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Chondrogenesis subtends the development of most skeletal elements and involves mesenchymal cell condensations differentiating into
growth plate chondrocytes that proliferate, undergo hypertrophy, and are replaced by bone. In the pediatric disorder Hereditary Multiple
Exostoses, however, chondrogenesis occurs also at ectopic sites and causes formation of benign cartilaginous tumors—exostoses—near
the growth plates. No treatment is currently available to prevent or reverse exostosis formation. Here, we asked whether chondrogenesis
could be stopped by targeting the hedgehog pathway, one of its major regulators. Micromass cultures of limb mesenchymal cells were
treated with increasing amounts of the hedgehog inhibitor HhAntag or vehicle. The drug effectively blocked chondrogenesis and did so in a
dose-dependent manner as monitored by: alcian blue-positive cartilage nodule formation; gene expression of cartilage marker genes; and
reporter activity in Gli1-LacZ cell cultures. HhAntag blocked chondrogenesis even when the cultures were co-treated with bone
morphogenetic protein 2 (rhBMP-2), a strong pro-chondrogenic factor. Immunoblots showed that HhAntag action included modulation of
canonical (pSmad1/5/8) and non-canonical (pp38) BMP signaling. In cultures co-treated with HhAntag plus rhBMP-2, there was a surprising
strong up-regulation of pp38 levels. Implantation of rhBMP-2-coated beads near metacarpal elements in cultured forelimb explants induced
formation of ectopic cartilage that however, was counteracted by HhAntag co-treatment. Collectively, our data indicate that HhAntag
inhibits not only hedgehog signaling, but also modulates canonical and non-canonical BMP signaling and blocks basal and rhBMP2-stimulated
chondrogenesis, thus representing a potentially powerful drug-based strategy to counter ectopic cartilage growth or induce its involution.
J. Cell. Physiol. 231: 1033–1044, 2016. � 2015 Wiley Periodicals, Inc.

The formation of most skeletal elements in the developing
embryo initiates with the emergence of mesenchymal and
ectomesenchymal cell condensations at prescribed sites and
times (Mackie et al., 2011). The condensed cells then undergo
cell differentiation into chondrocytes, and the resulting
cartilaginous anlagen constitute the blueprint and framework
of the future skeleton. The newly-formed chondrocytes
reorganize themselves into growth plates that display typical
proliferative, prehypertrophic, and hypertrophic zones of
maturation, and the hypertrophic mineralized chondrocytes
are eventually replaced by endochondral bone, thus eliciting
the emergence of definitive bony skeletal elements (Mackie
et al., 2011). These essential processes have been studied for
years, and much is known about their cellular, biochemical, and
molecular regulation (Kronenberg, 2003). Prominent amongst
such regulatory mechanisms are protein signaling pathways and
in particular the hedgehog and bone morphogenetic protein
(BMP) pathways both of which are pro-chondrogenic, while the
Wnt signaling pathway is anti-chondrogenic (Lefebvre and
Bhattaram, 2010). Under normal circumstances, these various
pathways work in concert to establish and promote, but also
limit and delimit, the overall patterns of chondrogenesis and
skeletal element definition and growth within the limbs, trunk,
and portions of the skull (Lefebvre and Bhattaram, 2010).

There are pathological situations, however, where
chondrogenesis can go awry and can occur at ectopic and
abnormal sites and times within and along the developing and
growing skeleton, thus eliciting a variety of cartilaginous tumor

phenotypes and other defects (Mundlos andOlsen, 1997). One
such pathology is Hereditary Multiple Exostoses (HME), a
congenital autosomal-dominant pediatric disorder that is
characterized by benign cartilaginous tumors—exostoses—
that form along the perichondrial border of growth plates in
long bones, pelvis, vertebrae, and ribs (Bj€ornsson et al., 1998).
Because of their location, number, and size, the exostoses can,
and do, lead to numerous health problems including skeletal
deformities, growth retardation, and chronic pain (Bj€ornsson
et al., 1998). The majority of HME cases are caused by loss-of-
function mutations in the Golgi-associated and heparan sulfate
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(HS)-synthesizing enzymes EXT1 or EXT2, resulting in
systemic HS deficiency (Ahn et al., 1995, Lind et al., 1998). The
HS chains are components of cell surface- and extracellular
matrix-associated proteoglycans. Interestingly, an important
role of these macromolecules is to interact with several
HS-binding growth factors and signaling proteins including
hedgehog proteins and bone morphogenetic proteins (BMPs),
and they can thus regulate protein distribution, bioavailability
and target of action and in turn chondrogenesis, as pointed out
above (Bernfield et al., 1999, Koziel et al., 2004, Lin, 2004, Jiao
et al., 2007).

Given the binding potential of these signaling proteins to HS,
a deficiency in HS such as that occurring in HME could lead to
increased protein bioavailability and range of action, resulting in
wider receptor binding and signaling activation and in turn,
abnormal and ectopic chondrogenesis. This scenario would be
of particular relevance to sites in the growing skeleton where
there are abundant chondroprogenitor cells such as the inner
layer of perichondrium where exostoses are in fact thought to
most likely originate (Porter and Simpson, 1999, Hecht et al.,
2005). Indeed, we found that when Ext1 was conditionally
ablated along long bones in transgenic mice, perichondrial cells
flanking the epiphyseal growth plates exhibited increased BMP
signaling that was followed by ectopic exostosis-like cartilage
formation over time (Huegel et al., 2013). We observed a
similar stimulation of chondrogenesis and BMP signaling in cell
cultures in which HS was inhibited by genetic, enzymatic, or
pharmacological means (Huegel et al., 2013). These data
suggested that BMP signaling is a pathway likely dysregulated in
HME. An additional and possibly equally important pathway is
the hedgehog signaling pathway and in particular, signaling
elicited by Indian hedgehog (Ihh). Bruce et al., examined the
role of hedgehog signaling in the initial stages of condensation
and chondrocyte differentiation in a ligand-independent
constitutively-active hedgehog signaling mouse model, Prx
1-Cre:Ptc1c/c. The in vivo and in vitro findings suggested that
although mesenchymal condensation was not affected,
differentiation to cartilage was impaired. Several studies
support a role for Ihh during endochondral ossification by
regulating chondrocyte proliferation and hypertrophy in the
growth plate (Vortkamp et al., 1996, Stott and Chuong, 1997,
St-Jacques et al., 1999). Futhermore, Ihh promotes
chondrocyte differentiation and cartilage formation in vivo and
in vitro (Murtaugh et al., 1999, Enomoto-Iwamoto et al., 2000).
Collectively, these studies suggest distinct roles of hedgehog
signaling during early chondrogenesis and skeletal
development. Ihh is normally expressed in the prehypertrophic
zone of the growth plate, and its signaling action is most
obvious and strong within the growth plate itself and to a lesser
extent along perichondrium flanking the prehypertrophic zone
(Koyama et al., 1996, Vortkamp et al., 1996). Ihh elicits
biological action by binding to the cell surface receptor Patched
1 (Ptch1) that induces the activity of the signaling receptor
Smoothened (Smo), activation of Gli transcription factors and
modulation of target gene expression. Hedgehog target genes
include Ptch1 itself, hedgehog interacting protein (Hhip) and Bmps
to name a few (Roberts et al., 1995, Gupta et al., 2010).
Interestingly, we showed that redistribution of Ihh from
growth plate into the perichondrium in mutant mice and
concurrent ectopic expression of Ptch1 and Gli1 within the
perichondrium itself was followed by ectopic cartilage
formation, suggesting that aberrant hedgehog signaling may
also cause exostosis formation (Koyama et al., 2007). In good
agreement, a recent report on the characterization of a
metachondromatosis mouse model described formation of
exostosis-like outgrowths protruding from epiphyseal bone
that were positive for Ihh expression (Kim et al., 2014). Taken
together, these studies suggest that ectopic hedgehog signaling
and/or BMP signaling could be culprits for excess and ectopic

cartilage formation and that inhibiting either or both of these
pathways (and preferably the most upstream one) could
decrease chondrogenesis and ultimately reduce or prevent
exostosis formation and/or growth.

HhAntag is a powerful drug that inhibits hedgehog signaling
by blocking the activity of the signaling receptor Smo and has
been shown to do so effectively in a variety of normal and
cancer cell types, including neuronal and tumorigenic cells
(Williams et al., 2003, Romer et al., 2004, Yauch et al., 2008,
Scales and de Sauvage, 2009, Chenna et al., 2012, Kunkalla et al.,
2013). Thus, we asked here whether HhAntag would inhibit
chondrogenesis, whether it could prevent it even during over-
stimulation of chondrogenesis by exogenous BMP treatment,
and whether its action involved modulation or co-modulation
of signaling pathways. The data described here provide strong
support for these predictions.

Materials and Methods
Mouse lines, mating, and genotyping

Gli1-LacZ mice were purchased from Jackson labs (Stock No.
008211; Bar Harbor, ME). Male Gli1-LacZ mice were mated with
female CD-1 mice (Charles River Laboratories). Pregnant mice
were sacrificed at embryonic day 12 (E12) by IACUC approved
methods. Genotyping was carried out with b-galactosidase
staining of tail fragments according to manufacturer’s protocol
(EMD Millipore; Darmstadt, Germany).

Preparation, treatment, and analysis of micromass
cultures

Micromass cultures were prepared from E12CD-1mouse embryo
limb buds (Ahrens et al., 1979). Briefly, limb bud mesenchyme was
dissociated in 0.5% trypsin-EDTA at 37°C. The dissociated cells
were suspended at a concentration of 15� 106 cells/ml in DMEM
containing 3% fetal bovine serum and antibiotics. Micromass
cultures were initiated by spotting 10ml of the cell suspensions
(1.5� 105 cells) onto the surface of 12-well tissue culture plates.
After a 90min incubation at 37°C in a humidified CO2 incubator to
allow for cell attachment, the cultures were given 1.0ml of
medium. After 24 h, medium supplementedwith HhAntag (0.2mM,
1.0mM, or 5.0mM) (provided as a gift from Genentech; San
Francisco, CA), recombinant human BMP-2 (rhBMP-2) (100 ng/ml)
(R&D Systems; Minneapolis MN), or a combination of HhAntag
(1.0mM)/rhBMP-2 (100 ng/ml) was added to the cultures. Fresh
reagents (drug and/or protein) were given with medium change
every third day. Equivalent amounts of vehicle (DMSO) were
added to control cultures. Cultures were stained with Alcian blue
(pH 1.0) after 4 and 6 days to monitor chondrogenic cell
differentiation (Huegel et al., 2013). Images were taken with a
Nikon SMZ-U microscope equipped with a SPOT insight camera
(Diagnostic Instruments, Inc.; Sterling Heights, MI) and acquired
with SPOT 4.0 software. Micromass analysis was performed using
ImageJ. Images were made binary under an RGB threshold and
“Particle Analysis” was utilized to measure Alcian blue positive
area and nodule number (Guti�errez et al., 2012).

Timed matings were used to collect E12 Gli1-LacZ embryonic
limb buds for micromass cultures. Cells were plated using the
above procedure. In addition to Alcian blue staining, cultures were
stained for b-galactosidase after 2, 4, and 9 days to monitor
hedgehog activity. For b-galactosidase staining, cultures were
washed in 1X phosphate buffered saline (PBS) then fixed in tissue
fixative (EMDMillipore, cat no. BG-5-C; Billerica, MA) for 2min at
room temperature. Following fixation, X-gal stock (EMD
Millipore, cat no. BG-3-C) diluted in tissue stain base (EMD
Millipore, cat no. BG-8-C) was added to the cultures and incubated
at 37°C overnight. The following day, cultures were washed in 1X
PBS, air dried, and images were taken with a SPOT insight camera
operated with SPOT 4.0 software.
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Cell viability assay

Cell viability and toxicity were assessed using the LIVE/DEAD
1

Viability/Cytotoxicity kit (Molecular Probes; Eugene, OR)
according to manufacturer’s protocol. Briefly, control and
HhAntag-treated micromass cultures were incubated with 250ml
of the combined assay reagents: Calcein AM (1mM) and Ethidium
homodimer-1 (EthD-1) (1mM) for 35min at room temperature.
Images of fluorescent cells were taken with a Nikon Eclipse
7E2000-4 and acquired using Image Pro Plus 7.0 software.

Gene expression analysis

Total RNA was isolated from control and HhAntag-treated
micromass cultures on day 4 and 6 using TRIzol reagent according
to the manufacturer’s protocol. We determined RNA
quantification by Nanodrop. One microgram total RNA was
reversed transcribed using the Verso cDNAkit (Life Technologies:
Thermo Scientific; Carlsbad, CA). Quantitative real-time PCR was
carried out using SYBR Green PCR Master Mix in an Applied
Biosystems 7500 according to manufacturer’s protocol. Gapdh
was used as the endogenous control and relative expression was
calculated using the DDCt method. Real-time PCR was performed
using GoTaq DNA Polymerase (Promega; Madison, WI) in a
ProFlex PCR system (Applied Biosystems) for 35 cycles. PCR
products were resolved on a 2% agarose gel. Bands were
normalized toGapdh bands and the intensities were determined by
ImageJ. Primer information can be found in Supplemental Table S1.

Protein analysis

Cell lysates from micromass cultures treated with DMSO,
HhAntag (1mM), rhBMP-2 (100 ng/ml) or HhAntag (1mM)/rhBMP-
2 (100 ng/ml) for a period up to four days were lysed in 1X RIPA
with protease and phosphatase inhibitors. Lysates were
centrifuged at 13,200 rpm at 4°C and supernatants were collected.
Protein concentration for each sample was determined by
MicroBCA Protein Assay Kit (Pierce, Rockford, IL) according to
the manufacturer’s protocol. Total cellular proteins (30mg) were
electrophoresed on 4–12% NuPAGE Bis-Tris gel (Life
Technologies) and transferred to PVDF membranes (Life
Technologies). Membranes were blocked in 1% BSA/1X Tris
Buffered Saline/tween 20 (TBST) and incubated overnight at 4°C
with phosphoSmad1/5/8 (pSmad1/5/8) (1:1000; Cell Signaling, cat
no. 13820; Beverly MA) or phosphop38 (pp38) (1:1000; Cell
Signaling, cat no. 4511). Membranes were washed in 1X TBST and
incubated with anti rabbit IgG horseradish peroxidase-linked
(1:2,000; Cell Signaling, cat no. 7074) for 1 h at room temperature.
The antigen-antibody complexes were detected with
SuperSignal1 West Dura Extended Duration Substrate (Pierce)
chemiluminescent detection system. Membranes were re-blotted
with Smad 1 (1:1000; Cell Signaling, cat no. 9743) or p38 (1:1000;
Cell Signaling cat no. 9212) for normalization. For a loading
control, membranes were blotted with Gapdh (1:1000; Santa Cruz
Biotechnology, cat no. 32233; Dallas, TX). Band intensities were
determined by ImageJ.

Explant cultures

Forelimbs were isolated from E12.5 CD-1 mouse embryos and
cultured onNitex

1

Nylon filter membranes (Sefar ca no. 03-20/14;
Buffalo, NY) in a 24 well plate. The explanted forelimbs were
positioned at the air-medium interface using approximately 200ml
of DMEM supplemented with 1% FBS. HhAntag (10mM or
100mM) was added directly to the media, and control cultures
were treated with DMSO. Explants were cultured for 3 days and
then processed for Alcian blue staining. Additional experiments
were performed using E16.5 forelimbs. Heparin-coated beads
(Sigma, cat no. H-5263; St. Louis, MO) either incubated with

rhBMP-2 (1mg/ml) or DMSO were implanted near the groove of
Ranvier of the metacarpals. For administration of HhAntag to the
forelimb explant cultures, HhAntag was mixed with Matrigel
Matrix GFR (VWR cat no. 47743-718; Radnor, PA) for a total
concentration of 10mM and microinjected at the site of either the
DMSO or rhBMP-2 coated bead. Samples were cultured for 6 days
and then processed for Alcian blue staining. Images were taken
with the Nikon SMZ-U and acquired using SPOT software.
Following image acquisition, samples were processed for histology.

Histological staining

Forelimbs from explant cultures were fixed in 4%
paraformaldehyde, dehydrated with increasing concentrations of
ethanol, cleared in xylene and embedded in paraffin wax. Five
micrometer sections were deparaffinized and rehydrated then
stained with hematoxylin and eosin. Bright-field images were taken
with a SPOT insight camera (Diagnostic Instruments, Inc.)
operated with SPOT 4.0 software.

Statistical analysis

Results were analyzed using Prism 6 (GraphPad Software, Inc., La
Jolla, CA). Student’s t-test and One-way ANOVA was used to
establish statistical significance. Threshold for significance for all
tests was set as P� 0.05.

Results
HhAntag reduces cartilage nodule formation in vitro

HhAntag has not been previously tested for ability to prevent
or inhibit chondrogenesis. To this end, we isolated limb bud
mesenchymal cells from E12.0 mouse embryos and seeded
them in high-density micromass cultures, a popular
experimental system in which the cells undergo chondrogenic
cell differentiation and produce cartilage nodules over time
(Ahrens et al., 1979). To determine whether and to what
extent HhAntag inhibited chondrogenesis, cultures were
treated with increasing concentrations of the drug up to
5.0mM. On day 4, cultures were stained with Alcian blue to
detect proteoglycan accumulation and degree of differentiation
in HhAntag-treated versus companion control DMSO-treated
cultures. Control cultures exhibited numerous well-formed
and Alcian blue-positive cartilage nodules (Fig. 1A and B), but
there were fewer and fewer positive nodules with increasing
HhAntag doses (Fig. 1C–H). Thus, nodule number had
decreased substantially in cultures treated with 1.0mM
HhAntag (Fig. 1E and F) and there were virtually no stainable
nodules at the highest concentration of 5.0mM (Fig. 1G and H).
Imaging analysis and quantifications showed that Alcian blue
staining was significantly reduced in 1.0mM and 5.0mM
HhAntag-treated versus control cultures (Fig. 1K), and nodule
number was significantly decreased by more than 50% in all
cultures (Fig. 1L). Counterstaining with hematoxylin showed
that cultures treated with 1.0mM HhAntag was essentially
indistinguishable from control cultures indicating that there
were no major side effects or cell toxicity (Fig. 1I and J). On the
other hand, some of the cultures treated with 5.0mMHhAntag
were uneven andmay have experienced some toxic effects (not
shown). To further confirm that HhAntag was not toxic to the
cells, we performed LIVE/DEAD

1

Viability/Cytotoxicity assays
on control and HhAntag-treated cultures. Indeed, cultures
treatedwith 5.0mMHhAntag displayed an increased number of
positive Ethidium homodimer-D1 labeled cells compared to
control and 1.0mM HhAntag-treated cultures. There was
no statistical difference in control versus 1.0mM HhAntag-
treated cultures (Fig. 1M–P). Based on these initial findings, a
maximal dose of 1.0mM HhAntag was used in all subsequent
experiments.
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Because the micromass cultures continue to develop and
mature over time, we assessed the effects of HhAntag on day 6
of culture. Control cultures exhibited a greater number of
Alcian blue-staining nodules at day 6 (Fig. 2E and I) compared to
day 4 (Fig. 2A), but nodule number was decreased greatly by
HhAntag at both time points (Fig. 2B, F, and J). To determine

whether HhAntag was able to inhibit chondrogenesis even in
the presence of excess pro-chondrogenic factors, we
co-treated the cultures with HhAntag and rhBMP-2 and
compared the responses to cultures treated with either agent.
As expected, rhBMP-2-treated cultures displayed more robust
cartilage nodule formation (Fig.2C, G, and K) compared to

Fig. 1. HhAntag inhibits chondrogenesis dose-dependently. (A, C, E, G) Alcian blue stained day 4 micromass cultures revealing a decrease in
cartilage nodule formation with increasing concentrations of HhAntag. (B, D, F, H) Magnified images of A, C, E, and G respectively. (I, J)
Control (I) and 1mM HhAntag (J) -treated cultures counterstained with Hematoxylin. (K, L) Histograms of image assisted quantification of
Alcian blue positive area and nodule number in control cultures (yellow) versus cultures treated with indicated concentrations of HhAntag
(purple). (M-P) LIVE/DEAD

1

Cell Viability/Toxicity assay on day 6 control and HhAntag-treated cultures. Magnified images of individual
nodules. Calcein AM-labeled cells (green) represent viable cells and Ethidium homodimer-1-labeled cells (red) represent nonviable cells. (O)
5–10 nodules per well were used to calculate the number of ethidium homodimer-1 labeled cells. (n¼ 3; ��P< 0.01; ���P< 0.001;
����P< 0.0001). Graphs depict means�SEM. Scale bar: 1.5mm.
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control cultures (Fig. 2A, E, and I). Interestingly, HhAntag was
still able to counteract the stimulatory effect of rhBMP-2, and
the co-treated cultures had minimal nodule formation (Fig. 2D,
H, and L) comparable to that seen in HhAntag-treated cultures
(Fig. 2B, F, and J). Counterstaining with hematoxylin showed no
obvious change in overall cell population (Fig. 2 M–P). Image
analysis for Alcian blue area and nodule number at day 4 and 6
revealed a significant reduction in both parameters in HhAntag-
treated and HhAntag/rhBMP-2-co-treated cultures compared
to control and rhBMP-2-treated cultures, respectively
(Fig. 2Q and R). The ability of HhAntag to inhibit
chondrogenesis is reminiscent of the effects seen previously
with another hedgehog antagonist -Cyclopamine- that was
tested in rabbit bone marrow cells and limb mesenchymal cells
in vitro (Bruce et al., 2010, Wu et al., 2013).

HhAntag downregulates key chondrogenic genes

To verify and extend the data above, we assessed the expression
of key chondrogenic genes in control and HhAntag-treated
cultures. Total RNAs extracted from day 4 and 6 cultures were
processed for quantitative PCR analysis. We found that Sox9, a
master regulator of chondrogenesis (Lefebvre and de
Crombrugghe 1998), was significantly downregulated by
HhAntag treatment at both time points (Fig. 3A and B).
Differentiated chondrocytes synthesize and accumulate large
amounts of extracellular matrix responsible for the Alcian blue
staining as shown in control micromass cultures above. qPCR
analysis indicated that expression of two abundant matrix
components -aggrecan (Acan) and type II collagen (Col2a1)- was
significantly downregulated byHhAntag-treated cultures. Lastly,

Fig. 2. HhAntag counters the pro-chondrogenic effects of rhBMP-2 in vitro. (A–H) Alcian blue stained day 4 and 6 micromass cultures
treated with DMSO, HhAntag (1mM), rhBMP-2 (100ng/ml), and HhAntag (1mM) plus rhBMP-2 (100ng/ml). Note that HhAntag decreased
cartilage nodule both by itself and in cultures co-treated with rhBMP-2 compared to control. rhBMP-2 by itself boosted nodule formation as
expected. (I–L) Magnified images of day 6 micromass cultures. (M–P) Day 6 control and treated micromass cultures counterstained with
Hematoxylin. (Q, R) Image assisted quantification of Alcian blue positive area and nodule number in control versus treated micromass
cultures (n¼ 6; �P¼ 0.05 ��P< 0.01; ���P< 0.001; ����P< 0.0001; ###P< 0.001; ####P< 0.0001, where # denotes statistical significant difference
between rhBMP-2-and HhAntag/rhBMP-2-treated cultures). Graphs depict means�SEM. Scale bar: 1.5mm.
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we assessed the expression levels of runt related transcription
factor 2 (Runx2), a marker of chondrocyte hypertrophy and
endochondral ossification. Day 4 HhAntag-treated cultures
exhibited a significant decrease in Runx2 expression. This trend
was also seen in day 6 HhAntag-treated cultures, but was not
significant (Fig 3A and B).

Patterns of hedgehog signaling, downstream effectors,
and interference by HhAntag

Exogenous hedgehog proteins are capable of promoting
chondrogenic cell differentiation in vitro (Enomoto-Iwamoto
et al., 2000), but less is known about endogenous hedgehog
signaling during this process. Thus, we set up micromass
cultures prepared from the limb buds of heterozygous E12.0
Gli1-LacZ mouse embryos that carry a b-galactosidase knock-
in reporter into the Gli1 locus and are widely used as a read-
out of hedgehog signaling (Ahn and Joyner, 2004). Some
cultures were left untreated, and companion cultures were
treated with HhAntag and/or rhBMP-2 and processed for

LacZ staining over culture time. In control cultures and those
treated with rhBMP-2, LacZ staining was already appreciable
at day 2 within incipient prechondrogenic nodule-like cell
condensations and exhibited a diffuse and uniform pattern
(Fig. 4A and C) suggesting that endogenous hedgehog
signaling is activated early in chondrogenesis. By day 4 and 9,
LacZ staining had become very strong and was even more so
in rhBMP-2-treated cultures (Fig. 4E, G, I, and K) mirroring
the formation of cartilage nodules and their increase over
time and rhBMP-2 treatment. Interestingly, staining was often
prominent along the periphery of each nodule producing a
donut-like staining pattern (Fig. 4E and G, insets) indicating
that hedgehog proteins diffused away from the nodule
cartilaginous core into surrounding cells as they are known to
do in vivo as well (Vortkamp et al., 1996). At each time point
examined, LacZ staining was dramatically reduced following
HhAntag and regardless of whether the cultures had been
co-treated with rhBMP-2 (Fig. 4B, D, F, H, J, and L), indicating
that HhAntag was indeed acting as a potent inhibitor of
hedgehog signaling in the micromass cultures. Quantification
by image analysis showed that the number of LacZ positive
nodules was significantly reduced in all HhAntag-treated
cultures and at each time point examined (Fig. 4Q).
Hematoxylin counterstaining showed typical distribution of
cells in all cultures, with more cells present in the center and
fewer in the periphery in both untreated and treated cultures
(Fig. 4M–P).

To extend the data and gain more insights into
mechanisms, we evaluated the expression patterns of
downstream signaling molecules of the hedgehog pathway.
HhAntag is known to antagonize hedgehog signaling by
binding to the Smo receptor, thereby preventing further
downstream signaling and activation of target genes such as
the Gli family of transcription factors Gli1, Gli2, and Gli3
(Yauch et al., 2008). The Gli proteins play a cooperative but
also complex role in modulating the expression of target
genes including Ptch1 and Hhip that in turn affect hedgehog
signaling (Chuang and McMahon, 1999). To examine whether
and which genes of the hedgehog pathway may be affected by
HhAntag, we performed hedgehog signaling PCR arrays with
RNAs isolated from day 4 and 6 control versus treated
micromass cultures. This analysis showed a concerted
downregulation of several hedgehog target genes including
Gli1, Hhip, and Ptch1 as well as several Bmp and Wnt ligands
(see Supplemental Table S2 for additional genes examined).
Following PCR array analysis, we performed qPCR to verify
key results. Expression of Gli1, a direct target of hedgehog
signaling that in turn activates other target genes, was barely
detectable in all HhAntag-treated cultures compared to
control cultures at both day 4 and 6 (Fig. 5A and B). Gli2 and
Gli3 are normally expressed in the absence of hedgehog
signaling, but both genes were downregulated as well in the
presence of the inhibitor, suggesting that interference with
Smo signaling affects Gli2 and Gli3 also. Hhip, a membrane-
bound glycoprotein that interacts with the hedgehog proteins
to attenuate their action and whose expression is activated
by hedgehog signaling (Chuang and McMahon, 1999), was
significantly down-regulated in HhAntag-treated cultures.
Ptch1, another target gene in the pathway whose roles is to
sequester hedgehog proteins thereby limiting their action on
target cells and also to transduce hedgehog signaling (Chen
and Struhl, 1996), was also significantly downregulated in
HhAntag-treated cultures (Fig. 5A and B). Additionally, we
examined Pthrp, which cooperates with Ihh to regulate
chondrocyte proliferation and differentiation (Vortkamp
et al., 1996). Pthrp expression also was significantly decreased
in HhAntag-treated cultures at both day 4 and 6 of culture
(Fig. 5A and B) suggesting that the Pthrp-Ihh loop may have
been interrupted (Kronenberg, 2003). In addition to analysis

Fig. 3. Gene expression of chondrogenic markers is decreased in
HhAntag-treated cultures. (A, B) Histograms depicting the relative
expression levels of Sox9, Acan, Col2a1, and Runx2 that were all
decreased in day 4 and day 6 HhAntag-treated cultures compared to
respective control cultures (n¼ 3; �P< 0.05; ��P< 0.01). Graphs
depict means�SEM.
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of downstream signaling molecules, we performed real time
PCR on control and HhAntag-treated micromass cultures to
evaluate mRNA expression of Shh, Ihh, and Dhh. Shh was not
detectable in our micromass cultures (Supplemental Fig. S1).
Interestingly, in the HhAntag-treated cultures Ihh expression
was upregulated by 2.5-fold compared to the control cultures
at day 4. By day 6 Ihh expression decreased in both control
and HhAntag-treated cultures (Fig. 5C and D). Even more
strikingly was Dhh expression in the HhAntag-treated

cultures, which were upregulated by almost fourfold
compared to control cultures and persisted to day 6
(Fig. 5C and E).

HhAntag modulates BMP ligand expression and signaling

Studies have shown that Ihh regulates gene expression of
several BMPs (Pathi et al., 1999, Kawai and Sugiura, 2001).
Therefore we asked whether expression of such genes would

Fig. 4. Hedgehog signaling activity is inhibited by HhAntag. (A–D) b-galactosidase staining of day 2 control and treated micromass cultures.
Both control and rhBMP-2 (100ng/ml)-treated cultures already display b-galactosidase staining through the incipient pre-chondrogenic
nodules, but this early signaling activity is blocked in HhAntag-treated (1mM) and HhAntag (1mM)/rhBMP-2 (100ng/ml)-co-treated cultures.
(E–H) b-galactosidase staining of day 4 control and treated micromass cultures showing that staining was very strong in control and rhBMP-2
treated cultures, but essentially undetectable in HhAntag- and HhAntag/rhBMP-2-treated cultures. Note that the staining in control and
rhBMP-2-treated cultures was particularly strong around the perimeter of the cartilage nodules. (I–L) b-galactosidase staining patterns of
Day 9 control and treated micromass cultures that are similar to those seen at day 4. Control and rhBMP-2 treated cultures revealed b-
galactosidase staining within the nodules as well as along the periphery of the nodules. Insets surrounded by a red box depict pre-chondrogenic
and chondrogenic nodules from each respective culture at higher magnification. (M–P) Hematoxylin staining of control and treated
micromass cultures. (Q) Histograms showing image assisted quantification of LacZ positive nodule number in control versus treated
micromass cultures (n¼ 3; �P< 0.05; ��P< 0.01; ###P< 0.001, where # denotes statistical significant difference between the rhBMP-2-and
HhAntag/rhBMP-2-treated cultures). Graphs depict means�SEM. Scale bar: 1.5mm.
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change during HhAntag treatment of micromass cultures.
qPCR analysis indicated that expression of both Bmp-2 and
Bmp-5 was indeed significantly downregulated in HhAntag-
treated versus control cultures (Fig. 6A). In comparison,
expression of Bmp-4 was minimally affected while Bmp-7
expression was actually up-regulated (Fig. 6A), indicating that
the roles of hedgehog signaling in Bmp expression during
chondrogenesis are complex and that the Bmp7 up-regulation
may be compensatory.

Because addition of rhBMP-2 did not rescue the inhibition of
chondrogenesis elicited by HhAntag as shown above, we asked

whether this was occurring at the level of BMP signaling or at a
different regulatory level. Control cultures and cultures
treated with HhAntag-, rhBMP-2-, and HhAntag plus rhBMP-2
on day 4 were processed for cell lysate preparation and

Fig. 5. Gene expression for hedgehog target genes is decreased in
HhAntag-treated cultures. (A, B) Histograms depicting the relative
expression of Gli1, Gli2, Gli3, Hhip, Ptch1, and Pthrp and showing that
they were all decreased in HhAntag-treated cultures compared to
control cultures at day 4 and 6. (C) Gene expression for Ihh and Dhh
is upregulated in HhAntag-treated cultures at day 4 and 6. Bands
were normalized to Gapdh and quantified in D and E. (n¼ 3;
�P< 0.05; ��P< 0.01; ���P< 0.001; ����P< 0.0001). Graphs depict
means�SEM.

Fig. 6. HhAntag treatment modulates BMP gene expression and
signaling. (A) Histograms showing that gene expression of Bmp-2
and Bmp-5 was significantly downregulated in HhAntag-treated
(1mM) cultures compared to control cultures, but Bmp-4 gene
expression was mildly affected and Bmp-7 expression was
significantly up-regulated by HhAntag. (n¼ 3; ��P< 0.01;
���P< 0.001). (B) Representative immunoblots for pSmad1/5/8 and
Smad 1 protein levels using 30mg total protein from micromass
cultures treated as indicated for 1 h. Note that pSmad1/5/8 levels
remained largely unchanged in control and HhAntag-treated (1mM)
cultures, but were markedly increased in rhBMP-2 (100ng/ml)- and
HhAntag (1mM)/rhBMP-2 (100ng/ml)-treated cultures. Membranes
were reblotted with Smad 1 for sample loading normalization. (C)
Normalized band intensity quantification of blots in (B) with the
control set at 1. (D) Representative immunoblots for pp38 and p38
protein levels using 30mg total protein from micromass cultures
treated as indicated for 1 h. All treatment groups displayed an
increase in pp38 protein levels compared to control, but this
increase was particularly prominent in the HhAntag/rhBMP-2 co-
treated cultures. Membranes were reblotted with p38 for sample
loading normalization. (E) Normalized band intensity quantification
of blots in (D) with the control set at 1. Gapdh served as a loading
control for both blots. (n¼ 3; �P< 0.05; ����P< 0.0001;
####P< 0.0001, where # denotes statistical significant difference
between rhBMP-2-and HhAntag/rhBMP-2-treated groups). Graphs
depict means�SEM.
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immunoblot analysis of canonical and non-canonical BMP
signaling activities. It should be noted that these day 4 cultures
had received the last addition of fresh reagents on day 3.
Immunoblot analysis showed that there were no obvious
changes in the levels of pSmad1/5/8 or pp38 in these cultures
(data not shown). Thus, all the day 4 cultures were given fresh
medium containing freshly added DMSO (control), HhAntag,
rhBMP-2, or HhAntag plus rhBMP-2 to determine how the cells
would respond to acute exposure to each condition. Cultures
were then lysed 1 h later, and the resulting homogenates were
processed for immunoblot as above. Control cultures
responded minimally to the medium change and their levels of
pSmad1/5/8 and pp38 did not change appreciably, while the
pp38 levels had increased moderately in HhAntag cultures
(Fig. 6B–E). Interestingly, the levels of both pSmad1/5/8 and
pp38 increased several folds in rhBMP-2 and HhAntag/rhBMP-
2-treated cultures (Fig. 6B–E), and the increase in pp38 was
particularly prominent in the HhAntag/rhBMP-2-treated
cultures, amounting to nearly 10-fold over control value
(Fig. 6D and E). The data indicate that HhAntag modulated
canonical and noncanonical BMP signaling.

Chondrogenesis is reduced in forelimb explants in the
presence of HhAntag

Tomake sure that HhAntag has similar effects when tested in an
experimental condition closer to an in vivo condition, we tested
its effects in explants. Thus, we isolated the entire forelimb
autopod regions from E12.5 mouse embryos and maintained
them in organ culture in medium containing vehicle (DMSO),
10mM or 100mM HhAntag. By day 3 the control explants
displayed well-formed cartilaginous phalanges (Fig. 7B,
arrowheads) that stained strongly with Alcian blue, were
separated by incipient synovial joints and had progressed much
in development as compared to the barely appreciable digit
anlagen present in freshly-isolated E12.5 explants at time 0
(Fig. 7A). In line with its effects in micromass cultures, HhAntag
effectively hampered the development of the digit structures
such that they were much reduced in 10mM HhAntag-treated
explants (Fig. 7C) and virtually absent in 100mM-treated
explants (Fig. 7D). This is closely reminiscent of the thin, small,
and under-developed cartilaginous skeletal elements previously
described in Ihh mutant mice (St-Jacques et al., 1999).

Fig. 7. HhAntag prevents rhBMP-2-induced ectopic chondrogenesis in forelimb explants. (A) Alcian blue staining of a freshly-isolated E12.5
forelimb without culturing. (B–D) E12.5 forelimbs in explant cultures treated with DMSO (control) (B), HhAntag (10mM) (C) or HhAntag
(100mM) (D) for 72h and then stained with Alcian blue. Note that forelimbs treated with 10mM HhAntag show thinner cartilaginous digits
and incomplete joint cavitation compared to control, and forelimbs treated with 100mM HhAntag exhibit barely visible digits condensations.
(E–G) Alcian blue stained E16 forelimbs that were implanted with beads coated with DMSO (control) (E), rhBMP-2 (1mg/ml) (F), or
HhAntag(10mM)/rhBMP-2 (1mg/ml) (G) near the third metacarpal. Yellow arrowheads depict approximate implantation site. Explants were
cultured for 6 days and then stained with Alcian blue. Note that the metacarpal implanted with rhBMP-2-coated bead displays ectopic
cartilage formation (F, arrowhead) compared to control (E, arrowhead), but co-treatment with HhAntag prevented cartilage growth, both
basal and rhBMP-2 stimulated (G, arrowhead). (H–J) Histological sections prepared from (E, F, and G) and stained with Hematoxylin and
eosin. (H) Control elements exhibit normal chondrocyte morphology, and those implanted rhBMP-2-coated beads (shown in I, arrowhead)
reveal excess and exostosis-like tissue formation completely surrounding the bead. (J) Implantation with rhBMP-2-coated bead plus HhAntag
(arrowhead) treatment reduced overall development and growth of the cartilaginous elements. Scale bar: (A–D) 250mm, (E–G) 500mm, and
(H–J) 150mm.
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To see whether HhAntag would be able to counter ectopic
cartilage formation as well, we first established an organ culture
system to induce excess chondrogenesis. Thus, we implanted
beads pre-coated with rhBMP-2 or DMSO (control) in close
proximity of the presumptive cartilaginousmetacarpal elements
in E16.5 explants. After bead implantation, half of the explants
receiving the rhBMP-2-coated beads were microinjected with
3–5ml HhAntag (10mM) into the same region. After 6 days, the
explants were stained with Alcian blue. Indeed, we observed
very enlarged cartilaginous elements at/near the site of rhBMP-2
bead implantation (Fig.7F, arrowhead), while the remaining
elements were more comparable to those in control cultures
(Fig. 7E, arrowhead). Analysis of hematoxylin-eosin stained
longitudinal sections showed that control metacarpal elements
were composed of typical chondrocytes organized in zones of
growth plate and the border between cartilage and surrounding
perichondrial tissues was uniform and linear as expected
(Fig. 7H). In the rhBMP-2-implanted site, however, there was
clear formationof excess cartilage that protruded away from the
native cartilaginous element and distorted the cartilage-
perichondrial border (Fig. 7I), reminiscent of what is seen at the
early stages of exostosis formation in vivo (Huegel et al., 2013).
When we examined the specimens receiving rhBMP-2 plus
HhAntag, we observed a sharp inhibition of cartilage
development both near and around the site of bead implantation
and thus, full prevention of excess cartilage formation (Fig. 7G,
arrowhead and J).

Discussion

Our results provide evidence that HhAntag is a potent inhibitor
of chondrogenic differentiation of limb bud mesenchymal cells
in micromass culture as indicated by marked reductions in
cartilage nodule formation, Alcian blue staining, and expression
of cartilage gene markers and master regulators. The data
suggest that HhAntag’s action includes its ability tomitigate and
limit the roles of the canonical and non-canonical BMP signaling
pathways both of which are known to normally have pro-
chondrogenic effects (Wan and Cao, 2005). We observe
strong inhibition of chondrogenesis byHhAntag even in explant
cultures, a condition in which the progenitor cells retain their
native tissue organization and structure and which
approximates more closely the in vivo condition. It appears
then that the hedgehog and BMP signaling pathways may act in
parallel or may converge on downstream target(s) during
chondrogenesis and could be targeted to limit excess cartilage
formation in pathologies such as HME.

The data suggest two means by which HhAntag could inhibit
chondrogenesis. The first would be a direct down-regulation of
Sox9 expression via suppression of Gli1 expression as our data
indicate. Sox9 is an essential transcription factor for
chondrogenesis and directly activates other chondrogenic
genes, such as Col2a1 (Lefebvre and de Crombrugghe, 1998).
Interestingly, there is a direct physical interaction between Gli1
and Sox9, and Gli1 directly binds to the Sox9 promoter thereby
regulating Sox9 gene activity (Bien-Willner et al., 2007). In line
with our findings, a previous study described the absence in
tracheal cartilage formation in Shh mutants due to lack of Sox9
and Gli1 gene expression (Park et al., 2010). Thus, the inhibition
of hedgehog signaling and Smo activity by HhAntag could cause
down-regulation of Sox9 expression through Gli1 expression,
leading to reduced chondrogenesis. Additional experiments
are needed to fully establish a direct relationship between Sox9
and Gli1.

In addition to a direct effect, our data support an indirect
route involving a regulatory role of hedgehog signaling in BMP
signaling and in turn chondrogenesis. Studies have shown that
there is a positive feedback loop between Ihh signaling and BMP
expression/action during chondrogenesis. For instance, mis-

expression of Ihh in the developing limb leads to an up-
regulation of BMPs in adjacent perichondrium and proliferating
chondrocytes (Pathi et al., 1999, Minina et al., 2001).
Additionally, Gli proteins induce BMP expression by up-
regulating the promoter activity of BMP genes (Kawai and
Sugiura, 2001), and BMP signaling stimulates Ihh expression by
influencing Ihh promoter activity (Seki and Hata, 2004).
Currently there is some controversial and conflicting data as to
whether Ihh or BMPs lie downstream of each other’s function
during chondrocyte proliferation and hypertrophic
differentiation and whether hedgehog signaling alters BMP
signaling during early stages of chondrogenesis (Zou et al.,
1997, Minina et al., 2001). Our data indicate that HhAntag
reduces chondrogenesis and cartilage formation even in the
presence of rhBMP-2 (which by itself greatly stimulates both)
and that the inhibitory action of HhAntag involves modulation
of canonical and non-canonical BMP signaling effects. Indeed,
when the micromass cultures were acutely exposed to fresh
HhAntag plus rhBMP-2, they mounted a very strong—and
likely compensatory—up-regulation of pSmad1/5/8 and pp38
levels but to no avail since chondrogenesis remained
suppressed. It is important to note that we did observe an
upregulation in Ihh and Dhh mRNA expression in HhAntag-
treated cultures, which mirrors the increase in pp38. Since the
canonical BMP signaling pathway is being suppressed in the
HhAntag-treated cultures, it is possible that the cells attempt
to compensate by producing more Hh proteins and activating
the noncanonical pathway. Together, the data indicate that
HhAntag action, and by extension hedgehog signaling, lies
parallel of BMP signaling or converge on a downstream
target(s). The data lead us to conclude that HhAntag inhibits
chondrogenesis by a dual action involving: 1) a direct down-
regulation of Gli1 expression and subsequent reduction of Sox9
expression and 2) an indirect mode by decreasing Bmp
expression and eliciting ineffectual action by canonical and non-
canonical BMP signaling.

Studies have shown that excess hedgehog signaling in
mesenchymal cells and tissues can lead to ectopic and excess
cartilage and bone formation in vivo (Koyama et al., 2007,
Regard et al., 2013, Kim et al., 2014). In the case of HME, cells
including growth plate chondrocytes and perichondrial cells
are deficient in HS, and previous studies have shown that a
deficiency in HS in the growth plate allows for broader diffusion
and distribution of Ihh produced by prehypertrophic
chondrocytes (Koziel et al., 2004) that could diffuse into
perichondrium, activate signaling in chondroprogenitor cells
and result in exostosis formation (Koyama et al., 2007). The
organization of an exostosis resembles a miniature epiphyseal
growth plate that protrudes away from the lateral surface of
skeletal elements such as a long bone and displays a thick
perichondrium surrounding the cartilage cap (Hameetman and
Bov�ee, 2003). We have previously shown using conditional
Ext1 mouse mutants that BMP signaling is ectopically elevated
along the perichondrium of targeted mutant long bones and is
followed by exostosis-like tissue formation violating the
chondro-perichondrial boundary (Huegel et al., 2013). This is in
linewith our findings here that implantation of rhBMP-2-coated
beads along metacarpal elements induces excess cartilage
formation and emergence of an exostosis-like structure
covered by a thick apical perichondrium. Together, the data do
suggest that by directly and indirectly hampering the hedgehog
and BMP signaling pathways, HhAntag could have
encompassing and effective action and inhibit the initiation of
chondrogenic differentiation and cartilage and exostosis
formation.

No new exostoses form once the growth plates close at the
end of puberty (Goud et al., 2012), but pre-existing exostoses
may continue to grow and elicit further pathological
consequences. In addition, the exostoses –which are initially
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benign in nature- can actually undergo malignant
transformation and progress to malignant chondrosarcomas,
thus becoming life threatening. Thus, there is an urgent need to
stop exostosis formation, their further growth, and/or their
malignant transformation. As previously mentioned, exostoses
resemble growth plates structurally and functionally, and the
exostosis chondrocytes express typical markers of growth
plate zones (Huegel et al., 2013). Thus, HhAntag could
potentially interfere with another essential regulatory
mechanism operating in growth plates and specifically the Ihh/
Pthrp feedback loop as indicated above (Kronenberg, 2003).
This loop regulates the overall rates of chondrocyte
proliferation and hypertrophy in growth plate but when altered
by gene ablation of Pthrp or Pthrp-R, causes premature
hypertrophy, proliferation stoppage and growth plate closure
(Karaplis et al., 1994, Lanske et al., 1996). Our qPCR data show
that HhAntag treatment caused a significant reduction in Pthrp
gene expression. It is possible then that HhAntag could
represent a tool by which exostosis chondrocytes could be
induced to undergo precocious hypertrophy and cell cycle
quiescence, thus reducing further exostosis outgrowth,
provoking exostosis involution, and reducing the chance of
malignant transformation. Though plausible, this possibility has
to be considered cautiously in view of the fact that HhAntag
administered to young postnatal mice was found to cause
premature closure of the growth plates and lead to growth
retardation (Kimura et al., 2008). Thus, administering it to
young adolescents can have significant and unwanted side
effects on skeletal growth, but such effects should be much
milder once skeletal maturity has been reached. Indeed,
blockage of hedgehog signaling by genetic means or
pharmacological inhibitors was used to treat experimental
osteoarthritis in adult mice and no major side effects on
skeletal growth were described (Lin et al., 2009). Taken
together, our findings and those studies support the possibility
that HhAntag or similar hedgehog antagonists could be used to
reduce further growth of pre-existing exostoses where they
would interfere with the Ihh-Pthrp loop, provoke proliferation
arrest, and precocious hypertrophy and reduce the chance of
malignant transformation, all actions that could benefit from
HhAntag’s ability to suppress BMP and hedgehog signaling as
well.
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