
The chondrogenic transcription factor Sox9 is a target
of signaling by the parathyroid hormone-related
peptide in the growth plate of
endochondral bones
Wendong Huang*, Ung-il Chung†, Henry M. Kronenberg†, and Benoit de Crombrugghe*‡

*Department of Molecular Genetics, University of Texas M. D. Anderson Cancer Center, Houston, TX 77030; and †Endocrine Unit,
Massachusetts General Hospital and Harvard Medical School, Boston, MA 02114

Edited by Michael G. Rosenfeld, University of California, San Diego, La Jolla, CA, and approved November 1, 2000 (received for review August 17, 2000)

In the growth plate of endochondral bones, parathyroid hormone
(PTH)-related peptide (PTHrP) regulates the rate of chondrocyte
maturation from prehypertrophic chondrocytes to hypertrophic
chondrocytes. Using an antibody specific for Sox9 phosphorylated
at serine 181 (S181), one of the two consensus protein kinase A
phosphorylation sites of Sox9, we showed that the addition of
PTHrP strongly increased the phosphorylation of SOX9 in COS7
cells transfected with both SOX9- and PTHyPTHrP receptor-express-
ing vectors. PTHrP also increased the SOX9-dependent activity of
chondrocyte-specific enhancers in the gene for type II collagen
(Col2a1) in transient transfection experiments. This increased en-
hancer activity did not occur with a Sox9 mutant harboring serine-
to-alanine substitutions in its two consensus protein kinase A
phosphorylation sites. Consistent with these results, PTHrP also
increased Col2a1 mRNA levels in rat chondrosarcoma cells as well
as 10T1y2 mesenchymal cells transfected with a PTHyPTHrP recep-
tor expressing plasmid. No phosphorylation of Sox9 at S181 was
detected in prehypertrophic chondrocytes of the growth plate or
any chondrocytes of PTHyPTHrP receptor null mutants. In contrast
in wild-type mouse embryos, previous immunohistochemistry ex-
periments indicated that Sox9 phosphorylated at S181 was detected
almost exclusively in chondrocytes of the prehypertrophic zone.
Sox9, regardless of the phosphorylation state, was present in all
chondrocytes of both genotypes except hypertrophic chondro-
cytes. Our results indicated that Sox9 is a target of PTHrP signaling
in prehypertrophic chondrocytes in the growth plate. We hypoth-
esize that Sox9 mediates at least some effects of PTHrP in the
growth plate and that the PTHrP-dependent increased transcrip-
tional activity of Sox9 helps maintain the chondrocyte phenotype
of cells in the prehypertrophic zone and inhibits their maturation
to hypertrophic chondrocytes.

The differentiation of mesenchymal cells into chondrocytes
occurs along a multistep pathway (1). Mesenchymal progen-

itor cells first undergo condensation, which is followed by their
overt differentiation into chondrocytes. In the growth plate of
endochondral skeletal elements, chondrocytes then flatten and
proliferate unidirectionally. After these cells stop proliferating,
their genetic program changes and they become hypertrophic.
The most distal hypertrophic chondrocytes acquire the ability to
mineralize their extracellular matrix before they undergo apo-
ptosis and are replaced by bone cells. Several cytokines, includ-
ing bone morphogenetic proteins, insulin-like growth factor 1,
fibroblast growth factors, parathyroid hormone (PTH)-related
peptide (PTHrP), Indian hedgehog (Ihh), transforming growth
factor-b, and others are known to influence discrete steps in this
pathway (2, 3).

PTHrP, which was first identified as a factor involved in
humoral hypercalcemia of malignancy (4, 5), plays a key role in
regulating the rate of differentiation of prehypertrophic chon-
drocytes into hypertrophic chondrocytes (6). PTHrP and PTH

share a highly homologous N-terminal region, and both peptides
activate a common PTHyPTHrP receptor (7, 8). In PTHrP null
mice, skeletal abnormalities (9) consist of shorter epiphyseal
cartilages, mostly because of a smaller zone of proliferating
chondrocytes and accelerated mineralization and ossification.
The finding that the same phenotype was observed in PTHy
PTHrP receptor homozygous mutant mice (10) was evidence
that the PTHyPTHrP receptor mediated the actions of PTHrP
during endochondral bone formation. The mRNA of PTHy
PTHrP receptor has a low level but widespread expression in
growth plate cartilages, but it is expressed at much higher levels
in chondrocytes that are at the border between the proliferation
and hypertrophy zones (11, 12). In contrast to PTHrP and
PTHyPTHrP receptor knockout mice, overexpression of
PTHrP in chondrocytes in transgenic mice has been shown to
cause short-limbed dwarfism and a delay in endochondral ossi-
fication, probably due to a slower rate of chondrocyte maturation
into hypertrophic chondrocytes (13). Similarly, in humans, a
constitutively active mutation in the PTHyPTHrP receptor
causes Jansen-type metaphyseal chondrodysplasia, which is also
characterized by a delay in endochondral maturation (14, 15).
Furthermore, transgenic mice having expression of this mutant
PTHyPTHrP receptor have demonstrated slower conversion of
proliferating chondrocytes into hypertrophic chondrocytes (16).

Ihh, a member of the hedgehog family of secreted polypeptides,
is expressed predominantly in the prehypertrophic chondrocytes of
the growth plate in a pattern that is slightly distal to and overlaps
that of the PTHyPTHrP receptor (17). In the developing embryo,
Ihh stimulates expression of PTHrP. In contrast, PTHrP delays the
conversion of chondrocytes into prehypertrophic chondrocytes that
express Ihh. Thus, these two factors form a negative feedback loop
that regulates the rate of differentiation of proliferating chondro-
cytes into hypertrophic chondrocytes (9, 18). Another cytokine,
transforming growth factor-b, was also shown to stimulate the
expression of PTHrP mRNA and regulate the rate of hypertrophic
differentiation (19).

The PTHyPTHrP receptor is a member of the G protein-
coupled receptor family having seven transmembrane segments
(20). Ligand binding to the receptor stimulates two second-
messenger pathways, one controlled by adenylate cyclase and the
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other by phospholipase C (21). PTHrP or its N-terminal peptide
(1–34) has been shown to increase intracellular cAMP in chon-
drocytes (22).

SOX9 is a high-mobility group box-containing transcription
factor that harbors a strong transactivation domain. The Sox9
gene is expressed in all chondrocyte progenitors and chondro-
cytes, but its expression is completely turned off in hypertrophic
chondrocytes (23–25). This expression parallels that of the gene
for type II collagen (Col2a1), a specific marker of chondrocyte
differentiation. Sox9 binds to and activates Col2a1 chondrocyte-
specific enhancers and activates the Col2a1 gene (26, 27),
strongly suggesting that this gene is a direct target of Sox9. In
addition, the finding that Sox9 also binds and activates similar
chondrocyte-specific enhancers in Col11a2 (28) and CDRAP
(29), two other chondrocyte-specific genes, suggested that Sox9
controls a large set of chondrocyte-specific genes. This hypoth-
esis was strongly supported by our recent genetic experiments,
which established that Sox9 is completely required for chondro-
cyte differentiation and cartilage formation (30). Indeed, Sox9
null mutant cells are unable to differentiate into chondrocytes
and express a series of chondrocyte marker genes, such as
Col2a1, and genes for type IX (Col9a2) and type XI (Col11a2)
collagen as well as the aggrecan gene. This block in differenti-
ation occurs at the stage of mesenchymal condensation. The
properties of Sox92 null mutant cells in vivo thus indicate that
Sox9 is a master factor that has an essential role during chon-
drogenesis. Additionally, heterozygous mutations in and around
the SOX9 gene in humans cause campomelic dysplasia, a lethal
perinatal disease involving abnormalities in most skeletal struc-
tures derived from cartilage (31–35). This disease is usually
associated with sex reversal, implying that SOX9 also functions
in sex determination (36, 37). Two other members of the Sox
family of transcription factors, L-Sox5 and Sox6, are also likely
to have major roles in chondrogenesis (38).

Given the central role of Sox9 in chondrocyte differentiation,
it is not unreasonable to think that this transcription factor may
be a target of some of the signaling molecules that are known to
affect discrete steps in the chondrocyte differentiation pathway.
We have shown recently that SOX9 contains two consensus
phosphorylation sites for cAMP-dependent protein kinase A
(PKA) and that PKA phosphorylation of SOX9 increases its
DNA binding and transcriptional activities. Moreover, using a
phosphospecific antibody that specifically recognized Sox9 phos-
phorylated at serine 181, one of its two consensus PKA phos-
phorylation sites, we demonstrated that cAMP increased the
phosphorylation of Sox9 in chondrocytes. More importantly, we
demonstrated that phosphorylated Sox9 was mainly localized in
prehypertrophic chondrocytes in E16.5 mouse embryos, over-
lapping the major expression site of the PTHyPTHrP receptor
(39). Because PTHrP signals through cAMP, we therefore
examined whether Sox9 was a target of PTHrP signaling.

Materials and Methods
Northern Hybridization. Rat chondrosarcoma (RCS) cells are
stable differentiated chondrocytes that express type II, IX, and
XI collagens but not type I and type X collagens (40). RCS cells
express PTHyPTHrP receptor RNA in a Northern hybridization
experiment (data not shown). 10T1y2 mesenchymal cells have a
low-level expression of Sox9 and Col2a1 but do not express
PTHyPTHrP receptor (41). RCS or 10T1y2 cells transfected with
an expression plasmid of the PTHyPTHrP receptor were cul-
tured for 24 h as described previously (39). The medium was then
changed to DMEM with or without increasing concentrations of
PTHrP, and the cells were cultured over different intervals
before they were collected as indicated in Fig. 1. Total RNA was
extracted by using the RNeasy Mini Kit (Qiagen, Chatsworth,
CA). Ten micrograms of each RNA sample was loaded, and the
blot was hybridized with a Col2a1-specific probe as described

(39). Hybridization membranes were stripped and rehybridized
by using a Sox9-specific probe or glyceraldehyde-3-phosphate
dehydrogenase probe as an RNA loading control.

Cell Culture and Transfection Experiments. RCS and COS7 cells
were cultured as described (39). Cells were then transfected with
luciferase reporter plasmids containing an 89-bp Col2a1 pro-
moter without (p89Luc) or with four copies of a 48-bp chon-
drocyte-specific Col2a1 enhancer element (4 3 48-p89Luc) or
two copies of a 100-bp chondrocyte-specific enhancer element
including the 48-bp DNA segment (2 3 100-p89Luc) and the
pSV2-b-galactosidase (bgal) plasmid in a ratio of 3:1 as de-
scribed (39). All transfections were done by using FuGene6
(Roche Molecular Biochemicals) according to the manufactur-
er’s instructions. Expression plasmids (100 ng) for wild-type (wt)
or m12 mutant SOX9 containing serine-to-alanine mutations in
PKA phosphorylation sites and the PTHyPTHrP receptor (200
ng) were transfected as indicated in Fig. 2D. Luciferase and bgal
activity was assayed in cell lysates prepared as described (39).
Different concentrations of PTHrP and 10 or 30 mM H89 (a
PKA-specific inhibitor) or okadaic acid (OA; a serine–threonine
phosphatase inhibitor) were added 24 h after transfection, and
the cells were incubated for 8 h before being collected. Lucif-

Fig. 1. PTHrP-increased expression of Col2a1 RNA. (A) RCS cells were cul-
tured for 24 h before 1027 M PTHrP was added; the cells were cultured further
for different intervals as indicated. Cells were then collected, and total RNA
was extracted and hybridized with a Col2a1 probe. The hybridization mem-
brane was rehybridized with Sox9 and glyceraldehyde-3-phosphate dehydro-
genase probes. (B) 10T1y2 cells were transfected with an empty vector (lane 1)
or a PTHyPTHrP receptor expression plasmid (lanes 2–6) for 24 h. Different
concentrations of PTHrP were then added as indicated, and the cells were
cultured for another 4 h. Northern hybridization was performed as in A.
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erase reporter activity was represented as the average of tripli-
cate cultures in one of several representative experiments as
described (39).

Western Blotting. COS7 cell lysates were prepared in an extraction
buffer (50 mM TriszHCl, pH 8.0y150 mM NaCly1% Nonidet
P-40y1 mM DTTy1 mM PMSF). Western blotting was done by
using the enhanced chemiluminescence kit (Amersham Phar-
macia). The SOX9.P antibody was used at a 1:1,000 dilution. To
reprobe the membrane with the SOX9 antibody, the SOX9.P
antibody was stripped off, and the blots were reprobed with the
SOX9 antibody diluted at 1:1,000. The SOX9.P and Sox9 anti-
bodies have been described (39).

Immunofluorescence. COS7 cells were cotransfected with expres-
sion plasmids of SOX9 (100 ng) and the PTHyPTHrP receptor
(200 ng) for 24 h. The medium was then changed to new DMEM
with or without 1027 M PTHrP. Eight hours later, the cell

monolayers were fixed with methanol for 15 min and incubated
with blocking buffer (PBS with 5% goat serum and 3% BSA) for
1 h. Next, SOX9 or SOX9.P antibodies (diluted at 1:500 with
blocking buffer) were added and incubated for 1 h at room
temperature. After washing, a secondary antibody consisting of
biotin-conjugated anti-rabbit IgG (Jackson ImmunoResearch)
diluted at 1:200 in blocking buffer was added, and the mixture
was incubated at room temperature for 1 h. The cells were then
incubated with extrAvidin-fluorescein isothiocyanate conjugate
(Sigma) diluted 1:250 in blocking buffer for 1 h. Cells were then
washed three times with cold PBS; the last wash was supple-
mented with 5 mgyml of the DNA dye 49,6-diamidino-2 phen-
ylindole (Sigma).

Immunohistochemical Analysis. In this analysis, 16.5 days postco-
itum, wt or PTHyPTHrP receptor null mutant mouse litter-
mates were generated in a mixed background of C57BLy6 and
129ySVJ mice (10). The embryonic hind legs were fixed in 4%
paraformaldehyde in PBS for 12 h. After dehydration, tissues
were embedded in paraffin and sectioned. Immunohistochemi-
cal staining was performed by using the Dako EnVision1
System (Dako) as described (39). SOX9 and SOX9.P antibodies
were both used at a dilution of 1:30 with 10% goat serum in PBS.

Results
Increased Col2a1 Gene Expression by PTHrP. PTHrP modulates the
maturation of chondrocytes by inhibiting the rate of their
differentiation into hypertrophic chondrocytes (6). Also, expres-
sion of the Col2a1 gene is increased in prehypertrophic chon-
drocytes, the area of the growth plate where the PTHyPTHrP
receptor is expressed at high level (12). To determine whether
PTHrP increased the expression of Col2a1 in RCS cells in
culture, we treated these cells with PTHrP and measured Col2a1
RNA. Treatment with 1027 M PTHrP peptide 1–34 (designed
hereafter as PTHrP) produced a detectable increase in Col2a1
RNA after 2 h and a 2- to 3-fold increase after 4 h. In addition,
when 10T1y2 cells were transfected with a PTHyPTHrP recep-
tor-expressing plasmid, PTHrP treatment increased the level of
Col2a1 RNA in a dose-dependent manner (Fig. 1B). However,
no significant change of Sox9 RNA was observed after PTHrP
treatment in both cell types. These results suggested that acti-
vation of the signaling pathway downstream of the PTHyPTHrP
receptor results in an increase in Col2a1 expression without
changes in the level of Sox9 RNA.

Increased Activity of Sox9-Dependent Col2a1 Chondrocyte-Specific
Enhancers by PTHrP. We previously showed that cAMP increased
the activity of a Sox9-dependent 48-bp Col2a1 chondrocyte-
specific enhancer in RCS cells (39). Because cAMP is a major
mediator of PTHrP signaling, we tested whether PTHrP had a
similar effect. Fig. 2 A shows that PTHrP increased the activity
of this 4 3 48-bp Col2a1 enhancer and that H89, a PKA-specific
inhibitor, blocked this enhanced activity. These results suggested
that PKA mediated the effects of PTHrP. Because the activity
of the 48-bp Col2a1 enhancer was previously shown to depend
on Sox9, we then tested whether SOX9 was a target of PTHrP
signaling. Reporter vectors driven by either a 4 3 48-bp or 2 3
100-bp enhancer, which includes the 48-bp Col2a1 chondrocyte-
specific enhancer, were used to test for the effect of PTHrP.
Cotransfection of SOX9 and the PTHyPTHrP receptor in COS7
cells (with addition of 1027M PTHrP) increased the activity of
the 4 3 48-bp Col2a1 enhancer about 2.5-fold over that of the
control without addition of PTHrP and 4-fold compared with
transfection of SOX9 alone (Fig. 2B). This enhanced activity was
blocked by H89 but was not affected by OA, an inhibitor of
phosphatase. Thus, the inhibition of phosphatase activity had no
effect on the Sox9-dependent increase of the Col2a1 enhancer in
response to PTHrP. A higher level of enhancer activation in

Fig. 2. PTHrP-increased activity of a Col2a1 chondrocyte-specific enhancer.
(A) RCS cells were transfected with p89Luc (lane 1) or 4 3 48-p89Luc (lanes 2–6)
and pSV2-bgal at a ratio of 3:1. Eight hours later, increasing concentrations of
PTHrP with or without 10 mM H89 were added as indicated, and the cells were
cultured for an additional 8 h. Luciferase activity was normalized by using the
level of bgal activity. (B and C) COS7 cells were cotransfected with expression
plasmids of SOX9 (100 ng) and PTHyPTHrP receptor (PTHrP-R) (200 ng) to-
gether with the 4 3 48-p89Luc reporter (B) or 2 3 100-p89Luc reporter (C) and
pSV2-bgal. In both experiments, cells were transfected with an empty vector
(lane 1), a PTHyPTHrP receptor expression plasmid (lanes 2 and 4–7 in B; lanes
2–8 in C), and a SOX9 expression plasmid (lanes 3–7 in B, lanes 3–8 in C). H89
or OA was added 8 h later as indicated. Cells were cultured for an additional
8 h and, after lysis, used to measure luciferase and bgal activity. (D) An empty
vector (lane 1), 100 ng of wt SOX9 (lanes 2 and 4), m12 (lanes 3 and 5), and 200
ng of PTHyPTHrP receptor expression plasmids (lanes 1–5) were cotransfected
into COS7 cells together with 4 3 48-p89Luc and pSV2-bgal as described (39).
Cells were treated (lanes 1, 4, and 5) with 1027 M PTHrP for 8 h. A Western blot
using a SOX9 antibody that recognizes the carboxyl terminus of SOX9 was
performed to verify that similar levels of wt SOX9 and m12 were present.
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response to PTHrP was seen in the 2 3 100-bp Col2a1 enhancer,
which may have been due to the PTHrP-induced recruitment of
other transcription factors to this larger enhancer and their
cooperation with Sox9 (Fig. 2C). Because PTHrP did not
increase the activity of the Col2a1 enhancers in the absence of
SOX9, these results suggested that SOX9 was required to
mediate the response of the Col2a1 enhancer to PTHrP and that
PTHrP acted upstream of the cAMP signaling pathway.

Abolishment of PTHrP Activation of the Col2a1 Enhancer by Mutations
in Two Consensus PKA Phosphorylation Sites of SOX9. Previously, we
showed that SOX9 contains two consensus PKA phosphoryla-
tion sites and that the phosphorylation of SOX9 by PKA
increased its transcriptional activity as assayed by the increased
activity of a Sox9-dependent Col2a1 chondrocyte-specific en-
hancer. To provide evidence that PTHrP acted through PKA
phosphorylation to regulate the activity of SOX9, we compared
the effect of PTHrP on the activity of wt SOX9 with that of m12,
a mutant SOX9 harboring serine-to-alanine substitutions in the
two consensus PKA phosphorylation sites (Fig. 2D). In trans-
fection experiments using mutant Sox9, PTHrP did not increase
the Sox9-dependent activity of the 4 3 48-bp Col2a1 enhancer,
which contrasts with the increase observed using wt Sox9. A
control Western blot indicated equal levels of expression of wt
SOX9 and m12. We concluded that one or both of the PKA
phosphorylation sites of SOX9 were required to mediate the
PTHrP-dependent increase in Col2a1 enhancer activity.

PTHrP-Dependent Increase in Phosphorylation of SOX9 at S181. We
next used a phosphospecific antibody (SOX9.P) that specifically
recognizes SOX9 phosphorylated at S181, one of the two con-
sensus PKA phosphorylation sites (39), to directly test whether
PTHrP treatment resulted in phosphorylation of Sox9. In pre-
vious experiments, we showed that a Sox9 mutant having a
serine-to-alanine substitution at S181 had greatly reduced tran-
scriptional activation in response to PKA compared with that of
wt Sox9. Thus, phosphorylation of S181 has functional conse-
quences with respect to the transcriptional activity of SOX9.
After cotransfection with SOX9 and PTHyPTHrP receptor
expression plasmids, COS7 cells were treated with different
concentrations of PTHrP for 4 or 8 h. PTHrP increased the
phosphorylation of SOX9 at S181 in a dose- and time-dependent
manner (Fig. 3A). This phosphorylation was blocked by H89, a
PKA-specific inhibitor, but not OA, a phosphatase inhibitor
(Fig. 3B), suggesting that PTHrP targets Sox9 through PKA
phosphorylation. These results are also in agreement with the
inhibition of the PTHrP-dependent increase in Col2a1 enhancer
activity by H89 but not OA.

PTHrP Treatment Induced Phosphorylation of SOX9 in Intact Cells. We
next examined the effects of PTHrP on the cellular localization
of SOX9 by using the SOX9.P and SOX9 antibodies. COS7 cells
were cotransfected with SOX9 and PTHyPTHrP receptor ex-
pression plasmids and then treated with 1027 M PTHrP. In these
experiments, SOX9 was present in the cell nucleus whether
PTHrP was present or not (Fig. 4 A and B). Also, only cells
treated with PTHrP reacted with the SOX9.P antibody, indi-
cating that PTHrP was responsible for SOX9 phosphorylation
(Fig. 4A). In addition, the phosphorylated SOX9 remained in the
cell nucleus. This experiment also demonstrated that phosphor-
ylation of SOX9 observed in Western blots was not due to
cross-activation of kinases after cell lysis but was a direct
consequence of PTHrP treatment.

Absence of Sox9 Phosphorylated at S181 in the Prehypertrophic Zone
of the Growth Plate in PTHyPTHrP Receptor Mutant Mice. Prehyper-
trophic chondrocytes, which express high levels of the PTHy
PTHrP receptor, are very likely to be the major site of action of

PTHrP in the growth plate (4). Our previous experiments
showed that Sox9 phosphorylated at S181 was detected mainly in
the prehypertrophic zone of the mouse growth plate (39),
overlapping the major site of expression of the PTHyPTHrP
receptor. To further explore the relationship between PKA
phosphorylation of Sox9 and PTHrP signaling in vivo, we
performed an immunohistochemical comparison of the growth
plates of E16.5 PTHyPTHrP receptor null mutant and wild-type
mice by using the SOX9.P antibody. As previously reported, Sox9

Fig. 3. PTHrP-increased phosphorylation of SOX9 at S181. (A) COS7 cells were
transfected with a SOX9 expression plasmid (100 ng) (lane 1) or cotransfected
with SOX9 (100 ng) and PTHyPTHrP receptor (200 ng) expression plasmids
(lanes 2–6). PTHrP was (lanes 1 and 3–6) or was not (lane 2) added as indicated.
Cell lysates were fractionated by using SDSyPAGE and blotted, and the blots
were incubated with Sox9.P and Sox9 antibodies. (B) COS7 cells were cotrans-
fected with SOX9 (100 ng) and PTHyPTHrP receptor (200 ng) expression
plasmids. No PTHrP (lane 1) or 1027 M PTHrP (lanes 2–6) with H89 (lanes 3 and
4) or OA (lanes 5 and 6) was added. Cells were then cultured for an additional
4 h before lysis.

Fig. 4. Lack of effect of PTHrP-dependent phosphorylation of SOX9 on
nuclear localization in intact cells. COS7 cells were cotransfected with expres-
sion plasmids for SOX9 (100 ng) and PTHyPTHrP receptor (200 ng) without (A
and C) or with (B and D) addition of 1027 M PTHrP for 8 h. Cells were fixed and
incubated with SOX9 or SOX9.P antibodies as described in Materials and
Methods. (Upper) The nuclear localization of SOX9 (A and B) and SOX9
phosphorylated at S181 (D). A phosphorylated SOX9 signal was not detected
without PTHrP treatment (C). (Lower) The same fields showing cell nuclei
stained with 49,6-diamidino-2 phenylindole.
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was evenly distributed in all except hypertrophic chondrocytes of
wt mice (39). In addition, Sox9 phosphorylated at S181 was
essentially detected only in the prehypertrophic zone of the
growth plate (Fig. 5 A and B). In contrast, although the
distribution of Sox9 in the growth plate in PTHyPTHrP receptor
null mice was the same as that in wt controls (Fig. 5C),
phosphorylated Sox9 was not detected in the prehypertrophic
zone (Fig. 5D). This result indicated that in the absence of the
PTHyPTHrP receptor, chondrocytes were unable to phosphor-
ylate Sox9 at S181 in the prehypertrophic zone of the growth
plate.

Discussion
PTHrP and PTHyPTHrP receptor knockout mice have very
similar skeletal abnormalities and show an accelerated differ-
entiation of chondrocytes into hypertrophic chondrocytes. In
addition, Ihh, which is secreted by newly formed hypertrophic
chondrocytes, stimulates PTHrP expression, whereas PTHrP
retards formation of these cells. This negative feedback loop
presumably serves to accurately regulate the transition of chon-
drocytes into hypertrophic chondrocytes, a process that is critical
for the longitudinal growth of endochondral bones (18).

We present here evidence that the master chondrogenic factor
Sox9 is a downstream target of PTHrP signaling in vivo, that
PTHrP produces an increase in SOX9 transcriptional activity,
and that this increase is mediated through phosphorylation by
PKA, a known mediator of PTHrP signaling in the growth plate.
First, in DNA transfection experiments, the activity of SOX9-
dependent Col2a1 enhancers was increased by PTHrP. In this
assay, we have used the activity of the Col2a1 enhancer as a
functional measurement of the transcriptional activity of SOX9
(41). Consistent with the response of the Col2a1 enhancer to
PTHrP, we found that PTHrP increased the levels of Col2a1 but
not Sox9 in RNA in both RCS cells and 10T1y2 cells transfected
with a PTHyPTHrP receptor-expressing vector. Second, SOX9
mutants containing serine-to-alanine substitutions in the two
PKA consensus phosphorylation sites were unable to mediate
the increased activity of the Col2a1 enhancer in response to
PTHrP, although the activity of mutant SOX9 was the same as
that of wt SOX9 in the absence of PTHrP. Earlier experiments
had shown that both of these sites were phosphorylated by PKA
in vitro but that the enzyme was unable to phosphorylate the
mutant SOX9 containing serine-to-alanine substitutions in the
two consensus PKA phosphorylation sites. We thus conclude
that the PTHrP-dependent increase in Col2a1 enhancer activity
was due to an increase in SOX9 transcriptional activity and that
this increased activity was very likely a consequence of PKA
phosphorylation. This increased transcriptional activity of SOX9
may be accounted for by the increased DNA binding activity
produced by PKA phosphorylation of SOX9 (39). Moreover,
phosphorylated SOX9 may interact more efficiently with com-
ponents of the transcriptional machinery. In addition, increases
in the intracellular concentration of cAMP should also increase
the activity of other cAMP-responsive transcription factors such
as CREB, which may cooperate with SOX9 to activate down-
stream genes.

Next, we showed that the addition of increasing concentrations
of PTHrP to cells cotransfected with both SOX9 and PTHy
PTHrP receptor-expressing vectors resulted in a time- and
dose-dependent phosphorylation of SOX9 as measured by the
phosphorylation of S181, one of the two consensus PKA phos-
phorylation sites. Evidence that this PTHrP-dependent phos-
phorylation of SOX9 was mediated by PKA came from the
inhibition of SOX9 phosphorylation by H89, a specific inhibitor
of PKA. This inhibition of PTHrP-dependent Sox9 phosphory-
lation by H89 paralleled the inhibition of the PTHrP-dependent
increase in Col2a1 enhancer activity by H89. Thus, our results
strongly suggest that both the PTHrP-dependent phosphoryla-
tion of SOX9 and its increased transcriptional activity in re-
sponse to PTHrP were mediated by PKA. Other earlier exper-
iments showed that Sox9 phosphorylated at S181, one of the two
consensus PKA phosphorylation sites, was detected mainly in the
prehypertrophic zone of the growth plate, which is the area
where the PTHrP receptor is highly expressed. Evidence that
phosphorylation of Sox9 at S181 in the prehypertrophic zone of
the growth plate in vivo occurred as a consequence of PTHrP
signaling was demonstrated by the absence of Sox9 phosphory-
lation in the growth plate of PTHyPTHrP receptor null mutant
mice.

We conclude from these experiments that Sox9 is a target of
PTHrP signaling. Based on this result, we propose that the
increase in Sox9 activity, brought about by its PKA phosphor-
ylation in prehypertrophic chondrocytes, mediates, at least in
part, the function of PTHrP in the growth plate. According to
this model, the PTHrP-dependent increase in the transcriptional
activity of the master transcription factor Sox9 would help
maintain the chondrocytic phenotype of cells in the prehyper-
trophic zone of the growth plate and prevent their further
differentiation into hypertrophic chondrocytes.

Fig. 5. Abolishment of phosphorylation of Sox9 at S181 in the prehypertro-
phic zone of the growth plate in PTHyPTHrP receptor null mutant mice.
Immunohistochemistry of a hindleg section of E16.5 wt and PTHyPTHrP re-
ceptor null mutant (2y2) mouse embryos with SOX9 or SOX9.P antibodies.
Sox9 was distributed evenly in resting, proliferating (pro), and prehypertro-
phic (prehy) chondrocytes but was absent in hypertrophic (hy) chondrocytes
(A), whereas phosphorylated Sox9 was seen only in prehypertrophic chondro-
cytes (B) of wt embryos. In E16.5 PTHyPTHrP receptor null mutant mouse
hindlegs, Sox9 showed the same distribution as in wt embryos (C), but the
phosphorylated Sox9 signal was absent in the prehypertrophic chondrocytes
(D). (Bars represent 50 mm.)
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Independent evidence that Sox9 has a role in the transition of
prehypertrophic chondrocytes to hypertrophic chondrocytes
came from the observation that the hypertrophic zone in het-
erozygous Sox9 mutant mice was larger than that in wt mice and
that premature mineralization occurred in the growth plate
(W. Bi, J. Deng, Z. Zhang, W.H., R. R. Behringer, and B.d.C.,
unpublished data). Because expression of Sox9 is completely
shut off in the hypertrophic zone and mineralized areas of the
growth plate, both the enlarged hypertrophic zone and prema-
ture mineralization of endochondral bones in Sox9 heterozygous
mice were very likely consequences of an increased transition
rate from prehypertrophic chondrocytes to hypertrophic chon-
drocytes. We have hypothesized that this was caused by Sox9
haploinsufficiency in cells that express Sox9, including those in
the prehypertrophic zone. Since our previous studies had estab-
lished that Sox9 is required for the condensation of mesenchymal

chondrocyte progenitor cells, the premature mineralization of
the growth plate in heterozygous Sox9 mutants and the absence
of phosphorylation of Sox9 at S181 in PTHrP receptor null mice
favor the view that Sox9 has a role in chondrogenesis beyond
mesenchymal condensation.

In summary, our results establish a rational link between
signaling by PTHrP, which is known to control a discrete step in
the chondrogenesis pathway, and the transcription factor Sox9,
a master factor for chondrocyte differentiation.
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