of Total marrow fat increases with age, and there is an inverse
differentiation. relationship between marrow adipocytes and osteoblasts with
It is important to point out that, in the absence of BMP-2aging (Beresford et al., 1992; Burkhardt et al., 1987). The
only C3H10T1/2 was shown to significantly respond to N-Shinumber of mesenchymal stem cells with osteogenic potential
in terms of ALP expression. This response could be mimickedecreases early during aging in humans and may be responsible
by transfecting cells with a Glil expression vector, thudor the age-related reduction in osteoblast number (D’lppolito
suggesting that the activity is dependent on the activity of thist al., 1999). In addition, it has been demonstrated that cells
transcription factor. Our results suggest that there are at leastltured from human trabecular bone are not only osteogenic,
two mechanisms by which Shh regulates osteogenibut undergo adipocytic differentiation under defined culture
differentiation of cells: directly via a Gli-dependent manner andonditions (Nuttall et al., 1998). A better understanding of the
indirectly via a Gli-independent modulation of BMP signalingpathways triggered by Hh proteins is necessary to elucidate
via Smad, as discussed above. In addition, our results suggds® mechanisms by which these proteins modulate
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osteogenesis/adipogenesis in vitro and in vivo. The elucidatioturiyama, K., Nakase, T., lwasaki, M., Miyaji, T., Kaneko, M., Tomita,
of these mechanisms could be crucial to consider new T. Myoui, A., Mishimoto, F., lzumi, K. and Yoshikawa, H. (2000).

in i Signaling of BMP-4 and Sonic hedgehog in the early phase of fracture
approaches to treat osteopenic disorders. repair.J. Bone Miner. Reds, Suppl. 1, S492.
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