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In the developing growth plate, periarticular chondrocytes proliferate, differentiate into columnar chondrocytes, and then
further differentiate into postmitotic hypertrophic chondrocytes. Parathyroid hormone–related (PTH-related) protein
(PTHrP), regulated by Indian hedgehog (Ihh), prevents premature hypertrophic differentiation, thereby maintaining the
length of columns. Ihh regulates cartilage development through PTHrP-independent pathways as well. Here we show that
Ihh stimulates differentiation of periarticular to columnar chondrocytes (periarticular chondrocyte differentiation) and
thereby regulates the length of columns independently of PTHrP. Mosaic ablation of the PTH/PTHrP receptor in the
growth plate caused upregulation of Ihh action, PTHrP upregulation, acceleration of periarticular chondrocyte
differentiation, and elongation of the columnar region. Decreasing Ihh action in these mice reduced elongation of columns,
whereas decreasing PTHrP showed only a modest effect on column length. Overexpression of Ihh caused PTHrP
upregulation, elongation of columns, and acceleration of periarticular chondrocyte differentiation. PTHrP heterozygosity in
this model had a minimal effect on the elongation of columns. Moreover, the elongation of columns and stimulation of
periarticular chondrocyte differentiation in these models were still observed when PTHrP signaling was maintained so that
it remained constant. These results demonstrate that Ihh acts on periarticular chondrocytes to stimulate their
differentiation, thereby regulating the columnar cell mass independently of PTHrP.
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In	 the	 developing	 growth	 plate,	 periarticular	 chondrocytes	 proliferate,	 differentiate	 into	 columnar	
chondrocytes,	and	then	further	differentiate	into	postmitotic	hypertrophic	chondrocytes.	Parathyroid	hor-
mone–related	(PTH-related)	protein	(PTHrP),	regulated	by	Indian	hedgehog	(Ihh),	prevents	premature	
hypertrophic	differentiation,	thereby	maintaining	the	length	of	columns.	Ihh	regulates	cartilage	develop-
ment	through	PTHrP-independent	pathways	as	well.	Here	we	show	that	Ihh	stimulates	differentiation	of	
periarticular	to	columnar	chondrocytes	(periarticular	chondrocyte	differentiation)	and	thereby	regulates	
the	length	of	columns	independently	of	PTHrP.	Mosaic	ablation	of	the	PTH/PTHrP	receptor	in	the	growth	
plate	caused	upregulation	of	Ihh	action,	PTHrP	upregulation,	acceleration	of	periarticular	chondrocyte	dif-
ferentiation,	and	elongation	of	the	columnar	region.	Decreasing	Ihh	action	in	these	mice	reduced	elongation	
of	columns,	whereas	decreasing	PTHrP	showed	only	a	modest	effect	on	column	length.	Overexpression	of	Ihh	
caused	PTHrP	upregulation,	elongation	of	columns,	and	acceleration	of	periarticular	chondrocyte	differen-
tiation.	PTHrP	heterozygosity	in	this	model	had	a	minimal	effect	on	the	elongation	of	columns.	Moreover,	
the	elongation	of	columns	and	stimulation	of	periarticular	chondrocyte	differentiation	in	these	models	were	
still	observed	when	PTHrP	signaling	was	maintained	so	that	it	remained	constant.	These	results	demonstrate	
that	Ihh	acts	on	periarticular	chondrocytes	to	stimulate	their	differentiation,	thereby	regulating	the	colum-
nar	cell	mass	independently	of	PTHrP.

Introduction
In the late embryonic mouse growth plate, 3 morphologically dis-
tinct groups of chondrocytes form an orderly structure: round 
periarticular chondrocytes, flat column-forming chondrocytes, 
and hypertrophic chondrocytes. Periarticular chondrocytes prolif-
erate and differentiate into flat, columnar chondrocytes that vig-
orously proliferate while forming columns. Eventually columnar 
chondrocytes stop proliferating and differentiate into hypertrophic 
chondrocytes. Coordination of these differentiation processes to 
regulate chondrocyte mass and cartilage structure is critical for 
normal development and growth of bone. Parathyroid hormone–
related (PTH-related) protein (PTHrP) and Indian hedgehog (Ihh) 
are important regulators of cartilage development. PTHrP is pro-
duced by periarticular chondrocytes and perichondrial cells on the 
articular surface. Both PTHrP-null (PTHrP–/–/Pthlh, Mouse Genome 
Informatics [MGI]; http://www.informatics.jax.org/) and PTH/
PTHrP receptor–null (PPR-null) (PPR–/–/Pthr, MGI) mice exhibit 

premature hypertrophic differentiation of chondrocytes, causing a 
variable reduction in the number of periarticular chondrocytes and 
a severe reduction in the number of columnar chondrocytes (1, 2). 
PTHrP overexpression or expression of a constitutively active PPR 
in the growth plate suppresses the initial hypertrophic differentia-
tion (3, 4). Based on these findings, PTHrP has been thought to 
regulate the length of the columnar region by suppressing terminal 
differentiation into postmitotic hypertrophic chondrocytes.

Ihh, predominantly produced by prehypertrophic and hypertro-
phic chondrocytes, binds to membrane protein patched 1 (Ptc), 
which suppresses the activity of smoothened (Smo) in the absence 
of hedgehog ligands. Upon hedgehog binding to Ptc, Smo is acti-
vated. Smo activation leads to transcriptional regulation of hedge-
hog target genes, including Ptc (5, 6). Therefore, Ptc expression prin-
cipally correlates with hedgehog action in vivo. The upregulation 
of Ptc as well as hedgehog-interacting protein-1 (Hip-1/ 
Hhip, MGI), after activation of hedgehog signaling, limits hedge-
hog ligand diffusion. In cartilage, PTHrP expression is dependent 
upon and stimulated by Ihh (7, 8). Ihh-null mice and mice with 
conditional ablation of Smo show reduced chondrocyte prolif-
eration and loss of PTHrP expression in cartilage (8, 9). Moreover, 
analysis of Ihh-null mice expressing a constitutively active mutant 
of PPR (caPPR) showed that the proliferation defect in Ihh-null 
mice was independent of PTHrP signaling (8–10).

PPR signaling and Ihh signaling form a negative feedback loop 
that controls fetal growth plate development (11); PPR signaling 
is required to maintain the columnar region that separates the 
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domain predominantly expressing Ihh (the prehypertrophic region) 
from that expressing PTHrP (the periarticular region), thereby 
delaying the differentiation of cells that synthesize Ihh. Ihh then 
stimulates production of PTHrP in the periarticular domain and 
also stimulates chondrocyte proliferation (8, 9). Analysis of chime-
ric mice comprising wild-type cells and PPR-null cells demonstrated 
that the production of Ihh close to the periarticular region by cells 

missing the PPR leads to an increase in PTHrP production and to 
an elongation of columns of wild-type chondrocytes (12, 13).

Correlation between PTHrP upregulation and elongation of the 
growth plate was also seen in multiple mouse models with abnor-
malities in PPR signaling in which Ihh action in the periarticular 
region was upregulated (14). In these mice, we also found that peri-
articular chondrocyte differentiation was accelerated.

Figure 1
Effect of Ihh reduction in mice with conditional mosaic ablation of the PPR. (A) The growth plate expansion in conditional PPR-mosaic mice (Ost-
Cre:PPRfl/–) was partially reduced by Ihh heterozygosity. Ectopic hypertrophic differentiation due to loss of the functional PPR is shown by ectopic 
expression of the ColX mRNA (ColX; Col10a; MGI) and Ihh. Ihh heterozygosity reduced the Ihh expression level in both ectopic (arrowhead) and 
eutopic (double arrowhead) hypertrophic chondrocytes. The length of the growth plate (distance between the articular end and the interface between 
cartilage and bone marrow) was significantly different between Ost-Cre:PPRfl/–:Ihh+/+ and Ost-Cre:PPRfl/–:Ihh+/– mice (100% ± 0.78% Ihh+/+ versus 
93% ± 1.38% Ihh+/– ; littermates were compared, n = 3 each group; P < 0.05). There was also modest shortening of the growth plate in PPR+/+:
Ihh+/– compared with PPR+/+:Ihh+/+ mice. Vertical lines represent the periarticular and columnar regions. ALN, Alcian blue staining. (B) Conditional 
double mosaic ablation of the PPR and Ihh genes. The PPR floxed gene and Ihh-floxed gene were combined with the Ost-Cre transgene. In both 
PPR single mosaic (Ost-Cre:PPRfl/–:Ihhfl/+) and PPR/Ihh–double-mosaic (Ost-Cre:PPRfl/-:Ihhfl/–) growth plates, ectopic hypertrophic differentiation 
indicated by ColX mRNA (ColX) expression occurred whereas the level of ectopic Ihh mRNA (arrowheads) was reduced compared with that of the 
eutopic Ihh mRNA expression (double arrowheads). This reduction in Ihh mRNA expression accompanied reduction of growth plate expansion.
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Based on the association between Ihh action in periarticular 
chondrocytes and acceleration in differentiation of periarticular into 
columnar chondrocytes, we hypothesized that Ihh stimulates peri-
articular chondrocyte differentiation (periarticular to columnar) to 
increase the number of columnar chondrocytes and the length of the 
columnar region, while PTHrP is required for prevention of prema-
ture hypertrophic differentiation. In this report, we provide evidence 
that Ihh stimulates periarticular chondrocyte differentiation to regu-
late the length of the columnar region and that lengthening of the 
columnar region occurs even in the absence of PTHrP upregulation.

Results
Upregulation of Ihh action contributes to growth-plate phenotypes of mice	
with mosaic ablation of PPR signaling. We examined the effect of 
upregulation of Ihh action on growth-plate length in mice with 
PPR-mosaic ablation. In PPR-mosaic mice in which the floxed PPR 
genes are disrupted in some proliferating chondrocytes (Cre driven 
by an osteocalcin promoter:PPRfl/– mice [Ost-Cre:PPRfl/– mice]) (14),	
chondrocytes missing PPR signaling prematurely differentiate into 

hypertrophic chondrocytes in the columnar region, as shown by 
type X collagen (ColX) and Ihh expression (Figure 1A). This ectopic 
expression of Ihh causes upregulation of Ihh action in the periar-
ticular region, as shown by the increase in Ptc and PTHrP expression 
(Figure 1A and data not shown). The extent of growth plate elonga-
tion of these PPR-mosaic mice (shown by Alcian blue staining) was 
reduced in an Ihh+/– background (100% ± 0.78% Ihh+/+ vs. 93% ± 1.38%  
Ihh+/–; n = 3 in each group; P < 0.05) (Figure 1A). We previously 
found that upregulation of Ihh action in the periarticular region 
was associated with accelerated differentiation of periarticular 
chondrocytes into columnar chondrocytes. This finding was based 
on an increase in the BrdU-labeling ratio despite smaller than nor-
mal sizes of periarticular regions in mice with PPR-mosaic ablation 
and in PPR-hypomorphic mice (14). We hypothesized, therefore, 
that BrdU-labeling ratios in periarticular chondrocytes might be 
lower in Ihh+/– than in Ihh+/+ backgrounds. We were, however, unable 
to show statistical differences either in BrdU-labeling ratio or in the 
size of the periarticular region in Ihh+/+ compared with Ihh+/– back-
grounds, even when littermates were compared (data not shown). 

Figure 2
Ihh overexpression in the growth plate causes growth plate expansion and acceleration of periarticular chondrocyte differentiation. (A) Alcian blue 
staining showed that Ihh overexpression in the growth plate by the Col2-GAL4:UAS-cIhh bigenic system (Ihh-Bg) caused longitudinal elongation of 
the growth plate of the E17.5 distal tibia. Col2-GAL4 single-transgenic mice were used as the control (Ctrl). (B) The distal growth plate of the tibia 
was analyzed due to the knee joint fusion of Ihh-Bg. (C) Ptc and PTHrP upregulation in the periarticular region of the Ihh-Bg growth plate (arrow-
heads). (D and E) Cell number was reduced despite increased proliferation in the periarticular region of Ihh-Bg mice. Three mice in each group 
were analyzed. Sections representing the mid–cross-plane of the tibia were selected for BrdU staining (D) and cell number counting (D and E).  
Cell number in each region was counted on BrdU/H&E-stained sections and expressed as BrdU-positive cells/total cells in the periarticular (P) or 
columnar (C) regions of each section. Red and magenta dotted lines indicate the periarticular and columnar regions, respectively. (E) Despite an 
approximately 50% increase in BrdU-labeling ratio in the periarticular region of Ihh-Bg mice, the cell number was smaller than that in control mice 
by approximately 30%. In contrast, the cell number in the columnar (D) region of Ihh-Bg mice was approximately 30% greater, whereas the BrdU 
labeling ratio was similar to that of control mice. n = 3 in each group; *P < 0.05.
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In the columnar region as well, we did not find differences in BrdU-
labeling ratio between Ihh+/+ and Ihh+/– mice (data not shown). It 
appears that the effects of Ihh heterozygosity on chondrocyte pro-
liferation are too small to measure accurately at any one moment 
in time, given current methods, but that these small changes might, 
over time, lead to substantial morphologic changes.

We further ablated Ihh simultaneously with PPR in a mosaic fash-
ion using a floxed Ihh conditional allele (Figure 1B). The elongation 
of the columnar region in PPR–single-mosaic mice (Ost-Cre:PPRfl/–:
Ihhfl/+) was no longer observed in the double mosaic mice (Ost-Cre:
PPRfl/–:Ihhfl/–), demonstrating that Ihh was responsible for the elon-
gation of the columnar region. Because we were unable to obtain 
multiple double mosaic mice in single litters, statistical analysis of 
the BrdU-labeling index in the periarticular region was not possible. 
Although the identity of the mechanism whereby upregulated Ihh 
action in PPR-mosaic mice causes growth plate elongation is not 
clear from this experiment, these results demonstrate the causative 
role of ectopic Ihh in growth plate elongation in the mosaic mice.

Ihh overexpression causes acceleration of periarticular chondrocyte differen-
tiation. In order to investigate further the effect of Ihh overexpression 
in chondrocytes, chick-Ihh (cIhh) was overexpressed in the growth 

plate using the GAL4/UAS	binary system. In this system, a 
type II collagen (Col2)	promoter indirectly drives expression of 
cIhh (9, 15). These mice exhibit diverse developmental defects, 
including acranium, facial malformations, and fusion of knee 
joints (Figure 2B). Because of the distortion and fusion of 
growth plates of the proximal tibia and distal femur, we exam-
ined instead the distal tibia, in which normal morphology was 
relatively well preserved. At E17.5, Ihh bigenic (Ihh-Bg) mice 
showed longitudinal expansion of the growth plate while the 
width of the bone was diminished (Figure 2A). Upregulation 
of Ptc and PTHrP expression in the periarticular region 
indicated an increase in hedgehog signaling (Figure 2C).  
The BrdU-labeling assay revealed that the proliferation of peri-
articular chondrocytes (Figure 2E) was significantly increased 
in Ihh-Bg mice despite a decrease in the number of periarticu-
lar chondrocytes (Figure 2, D and E). The increase in BrdU-
labeling ratio and decrease in cell number in the periarticular 
regions were observed in multiple stages of late fetal develop-
ment (E16.5, E17.5, and E18.5; data not shown). In contrast, 
the proliferation rate in the columnar region (Figure 2E) did 
not differ statistically between the genotypes, whereas the 
number of columnar chondrocytes was significantly greater 
in Ihh-Bg mice than in control mice (Figure 2E).

These observations strongly suggest that periarticular 
chondrocyte differentiation (periarticular to columnar) is 
accelerated in Ihh-Bg mice and that this acceleration may 
contribute to the elongation of the growth plate.

Effect of heterozygosity of PTHrP on the length of the growth plate 
with upregulated Ihh action. In Ost-Cre:PPRfl/– and Ihh-Bg mice, 
longitudinal expansion of the growth plate is primarily 
caused by an increase in the length of the columnar region. In 
these mouse models, since the rate of columnar cell prolifer-
ation was similar to that in control mice (Figure 2, D and E),  
the expansion of the growth plate could be due to an increase 
of periarticular to columnar differentiation, a decrease of 
columnar to hypertrophic differentiation, or both. In the 
mouse models with upregulation of Ihh action in the peri-
articular region, this increase of Ihh led to an increase in 
PTHrP expression. Since PTHrP inhibits premature hyper-

trophic differentiation in the late fetal growth plate, it is possible 
that the upregulation of PTHrP in the present mouse models sup-
presses hypertrophic differentiation and thereby contributes to 
the lengthening of the columnar region.

To clarify the role of PTHrP upregulation in the growth plate 
expansion in these mouse models, we compared degrees of 
growth plate expansion in PTHrP+/+and PTHrP+/– backgrounds in 
Ost-Cre:PPRfl/– and Ihh-Bg mice. In the genetic background used 
in these experiments, PTHrP heterozygosity alone caused mod-
est shortening of the growth plate, approximately 8% (Figure 3, 
A and B). PTHrP heterozygosity caused only modest growth plate 
shortening of Ost-Cre:PPRfl/– and Ihh-Bg mice in which the basal 
PTHrP expression was upregulated (Figure 3, A and B). Reduction 
of PTHrP expression in PTHrP+/– mice was confirmed (Figure 3B  
and data not shown). The extent of reduction of the growth plate 
length in the PTHrP+/– background was approximately 8% in each 
of these models. The observation that there was only modest 
growth plate shortening even in Ost-Cre:PPRfl/– and Ihh-Bg mice, 
which had high basal PTHrP expression, suggests that growth 
plate elongation caused by Ihh overactivity may not be mediated 
by PTHrP upregulation alone.

Figure 3
Effect of PTHrP heterozygosity on the length of the growth plate. Alcian 
blue–stained growth plates of E17.5 proximal tibiae from wild-type and E16.5 
proximal tibiae from Ost-Cre:PPRfl/– mice (A) and E16.5 distal tibiae from con-
trol (Col2-GAL4) and Col2-GAL4:UAS-cIhh (Ihh-Bg) mice (B) in PPR+/+ and 
PPR+/– backgrounds are shown. In situ hybridization confirmed a reduction 
in PTHrP expression in Ihh-Bg:PTHrP+/– mice. Littermates were compared. 
Growth plates of PPR+/– mice were shorter than those of controls by approxi-
mately 8% regardless of other genetic modifications.
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Ectopic hypertrophic chondrocytes cause columnar cell differentiation 
independently of PTHrP upregulation. These observations prompted 
us to investigate the independent contributions of Ihh and PTHrP 
in regulating the columnar cell mass. Because of the mutual reg-
ulation of PTHrP and Ihh actions in the growth plate, the feed-
back loop between these 2 ligands had to be disrupted in order 
to demonstrate each molecule’s distinct effect. We therefore tried 
to manipulate the PPR and Ihh genes while we maintained PTHrP 
signaling constant in cells in which the PPR was intact.

We used the mouse model with mosaic PPR ablation in the growth 
plate to learn what effects ectopic hypertrophic chondrocytes had 
on periarticular chondrocyte differentiation under conditions 
of fixed PTHrP expression. To achieve this, PTHrP–/– pups were 
rescued by expression of an exogenous PTHrP gene controlled by 
a Col2 promoter (3). Mosaic PPR ablation was then induced by 
Cre/loxP recombination on this background. The rescued growth 
plates of PTHrP–/–:PTHrP-Tg mice (mice with exogenously provided 
PTHrP/exo-PTHrP)	were similar to those of PTHrP-Tg mice with 
wild-type PTHrP genes (Figure 4B and data not shown): the tibia 
was short, and bone and bone marrow formation were suppressed. 
This rescued growth plate lacked hypertrophic chondrocytes and 
columnar cells. When mosaic Cre/loxP recombination was induced 
on the floxed PPR gene (exo-PTHrP:mosaic), ectopically differenti-
ated hypertrophic chondrocytes appeared (Figure 4C). These ecto-
pic hypertrophic chondrocytes were accompanied by an increase in 
the length of the tibia, by bone and marrow formation (Figure 4,  
D and E), and by column formation (Figure 4, F and G). The ectopic  

hypertrophic chondrocytes expressed Ihh (Figure 4, H and I). Inter-
estingly, mosaic PPR ablation stimulated eutopic hypertrophic dif-
ferentiation as well (Figure 4C). This was confirmed by eutopic Ihh 
mRNA (Figure 4I) and ColX mRNA expression (data not shown). 
This result indicates that ectopic hypertrophic chondrocytes that 
express Ihh induce columnar chondrocyte differentiation indepen-
dently of upregulation of PTHrP and stimulate subsequent differ-
entiation of chondrocyte with intact PPRs toward hypertrophy.

Hedgehog directly stimulates differentiation of periarticular chondrocytes 
into columnar chondrocytes. In order to further determine whether 
Ihh directly acts on periarticular chondrocytes to stimulate 
differentiation into columnar chondrocytes, we used primary 
chondrocytes from E18.5 PTHrP-Tg tibiae that comprised almost 
exclusively cells with characteristics of periarticular chondrocytes 
(See Figure 4B). We used bagpipe homeobox gene 1 homolog 
(Bapx1) expression as a marker of a gene preferentially expressed 
in columnar chondrocytes. Bapx1 is predominantly expressed 
in the columnar region of wild-type mice (Figure 5A) whereas 
PTHrP-Tg tibiae lack columnar chondrocytes that express Bapx1 
(Figure 5B). Primary chondrocytes from PTHrP-Tg embryos were 
treated with recombinant sonic hedgehog (Shh) to stimulate 
hedgehog signaling in these cells in vitro. Treatment with Shh 
significantly increased Bapx1 expression (Figure 5C), suggest-
ing a direct stimulatory effect of hedgehog signaling on differ-
entiation of periarticular chondrocytes. A similar result was also 
obtained in an in vivo model in which Ihh was overexpressed 
in the growth plate overexpressing PTHrP. Compared with the 

Figure 4
Ectopic hypertrophic chondrocytes induced column formation in the growth plate with exogenously controlled PTHrP. (A–C) H&E-stained growth 
plates from postnatal day 0.5 (P0.5) pups with the indicated genotypes. (B and C) The endogenous PTHrP was replaced by exogenous PTHrP 
expressed from a transgene driven by a Col2 promoter (exo-PTHrP). (C) The PPR was ablated in a mosaic fashion in this backgound (exo-
PTHrP:mosaic). (D and E) Low-power views of B and C. The exo-PTHrP:mosaic tibia showed a more mature appearance than the exo-PTHrP 
tibia with elongation of the bone (vertical lines), presence of hematopoietic marrow, and mineralized bone formation (arrowhead). F and G are 
magnified views of boxed areas shown in B and C, respectively. Column formation was induced by the mosaic PPR ablation. (H and I) In situ 
hybridization for Ihh in exo-PTHrP (H) and exo-PTHrP:mosaic (I) growth plates. Mosaic PPR ablation induced Ihh expression in ectopic hyper-
trophic (arrowhead) and eutopic hypertrophic chondrocytes (double arrowhead).
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PTHrP-Tg littermate, which had few Bapx1-expressing cells, the 
Ihh-Bg:PTHrP-Tg compound mouse showed the appearance of cells 
expressing Bapx1 (Figure 5B).

Ihh increases the length of the columnar region independently of PTHrP. 
To directly assess the role of Ihh in regulating the length of the 
columnar region separately from PTHrP action, we overexpressed 
Ihh in the growth plate in which PTHrP signaling was maintained 
so that it remained constant. To achieve Ihh-independent PTHrP 
signaling in chondrocytes, caPPR was expressed under the control of 
a Col2 promoter in the PTHrP-null background (caPPR:PTHrP–/–/ 
constant growth plate PPR signaling [caPPR:PTHrP–/–/c-PPR]). In this 
setting, PPR signaling is maintained solely by the basal activity of 
the caPPR transgene. The growth plate of the distal tibia of c-PPR 
mice at E17.5 showed relatively normal appearance except for mild 
shortening of the columnar region and delayed blood vessel inva-
sion (Figure 6A). Overexpression of Ihh increased the length of the 
columnar region even in this background with constant PPR sig-
naling (c-PPR:Ihh-Bg) (Figure 5, A and B). Since the expression level 
of caPPR was too low to enable direct detection by in situ hybrid-
ization (data not shown), we examined the expression level of the 
endogenous Col2 mRNA (Col2/Col2a1, MGI), which was expected 
to correlate with the caPPR expression level. We found comparable 
levels of Col2 expression in c-PPR and c-PPR:Ihh-Bg mice (Figure 6B). 
Elongation of the columnar region was confirmed by the expansion 
of the domain expressing Bapx1, a gene encoding a transcription 
factor expressed in columnar cells (Figure 6B). Thus, independently 
of PTHrP, Ihh regulates the length of the columnar region.

Discussion
In the growth plate, chondrocytes go through sequential dif-
ferentiation steps. Mechanisms regulating each step are poorly 
understood. Differentiation of round periarticular chondrocytes 
into flat, column-forming columnar chondrocytes is an impor-
tant step in the longitudinal growth of bones since column 
formation provides a clear asymmetry in the bone that allows 
increase in the length of the bone without proportional increase 
in width. Further, chondrocytes in the columnar region gener-
ally proliferate more vigorously than periarticular chondrocytes. 
In the present study, we provide evidence that Ihh regulates this 
step in a PTHrP-independent fashion.

Changes in levels of Ihh action in multiple models have 
demonstrated the role of Ihh in determining the length of the 
growth plate. First, expression of Ihh abnormally close to the 
periarticular region led to growth plate elongation in previously 
reported chimeric and mosaic growth plates (13, 14). This elon-
gation is dependent on the ectopic expression of Ihh in these 
models; the expansion did not occur with removal of ectopic Ihh 
expression in chimeric growth plates comprising wild-type and 
PPR–/–:Ihh–/– double null cells (12) or in the growth plate with 
double mosaic ablation of the PPR and Ihh genes in the pres-
ent study. Second, we observed that Ihh heterozygosity reduced 
the degree of growth plate elongation in mice with mosaic PPR 
ablation. This effect of Ihh heterozygosity was also observed in 
PPR-hypomorphic mice (14), in which Ihh expression was also 
increased (data not shown). This is consistent with our previous-
ly proposed model that upregulation of Ihh action contributed 
to	the growth plate phenotypes in these mice. Third, when Ihh 
was overexpressed, growth plate elongation occurred. These data 
demonstrate the causative role of the upregulated Ihh action in 
the growth plate expansion in these mice.

We previously showed a correlation between Ihh action in peri-
articular chondrocytes and the rate of differentiation of periar-
ticular to columnar chondrocytes in several mouse models with 
PPR abnormalities (14). The acceleration of differentiation of 
periarticular to columnar chondrocytes was deduced from the 

Figure 5
Hedgehog overactivation in periarticular chondrocytes stimulates 
differentiation into columnar chondrocytes. (A) Bapx1 is expressed 
predominantly in columnar chondrocytes. H&E staining and in situ 
hybridization for Bapx1 were performed on sections of the proxi-
mal tibial growth plate of an E16.5 wild-type mouse embryo. (B) 
Overexpression of Ihh in PTHrP-expressing cartilage induces Bapx1-
expressing cells. In contrast, the PTHrP-Tg tibia, comprising almost 
exclusively periarticular chondrocytes, lacks the Bapx1 domain. In 
situ hybridization was performed on distal tibiae of E16.5 embryos. 
Dotted lines indicate bone contours. (C) Induction of Bapx1 after Shh 
treatment. Chondrocytes were isolated from E18.5 PTHrP-Tg tibiae, 
comprising almost exclusively periarticular chondrocytes, dispersed, 
and cultured in vitro with or without stimulation with 1 mg/ml recombi-
nant Shh for indicated periods. The expression of Bapx1 mRNA and 
Gapdh mRNA was assessed by quantitative RT-PCR. The expres-
sion of Bapx1 mRNA, a marker for columnar chondrocytes, was sig-
nificantly increased after stimulation with recombinant Shh, whereas 
Gapdh mRNA was unchanged. The expression level of Bapx1 mRNA 
was normalized to that of Gapdh mRNA. Expression levels are shown 
as relative to mean values of control (100%). White bars and gray 
bars represent control and Shh-treated cells, respectively. Standard 
deviations are shown. n = 3 in each group; *P < 0.01.
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finding that, despite an increase in BrdU-labeling ratio in the peri-
articular region, the size of the periarticular region was smaller in 
these mice. We hoped to see these changes partially reversed by Ihh 
heterozygosity. As expected, Ihh heterozygosity in these models 
with upregulation of Ihh action had dramatic effects on the length 
of the growth plate. Because we could not detect changes in BrdU 
labeling associated with Ihh heterozygosity, we could not deter-
mine whether there were changes in periarticular chondrocyte dif-
ferentiation. In Ihh-Bg mice overexpressing Ihh in chondrocytes, 
however, we were able to detect the contrasting changes in the 
BrdU-labeling ratio and the number of periarticular chondrocytes 
at multiple developmental stages. Ihh overexpression caused a 
decrease in cell number despite an increase in proliferation in the 
periarticular region whereas it caused an increase in cell number 
without an increase in proliferation in the columnar region. This 
strongly suggests that Ihh overexpression stimulates periarticular 
chondrocyte differentiation.

The relationship between hedgehog signaling and cell prolif-
eration has been shown in various organisms in various contexts; 
hedgehog signaling promotes cell division and cell growth directly 
through N-myc (16, 17), cyclin D and E expression (18, 19), and 
secondary molecules such as Wnts (20, 21) and IGF2 (22). In the 
mouse growth plate, increased hedgehog signaling was associ-
ated with increases in chondrocyte proliferation in	zone 1 (cor-
responding to the periarticular region) and an increase in cyclin D 
expression (9). However, in our models, increases in Ihh action are 
associated not only with increases in proliferation of periarticular 

chondrocytes but also with decreases in the size of the periartic-
ular region. This suggests that stimulation of periarticular into 
columnar differentiation in these models is not a mere passive 
consequence of the increase in proliferation of the periarticular 
chondrocytes but is independent of the proliferative effect of Ihh.

Hedgehog overactivation in the context of PTHrP 
overexpression stimulated expression of BapX1, used as a marker 
for columnar chondrocytes, in vivo and in vitro. Since tibiae of 
PTHrP-Tg mice at the ages used in the present study are com-
prised almost solely of periarticular chondrocytes and devoid of 
both columnar chondrocytes and hypertrophic chondrocytes, 
this result is consistent with the hypothesis that hedgehog sig-
naling in periarticular chondrocytes directly stimulates their 
differentiation into columnar chondrocytes. This is also consis-
tent with the finding from our previous study of cartilage-spe-
cific PPR ablation, in which increased Ihh action in periarticular 
chondrocytes was associated with stimulation of chondrocyte 
differentiation even though few columnar chondrocytes were 
found in these bones (14). These results, taken together, suggest 
that Ihh can act directly on periarticular chondrocytes to accel-
erate their further differentiation.

The precise mechanisms whereby chondrocytes form stacks of 
flat cells in orderly arrays are incompletely understood. Studies 
of mice missing b1 integrin in chondrocytes have shown that 
this integrin is required for the formation of flat chondrocytes 
but also that such chondrocytes still exhibit features that distin-
guish them from periarticular chondrocytes (23). This finding 

Figure 6
Growth plate elongation was induced 
by Ihh overexpression without 
upregulation of PTHrP. PTHrP–/– 
mice were rescued by transgenic 
expression of caPPR to achieve Ihh-
independent PPR signaling (c-PPR). 
Ihh was overexpressed in the growth 
plate with constantly maintained PPR 
signaling (c-PPR:Ihh-Bg). (A) H&E-
stained growth plates of the distal 
tibia of caPPR:PTHrP–/– (c-PPR)  
and caPPR:PTHrP–/–:GAL4:UAS-Ihh 
(c-PPR:Ihh-Bg). Vertical lines rep-
resent the periarticular and colum-
nar regions. (B) Alcian blue stain-
ing and in situ hybridization assay. 
Col2 expression was comparable 
between c-PPR and c-PPR:Ihh-Bg 
mice. Expansion of the columnar 
region in c-PPR:Ihh-Bg mice was 
confirmed by Bapx1 expression. 
Brackets indicate the proliferating 
zone (the periarticular and colum-
nar regions). Dashed lines indicate 
bone contours.
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demonstrates that changes in the cell attachment machinery are 
included in the multiple changes needed for functional matura-
tion of columnar chondrocytes.

The length of the columnar region is determined by the rate 
of differentiation of periarticular into columnar chondrocytes 
(entrance into the pool of columnar chondrocytes), the rate of 
columnar cell proliferation, and the rate of differentiation of 
columnar to hypertrophic chondrocytes (exit from the pool of 
columnar chondrocytes). The latter process appears to be regu-
lated by multiple signaling molecules, including PTHrP. PTHrP, 
regulated by Ihh, is crucial for normal chondrocyte differentia-
tion. PTHrP-null mice exhibit premature terminal differentia-
tion (1). Further, PPR-null and PPR-hypomorphic mice show 
acceleration of hypertrophic differentiation (2, 14). In contrast, 
overexpression of PTHrP or a constitutively active PPR suppress-
es the initial differentiation of hypertrophic chondrocytes (3, 4) 
(Figure 4). These findings suggest that PTHrP signaling regu-
lates differentiation of columnar to hypertrophic chondrocytes 
in late fetal and perinatal growth plates, thereby regulating 
columnar chondrocyte mass. In this model, the length of the 
columnar region is determined by the stimulatory effect of Ihh 
on periarticular chondrocyte differentiation and the inhibitory 
effect of PTHrP on hypertrophic differentiation. However, the 
findings that PTHrP heterozygosity had only modest effects on 
growth plates with upregulated Ihh action and that the growth 
plate elongation caused by Ihh overexpression did not require 
upregulation of PTHrP suggest that Ihh substantially regulates 
the length of the columnar region independently of PTHrP.

From these observations, we propose that Ihh directly acts on 
periarticular chondrocytes to stimulate their differentiation 
to columnar chondrocytes to regulate the length of late fetal 
growth plates independently of PTHrP. PTHrP, on the other 
hand, is required for prevention of premature differentiation of 
chondrocytes into hypertrophic chondrocytes and thereby sup-
presses premature expression of Ihh (Figure 7).

Methods
Mice. PTHrP- and PPR-knockout mutant mice were described previously (1, 2).  
Col2-PTHrP and Col2-caPPR transgenic mice were described before (3, 4). Ihh-
null mutant and Col2-GAL4 transgenic mice were previously reported (8, 9). 
UAS-Ihh mice were newly generated by pronuclear injection using a transgene 
construct similar to that described in a previous report (9). Ost-Cre trans-
genic mice were described previously (14). PPR–floxed-neo mice (14) were 
crossed to enhanced FLP recombinase (flpe) transgenic mice (24) to remove 
the FLP recombination target–flanked (frt-flanked) neo cassette. All the 
PPR-floxed mice used in this study were neo-free. Neo-free PPR-floxed mice 
expressed the same amount of PPR mRNA as wild-type littermates as deter-
mined by Northern blot analysis using kidney RNA and developed normally 
(data not shown). Ihh floxed mice in which the Ihh gene contains loxP sites 
placed in the 5′ leader sequence of the first exon and in the second intron 
will be described elsewhere. Briefly, an frt-flanked neomycin resistant gene–
thymidine kinase gene (neo-tk) cassette with a loxP sequence was introduced 
into the first intron of the Ihh gene, and another loxP site was introduced 
into the 5′ leader sequence of the first exon by homologous recombination. 
ES cells resistant to G418 were selected, and homologous recombination 
was confirmed. The initial targeting event created the floxed–neo-tk allele. 
ES cells were subsequently transfected with an flpe expression plasmid (25) to 
remove the neo-tk cassette. After negative selection using gancyclovir, ES cells 
resistant to gancyclovir were cloned, documented to be missing the neo-tk 
cassette by Southern blotting, and subjected to blastocyst injection to gener-
ate chimeric mice. Male chimeric mice exhibiting more than 90% chimerism 
were crossed to C57BL/6 females to obtain F1 mice.

Genotyping of mice was performed by PCR as described in the original 
as well as related articles except that for Ihh-floxed allele, PTHrP-transgene, 
PTHrP-null and wild-type alleles, and Col2-caPPR–transgenic mice (4, 8, 9, 14).  
For genotyping the floxed Ihh gene, primers A: 5′-GATAACATGCTCT-
TACGAAGCTCT-3′; and B: 5′-AGCACCTTTTTTCTCGACTGCCTG-3′ 
were used to amplify the region containing frt and loxP sequences. The 
floxed allele and wild-type allele generated 380-bp–long and 300-bp–long 
PCR products, respectively. The Col2-PTHrP transgene was determined 
by amplifying the hGH polyA sequence included in the transgene using 
primers A: 5′-GGACCTAGAGGAAGGCATCCAAAC-3′; and B: 5′-TTGCT-
GTAGGTCTGCTTGAAGATC-3′. PCR products were approximately 
300-bp long. The PTHrP-null allele was determined by PCR using specific 
primers A: 5′-CTTATAATCCCAGCATCTGAGAGGC-3′; and B: 5′-GATC-
GCCTTCTATCGCCTTCTTGAC-3′. The PTHrP wild-type allele was deter-
mined using primers A: 5′-GCTACTGCATGACAAGGGCAAGTCC-3′; and 
B: 5′-GAGCCCTGCTGAACACAGTGAACAG-3′. A sequence specific to the 
Col2-caPPR transgene was amplified by PCR using primers A: 5′-TAACCAT-
GTTCATGCCTTCTTC-3′; and B: 5′-GTCATAAATGTAGTCCGGA-3′.

Mice were primarily kept in mixed genetic backgrounds with dominance 
of the C57BL/6. Procedures that involved mice were approved by the Insti-
tutional Animal Care and Use Committee, Subcommittee on Research 
Animal Care, at Massachusetts General Hospital.

Histology and in situ hybridization. Tissues were fixed in 10% formalin/
PBS solution at 4°C, processed, embedded in paraffin, and sectioned. 
Sections were stained with H&E or Alcian blue. In situ hybridization was 
performed as described previously (26) using 35S-labeled complemen-
tary riboprobes. The probes for mouse ColX, mouse Ptc, mouse Ihh, rat 
PTHrP, and mouse Bapx1 were kindly provided by Bjorn Olsen (Harvard 
Medical School), Ron Jonson (Stanford University), Benoit St-Jacques 
(Harvard University), Andrew Karaplis (McGill University), and Andrew 
Lasser (Harvard Medical School), respectively.

BrdU-labeling assay. Pregnant mice received intraperitoneal injections of 50 µg  
BrdU/g of body weight and were sacrificed 1 hour after injection. Tissues 
were dissected, fixed in 10% formalin/PBS overnight, paraffin processed,  

Figure 7
Model for the regulation of growth plate chondrocyte differentiation by 
Ihh and PTHrP at distinct steps. In addition to regulating PTHrP expres-
sion and chondrocyte proliferation, Ihh directly acts on periarticular 
chondrocytes to stimulate their differentiation to columnar chondrocytes 
(a), which regulates the length of the columnar region independently of 
PTHrP. PTHrP, on the other hand, is required for prevention of prema-
ture differentiation of chondrocytes into prehypertrophic and hypertro-
phic chondrocytes, and thereby suppresses premature expression of 
Ihh (b). P → C, differentiation of periarticular chondrocytes into colum-
nar chondrocytes; C → H, differentiation of columnar chondrocytes into 
hypertrophic chondrocytes.
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and sectioned at 5-µm thickness. BrdU detection was performed using a 
BrdU Staining Kit (Zymed Laboraotries Inc.). BrdU-positive and -negative 
cells were counted separately in the periarticular region and in the colum-
nar region, defined morphologically, and counts were compared with the 
total number of cells in the respective regions on each section. BrdU-label-
ing ratios were compared in littermates. At least 3 sections per mouse were 
counted, and at least 2 mice per genetic group were counted. Statistical 
analysis was done using ANOVA.

Quantitative RT-PCR. Quantitative RT-PCR was performed using the 
primer sets Bapx1-P1: 5′-GATGTCAGCCAGCGTTTCAG-3′; Bapx1-P2: 
5′-CGCTTCTTTCGCGGTTTAGG-3′; GAPDH-P1: 5′-TGGAGTCTACTG-
GTGTCTTCA-3′; and GAPDH-P2: 5′-AAGCAGTTGGTGGTGCAGGAT-
3′. Reverse transcription was performed on 1 µg of total RNA and random 
hexamer primers using Superscript III (Invitrogen Corp.) according to 
the manufacturer’s instructions. Quantitative PCR was performed using 
the QuantiTect SYBER Green PCR Kit (QIAGEN) and the DNA Engine 
Opticon 2 qPCR system (MJ Research Inc.) according to the manufactur-
ers’ instructions. Statistical analysis was performed by ANOVA using the 
computer software program Systat (SPSS Inc.).

Primary chondrocyte culture. Whole tibiae from E18.5 PTHrP transgenic 
mice were dissected, and soft tissues were removed using fine tweezers 
under a dissecting microscope. Isolated tibiae were washed with sterile 
PBS 3 times, incubated in a solution containing 0.25% trypsin and 0.2% 
EDTA at 37°C for 30 minutes, and then transferred into DMEM media 

containing 200 U/ml collagenase type II (Worthington Biochemical 
Corp.) after further removal of soft tissues and perichondrial layers. 
Tissues were incubated in a 5% CO2 incubator for an hour. Cells were 
dispersed by pipetting, passed through 70-µm nylon strainers, counted, 
and plated onto culture dish at a density of 5 × 104/cm2. Cells were cul-
tured in DMEM containing 5% fetal calf serum. After overnight culture, 
cells were treated with 1 µg/ml recombinant Shh (a gift from Curis 
Inc.) or vehicle for 12 or 24 hours. Total RNA was extracted using an 
RNAeasy Mini Kit (QIAGEN).
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