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Fibroblasts expressing Sonic hedgehog induce osteoblast differentiation 
and ectopic bone formation 

Naoki Kintoa'f, Masahiro Iwamotoc, Motomi Enomoto-Iwamotod, Sumihare Nojic, 
Hideyo Ohuchi6, Hidefumi Yoshioka6, Hiroko Kataokaa, Yasuhiro Wadaa,b, Gao Yuhaoa, 

Hideaki E. Takahashif, Shusaku Yoshikia, Akira Yamaguchia>* 
aDepartment of Oral Pathology, School of Dentistry, Showa University, 1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142, Japan 

hDepartment of Orthodontics, School of Dentistry, Showa University, 1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142, Japan 
cDepartment of Anatomy and Cell Biology, Osaka University Faculty of Dentistry, Suita 565, Japan 

ADepartment of Biochemistry, Osaka University Faculty of Dentistry, Suita 565, Japan 
"Department of Biological Science and Technology, Faculty of Engineering, University of Tokushima, Tokushima 770, Japan 

1Department of Orthopedic Surgery, School of Medicine, Niigata University, Niigata 951, Japan 

Received 6 December 1996; revised version received 26 December 1996 

Abstract We investigated the role of Sonic hedgehog (SHH) in 
osteoblast differentiation and bone formation. The numbers of 
ALP-positive cells in the mouse fibroblastic cell line C3H10T1/2 
and the mouse osteoblastic cell line MC3T3-E1 were increased 
by co-culture with chicken fibroblasts transfected with chicken 
Shh cDNA encoding amino-terminal peptide (Shh-N). The 
conditioned medium of 5,AA-Ar-RCAS-transfected chicken fibro-
blast cultures also significantly increased ALP activity in both 
C3H10T1/2 and MC3T3-E1 cells. Intramuscular transplantation 
of SM-N-RCAS-transfected chicken fibroblasts into athymic 
mice induced ectopic bone formation. These results indicate that 
S H H induces osteoblast differentiation and ectopic bone 
formation. 
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1. Introduction 

Osteoblasts are derived from the common progenitors of 
other mesenchymal cell lineages such as chondrocytes, adipo-
cytes and muscle cells. We and others have demonstrated that 
bone morphogenetic proteins (BMPs) belonging to the TGF-(3 
superfamily play an important role in regulation of the differ-
entiation pathway of these cell lineages [1]. For example, 
BMP-2 stimulates differentiation of osteoblasts [2-5] and 
chondroblasts [6], but inhibits differentiation of muscle cells 
[3,4]. 

The gene hedgehog (hh) is a segment polarity gene regulat-
ing embryonic segmentation and patterning in Drosophila and 
is highly conserved in vertebrates [7]. In higher vertebrates, 
the Hedgehog gene family consists of at least three members, 
Sonic, Indian, and Desert hedgehog (Shh, Ihh, and Dhh) [7]. 
S H H has multiple functions during formation of various or-
gans and tissues including skeletal formation in limbs and 
vertebrae [8,9]. Bitgood and McMahon [10] first reported 
that Ihh is expressed in cartilage during skeletogenesis in the 
mouse embryo. Recently, Vor tkamp et al. [11] demonstrated 
that Ihh regulated chondrocyte differentiation in chicken em-
bryos. In the present study, we investigated the role of Shh in 
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osteoblast differentiation using an in vitro culture system and 
in vivo transplantation experiments. 

2. Materials and methods 

2.1. Construction and expression of amino-terminal peptides of Sonic 
hedgehog 

A fragment of chicken Shh cDNA encoding the amino-terminal 
functional domain [12] was subcloned into RCAS(A) retrovirus [f3] 
with insertion of a stop codon at residue 200 (designated as Shh-N-
RCAS). Virus-free chicken embryonic fibroblasts were transfected 
with Shh-N-RCAS by the calcium phosphate precipitation method 
[14]. These transfected cells were used in the following experiments 
except for Western blot analysis. The virus-free chicken embryonic 
fibroblasts infected with recombinant virus in the presence of 1 mg/ 
ml polybrene was used for Western blot analysis. 

2.2. Cell culture 
Chicken embryonic fibroblasts were obtained from the torsos of 11 -

day-old virus-free white leghorn embryos (line M) (Nisseiken, Yama-
nashi, Japan). The chicken fibroblasts and that transfected with Shh-
N-RCAS or RCAS were cultured in medium 199 (Gibco, Grand Is-
land, NY) containing 10% fetal bovine serum (FBS) without antibi-
otics (control medium). The mouse clonal cell line C3H10T1/2 clone 8 
(C3H10T1/2) [15] was obtained from the RIKEN Cell Bank (Tsukuba 
Science City, Japan). This pluripotent fibroblastic cell line has the 
potential to differentiates into muscles, adipocytes, chondrocytes or 
osteoblasts by treatment with either 5-azacytidine or BMPs [2,6,15]. 
The mouse osteoblastic cell line MC3T3-E1 [16] was provided by Dr. 
Masayoshi Kumegawa (Meikai University, Saitama, Japan). To in-
vestigate the interaction between SWi-iV-RCAS-transfected chicken 
fibroblasts and C3H10T1/2 or MC3T3-E1 cells, these cells were cul-
tured in the same wells separated with cell culture inserts (Becton 
Dickinson Labware, Franklin Lakes, NJ) with membrane filters 
(0.45 mm). Shh-N-RCAS- or RCAS-transfected chicken fibroblasts 
were first cultured in 24-well plates, then C3H10T1/2 or MC3T3-E1 
cells were inoculated onto the membrane filters of cell culture inserts. 
These cultures were maintained with control medium. 

2.3. Western blot analysis 
To enrich SHH-N from the culture supernatants, we used heparin-

agarose as described previously [17]. Western blotting was performed 
with an affinity-purified antibody raised against the N-terminal resi-
dues (103-170) of chicken SHH (SHH-N). Detection of SHH-N was 
carried out by chemiluminescence (ECL, Amersham) with a horse-
radish peroxidase-conjugated secondary antibody against rabbit 
IgG. Total protein concentrations were determined with the BCA 
assay (Pierce) according to the manufacturer's instructions. 

2.4. Transplantation of Shh-N-RCAS-transfected cells 
Shh-N-RCAS- or RCAS-transfected chicken fibroblasts (1X106 

cells) were cultured for 12 h in 100 ul of type I collagen gel (Nitta 
Gelatin, Osaka, Japan) supplemented with control medium. The col-
lagen gel containing Shh-N-RCAS- or RCAS-transfected cells was 
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2.5. ALP activity 
ALP activity was determined by histochemically and biochemically 

as described previously [4]. 

2.6. Statistical analysis 
The results were expressed as the means ± S.D. The data were an-

alyzed by one-way ANOVA and differences between means was as-
sessed using the Bonferroni/Dunn multiple comparison test. 

3. Results 

Fig. 1. Production of SHH-N in chick embryo tibroblasts. The anti-
body directed against an N-terminal domain of chick SHH (residues 
103-170) was used for detection. The protein corresponding to the 
N-terminal cleavage product (SHH-N; approx. 23 kDa) was de-
tected in the culture supernatant from chick embryo nbroblasts in-
fected with a recombinant virus encoding a chick full-length SHH 
as a control (lane 1) or SHH-N alone (lane 2). There is no detect-
able band in the culture supernatant from chick embryo tibroblasts 
without infection (lane 3). 

transplanted intramuscularly at the inguinal region in 6-week-old 
athymic male mice. The transplants were removed with the surround-
ing tissues on 3, 6, 9, 14 and 21 days after transplantation, fixed in 
10% neutral buffered Formalin, and embedded in Technovit 8100 
(Heraeus Kulzer GmbH, Germany). Undecalcified 4-mm sections 
were prepared, and stained with hematoxylin-eosin or double stained 
with alkaline phosphatase (ALP) and von Kossa. 

To obtain cultured cells producing the N-terminal half of 
the Sonic hedgehog protein (SHH-N) constantly, we used 
chick embryo fibroblasts infected with an RCAS virus con-
taining a cDNA fragment of Shh-N. We confirmed production 
of SHH-N in the culture supernatant of the fibroblasts in-
fected with Shh-N-RCAS virus by Western blot analysis as 
shown in Fig. 1. 

Cultures of C3H10T1/2 cells contained few ALP-positive 
cells on day 6 when cultured with control medium, but a 
number of ALP-positive cells were observed in MC3T3-E1 
cells under the same culture conditions. To determine the 
interaction between Shh-N-RCAS- or RCAS-transfected 
chicken fibroblasts and C3H10T1/2 or MC3T3-E1 cells, we 
cultured these cells separately using membrane inserts in the 
same culture wells. The numbers of ALP-positive C3H10T1/2 
and MC3T3-E1 cells markedly increased, when cultured for 
6 days with inserts in the same wells as SM-Af-RCAS-trans-
fected chicken fibroblasts (Fig. 2). In contrast, no significant 
increase in the number of ALP-positive cells was induced by 

Fig. 2. Effects of co-culture with Shh-N-RCAS or RCAS-transfected chicken fibroblasts using cell culture inserts on the number of ALP-posi-
tive cells in C3H10T1/2 cells and MC3T3-E1 cells. Cells were cultured for 6 days, then stained with ALP. (A) C3H10T1/2 cells cultured with 
RCAS-transfected chicken fibroblasts; (B) C3H10T1/2 cells cultured with 5M-JV-RCAS-transfected chicken fibroblasts; (C) higher magnification 
of B; (D) MC3T3-E1 cells cultured with RCAS-transfected chicken fibroblasts; (E) MC3T3-E1 cells cultured with M-JV-RCAS-transfected 
chicken fibroblasts; (F) higher magnification of E. Cells stained in red represent ALP-positive cells. (A,B,D,E) X5, (C,F) X50. 
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Fig. 3. Effects of conditioned media collected from Shh-N-RCAS- or RCAS-transfected chicken fibroblasts on ALP activity in C3H10T1/2 
(A,B) and MC3T3-E1 (C,D) cells. Cells were cultured for 3 days (A,C) or 6 days (B,D) with control medium (open bars), conditioned medium 
collected from RCAS-transfected chicken fibroblasts (stippled bars) or various dilutions of conditioned medium collected from Shh-N-RCAS-
transfected chicken fibroblasts (hatched bars). Data are means ± S.D. of four culture wells. Significantly different from the cells cultured with 
conditioned medium of RCAS-transfected chicken fibroblasts in each group at *P<0.01. 

co-culture with RCAS-transfected chicken fibroblasts (Fig. 2). 
No ALP-positive cells appeared in either Shh-N-RCAS- or 
RCAS-transfected chicken fibroblasts. Accumulation of Al-
cian blue-positive extracellular matrix resembling cartilage 
matrix did not appear in either C3H10T1/2 or MC3T3-E1 
cells. 

ALP activity in C3H10T1/2 and MC3T3-E1 cells was sig-
nificantly increased by addition of the conditioned medium of 
SM-iV-RCAS-transfected chicken fibroblast cultures (Fig. 3). 
The increase in the ALP activity was abolished by serial dilu-
tion of the conditioned medium with control medium (Fig. 3). 
In contrast, the culture supernatant collected from RCAS-
transfected chicken fibroblasts had no effect on ALP activity 
in either C3H10T1/2 or MC3T3-E1 cells (Fig. 3). 

We next performed transplantation experiments to examine 
whether SM-iV-RCAS-transfected chicken fibroblasts could 
induce ectopic bone formation. The collagen gel containing 
Shh-N-RCAS- or RCAS-transfected cells was retained as 
well-demarcated islets in muscles. No ALP-positive cells 
were observed at the surrounding tissue of the transplant of 
SM-JV-RCAS-transfected cells 3 days after transplantation. 
6 days after transplantation, several ALP-positive cells ap-
peared at the surrounding tissue of the transplant of Shh-N-
RCAS-transfected cells. The islet of SM-JV-RCAS-transfected 
cells were almost completely surrounded by numerous ALP-
positive cells at 9 days after transplantation (Fig. 4B). Miner-

alized bones associated with ALP-positive osteoblasts ap-
peared at 14 days after transplantation. The bones became 
more mature by forming bone marrow at 21 days after trans-
plantation (Fig. 4C). No apparent chondrocytes appeared 
during the ectopic bone formation induced by transplantation 
of SM-VV-RCAS-transfected cells. Transplantation of RCAS-
transfected chicken fibroblasts induced neither ALP-positive 
cells nor formation of bone and cartilage at the sites trans-
planted (Fig. 4A). Although dystrophic calcification was ob-
served at the transplantation sites in some cases with both 
Shh-N-RCAS- and RCAS-transfected cells, no ALP-positive 
cells appeared in the tissues surrounding these calcified foci. 

4. Discussion 

Osteoblasts express various phenotypes depending on their 
differentiation stage [18]. ALP appears in a wide range of 
differentiation stages of osteoblasts. The conditioned medium 
collected from SM-TV-RCAS-transfected chicken fibroblast 
cultures stimulated ALP activity in both C3H10T1/2 and 
MC3T3-E1 cells, but no effects were induced by the condi-
tioned medium from RCAS-transfected chicken fibroblast cul-
tures. These results suggested that the SHH protein produced 
by SM-JV-RCAS-transfected chicken fibroblasts induced os-
teoblast differentiation. This was further supported by trans-
plantation experiments; intramuscular transplantation of Shh-
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A B C 
Fig. 4. Histology of transplants of Shh-N-RCAS- or RCAS-transfected chicken fibroblasts. Type I collagen gels containing Shh-N-RCAS- or 
RCAS-transfected chicken fibroblasts were transplanted intramuscularly in athymic mice as described in Section 2. (A) Histology of the trans-
plant of RCAS-transfected chicken fibroblasts 9 days after transplantation. (B) Histology of the transplant of S/iA-iV-RCAS-transfected chicken 
fibroblasts 9 days after transplantation. (C) Histology of the transplant of SM-iV-RCAS-transfected chicken fibroblasts 3 weeks after transplan-
tation. These are undecalcified sections stained with ALP and von Kossa. Cells stained in blue represent ALP-positive cells, and matrix stained 
in brown represents mineralized bone. (A,B) X 50, (C) X 66. 

./V-RCAS-transfected chicken fibroblasts into athymic mice in-
duced ectopic bone formation. 

Recent studies indicated that SHH induced Bmp during 
morphogenesis in several organs [7,19,20]. These suggest 
that SHH produced by SM-iV-RCAS-transfected chicken fi-
broblasts stimulates synthesis of BMPs in 10T1/2 and 
MC3T3-E1 cells, then the BMPs induce osteoblast differentia-
tion in an autocrine fashion. However, the conditioned media 
from SM-N-RCAS-transfected fibroblasts induced no appa-
rent changes in levels of BMP-2, BMP-4 and BMP-7 
mRNA expression in C3H10T1/2 cells as judged by RT-
PCR (unpublished observation). It is unlikely that BMPs de-
rived from chicken fibroblasts are involved in the mechanism 
of induction of osteoblast differentiation in these cell lines, 
since the levels of BMP-2 and BMP-4 mRNA expression 
were almost the same between Shh-N-RCAS- and RCAS-
transfected chicken fibroblasts (unpublished data). However, 
there is the possibility that Shh regulates the responsibility to 
these BMPs or induces other types of BMPs in C3H10T1/2 
cells and MC3T3-E1 cells. Further studies are necessary to 
reveal the precise interaction between Shh and BMPs in os-
teoblast differentiation and bone formation. 

Transplantation of BMPs into subcutaneous or intramus-
cular sites usually induces endochondral bone formation; car-
tilage formation occurs first followed by bone formation [21]. 
In the present study, transplantation of SM-N-RCAS-trans-
fected fibroblasts induced bone formation without any histo-
logical evidence of preceding cartilage formation. Although 
BMP-2 and BMP-7 induced C3H10T1/2 cells to differentiate 
into both osteoblasts and chondrocytes [6,22], the culture 
supernatant collected from SM-N-RCAS-transfected fibro-
blasts appeared to induce C3H10T1/2 cells to differentiate 
into only osteoblasts. Recently, Vortkamp et al. [11] reported 
an important role of Ihh in chondrocyte differentiation. They 
indicated that the target cells for Ihh were located in the 
perichondrium, where subsequent bone formation occurred, 
as judged by the expression patterns of the hedgehog receptor 

gene Patched [23,24] and the hedgehog-responding gene Gli. 
These prompt us to speculate that Ihh produced in cartilage 
may induce adjacent cells to differentiate into osteoblasts. 
Since SHH and IHH have similar functions [11], it is likely 
that vertebrate hedgehog proteins induce osteoblast differen-
tiation preferentially over chondrocyte differentiation. It is of 
considerable interest to investigate molecules induced by SHH 
or IHH during osteogenesis, and such studies are currently 
under investigation in our laboratory. 

Riddle et al. [8] demonstrated that the implantation of Shh-
expressing cells into anterior limb buds of chick embryos in-
duced mirror-image duplications associated with formation of 
extra skeletons. In contrast, Pagan et al. [25] recently reported 
that surgical removal of SM-expressing cells in polarizing re-
gion (zone of polarizing activity: ZPA) resulted in severe pat-
tern defects along anteroposteior axis with skeletal defects. 
These results suggest that Shh plays important roles in not 
only the anteroposterior patterning but also skeletogenesis in 
the developing limb. 
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