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Parathyroid hormone (PTH)-related protein (PTHrP), regulated by
Indian hedgehog and acting through the PTH/PTHrP receptor
(PPR), is crucial for normal cartilage development. These observa-
tions suggest a possible role of PPR signaling in the postnatal
growth plate; however, the role of PPR signaling in postnatal
chondrocytes is unknown. In this study, we have generated
tamoxifen-inducible and cartilage-specific PPR KO mice to evaluate
the physiological role of PPR signaling in postnatal chondrocytes.
We found that inactivation of the PPR in chondrocytes postnatally
leads to accelerated differentiation of chondrocytes, followed by
disappearance of the growth plate. We also observed an increase
of TUNEL-positive cells and activities of caspase-3 and caspase-9 in
the growth plate, along with a decrease in phosphorylation of Bad
at Ser155 in postnatal PPR KO mice. Administration of a low-
phosphate diet, which prevents apoptosis of chondrocytes, pre-
vented the disappearance of the growth plate. Taken together,
these observations suggest that the major consequences of PPR
activation are similar in both the fetal and postnatal growth
plates. Moreover, chondrocyte apoptosis through the activation of
a mitochondrial pathway may be involved in the process of
premature disappearance of the growth plate by postnatal in-
activation of the PPR in chondrocytes.

ndochondral ossification is an essential process for skeletal

development in the fetal and neonatal periods and for sub-
sequent bone growth (1). In the long bones of the limb, the for-
mation of an epiphyseal secondary center of ossification leaves
a disk of growth chondrocytes (the “growth plate”) that directs the
lengthening of postnatal bone. In some species, notably humans
and rabbits, growth plates close at the time of puberty through the
actions of the estrogen receptor. In mice, growth slows pro-
gressively postnatally but most growth plates do not close.

A complex network of signaling pathways regulates epiphy-
seal chondrocyte development (1). Parathyroid hormone (PTH)-
related protein (PTHrP), regulated by Indian hedgehog (Ihh) and
acting through the PTH/PTHrP receptor (PPR), is crucial for
normal bone growth. PTHrP is produced by periarticular chon-
drocytes and adjacent perichondrial cells in fetal life, whereas the
PPR is produced by chondrocytes as they transition from the
proliferative to postproliferative state. PTHrP regulates the length
of the columnar region by allowing continued proliferation of
columnar chondrocytes and suppressing their terminal differenti-
ation into postmitotic hypertrophic chondrocytes in late fetal and
perinatal growth plates.

Severe abnormalities in chondrocyte development are ob-
served in genetic disorders in humans that disrupt signaling by
the PPR through mutations in the PPR gene; the PTHrP gene;
or the gene encoding the a-subunit of the stimulatory G-protein
(Gsa), a mediator of actions of the PPR (2). PPR mutations that
lead to constitutive activity occur in Jansen metaphyseal chon-
drodysplasia (3), and lethal homozygous or compound hetero-
zygous mutations that lead to inactivation of PPRs cause short
extremities and other defects (4). Albright hereditary osteodys-
trophy (AHO) is a result of a loss-of-function mutation in one
copy of the GNASI gene, which encodes Gsu. Patients with
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AHO present with a skeletal phenotype that includes brachy-
dactyly and premature closure of growth plates (5); this suggests
that Gsa pathways, regulated by PTHrP, may be important
regulators of the postnatal growth plate. Recently, two reports of
families with inactivating, heterozygous mutations of the PTHrP
gene show that such heterozygosity for PTHrP causes brachy-
dactyly type E, which closely resembles the phenotype of AHO
and was associated with premature cessation of growth in many
cases (6, 7). Our results reveal a unique role for the PPR in that
PPR expression in the postnatal chondrocytes, unlike in fetal life,
is essential for maintenance of the growth plate in mice; growth
plates disappear in the absence of continued PPR signaling.

Results

Postnatal Ablation of the PPR in Growth Plate Chondrocytes Causes
Growth Plate Closure. Transgenic mice in which Cre recombinase
fused to a mutated estrogen receptor ligand-binding domain
[type 2 collagen (Coll2)-CreER™)] driven by the promoter of the
collagen2al gene were generated as reported previously (8). To
generate tamoxifen (Tam)-inducible and cartilaige-speciﬁc KO
of the PPR [FC0112-CreERT:ﬂoxed PPR (PPR™M)], we crossed
Coll2-CreER":PPR"™ mice to PPR™" mice (9). PPR™" litter-
mates were used as a control; their growth plates appeared
identical to those of Coll2-CreER":PPRY mice at all devel-
opmental stages. Coll2-CreER":PPR"™ and PPR™" control mice
were treated with a single 0.5-mg dose of Tam per mouse at
postnatal day (P) 3, and the effects on bone development were
analyzed in P6, P10, and P31 mice. There was no change in body
weight and size of Coll2-CreER™:PPR"" mice compared with
PPR™ control mice until 7 d after administration of Tam. Their
weights diverged from those of control mice by P17 and were
67.1% of controls after 28 d. As shown in Fig. 14, the size of
mutant mice was less than that of control littermates [body
length (cm): 13.5 £ 0.2 vs. 9.1 + 0.4; P < 0.05; n = 4 in each
group], with a reduction in the length of the tails and limbs at
28 d after administration of Tam. Further, histological exami-
nation of the skeleton revealed shortening of the long bones and
significant joint abnormalities in Coll2-CreER™:PPR™" mice at
28 d after administration of Tam (Fig. 1B). To assess the effi-
ciency of removal of the PPR in the growth plate, we performed
in situ hybridization analysis using a PPR probe specific for the
removed E1 exon (9). Expression of PPR mRNA was not seen in
the growth plate chondrocytes of metatarsal bone in Coll2-
CreERT:PPR mice, whereas abundant expression was seen in
the prehypertrophic and hypertrophic regions of the growth
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Fig. 1. PPR signaling is required for normal skeletal development in post-
natal life. () Photographs of P31 PPR™f! and Coll2-CreER™:PPR™ littermates
at 28 d after Tam administration. (B) Skeletal preparation of hind limbs from
P31 PPR™ and Coll2-CreER:PPR™! littermates. P, pelvis; F, femur; T, tibia.
(Scale bar: 5 mm.) (C) Histological analysis of long bones of P31 mice
revealed abnormalities of the skeleton in mutant mice. H&E (Left) and Saf-
ranin O staining (Right) of longitudinal cross-sections of femurs in P31 PPR™f!
(Upper) and Coll2-CreER™:PPR™ (Lower) mice at 28 d after Tam adminis-
tration. Arrows indicate the secondary ossification centers, and arrowheads
indicate the growth plates of femurs.

plate in PPR™ mice at 3 d after Tam administration (Fig. S14).

We could not follow the disappearance of PPR protein because
removal of the floxed exon E1 of the PPR did not change the
expression of PPR immunoreactivity (Fig. S1B). Exon El, al-
though essential for PPR activity (10), has 105 bp; therefore, its
removal does not change the protein’s reading frame. Because
we cannot be sure how long it takes for the PPR protein to
disappear completely after Cre action, the phenotypes we de-
scribe here may reflect either complete absence of PPR protein
or low levels of this protein. There was no difference in the body
weight between vehicle-treated and Tam-treated PPR™™ mice
[body weight (%): 100.0 + 5.8 vs. 100.5 + 2.4, n = 3 in each
group; body length (cm): 13.7 + 0.1 vs. 13.5 + 0.2, n = 4 in each
group], indicating that Tam does not affect bone development in
our experiments (Fig. S1C). Furthermore, histological analysis
revealed complete loss of growth plates (Fig. 1C, arrowheads)
and secondary ossification centers (Fig. 1C, arrows) and distor-
tion of the articular surfaces (Fig. S1D) in Coll2-CreER":PPR™™
mice compared with PPRY control mice. Safranin O staining in
Fig. 1C stains the matrix surrounding chondrocytes. The chon-
drocytes of the growth plate and their associated matrix are
completely missing, and the cartilage matrix at the joint surface
only irregularly stains with Safranin O. These observations sug-
gest that postnatal ablation of the PPR in chondrocytes resulted
in disappearance of the growth plates and permanent deformity
of the epiphyses.

To determine the mechanism causing disappearance of the
growth plate chondrocytes, we analyzed bones at early times
after administration of Tam. Three days after Tam administra-
tion, the region containing hypertrophic chondrocytes was ex-
panded into the middle of the growth plate [hypertrophic region
(%):100.0 + 3.5 vs. 196.9 + 15.8, n = 4 in each group] (Fig. 24).
Seven days after Tam administration, at P10, premature closure
of the growth plate had already occurred in Coll2-CreER™:PPR™!
mice (Fig. 2B). To clarify alterations in differentiation at P6,
3 d after Tam administration, we determined the expression of
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mRNA encoding markers of characteristic stages of differentia-
tion of chondrocytes through in situ hybridization analysis.
Corresponding to the expansion of the region of hypertrophic
chondrocytes, the region of expression of type X collagen
(CollX) mRNA was also expanded (Fig. 2C). The domain of
expression of Thh was also enlarged (Fig. 2D); many flat co-
lumnar chondrocytes expressed IThh mRNA in these growth
plates. In contrast, there was no expansion of the Mmp13 mRNA
expression domain (arrowheads in Fig. 2F). The domain of ex-
pression of CollX mRNA had almost disappeared in the growth
plates of Coll2-CreER":PPR™ mice by 7 d after Tam adminis-
tration and abutted the CollX mRNA-expressing cells in what
was left of the secondary ossification center (Fig. 2F). The lack of
expansion of the group of cells expressing Mmp13 mRNA sug-
gests that acceleration of hypertrophic differentiation, rather
than reduction of cartilage resorption at the end of the growth
plate, is responsible for the expansion of the hypertrophic region
at P6. The disappearance of the growth plate in the Coll2-
CreER":PPR™ mice soon after Tam administration might re-
flect abnormal processes outside the growth plate itself. The
calcified matrix surrounding hypertrophic chondrocytes is de-
graded by chondroclasts/osteoclasts concomitant with vascular
invasion at the primary ossification center. However, we found
no difference in the number of tartrate-resistant acidic phos-
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Fig. 2. Postnatal deletion of the PPR in chondrocytes resulted in premature
closure of the growth plates. H&E staining of tibiae of PPR (Left) and
Coll2-CreER:PPR™! (Right) mice at 3 d (A) and 7 d (B) after Tam adminis-
tration. In situ hybridization analysis of CollX (C), Ihh (D), and Mmp13 (E)
mRNA expression in the proximal tibial growth plates of PPR"" mice (Left)
and Coll2-CreER™:PPR™ mice (Right) at 3 d after Tam administration. (F)
CollX mRNA expression in tibiae of PPR™ (Left) and Coll2-CreERT:PPR™!
(Right) mice at 7 d after Tam administration. Data are representative of
experiments performed on sections from three mice for each condition.
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phatase (TRAP)-positive multinuclear cells in the primarfz
spongiosa of the Coll2-CreERT:PPR¥ compared with PPR"
control mice [TRAP-stained cells (%): 100.0 + 3.8 vs. 102.6 +
10.3, n = 3 in each group], however (Fig. S1E). In addition, we
did not observe any abnormalities of vascularization (immunos-
taining for CD31) of the secondary ossification centers in the
tibiae of P8 Coll2-CreER":PPRY ‘mice at 5 d after Tam ad-
ministration (Fig. S1F). Thus, no morphological changes outside
the growth plate suggest mechanisms for the disappearance of
the growth plates.

Inactivation of the PPR in Chondrocytes Leads to Increased Activation
of the Mitochondrial Pathway of Apoptosis. To assess how deletion
of the PPR signal in postnatal chondrocytes triggers the disap-
pearance of the growth plate, we next examined whether ablation
of the PPR might affect chondrocyte proliferation and apoptosis.
We focused on chondrocytes at P6, 4 d before the virtually
complete disappearance of the growth plate, so that we could
identify proliferating and dying cells. The expansion of the hy-
pertrophic zone at P6 was accompanied by a dramatic decrease
in the number of proliferating chondrocytes in the columnar
region, as determined by BrdU labeling (Fig. 3 A-C). Normally,
apoptosis is observed only in highly differentiated hypertrophic
chondrocytes at the border of the primary spongiosa (11). We
observed an increase in the number of TUNEL-positive cells at
the expected location at the end of the hypertrophic layer of the
Coll2-CreER":PPR™ mice at 4 d after administration of Tam
[TUNEL-positive cells in the hypertrophic region (%): 4.11 +
0.82 vs. 3.51 + 0.78, n = 5 in each group], and we also observed
TUNEL-positive cells in the re%ion of columnar chondrocytes
not seen in those cells in PPR™ control mice (1.66 + 0.53 vs.
0.04 + 0.04; P < 0.05; n = 5 in each group) (Fig. 3 D and E).
These findings were not observed in E18.5 Coll2-CreER":PPR™
mice given Tam at embryo day (E) 14.5 in fetal life (Fig. S2).
These observations indicate that postnatal PPR signaling in
chondrocytes, unlike fetal PPR signaling, may be required for
survival of growth plate chondrocytes.

To confirm the abnormal pattern of chondrocyte apoptosis in
the Tam-treated Coll2-CreER":PPR™ mice, we examined the
activation of caspase-3 in these chondrocytes by performing
immunohistochemical detection of cleaved caspase-3. As shown
in Fig. 44, active caspase 3-positive cells were seen in the middle
of the growth plate in Coll2-CreER":PPR™" mice, whereas such
ectopic activation was not seen in the growth plates in PPR™™
control mice at 3 d after administration of Tam. Apoptosis as-
sociated with activation of caspase 3 is triggered by two major
mechanisms: plasma membrane death receptor-triggered acti-
vation of caspase-8 and caspase-10 (12) and a mitochondrial
pathway regulated by Bcl family members that activates caspase-
9 (13). We examined whether the mitochondrial pathway is re-
sponsible for the activation of caspase-3 by assessing the acti-
vation of caspase-9. We found increased active caspase-9 in
homogenates prepared from the distal femur and proximal tibia
of P6 Coll2-CreERT:PPR™ mice at 3 d after Tam administra-
tion (Fig. 4B). Further, we examined the activation of caspase-8
to assess the contribution of the death receptor-triggered
mechanisms in chondrocyte apoptosis. The activation of caspase-
8 was decreased in the growth plates of Coll2-CreERT:PPR™"
mice given Tam when compared with similarly treated PPR™
mice (Fig. S34). To investigate mediators of apoptosis in the
Coll2-CreER":PPRY growth plate, we isolated RNA from
Coll2-CreER":PPR™" and PPR™" mice at 3 d after Tam ad-
ministration and used a commercially available PCR array for
apoptosis-related genes to identify differences in expression after
PPR ablation. Results demonstrate that deletion of PPR sig-
naling in chondrocytes induced little change in expression of
most of these genes but did cause substantial changes in mRNA
levels in 13 of them (Table S1). We found increased expression
of mRNA encoding Bax, a proagg)ﬂptotic member of the Bcl-2
family in the Coll2-CreER":PPR™" growth plate. We also ob-
served increased expression of Bax protein in the distal femur
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Fig. 3. Chondrocyte apoptosis increases in the PPR-deficient growth plate
postnatally. (A) Representative BrdU staining in P6 proximal tibiae in Coll2-
CreERT:PPR™ (Left) and PPR™ (Right) growth plates at 3 d after Tam ad-
ministration. (B) Magnified views of the boxed areas in A shown in ppR™A
(Upper) and Coll2-CreER™:PPR™ (Lower) mice at 3 d after Tam administra-
tion. (C) BrdU labeling index was calculated in the columnar proliferating
region of the proximal growth plate of the tibia in PPR™f and Coll2-CreER™:
PPR™ mice at 3 d after Tam administration. The indicated values correspond
to the average of cell counts from two sections from each mouse and from
three animals of each genotype. Dashed lines indicate the columnar region.
*P < 0.05, significantly different from PPR™ control mice. (D) TUNEL assay
shows ectopic TUNEL-positive chondrocytes. Shown are the TUNEL assays in
PPR! (Left) and Coll2-CreERT:PPR™ (Right) mice at 4 d after Tam admin-
istration. The yellow arrows point to the TUNEL-positive chondrocytes
(identified morphologically in bright-field examination) in the mutant. Data
are representative of experiments performed on sections from three mice
for each condition. (E) Magnified views of DAPI (Left) and TUNEL (Right)
staining are shown in ppRfl (Upper) and Coll2-CreER™:PPR™ (Lower) mice at
4 d after Tam administration. The yellow arrows point to the TUNEL-positive
chondrocytes in the mutant.

and proximal tibia of P6 Coll2-CreERT:PPRY mice at 3 d after
Tam administration (Fig. 4B and Fig. S3B). Some of this in-
creased expression simply reflects the increased number of hy-
pertrophic chondrocytes in these mice. Nevertheless, some of the
high levels of Bax expression was seen in cells that were mor-
phologically flat chondrocytes; these cells normally express only
very low levels of Bax (14) (Fig. S3B). Further, although semi-
quantitative, the expression levels of Bax were consistently
higher than normal in the hypertrophic chondrocytes of the
Coll2-CreERT:PPR™ growth plate after Tam administration.
These findings are consistent with the idea that inactivation of
the PPR leads to activation of the mitochondrial pathway of
apoptosis. Bad, a proapoptotic BH3-only member of the Bcl-2
family, binds to and inactivates Bcl2 and Bcl-xL, which are
antiapoptotic proteins located on the outer mitochondrial
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membrane. Phosphorylation by protein kinase A (PKA) at
Ser155 of Bad blocks association of Bad with Bcl-xL and favors
association with cytoplasmic 14-3-3 proteins (15, 16). We ex-
amined whether PTHrP (1-36) regulates the phosphorylation of
Bad in primary cultured chondrocytes. As shown in Fig. 4C,
phosphorylation of endogenous Bad at Ser155 was up-regulated
by PTHrP at 5 min and was more extensive at 60 min. Fur-
thermore, Bad phosphorylation by PTHrP was sensitive to H89,
a PKA inhibitor, suggesting that PKA mediates Bad phosphor-
ylation after PTHrP stimulation (Fig. 4 D and E). Finally,
homogenates prepared from the distal femur and proximal tibia
of Tam-treated P6 Coll2-CreER":PPR" mice showed reduced
phosghorylation of endogenous Bad at Serl55 compared with
PPR"" control mice (Fig. 4F). We could not perform immuno-
histochemistry using the antibody to phospho-Bad; thus, we
cannot identify the specific chondrocyte type expressing the
epitope. Nevertheless, the up-regulation of activity of proapoptic
Bad caused by suppression of Bad phosphorylation at the Ser155
site after inactivation of PPR signaling in chondrocytes may
contribute to this process.

Effects of Phosphate Deprivation on the Growth Plate Abnormalities
Induced by Inactivation of the PPR. To examine the relationship
between apoptosis and growth plate disappearance, we used an
in vivo model known to suppress apoptosis of late hypertrophic
chondrocytes. Sabbagh et al. (11) showed that low levels of in-
organic phosphate in the blood lead to suppression of apoptosis
of late hypertrophic chondrocytes and expansion of the hyper-
trophic chondrocyte layer (rickets). To determine whether
hypophosphatemia could suppress apoptosis in the absence of
PPR signaling and, if so, whether this suppression mitigated the
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Fig. 4. Mitochondrial pathway contribution to the increased
apoptosis in the PPR-deficient growth plate. (A) Immunohis-
tochemical detection of cleaved caspase-3 of tibias in PPRf!
(Upper) and Col12-CreERT:PPR™ (Lower) mice at 3 d after Tam
administration. (Right) Magnified views of the growth plate
chondrocytes are shown. Data are representative of experi-
ments performed on sections from three mice for each con-
dition. (B) Activities of caspase-9 and the expression of Bax in
growth plates from the distal femur and proximal tibia were
r analyzed by Western blotting. The same blot was stripped
‘;31 and reprobed with a -actin antibody. Data are representative
&P of independent experiments performed on each of three

Qag mice. (C) Cultured primary chondrocytes were treated with

q PTHrP (1 nM) for various times as indicated. Phosphorylation
of Bad was analyzed by Western blotting using phosphospe-
cific Ser155 antibody. The same blot was stripped and repro-
bed with an anti-Bad antibody. Data are representative of
experiments performed in three independent experiments.
(D) Cultured primary chondrocytes were pretreated with H89
for 30 min and then stimulated with PTHrP (1 nM) for 20 min.
(E) Quantitative analysis of D. Western blots were quantified
e using ImageJ 1.43 software (National Institutes of Health)
& after densitometric scanning of the films. *P < 0.05, signifi-
ol cantly different from the value obtained after PTHrP admin-
& § istration in the absence of H89. Data are representative of
) three independent experiments. (F) Homogenates were pre-
pared from growth plate cartilage of the distal femur and
proximal tibia of P6 Coll2-CreER™:PPR™ and PPR™f! mice at 3
d after Tam administration. Phosphorylation of Bad was
analyzed by Western blotting using phosphospecific Ser155
antibody. Data are representative of three independent
experiments.

phenotype of the PPR KO mice, we subjected Coll2-CreER™:
PPR"Tand PPR™ control mice to a low-phosphate diet. At 4 wk
of age, Coll2-CreERT:PPR and PPRY® mice were treated with
Tam (0.1 mg/g of body weight every 3 d), and the effects on
development of the growth plate were analyzed at 3-10 d after
Tam administration. Mice were fed a low-phosphate diet
throughout the experiment, starting the day before the first in-
jection of Tam (Fig. S4). As we had observed with younger mice
without a secondary ossification center (Fig. 2), we again ob-
served premature hypertrophic differentiation in the growth
plates of mice fed a normal diet at 4 d after Tam administration.
The expansion of the hypertrophic region was accompanied by
a shortening of the region of proliferating chondrocytes and
a concomitant decrease in the fraction of chondrocytes in this
region that were synthesizing DNA, as determined by BrdU Ila-
beling [BrdU labeling index (%): 18.6 + 1.7 vs. 8.0 + 1.2; P <
0.05; n = 3 in each group]. Histological analysis showed that
premature closure of the growth plate had occurred in the tibia
of Coll2-CreER":PPR"" mice at 6-10 d after Tam administra-
tion. The phenotype in the Coll2-CreERT:PPR™ mice in vehicle-
treated controls could not be distinguished from normal (Fig.
S4). Further, there was no difference in the morphology of the
growth plate, chondrocyte proliferation, or apoptosis between
vehicle-treated and Tam-treated PPRM mice [BrdU labeling
index (%): 17.3 + 2.3 vs. 17.2 + 1.1, n = 3; TUNEL-positive cells
per section: 14.4 + 3.0 vs. 11.5 £ 3.7, n = 5], indicating that Tam
does not affect chondrocyte proliferation or apoptosis in our
experiments. As expected, the mice quickly became hypo-
phosphatemic and mildly hypercalcemic, with low PTH levels in
the blood (Fig. S5). Interestingly, we observed the continued
presence of the growth plate in Coll2-CreER":PPR™" mice fed
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a low-phosphate diet 6 d after administration of Tam, a time at
which chondrocytes were almost absent from the growth plates in
Coll2-CreER":PPR™ mice fed a control diet (Fig. 5). Twenty
days after beginning Tam, the growth plate was entirely closed in
the Coll2-CreER":PPR™ mice fed a control diet but remained
in similar mice fed the low-phosphate diet (Fig. S6). Finally, to
test the possibility that the disappearance of the growth plate
involved suppression of chondrocyte apoptosis, we performed
the TUNEL assay at 5 d after Tam administration. We observed
significantly increased TUNEL-positive cells in the growth plate
chondrocytes of Coll2-CreER":PPR¥ mice compared with
those of their WT littermates at 5 d after Tam administration.
Hypophosphatemia was effective in suppressing the apoptosis,
even in cells undergoing apoptosis in the columnar chondrocyte
region, a site not normally associated with chondrocyte apoptosis
(Fig. 6). These observations demonstrate that PPR signaling is
required for continued survival and suppression of apoptosis of
chondrocytes in the postnatal growth plate.
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6 days after Tam
Fig. 5. Concurrent administration of a low-phosphate diet prevents disap-

pearance of the growth plate. H&E (Upper) and Safranin O (Lower) staining
of longitudinal cross-sections of tibiae in PPR? (4 and C) and Coll2-CreER™:
PPRf (B and D) mice at 4 wk of age at 6 d after Tam administration. PPR!
(A and C) and Coll2-CreER™: PPR (B and D) mice were fed a control diet (A
and B) or a low-phosphate (P) diet (C and D) from 28 to 35 d of age. (E)
Statistical analysis of the length of the columnar proliferating (Left) and
hypertrophic (Right) regions of the proximal growth plate of the tibiae in
PPR™M and Coll2-CreER™:PPR™f! mice fed a control or P diet. White bars
represent PPR"" mice, and black bars represent Coll2-CreER™:PPR™ mice. *P
< 0.05, significantly different from PPR™f! mice fed a control diet; *P < 0.05,
significantly different from the value obtained in Coll2-CreER™:PPR mice
fed a control diet. Data are representative of experiments performed on
sections from three or more mice for each condition.
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Fig. 6. Chondrocyte apoptosis is involved in the premature disappearance
of the growth plate by postnatal deletion of PPR signaling in chondrocytes.
Shown are TUNEL assays of PPR" (A and C) and Coll2-CreER™:PPR™ (B and
D) mice fed a control diet (A and B) or a low-phosphate (P) diet (C and D).
The region outlined by dotted lines indicates the growth plate. Data are
representative of experiments performed on sections from four mice for
each condition. EB, Evans blue. (E) Statistical analysis of the number of
TUNEL-positive cells in the proximal growth plate of the tibiae. White bars
represent PPR™" mice, and black bars represent Coll2-CreER™:PPR™ mice. *P
< 0.05, significantly different from PPR™ mice fed a control diet; *P < 0.05,
significantly different from the value obtained in Coll2-CreER:PPR™" mice
fed a control diet. Data are representative of experiments performed on
sections from three mice for each condition.

Discussion

We have found that ablation of the PPR in chondrocytes post-
natally leads to accelerated differentiation of chondrocytes, fol-
lowed by disappearance of the growth plate, in association with
an increase in chondrocyte apoptosis. Hypophosphatemia greatly
diminished the apoptosis and slowed the disappearance of the
growth plate. We cannot eliminate the possibility that hypo-
phosphatemia affects the growth plate by additional unknown
mechanisms as well, which could act to preserve the growth plate
independent of its effect on apoptosis. For example, mice in
which the PTH gene is ablated have an expansion of the layer of
hypertrophic chondrocytes (17). No change in apoptosis was
noted in the chondrocytes of those mice. Thus, low levels of
PTH, in addition to the direct effects of hypophosphatemia,
might contribute to the transient expansion of the hypertrophic
layer and the suppression of apoptosis in the PPR KO mice.
The explanation for the accelerated and ectopic apoptosis is
unclear. We found an increase in the activated form of caspase-9
in the growth plates of the Coll2-CreER":PPR™ mice given Tam
postnatally (Fig. 4B); caspase-9 activation implicates the mito-
chondrial pathway in chondrocyte apoptosis. Bax and Bak are
multidomain transmembrane proteins that trigger mitochondrial-
driven apoptosis (13). Bcl2 and Bcl-xl are antiapoptotic multido-
main transmembrane proteins that oppose the actions of Bax and
Bak. BH3-only proteins respond to a variety of stimuli to interact
with Bax, Bak, and the Bcl2/Bcl-x] antiapoptotic proteins to acti-
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vate apoptosis. We surveyed expression of several members of the
Bcl family using a PCR array and found no change in expression of
most of them in Coll2-CreER":PPR" mice after administration
of Tam, although mRNA encoding the apoptosis-inducing family
member Bax was increased. This increase was associated with an
increase in Bax protein levels, as assessed by Western blot analysis
(Fig. 4B), which is partly explained by the expansion of the hy-
pertrophic layer of chondrocytes. Amling et al. (14) found that
Bcl2 expression is increased in late proliferative and prehyper-
trophic chondrocytes in transgenic mice overexpressing PTHrP in
chondrocytes, but we found no change in Bcl2 mRNA levels in the
growth piates of Coll2-CreER":PPR™ mice after administration
of Tam. We focused on the BH3-only protein Bad because Bad is
regulated by PKA, and therefore is a candidate regulator of ap-
optosis downstream of activation of the PPR. Bad binds to Bcl-xL.
and Bcl2, thereby opposing their antiapoptotic actions (15, 16).
When phosphorylated at serine 112, 136, or 155, Bad binds to
cytoplasmic 14-3-3 proteins, and thus is not available to trigger
apoptosis (13, 15). We found that PTHrP rapidly led to phos-
phorylation of Bad in chondrocytes in primary culture (Fig. 4C1).
Further, levels of phosphorylated Bad fell in the Coll2-CreER":
PPR™ mice after Tam administration (Fig. 4E). The resultant
increase in active Bad might contribute to the apoptosis exhibited
by the growth plates of these mice.

Other processes may contribute to the increased apoptosis as
well. For example, Nkx3.2, a transcription factor expressed at
high levels in proliferating chondrocytes, has been shown to in-
hibit apoptosis in a chondrocyte cell line (18). Because PPR
activation increases Nkx3.2 expression in chick and mouse
growth plates (19), this pathway may contribute to the anti-
apoptotic actions of the PPR.

The growth plate disappearance described here may be rele-
vant to certain forms of human growth plate closure. Early
growth plate closure, contributing to brachydactyly and short
stature (5), occurs in children with AHO. The bone disease is
caused by haploinsufficiency of Gsa, attributable to a variety of
mutations in the coding region of Gsa. In similar fashion, people
heterozygous for inactivating mutations of the gene encoding
PTHrP exhibit short metacarpals, metatarsals, and phalanges,
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along with premature cessation of growth leading to short stature
(6, 7). Because PTHrP activates the PPR and then Gsa, and
because the KO of Gsa in the growth plate of mice leads to
accelerated chondrocyte differentiation resembling that of the
PPR KO (4, 20), it is plausible that the growth plate closure in
AHO and human heterozygosity for the PTHrP gene result from
processes like those demonstrated here. Growth plate closure is
also seen when Ihh is knocked out postnatally in the growth plate
(21) or when hedgehog antagonists are administered to mice
(22). Because Ihh stimulates PTHrP production in chondrocytes
(1), this closure may involve mechanisms similar to those de-
scribed here. Hedgehog antagonists are now in clinical trials for
conditions such as medulloblastoma (23); growth plate closure
may limit the use of these drugs in growing children.

Materials and Methods

Descriptions of mice, low phosphate diet, skeletal preparation and histo-
logical analysis, primary chondrocyte culture, and statistics are provided in S/
Materials and Methods.

Tam Administration. Tam (Sigma) was dissolved in corn oil (Sigma) at a con-
centration of 10 mg/mL and administered as described in S/ Materials
and Methods.

In Situ Hybridization, BrdU Labeling and Detection, and Evaluation of Apoptosis.
These studies were performed in routine fashion as described in SI Materials
and Methods.

Immunohistochemistry. Standard use of antibodies to cleaved caspase-3 (di-
luted 1:100; Cell Signaling) is described in S/ Materials and Methods.

Western Blotting. Western blot analysis was performed with cell homogenates
from growth plate chondrocytes using standard methods described in detail
in S/ Materials and Methods.
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