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Adipose-derived stromal cells (ASCs) present a great potential for tissue engineering, as they are capable of
differentiating into osteogenic and adipogenic cell types, among others. In this study, we examined the role of
Hedgehog signaling in the balance of osteogenic and adipogenic differentiation in mouse ASCs. Results showed
that Hedgehog signaling increased during early osteogenic differentiation (Shh, Ptc1, and Gli1), but decreased
during adipogenic differentiation. N-terminal Sonic Hedgehog (Shh-N) significantly increased in vitro osteogenic
differentiation in mouse ASCs, by all markers examined (*p< 0.01). Concomitantly, Shh-N abrogated adipogenic
differentiation, by all markers examined (*p< 0.01). Conversely, blockade of endogenous Hedgehog signaling,
with the Hedgehog antagonist cyclopamine, enhanced adipogenesis at the expense of osteogenesis. We next
translated these results to a mouse model of appendicular skeletal regeneration. Using quantitative real-time
polymerase chain reaction and in situ hybridization, we found that skeletal injury (a monocortical 1 mm defect in
the tibia) results in a localized increase in Hedgehog signaling. Moreover, grafting of ASCs treated with Shh-N
resulted in significantly increased bone regeneration within the defect site. In conclusion, Hedgehog signaling
enhances the osteogenic differentiation of mouse ASCs, at the expense of adipogenesis. These data suggest that
Hedgehog signaling directs the lineage differentiation of mesodermal stem cells and represents a promising
strategy for skeletal tissue regeneration.

Introduction

Adipose-derived stromal cells (ASCs) are a promising
cell population for autologous tissue engineering.1 Their

ease of harvest, their relative abundance, and their capability
for expansion make ASCs more attractive than other stromal
cells for tissue regeneration. ASCs have a proven ability to
differentiate into multiple mesodermal lineages, including
osteoblastic and adipocytic cell fates.2 An inverse relation-
ship appears to exist between these two cell types, such that
cytokines that enhance osteogenesis seem to repress adipo-
genic differentiation, and vice versa.3,4 These observations
suggest that ASCs could be manipulated to adopt an osteo-
blast fate at the expense of an adipogenic one, given the
appropriate cytokine stimulation. A small number of cyto-
kines are known to enhance osteogenesis in mouse ASCs
(mASCs), including bone morphogenetic proteins (BMPs),
retinoic acid, and vitamin D.1,5 We have identified another

cytokine, Sonic Hedgehog (Shh), which potentially functions
upstream of these known differentiation factors to induce
osteogenesis in mASCs.

Hedgehog proteins, which include Sonic, Indian, and De-
sert, control numerous aspects of development and disease.6

Hedgehog signaling is initiated by the binding of the Hedge-
hog ligand to its transmembrane receptor patched1 (Ptc1), re-
lieving suppression of the transmembrane protein smoothened
(Smo). Smo activates an intracellular cascade that results in
activation of Gli transcription factors.7 Hedgehog signaling
exerts its pleiotropic effects through regulation of the cell cy-
cle,8 direction of cell differentiation,9 and alteration of cell
survival.10 Increased Hedgehog signaling promotes osteo-
genesis in various bone-forming cells in vitro.9,11–14 Conversely,
Hedgehog signaling represses adipogenic differentiation in
preadipocytes.15,16 Theoretically, the manipulation of Hedge-
hog signaling presents an attractive avenue for controlling the
lineage commitment of ASCs in a tissue engineering strategy.
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We present a comprehensive analysis of the effects of Shh
signaling in mASCs. First, we examined Hedgehog activity
during osteo- and adipogenic differentiation. Next, we tested
whether manipulation of Hedgehog signaling would influ-
ence mASC differentiation: N-terminal Shh (Shh-N) or the
Hedgehog antagonist cyclopamine were added to osteogenic,
adipogenic, or bipotent cell medium. The intersection of BMP
and Hedgehog signaling was then examined. Finally, we
exploited these in vitro findings in a novel strategy to accel-
erate bone regeneration following a surgically created defect
in the mouse tibia (a monocortical defect in the proximal-
medial tibia). Taken together, these data provide evidence that
Hedgehog signaling favors the differentiation of mesodermal
multipotent cells to an osteogenic lineage at the expense of an
adipogenic one, and suggest a mechanism whereby the cell
fate of ASCs can be directed for tissue engineering purposes.

Materials and Methods

Chemicals and supplies

Dulbecco’s modified Eagle’s medium and penicillin–
streptomycin were purchased from Gibco Life Technologies,
fetal bovine serum from Omega Scientific, recombinant Shh-
N and recombinant BMP-2 from R and D Systems, and cell
culture supplies from Corning, Inc.

Animals, tissue harvest, and primary cell culture

Mouse ASCs were isolated from fifty 3-week-old CD-1
mice (Charles River Laboratories) as previously described.17

For in vivo experiments, ASCs were isolated from CD-1 mice
in which the green fluorescent protein (GFP) was linked to a
b-actin promoter. ASCs were cultured in a standard growth
medium (SGM), containing Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum, and 100 IU=mL penicillin–
streptomycin. ASCs of passage two were used for all assays,
unless otherwise stated.

Cellular proliferation in vitro

Cell proliferation was assessed by cell counting. ASCs were
seeded in 12-well plates at 10,000 cells=well and cultured in

SGM, replenished every other day with Shh-N, cyclopamine,
or vehicle control. Counting was performed by hemocy-
tometer from 1 to 7 days.

Adipogenic differentiation in vitro

For adipogenic differentiation, cells were plated at a
density of 50,000 cells=well in 12-well dishes; adipogenic
medium containing SGM, 10mg=mL insulin, 1 mM dexa-
methasone, 0.5 mM methylxanthine, and 200 mM indometh-
acin was supplemented with Shh-N, cyclopamine, or vehicle
as a control, and was replenished every 3 days. Oil red O
staining was performed at day 7 to assess lipid accumulation
as previously described.17 RNA was isolated after 7 days to
examine gene expression by quantitative real-time poly-
merase chain reaction (qRT-PCR) (peroxisome proliferator-
activated receptor-g [PPAR-g]).

Osteogenic differentiation in vitro

For osteogenic differentiation, cells were plated at a density
of 25,000 cells=well in 12-well dishes. ASCs were treated with
the osteogenic differentiation medium (ODM) containing SGM,
100 mg=mL ascorbic acid, and 10 mM b-glycerophosphate.
ODM was supplemented with Shh-N, cyclopamine, recombinant
(r)BMP-2, or vehicle control, and was replenished every 3 days.

To assess gene expression, RNA was isolated from 0 to 14
days of differentiation and examined by qRT-PCR. Specific
primer sequences can be found in Table 1. Alkaline phos-
phatase (ALP) staining and quantification was performed
from 0 to 14 days of differentiation, as previously de-
scribed.18 Total ALP activity was assayed by measuring
the p-nitrophenol formed from the enzymatic hydrolysis of
p-nitrophenylphosphate, which was normalized to total
protein quantity (Pierce). Alizarin red (AR) staining was
performed from 0 to 14 days of differentiation.18 Staining was
quantified by cetylpyridinium chloride extraction and mea-
surement of absorbance at 570 nm using spectrophotometry.

Bipotent differentiation in vitro

For bipotent differentiation, cells were plated at a density
of 35,000 cells=well in 12-well dishes and treated with a

Table 1. Quantitative Polymerase Chain Reaction Genes and Primer Sequences

Gene name Forward primer sequence (50–30) Reverse primer sequence (50–30)

Bmp2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC
Bmp4 TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT
Col 1a AACCCGAGGTATGCTTGATCT CCAGTTCTTCATTGCATTGC
Dhh CTTGGCACTCTTGGCACTATC GACCCCCTTGTTACCTCC
Gapdh AGGAGTATATGCCCGACGTG TCGTCCACATCCACACTGTT
Gli1 TCGACCTGCAAACCGTAATCC TCCTAAAGAAGGGCTCATGGTA
Gli2 GGCAGGGGTATCCCACAGA AGAAGGACCCATGTTGGAGTC
Gli3 CACAGTCTAGGCGACTG CTGCATAGTGATTGCGTTTCTTC
Ihh GCTTCGACTGGGTGTATTACG GCTCGCGGTCCAGGAAAAT
Oc GGGAGACAACAGGGAGGAAAC CAGGCTTCCTGCCAGTACCT
Opn AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG
PPAR-g TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Ptc1 GCCAAGCCCTAAAAAAAT ACCACAATCAATCTCCTG
Runx2 CGGTCTCCTTCCAGGATGGT GCTTCCGTCAGCGTCAACA
Shh AAAGCTGACCCTTTAGCCTA TTCGGAGTTTCTTGTGATCTTCC
Smo GAGCGTAGCTTCCGGGACTA CTGGGCCGATTCTTGATCTCA
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bipotent medium, including components of both ODM and
adipogenic medium. The medium supplemented with Shh-
N, cyclopamine, or vehicle control was replenished every 3
days. After 7 days, oil red O staining was performed, fol-
lowed by ALP staining on the same well.

RNA isolation and qRT-PCR

RNA isolation was performed as previously described.18

Isolation was performed with the RNeasy Mini Kit (Qiagen
Sciences). After DNase treatment, reverse transcription of
1 mg RNA was performed with TaqMan Reverse Transcrip-
tion Reagents (Applied Biosystems). qRT-PCR was carried
out using the Applied Biosystems Prism 7900HT Sequence
Detection System and Power SYBR Green Master Mix (Ap-
plied Biosystems). All PCR products were run out on a 2%
agarose gel to determine appropriate size and specificity.
Sequences are shown in Table 1. Levels of expression were
determined by normalizing to GAPDH; reactions were per-
formed in triplicate.

ASC grafting of mouse tibial defects

Upon subconfluency, passage 0 ASCs derived from GFP
transgenic mice were treated with Shh-N or vehicle control for
24 h (500 ng=mL). Cells were then trypsinized, centrifuged,
and resuspended at a concentration of 10,000 cells=mL. All
procedures were approved by the Stanford Committee on
Animal Research. Skeletally mature (10 weeks of age) male
CD-1 mice were used. After anesthesia and analgesia, the
right leg was shaved and cleansed. Briefly, to gain access to
the anterior aspect of the tibia, the tibialis anterior muscle was
elevated off the periosteum. Care was taken to avoid damage
to the tibial periosteum, as this is known to cause a host os-
teogenic response. Next, the tibial surface was rapidly washed
with sterile phosphate-buffered saline, and a drill hole was
created through a single cortex (monocortical) in the midline
of the tibia just distal to the tibial tuberosity using a dental
drill (NSK z500; Brasseler). The far cortex was neither touched
nor penetrated by the drill, verified by histologic analysis.
Moreover, the integrity of the surrounding bone was main-
tained such that no fractures occurred, again verified by his-
tologic analysis. After phosphate-buffered saline irrigation,
1 mL of a cell suspension was placed into the injury site, using
a 2 mL pipette and sterile pipette tip. To ensure that the cells
were contained in the defect, the muscle belly of the tibialis
anterior was flipped back over the anterior surface to cover
the defect site. To maintain its anatomic position, a single 6-0
Prolene suture (Ethicon) was placed through the tibialis an-
terior muscle into the gastrocnemius–soleus muscle complex.
This technique allowed for a confined space in which the
grafted cells remained in place and reduced potential hema-
toma formation. Finally, the region was lastly irrigated and
the skin closed with 7-0 Prolene (Ethicon). In our previous
study, we ensured successful cell engraftment by both GFP
labeling and in vivo imaging of Luciferase activity.19

Tissue harvest

Samples were harvested at postoperative day 6 to examine
early callus formation. Samples were fixed in 0.4% parafor-
maldehyde overnight, and decalcified in 19% ethylenedia-
minetetraacetic acid for 12 days. Samples were dehydrated in

a graded ethanol, paraffin embedded, and sectioned at 8 mm
thickness. Gene expression in the developing callus was as-
sessed by qRT-PCR. On postoperative days 1–7, the injury
site was dissected with a minimal border of uninjured tibia.
Tissue samples were pooled, snap-frozen, and homogenized
with mortar and pestle, followed by RNA isolation and gene
analysis (Gli1, Smo, and Ptc1).

Standard histological assays

Histology was performed using a modification of the
Movat’s Pentachrome and Aniline Blue stains. ALP staining
was performed using 5M NaCl, 1M Tris-HCl (pH 9.5), 1M
MgCl2, 0.1% Tween 20% (NTMT) ALP buffer and nitro blue
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl
phosphatase (BCIP) for color (Roche). For GFP immunohis-
tochemistry, slides were immersed in 0.3% H2O2=Methanol;
blocked in milk, bovine serum albumin, and sheep serum;
and incubated with a rabbit polyclonal anti-GFP primary
antibody (Abcam) overnight at 48C. A peroxidase-conjugated
secondary antibody was used ( Jackson Immunoresearch),
followed by diaminobenzadine for color development (Vector-
Lab). Bromodeoxyuridine immunohistochemistry was performed
according to the manufacturer’s instructions (Zymed). To de-
tect BMP activity within the defect site, immunohistochemistry
for phospho-Smad 1=5=8 was performed. After peroxidase
quenching, blocking was performed in donkey serum, followed
by incubation with rabbit polyclonal primary antibody for 1 h
at room temperature, biotinylated secondary antibody, fol-
lowed by Vectastain and diaminobenzadine for color detection.
To detect Hedgehog pathway activity, in situ hybridization for
Ptc1 was performed as previously described.20 Briefly, the
template was amplified from embryonic mouse cDNA by PCR
using sequence-specific primers that included the T3 RNA
polymerase. Antisense riboprobe was transcribed with T3 RNA
polymerase in the presence of Dig-11-UTP (Roche). Sections
were incubated for 708C for 12 h in hybridization buffer (Am-
bion) containing riboprobe at *0.2–0.3mg=mL probe=kb of
probe complexity. Slides were blocked with 10% sheep serum,
1% Boehringer-Mannheim Blocking Reagent (Roche), and le-
vamisole, and developed using NBT and BCIP for color.

Histomorphometric analyses of bone regeneration

Histomorphometry was accomplished by comparison of
control and Shh-N-treated ASC injury sites. Tissue sections
were stained with Aniline Blue. In total, eight animals were
used for each condition. The injury site was represented
across *50 tissue sections. Of these, 10–15 tissue sections
were used for histomorphometric measurements. Each sec-
tion was photographed using a Leica digital imaging system
(5�objective). The digital images were imported into Adobe
Photoshop CS2. The number of Aniline-blue-stained pixels
was determined using the magic wand tool (tolerance set-
ting; 60, histogram pixel setting; cache level 1) by a single
blinded investigator, and confirmed by a second indepen-
dent investigator. These data were then used to calculate the
average new bone in each injury site.

Statistical analyses

Means and standard deviations were calculated from all
numerical data. In graphs, all bars represent means, whereas
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all error bars represent one standard deviation. Statistical
analyses were performed using the Welch’s two-tailed t-test
when comparing two groups with unequal standard devia-
tions. When comparing multiple groups, a one-way ANOVA
test without replication was performed, followed by post hoc
analysis using the Bonferroni correction to adjust for multi-
ple comparisons. *p< 0.01 was considered significant, unless
otherwise stated.

Results

Endogenous Hedgehog signaling
during mASC differentiation

Mouse ASCs can adopt either an osteogenic or adipo-
genic cell fate by exposure to the differentiation medium.
We examined the time course of osteogenic differentiation
using ALP activity to identify the onset of mineralization,
and AR staining to identify calcified matrix (Fig. 1A). After
1 week in ODM, ALP activity was upregulated. After 2
weeks, ALP activity decreased, whereas AR staining increased
substantially. Culture in adipogenic conditions led to lipid
droplet formation by 1 week, shown by oil red O staining
(Fig. 1C).

Next, we analyzed Hedgehog pathway activity during
osteo- and adipogenic differentiation (Fig. 1B, D). Using qRT-
PCR, all Hedgehog ligands were detected in mASCs, includ-
ing Sonic, Indian, and Desert Hedgehog (Dhh not shown).
After 1 week in ODM, Shh expression increased 8-fold, while

Ihh increased 2.5-fold (Fig. 1B). Dhh expression remained
unchanged (data not shown). Upregulation in the Hedgehog
ligands was accompanied by upregulation in the Hedgehog
target genes Gli1 and Ptc1 (Fig. 1B). Gli2 and Gli3 were either
repressed or unchanged (data not shown). After 2 weeks in
ODM, expression of Hedgehog ligands and other signaling
components had decreased (Fig. 1B). In contrast, Hedgehog
signaling components decreased in expression during adi-
pogenic differentiation after 7 days (Fig. 1D). These results
demonstrate that the Hedgehog pathway is active in mASCs,
and that osteogenic differentiation is accompanied by
Hedgehog pathway activation.

mASC response to exogenous Hedgehog stimulation

We next tested how mASCs responded to an exogenous
Hedgehog stimulus. Using qRT-PCR, we found that Shh-N
treatment resulted in a dose-dependent increase in Gli1
and Ptc1 transcripts by 48 h (Fig. 2A). Gli2 and Gli3 were
upregulated to a lesser degree. Thus, mASCs possess the
molecular machinery necessary to process an exogenous
Hedgehog stimulus. Next, Hedgehog ligand expression was
evaluated after treatment with exogenous Hedgehog protein.
Shh-N addition increased Shh transcripts at 48 h (Fig. 2B). No
significant change in Ihh or Dhh expression was observed.
Thus, a positive regulatory feedback system was observed,
such that exogenous Hh treatment increased endogenous Hh
expression.

FIG. 1. Hedgehog signaling
during osteogenic and adipo-
genic differentiation. (A)
Progression of mouse
adipose-derived stromal cell
(ASC) osteogenic differentia-
tion through 2 weeks, shown
by alkaline phosphatase
(ALP) and alizarin red (AR)
staining. (B) Sonic Hedgehog
(Shh), Indian Hedgehog (Ihh),
Gli1, and patched (Ptc1) ex-
pression at 0, 1, and 2 weeks
of osteogenic differentiation,
normalized to GAPDH. (C)
Mouse ASC adipogenic dif-
ferentiation, shown by oil red
O staining. (D) Shh, Ihh, Gli1,
and Ptc1 expression at 0 and 1
week of adipogenic differen-
tiation, normalized to
GAPDH. Photographs are of
20�magnification; means and
significance levels are calcu-
lated relative to 0 week ex-
pression, a,b,c,dp< 0.01. Color
images available online at
www.liebertonline.com=ten.
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Hedgehog signaling represses adipogenic
differentiation in mASCs

We next explored the response of mASCs to Hedgehog
stimulation. Cells were cultured in adipogenic conditions,
and treated with Shh-N or the Hedgehog antagonist, cyclo-
pamine (Fig. 2C–F). Lipid accumulation was assessed by oil
red O staining after 7 days. Under control conditions, mASCs
exhibited lipid accumulation (red staining), reduced with
addition of Shh-N (Fig. 2C). Shh-N also caused a dose-
dependent decrease in PPAR-g expression (Fig. 2E). The
negative effect of Shh-N on adipogenic differentiation could
not be explained by impaired cell proliferation, as prolifer-
ation assays showed a slight mitogenic response to Shh-N
(data not shown). Thus, Shh-N treatment resulted in acti-
vation of the Hedgehog pathway, repression of adipogenic
gene expression, and inhibition of adipogenic differentiation.

We next repressed endogenous Hedgehog activity with
Hedgehog antagonist cyclopamine and assessed adipogen-
esis. mASCs exposed to cyclopamine showed a significant
increase in lipid accumulation (Fig. 2D). PPAR-g expression
increased over 35-fold with cyclopamine addition to the
medium (20 mM, Fig. 2F). Taken together, these data sug-
gested that the endogenous Hedgehog pathway functions
to repress the adipogenic differentiation of mASCs, and that
cyclopamine is sufficient to induce adipocyte differentiation.

Hedgehog signaling enhances osteogenic
differentiation of mASCs

Adipogenesis and osteogenesis appear to be dichotomous
cell fates; we tested the extent to which Hedgehog regulates

this decision. mASCs were cultured in ODM with Shh-N for
various periods (Fig. 3). By day 4, qRT-PCR data demon-
strated that Shh-N elicited a dose-dependent increase in
Runx2 and collagen type I (Col1) expression levels (Fig. 3A).
By day 7, Shh-N treatment resulted in a dose-dependent
increase in ALP staining, which was confirmed by ALP
quantification assays (Fig. 3B). By day 14, Shh-N treatment
of mASCs induced mineralization, and a colorimetric
quantification revealed that Shh-N increased AR staining
in a dose-dependent manner (Fig. 3C). Also by day 14, Shh-
N significantly increased osteopontin (Opn) and osteo-
calcin (Oc) gene expression relative to control, by qRT-PCR
(Fig. 3D).

We hypothesized that endogenous Hedgehog production
in mASCs also stimulated osteogenesis. To test this we
blocked Hedgehog activity by including cyclopamine in
ODM (Fig. 4). mASCs exposed to cyclopamine showed a
significant decrease in Runx2 and Col1 expression on day 4
(Fig. 4A), and a significant decrease in AR staining (Fig. 4C).
Thus, cyclopamine significantly impaired osteogenic differ-
entiation, suggesting the necessity of endogenous Hedgehog
signaling for the normal progression of mASC differentiation
to an osteogenic fate.

To confirm that Shh-N was sufficient to enhance osteo-
genic differentiation, a combination of Shh-N and cyclopa-
mine was added to ODM. Shh-N alone significantly
increased all markers of osteogenesis, including an increase
in Runx2 and Col1a1 expression, as well as increased ALP
activity and AR staining (Fig. 4A–C). The introduction of
cyclopamine abrogated this Hedgehog-induced increase in
osteogenic markers (Fig. 4A–C).

FIG. 2. Hedgehog pathway activation and adipogenic differentiation in ASCs. (A) Hedgehog signaling elements following
culture with N-terminal Sonic Hedgehog (Shh-N) for 48 h by quantitative real-time polymerase chain reaction (qRT-PCR),
including Ptc1, Gli1, Gli2, and Gli3. (B) Hedgehog ligand expression after Shh-N exposure for 48 h, including Shh, Ihh, and
Dhh. (C–F) Adipogenic differentiation with Shh-N or cyclopamine. (C) Oil red O staining with Shh-N at day 7 adipogenic
differentiation (250–750 ng=mL). (D) Oil red O staining with cyclopamine at day 7 differentiation (5–20mM). (E) PPAR-g expression
with Shh-N at 7 days, by qRT-PCR. (F) PPAR-g expression with cyclopamine at 7 days of differentiation. Means and significance
levels are calculated relative to control expression levels, a,b,c,dp< 0.01. Color images available online at www.liebertonline
.com=ten.
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Effects of Hedgehog signaling in bipotent
differentiation of mASCs

Our results thus far indicated that Hedgehog signaling
functions in mASCs to influence cell differentiation toward
an osteoblast cell fate at the expense of an adipocytic one. To
directly test this, mASCs were cultured in the bipotent dif-
ferentiation medium with either Shh-N or cyclopamine
added (Supplemental Fig. S1, available online at www
.liebertonline.com=ten). After 7 days of differentiation, both
ALP and oil red O staining were performed. Shh-N robustly
enhanced ALP staining, while lipid droplets were few in
number (Supplemental Fig. S1A). The converse effect was
observed with cyclopamine: ALP staining was minimal,
while lipid formation was enhanced (Supplemental Fig. S1B).
Collectively, these data demonstrate that Hedgehog activity
was both necessary and sufficient for the induction of os-
teogenesis and for the repression of adipogenesis in mASCs.

Cooperative effect of Hedgehog and MBP-2
in osteogenic differentiation

BMP signaling has previously been observed to be nec-
essary for mASC osteogenic differentiation5; we next sought
to determine the intersection of Hedgehog and BMP signal-
ing. Two days of treatment with Shh-N increased transcript
abundance for Bmp2 and Bmp4 in a dose-dependent manner
(Fig. 5A). Conversely, 2 days of treatment with rBMP-2 in-
creased Runx2 expression independent of a detectable in-
crease in transcript levels of Hedgehog ligands or signaling
components (Fig. 5B, Ihh, Gli2, and Gli3 not shown). Thus,
Shh-N positively regulated the transcription of osteogenic
BMPs.

Next, Shh-N and rBMP-2 were added in combination to
assess their potentially cooperative effects in mASC osteo-
genic differentiation. As expected, both rBMP-2 and Shh-N

when added to ODM alone induced ALP activity after 7 days
(Fig. 5C). In combination, the two cytokines induced ALP
activity in an additive fashion. Similar results were obtained
with AR staining (Fig. 5D).

In vivo grafting of mASCs for skeletal regeneration

We extended our in vitro findings to an animal model of
tissue regeneration, by directly testing the extent to which
Hedgehog-stimulated ASCs could be used to repair a bony
defect. First, we ascertained the endogenous level of
Hedgehog activity that is induced in response to skeletal
injury. A 1 mm skeletal defect was produced in a single
cortex of the medial aspect of the proximal tibia of the
mouse. We then used qRT-PCR to temporally map the pat-
tern of Hedgehog responsiveness in the callus injury site
from 1 to 7 days postoperatively (Fig. 6A). Hedgehog re-
sponsive genes, including Gli1, Smo, and Ptc1, were signifi-
cantly increased after injury, with a peak in expression after 5
days. Injury-induced activation of these Hedgehog genes
was specific to the injury site, as shown by in situ hybrid-
ization mapping of Ptc1 (Fig. 6B, postoperative day 6
shown). Thus, skeletal injury stimulated endogenous
Hedgehog activity, and it was into this environment that we
grafted mASCs.

For the next series of experiments, mASCs were derived
from beta actin:GFP mice. This strategy allowed us to dis-
tinguish the grafted mASCs and their progeny in the skeletal
injury site. mASCs were harvested and cultured for 24 h in
SGM supplemented with Shh-N (500 ng=mL) or vehicle
control (Fig. 6C). After only 24 h, Shh-N-treated mASCs
showed increased transcripts of Runx2, Col1, and Bmp2 in
comparison to control (Supplemental Fig. S2, available on-
line at www.liebertonline.com=ten). Equal numbers of cells
were grafted into a 1 mm monocortical tibial defect. On day
6, the callus sites were harvested for analysis, a time point

FIG. 3. Osteogenic differentiation with Shh-N. Osteogenic differentiation was examined through a 14 day time course. (A)
Runx2 and collagen type I (Col1) expression by qRT-PCR after 4 days. (B) ALP staining after 7 days, appearing blue. ALP
quantification after 7 days was normalized to total protein content. (C) AR staining and quantification after 14 days. (D)
Osteopontin (Opn) and Osteocalcin (Oc) expression by qRT-PCR after 14 days. Photographs are of 20�magnification; values
are normalized to control expression levels, ap< 0.01. Color images available online at www.liebertonline.com=ten.
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FIG. 4. Osteogenic differentiation of ASCs with cyclopamine. (A) Runx2 and Col1 expression with cyclopamine and=or Shh-
N (500 ng=mL) at 4 days of differentiation, by qRT-PCR. (B) ALP staining and quantification with cyclopamine and=or Shh-N
after 7 days. (C) AR staining and quantification with cyclopamine and=or Shh-N after 14 days. Photographs are of 20�
magnification; values are normalized to control expression levels, a,b,cp< 0.01. Color images available online at www
.liebertonline.com=ten.
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which our laboratory has previously used to assess early
defect healing.21 Using GFP immunostaining we confirmed
that Shh-N and control-treated ASCs engrafted into the in-
jury site (Fig. 6D, E). We found no difference in the volume of
cells that engrafted (data not shown).

There was, however, a clear difference in the fate of graf-
ted cells. mASCs exposed to Shh-N before transplantation
showed significantly increased ALP activity (Fig. 6D, E,
middle panel). Histomorphometric measurements of osteoid
within the defect site showed that Shh-N-treated mASCs

FIG. 5. Cooperation of Hedgehog and bone morphogenetic protein (BMP) signaling. (A) Bmp2 and Bmp4 expression after
48 h of Shh-N treatment, by qRT-PCR. (B) Hedgehog pathway activity after 48 h of recombinant (r)BMP-2 treatment, by qRT-
PCR. (C) ALP staining (left) and quantification (right) after 7 days with Shh-N and=or rBMP-2. Bars represent mean ALP
enzymatic activity, normalized to total protein content. (D) AR staining (left) and quantification (right) after 14 days with
Shh-N and=or rBMP-2. Bars represent mean AR staining, as measured by absorbance after cetylpyridium chloride leaching.
Photographs are of 20�magnification; values are normalized to control expression levels, a,bp< 0.01. Color images available
online at www.liebertonline.com=ten.
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FIG. 6. Grafting of ASCs in tibial
defects. (A, B) A 1-mm monocortical
defect was surgically created in the
proximal mouse tibia; spatiotemporal
gene expression after injury was then
examined by qRT-PCR and in situ hy-
bridization. (A) Hedgehog signaling
expression from 1 to 6 days postinjury
(Gli1, Smo, and Ptc1). (B) Ptc1 in situ in
which positive staining cells appear
purple; dotted lines demarcate the
cortical bone. (C) Schematic of the
grafting of green fluorescent protein
(GFP)–positive ASCs into a mono-
cortical tibial defect. (D, E) Histology
of defects with Shh-N- or control-
treated ASCs. From top to bottom,
green fluorescent protein immunohis-
tochemistry appearing gray, ALP
staining appearing purple, penta-
chrome staining in which bone ap-
pears yellow, and phospho-Smad
1=5=8 immunohistochemstry appear-
ing brown. Black arrows D indicate
examples of positively stained cells
for phospho-Smad 1/5/8. Color
images available online at www
.liebertonline.com=ten.
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produced over 60% more bone than controls. Increased bone
deposition among Shh-N-treated mASCs was associated
with increased BMP activity, shown by immunohistochem-
istry for phospho-Smad 1=5=8 (Fig. 6D, E, bottom panel).
Defects grafted with Shh-N-treated mASCs showed scattered
positive staining within areas of bone regenerate, while little
staining was observed among control-treated mASC-engrafted
defects. Thus, in aggregate, exposing ASCs for a short time
frame to exogenous Hedgehog protein enhanced osteoblast
differentiation of the engrafted cells, resulting in increased
bone deposition.

Discussion

Adipocytes and osteoblasts arise from a common pro-
genitor,22 and as mammals age, the differentiation of adult
stem cells appears to shift toward an adipogenic lineage at
the expense of an osteoblastic fate.23 This type of age-related
change occurs in muscle satellite cells,24 and in bone mar-
row.25 In both stem cell populations, the acquisition of an
adipogenic fate is due in part to activation of PPAR-g.26

PPAR-g is a driving force for adipogenic differentiation, but
it also appears to have an antiosteoblastic function.27 Un-
derstanding the mechanisms that influence this balance be-
tween osteo- and adipogenesis is crucial to the future
therapeutic use of ASCs for tissue regeneration.

While aging leads to an inevitable increase in fat at the
expense of bone, our data suggest that this process can be
influenced. The bipartite destiny of adult ASCs can be shifted
away from an adipogenic and toward an osteogenic fate by
exposure to the morphogen Shh. mASCs respond to Shh-N
by upregulation of the master osteogenic transcription factor
Runx2 and, in turn, produce more ALP and exhibit sig-
nificantly greater matrix mineralization (Fig. 3). The pro-
osteogenic effect of Shh-N cannot be explained by an increase
or expansion in the osteoprogenitor cell population (not seen
by proliferation assays, data not shown), as has been postu-
lated for other cytokines.28 Rather, our data indicate that Shh-
N accelerates the differentiation of osteoprogenitor mASCs.

Previous studies have examined the influence of age on
the osteogenic capacity of ASCs, showing convincingly that
age significantly attenuates human ASC (hASC) osteogenic
differentiation,29,30 although this does not seem to be the case
in mouse-derived cells.31,32 This dwindling osteogenic po-
tential in hASCs with age has not been mechanistically
defined, but does not appear to be due to a loss of osteo-
progenitor cell numbers (as demonstrated by clonal analy-
ses).30 It is intriguing to speculate whether a decrease in
endogenous Hedgehog signaling accompanies the decreas-
ing osteogenic potential of hASCs with age. If true, the
supplementation of Shh-N to ASCs in vitro may be of benefit
in those cells derived from aged individuals.

Inhibition in Hedgehog signaling did not lead to cell
death; instead, ASCs choose an adipogenic fate when ex-
posed to the antagonist cyclopamine (Fig. 2). This is contrary
to other reports showing that cyclopamine had no effect on
preadipocyte cell lines and primary cell cultures.15,33 In our
experiments, cyclopamine treatment led to a 35-fold increase
in PPAR-g expression (Fig. 2), which strongly argues against
any direct cytotoxic effect for the alkaloid. Instead of in-
ducing programmed cell death, cyclopamine significantly
altered ASC differentiation.

Hedgehogs are not the only cytokines that alter ASC fate:
BMPs and retinoic acid also induce osteogenesis in ASCs.5,17

Our data and others suggest that a combination of cytokines
might be most advantageous for directing ASCs toward an
osteoblast lineage.17 There are, however, clear challenges.
First, potent morphogens are likely to have pleiotropic effects.
For example, retinoic acid stimulates osteoclast activity,34

which can be disadvantageous for bone repair. Second, some
morphogens also act as mitogens.28 Consequently, their du-
ration of action and distribution of effect must be controlled.
Third, numerous in vitro differences have been observed
between mouse and human ASCs, including a capacity for
more robust osteogenic differentiation in hASCs, and differ-
ential response to fibroblast growth factor, transforming
growth factor-b, and BMP stimulation.5,35–38 A recent study
has observed that Hedgehog signaling inhibits rather than
promotes the osteogenic differentiation of hASCs.39 Whether
this discrepancy between our findings and others are due to
differences in cell isolation, culture conditions, delivery of
Hedgehog protein, or interspecies difference is not clear, and
requires further investigation. Finally, there is the potential
for interaction among exogenous and endogenous agents.
Skeletal injury triggers activation of the Hedgehog (Fig. 6),
Wnt,21 and BMP pathways. Whether these interactions are
synergistic or antagonistic in the context of ASC-mediated
bone repair remains to be determined.

ASCs are a readily available source of autologous tissue
for repair and regeneration. Our data indicate that it is
possible to combine ASCs and Shh-N in a therapeutic ap-
proach to accelerate bone regeneration. Do these data have a
clinical application? The harvest of a patient’s own adipose
and its culture to expand the fraction of ASCs is currently
achievable. One can imagine combining ASCs and a biomi-
metic scaffold that releases Shh-N to stimulate skeletal re-
generation. Using autologous adult stem cells avoids the
inherent complications associated with the introduction of
nonautogenous stem cells, while reaching the end goal of re-
storing damaged or diseased tissues. Manipulation of Hedge-
hog signaling may prove advantageous toward this goal.
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