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of the PTHrP-null phenotype, we hypothesized that PTHrP’s proliferative actions in chondrocytes might be mediated by

opposing p57. We generated p57/PTHrP-null embryos, which showed partial rescue of the PTHrP-null phenotype. There
was reversal of the loss of proliferative chondrocytes in most bones, with reversal of the accelerated differentiation that

occurs in the PTHrP-null phenotype. p57 mRNA and protein were upregulated in proliferative chondrocytes in the
absence of PTHrP. Metatarsal culture studies confirmed the action of PTHrP to decrease p57 mRNA and protein levels in
a model in which parathyroid hormone (PTH), used as an analog of PTHrP, increased chondrocyte proliferation rate and

the length of the proliferative domain. PTH treatment of p57-null metatarsals had no effect on proliferation rate in round
proliferative chondrocytes but still stimulated proliferation in columnar chondrocytes. These studies suggest that the
effects of PTHrP on both the rate and extent of chondrocyte proliferation are mediated, at least in part, through
suppression of p57 expression.
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Parathyroid hormone-related peptide (PTHrP) is a positive regulator of chondrocyte proliferation during
bone development. In embryonic mice lacking PTHrP, chondrocytes stop proliferating prematurely, with
accelerated differentiation. Because the bone phenotype of mice lacking the cyclin-dependent kinase inhibitor
p57%ir is the opposite of the PTHrP-null phenotype, we hypothesized that PTHrP’s proliferative actions in
chondrocytes might be mediated by opposing p57. We generated p57/PTHrP-null embryos, which showed par-
tial rescue of the PTHrP-null phenotype. There was reversal of the loss of proliferative chondrocytes in most
bones, with reversal of the accelerated differentiation that occurs in the PTHrP-null phenotype. p57 mRNA
and protein were upregulated in proliferative chondrocytes in the absence of PTHrP. Metatarsal culture stud-
ies confirmed the action of PTHrP to decrease p57 mRNA and protein levels in a model in which parathyroid
hormone (PTH), used as an analog of PTHrP, increased chondrocyte proliferation rate and the length of the
proliferative domain. PTH treatment of p57-null metatarsals had no effect on proliferation rate in round pro-
liferative chondrocytes but still stimulated proliferation in columnar chondrocytes. These studies suggest that
the effects of PTHrP on both the rate and extent of chondrocyte proliferation are mediated, at least in part,

through suppression of p57 expression.

Introduction
During embryonic development, most of the vertebrate skeleton
develops through endochondral bone formation. This highly
regulated process involves the coordination of chondrocyte prolif-
eration and differentiation to give rise to the cartilaginous struc-
tures, which are subsequently replaced by bone (reviewed in ref.
1). Chondrocytes, formed from mesenchymal cells in prechondro-
genic condensations, proliferate to expand the cartilage mold, and
then form columns of flattened proliferative cells. Chondrocytes
then permanently exit the cell cycle, and postmitotic cells further
differentiate into prehypertrophic and hypertrophic chondrocytes,
which secrete an ECM that becomes mineralized. Vascular invasion
of the mineralized hypertrophic chondrocytes then occurs, allow-
ing the replacement of mineralized cartilage with bone and bone
marrow. Parathyroid hormone-related peptide (PTHrP) is one of
the key local regulatory factors in chondrocyte development.
Several lines of evidence show that PTHrP regulates the transi-
tion from proliferation to differentiation in chondrocytes. PTHrP-
null mice have a severe disorder of endochondral bone formation,
leading to bone shortening, with widespread premature matura-
tion and ossification of the cartilaginous skeleton (2). Mice lack-
ing either PTHrP or the parathyroid hormone (PTH)/PTHrP receptor
exhibit shortened zones of proliferative chondrocytes and prema-
ture hypertrophic differentiation (3-5). In contrast, animals that
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overexpress PTHrP in chondrocytes show delayed hypertrophic
differentiation (6). Chondrocyte-specific expression of a consti-
tutively active PTH/PTHTrP receptor also delays the conversion
of proliferative to hypertrophic chondrocytes (7). Thus, a major
action of PTHrP is to maintain chondrocytes in the proliferative
pool. PTHrP and Indian hedgehog (Ihh) establish a negative-feed-
back loop that maintains a balance of chondrocyte proliferation
and differentiation (4, 8, 9), regulating the distance from the artic-
ular region to that at which differentiation occurs. PTHrP-null
mutants also have a reduction in chondrocyte proliferation rate
(3,10, 11),and PTHrP treatment increases the proliferation rate of
chondrocytes in explant metatarsal cultures (12) and in primary
chondrocytes (13). Thus, PTHrP not only regulates the transition
from the proliferative to postproliferative state, but also regulates
the chondrocyte proliferation rate.

Because PTHrP regulates both the rate and extent of
chondrocyte proliferation, activation of the PTH/PTHTrP recep-
tor must directly or indirectly regulate the cell cycle machinery.
During the cell cycle, proliferating cells must overcome the G;/S
phase checkpoint (reviewed in ref. 14). Complexes of cyclin and
cyclin-dependent kinase (Cdk) promote G;/S-phase transition by
phosphorylating the retinoblastoma (Rb) pocket protein family
members (Rb, p107, and p130). Phosphorylation of pocket pro-
teins blocks their ability to repress E2F family members, leading
to activation of genes required for S-phase entry. The predomi-
nant G cyclin-Cdk complexes are cyclin D-Cdk4/6, and in late Gy,
cyclin E-Cdk2. The D-type cyclins are upregulated by mitogenic
stimuli (15), and cyclin-Cdk complexes are inhibited by two major
families of Cdk inhibitors (16). The p16 INK4 family specifically
binds and inactivates monomeric Cdk4 or Cdk6, whereas the
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CIP/KIP family, which includes p21©pL, p27¥ipl and pS75iP2 (p57),
inhibits all G/S-phase cyclin-Cdk complexes.

Targeted ablation of the p57 gene shows that it is a major regula-
tor of the cell cycle in chondrocytes. p57-null mice have major devel-
opmental defects, including cleft palate, body wall dysplasia, lens
cell abnormalities, and shortlimbs (17, 18). Bones from pS7 mutant
mice show delayed ossification, elevated chondrocyte proliferation
rate, and increased chondrocyte cell density. The other cell cycle fac-
tors known to be required by chondrocytes during early bone devel-
opment are the Rb-related pocket proteins, p107 and p130. Mice
lacking both p107 and p130 have a bone phenotype very similar to
that of the p57-mutant embryos, including an increased chondrocyte
proliferation rate, increased chondrocyte density, and delayed dif-
ferentiation (19, 20). This similarity of phenotypes suggests that
in chondrocytes, p107 and p130 are major downstream targets of
the cyclin-Cdk complexes that are inhibited by p57. Little is known
about mediators of PTHrP’s proliferative actions in chondrocytes
during development. In this report, we have investigated the hypoth-
esis that PTHrP’s proliferative actions in chondrocytes are mediated
in part through downregulation of p57.
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Figure 1

Normalization of PTHrP-null morphology by remov-
al of p57. (A-D) Sections from control, p57+-m,
PTHrP--, and PTHrP--; p57+-m littermates. (A)
Morphology of E18.5 ulna. The p57-null ulna has
a small increase in the number of proliferative
chondrocytes (P), whereas the PTHrP-null ulna has
almost complete loss of proliferative chondrocytes,
o with expanded hypertrophic chondrocytes (H) and
expanded bone formation (indicated as Bo). The
PTHrP/p57-null ulna shows normal morphology.
Original magnification x10. (B) In situ hybridiza-
tion of E18.5 ulna probed with PTH/PTHrP receptor
(expressed in prehypertrophic and early-hypertro-
phic chondrocytes) and collagen X (expressed in
hypertrophic chondrocytes). The PTHrP-null ulna
shows virtually complete loss of proliferative and
prehypertrophic layers, and these layers are restored
in the PTHrP/p57-null ulna. Original magnifica-
tion, x10. (C) Morphology of E18.5 vertebrae. The
PTHrP-null vertebra has a reduction in proliferative
chondrocytes and an expanded hypertrophic zone,
and the PTHrP/p57-null vertebra shows restoration
of normal morphology. Original magnification, x20.
(D) Morphology of E18.5 tibia. The PTHrP-null tibia
has a large reduction in the zone of columnar prolif-
erative chondrocytes (CP), which is not normalized
in the PTHrP/p57-null tibia. RP, round proliferative
chondrocytes. Original magnification, x10.

Results
Because the absence of PTHrP or pS7 has opposite
effects on endochondral bone development, we
hypothesized that PTHrP may act in part through
suppression of p57 expression. To investigate the
genetic interaction between PTHrP and pS7 in
vivo, we generated mutant embryos lacking both
PTHyP and p57, and then we examined their bone
development. The pS7 gene is imprinted, with
only the maternal allele expressed (21). Therefore,
we used pS7 heterozygotes with maternal inheri-
tance of the p57-null allele (p57+/-™) as functional
nulls, and confirmed that these embryos show no p57 gene expres-
sion (data not shown). In all cases, PTHrP/pS57-null embryos were
compared to control littermates, which were either wild type or
heterozygous for the PTHrP-null allele. We confirmed in indepen-
dent experiments that there was no difference between PTHrP*/*
and PTHrP'/~ in all parameters examined (data not shown).
Absence of pS7 normalizes the skeletal morphology of PTHrP-null
mutants. As previously reported (2), absence of PTHrP causes early
cessation of chondrocyte proliferation, with premature hypertro-
phic differentiation and ossification, leading to severe chondro-
dysplasia. The severity of the PTHrP-mutant phenotype varies in
different bones. For example, in the ulna and vertebrae of PTHrP-
null embryos, there was a marked reduction in the regions of
both round and columnar proliferative chondrocytes, and greatly
extended regions of hypertrophy and bone formation (Figure 1,
A and C). In contrast, the PTHrP-null tibia showed almost com-
plete loss of proliferative columns at embryonic day 18.5 (E18.5)
(Figure 1D), but the region of round proliferative chondrocytes,
which corresponds to the resting zone in adult bones but is highly
proliferative in fetal development, was relatively unaffected.
Volume 113 1335
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Figure 2

Reversal of early exit of proliferation, pro-
liferation rate in PTHrP/p57-null mutants.
(A and B) Sections from control, p57+-m,
PTHrP--, and PTHrP--; p57+-m littermates.
(A) BrdU incorporation in E15.5 vertebrae,
with immunohistochemical detection of BrdU+*
cells (brown), and all cells counterstained with
hematoxylin (blue). The PTHrP-null vertebra
has early exit of proliferation, indicated by a
reduction in the number of proliferating lay-
ers of chondrocytes, which is increased in
the PTHrP/p57-null vertebra. Original magni-
fication x20. (B) BrdU incorporation in E14.5
tibia. There is early exit of proliferation in the
PTHrP-null tibia, as determined by the dis-
tance from the articular region at which cells
stop incorporating BrdU. The PTHrP/p57-null
tibia has reversal of the early exit of prolif-

PTHIP+; p57+

e {07

C E14.5 vertebrae eration, with a longer region of BrdU-positive
60.00 40.00 chondrocytes. The p57-null tibia also has a
% 66 % delay in cell cycle exit. Original magnification,
g g 30.00 - x10. (C) Rate of chondrocyte proliferation in
2 40001 2 E14.5 ribs and vertebrae. BrdU incorporation
2 30.00 ‘D 20.00 rate was quantitated as described in Methods.
£ s The PTHrP-null ribs and vertebrae have a sig-
3 ol 3 10.00 - nificant reduction in proliferation rate, which is
& 10.00 1 (i elevated in the PTHrP/p57 -null bone tissue.

& 0.00 & Bars represent mean + SEM. **P < 0.001.

Gontrol ~ p57#™  PTHrP+ PTVHIP*; Gontrol ~ p57+"  PTHIP+ PTVHIP,
p5 7 p57+m
Genotype Genotype

In the PTHrP/pS7-null embryos, absence of p57 normalized the
morphology of the PTHrP-null skeletal elements, with the degree
of rescue varying in different bones. The most dramatic normaliza-
tion was observed in those bones in which the round proliferative
chondrocytes were most affected by the absence of PTHrP, includ-
ing the ulna, vertebrae, and ribs. In the E18.5 ulna, in which the
population of proliferative chondrocytes is reduced to two to three
cell layers in the PTHrP-/~- mutants (Figure 1A, indicated by ‘P’), the
PTHrP-/~; p57/-m was morphologically normal (Figure 1A). To con-
firm that the chondrocyte populations restored in the PTH»P/p57-
null ulna were normal, we examined the expression of collagen II, of
Ihh and PTH/PTHrP receptor, and of collagen X; these are markers of
proliferative, prehypertrophic-early-hypertrophic, and hypertro-
phic chondrocytes, respectively. The PTHrP/pS57-null ulna exhibit-
ed normal expression levels and patterns of all these genes (Figure
1B and data not shown), indicating that removal of p57 completely
restores the normal populations of chondrocytes depleted by the
absence of PTHrP. As previously described (17, 18), the p57-null
mutant exhibited prolonged chondrocyte proliferation, as shown
by the increased population of proliferative chondrocytes (Figure
1, A and C). This larger than normal population of proliferative
chondrocytes was not observed in the PTHrP/pS7-null mutants,
indicating that the bone morphology of the double-null and the
pS57-null mutants is not equivalent.

The vertebrae of the PTHrP/- embryos at E18.5 also showed
almost complete disappearance of the normal proliferative
chondrocyte populations (Figure 1C), whereas the PTHrP/pS7-
null vertebrae strongly resembled the p57-null vertebrae (Figure
1C). We confirmed that the chondrocytes in the double-knock-
out vertebrae also showed normal expression patterns of genes
1336
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expressed in the proliferative, prehypertrophic, and hypertrophic
layers (data not shown). The ribs of the PTHrP-/-, p57*/-™ embryos
also showed almost complete restoration of the round prolifera-
tive chondrocytes that are abnormally differentiated in the PTHrP-
null mutants (data not shown).

In contrast, the tibia of the PTHrP/p57-null mutants showed little
normalization of the PTHrP-null phenotype. At E18.5, the region
of the round proliferative chondrocytes in the PTHrP-/- tibia was
reduced in length (Figure 1D, indicated by RP), but there was little
discernible difference in the size of this region in the double-null
mutants (Figure 1D). There was only a small increase in the size of
the columnar proliferative region in the PTHrP/pS7-null mutants
at E18.5 (Figure 1D), indicating that deletion of p57 cannot fully
compensate for the absence of PTHrP in some bones. This sug-
gests that PTHrP acts through more than one downstream effec-
tor, and that different effectors differ in their relative importance
in different bones.

Absence of pS7 partially reverses the PTHrP-null embryo’s prolifera-
tive phenotype. In PTHrP-null embryos, absence of PTHrP causes a
modest decrease in chondrocyte proliferation rate, and a marked
decrease in the extent to which chondrocytes stay in the prolif-
erative pool, caused by premature cell cycle exit (2). Our hypoth-
esis that PTHrP acts through downregulation of p57 would
predict that removal of pS7 in the PTHrP/pS57-null embryos
would normalize the chondrocyte proliferation rate, the site at
which the chondrocytes permanently stop proliferating, or both
these parameters. To examine this issue, we performed in utero
BrdU labeling of embryos, to identify the position in the carti-
lage at which permanent cell cycle exit occurred and to measure
chondrocyte proliferation rate.
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In all bones examined, the PTHrP/pS7-null embryos showed par-
tial normalization of the position of chondrocyte cell cycle exit. At
E15.5 the PTHrP-/- vertebrae showed only 8-10 layers of prolifer-
ating, BrdU" cells, with a large central region of postproliferative
cells (Figure 2A). In contrast, both control and PTHrP/pS7-null
vertebrae showed approximately twice as many layers of prolifer-
ating chondrocytes (Figure 2A), showing rescue of the premature
chondrocyte cell cycle exit. This effect was also observed in the
tibia, in which the E14.5 PTHrP-null growth plates showed only a
small zone of proliferating, BrdU* cells (Figure 2B), with cell cycle
exit occurring relatively close to the articular region of the bone.
In contrast, the PTHrP-/-; pS7+/™ growth plates showed a pattern
of BrdU incorporation similar to that of the p57*/-™ growth plates,
with postproliferative hypertrophic cells only in the center of the
tibia (Figure 2B). In the PTHrP/pS57-null tibia, the reversal of early
cell cycle exit was only observed at E14.5, but not at later stages.
In other bones, including the vertebrae, ribs, ulna, and sternum,
there was a more prolonged rescue of the proliferative abnor-
mality, with normalization observed up to E18.5 (the latest time
examined prior to perinatal death; data not shown). The finding
that in the double nulls, the rescue of the timing of cell cycle exit
was prolonged up to E18.5 in many bones suggests that thisis a
specific normalization of the PTHrP-null phenotype, and not just
due to a generalized delay in bone development arising through
the lack of p57. It is likely that this variation in the degree of rescue
of the timing of cell cycle exit causes the variation in the extent of
normalization of different bones’ morphology.

We also quantitated the rate of chondrocyte proliferation
within the proliferative zones of both PTHrP-null and PTHrP/
p57-null embryos. In the ribs and vertebrae, which contain large
areas of round proliferative chondrocytes, we observed a signifi-
cant decrease (P < 0.05) in the proliferation rate in the PTHrP-null
embryos at E14.5 (Figure 2C). As previously described (17, 18), the
p57-null skeletal elements exhibited an increased proliferation rate,
and the proliferation rate of the PTHrP/pS7-null skeletal elements
was similarly elevated. This indicates that p57 is downstream of’
PTHyP in the regulation of chondrocyte proliferation rate.

Absence of pS7 partially reverses the PTHrP-null embryo’s premature
chondrocyte hypertrophy. The absence of PTHrP causes both prema-
ture appearance of hypertrophic chondrocytes and abnormally
extended domains of hypertrophic chondrocytes. Therefore, we

A

Figure 3

Reversal of premature and extended hypertrophy in PTHrP/p57-
null mutants. (A and B) Bright- and dark-field images from in
situ hybridization of sections from control, p57+-™, PTHrP--, and
PTHrP--; p57+-mlittermates, probed with collagen X. (A) E15.5
vertebrae. The PTHrP-null vertebra shows collagen X mRNA
expression in the center, indicating premature hypertrophic dif-
ferentiation. The PTHrP/p57-null vertebra has reversal of this

premature collagen X expression. Original magnification, x20. B

(B) E18.5 ribs and sternum. Chondrocytes in the control ribs
stay undifferentiated and do not express collagen X mRNA. The
PTHrP-null bone has extensive collagen X expression, indicat-
ing extended hypertrophic differentiation. The PTHrP/p57-null
bone has almost complete reversion of the abnormal differentia-
tion, with punctate collagen X expression indicating the pres-
ence of a small number of hypertrophic chondrocytes. Original
magnification, x4.
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examined whether deletion of p57 normalized both these param-
eters. Expression of collagen X mRNA was measured to determine
when hypertrophic chondrocytes first appeared in the PTHrP/
p57-null bones. At E15.5, the PTHrP-/- vertebrae showed prema-
ture collagen X expression in the center of the vertebrae, a site at
which control vertebrae had little expression of collagen X mRNA
(Figure 3A). The PTHrP/-; pS7*/-™ vertebrae exhibited reversal
of this accelerated differentiation, with no collagen X expression
detected at E15.5 (Figure 3A). This pattern of normalizing the
timing of initial hypertrophy in the PTHrP/pS7-null mutants was
also observed in other bones, including the tibia, ulna, humerus,
sternum, and ribs (data not shown). As previously reported (17,
18), the p57-null mutants exhibited delayed differentiation, dem-
onstrated by a delay in the first appearance of collagen X*, hypertro-
phic chondrocytes in all bones (data not shown). The PTHrP/pS57-
null phenotype did not exhibit this delayed differentiation, further
demonstrating that the double-null phenotype is different from
the p57-null phenotype.

In the PTHrP/p57-null embryos, the absence of p57 also prevented
the formation of extended domains of chondrocyte hypertrophy
that occurs in regions of the PTHrP/~ skeleton. PTHrP is required
to maintain chondrocytes in the costal cartilage in a relatively undif-
ferentiated state, as indicated by the lack of hypertrophic, collagen
X-expressing cells in the control ribs at E18.5 (Figure 3B), compared
with the widespread hypertrophic differentiation and collagen X
expression of chondrocytes in this region of the PTHrP/- ribs (Fig-
ure 3B). The PTHrP-/~ ; pS7/-™ ribs showed almost complete rever-
sion of this extended hypertrophy, with only scattered, punctate
collagen X mRNA expression indicating the presence of a small num-
ber of ectopic hypertrophic chondrocytes (Figure 3B). This indicates
that normal p57 expression is crucial to the premature hypertrophy
in the PTHrP-null mutants.

PTHrP-independent actions of pS7. Both the PTHrP-null and the
p57-null mice exhibit neonatal lethality, and the PTH»P/p57-null
mutants also died at birth. The PTHrP/pS7-null embryos also
retained some of the p57-null chondrocyte phenotype. In par-
ticular, the chondrocyte cell density was equivalent in the p57-
null and the PTHrP/pS57-null mutants, approximately 50% higher
than that observed for controls or PTHrP-null mutants (data
not shown). This suggests that this effect of p57 is unrelated to
actions of PTHrP.

Control PTHrP*
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PTHrP “ PTHIP T psim
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P57 is upregulated in the absence of PTHrP in vivo. The finding that
loss of p57 rescues multiple abnormalities of chondrocytes in the
PTHrP-null embryo suggested that PTHrP might normally func-
tion to suppress p57 expression in proliferating chondrocytes.
To determine if PTHrP regulates p57 in vivo, we examined the
expression of p57 in PTHrP-null embryos. p5S7 mRNA is normally
expressed at moderately low levels in the round and columnar pro-
liferative chondrocytes, and at high levels in the prehypertrophic
and early-hypertrophic chondrocytes (18). At E13.5-E15.5, but not
at later time-points, we observed an increase in p57 mRNA in the
columnar proliferative chondrocytes of the PTHrP-/- bones, com-
pared with those of the wild-type littermates. In the PTHrP-null
tibia, pS7 mRNA was elevated in the proliferating chondrocytes
1338
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Figure 4

p57 expression is upregulated in the absence of PTHrP in vivo. (A and
B) Sections from control and PTHrP-- littermates. (A) In situ hybridiza-
tion showing p57 mRNA expression in E15.5 tibia. The PTHrP-null tibia
shows upregulation of p57 in the columnar proliferative chondrocytes
(c), which are dramatically reduced in the PTHrP-null tibia. (B) BrdU/
p57 double-immunofluorescent detection in E14.5 tibia. In controls, pro-
liferating chondrocytes are labeled with BrdU (green), and p57 protein
(red) is upregulated in prehypertrophic and hypertrophic chondrocytes.
In the PTHrP-null tibia, p57 is upregulated in the columnar prolifera-
tive chondrocytes, interspersed among BrdU-positive cells. (C—F)
Sections of E18.5 ulna from control, p707--; p130--, and PTHrP--;
p107--; p130-- littermates. (C) In situ hybridization showing p57 mRNA
expression. The PTHrP/p107/p130-null ulna shows upregulation of p57
in the proliferative chondrocytes (p). (D) In situ hybridization showing
Ihh mRNA expression. (E) In situ hybridization showing PTH/PTHrP
receptor expression. The PTHrP/p107/p130-null tissue does not
show upregulation of /hh or PTH/PTHrP receptor in the proliferative
chondrocytes, indicating there is a specific increase in p57 expression.
(F) BrdU/p57 double-immunofluorescent detection. In the PTHrP/p107/
p130-null tissue, p57 protein (red) is upregulated in the proliferative
chondrocytes. Original magnification, x10 in all panels.

(indicated by ‘c’ in Figure 4A). The expression of control genes, Ihh
and PTH/PTHrP receptor, which are also expressed by prehypertro-
phic and early-hypertrophic chondrocytes, was not increased in
the proliferative region of the PTHrP-null tibia (data not shown).
We also performed double-immunofluorescent detection for p57
protein and BrdU, to investigate the localization of p57 protein
in relation to proliferating chondrocytes. The distribution of
pS7 protein is different from the mRNA pattern, with pS7 pro-
tein high in the BrdU-, prehypertrophic chondrocytes, in which
the mRNA is highest, but also present at high levels in all hyper-
trophic chondrocytes, in which mRNA is low or absent (Figure
4B). In addition, despite the uniform distribution of p57 mRNA
in proliferating chondrocytes, pS7 protein is detectable in only
a small number of proliferating chondrocytes, suggesting post-
translational regulation of p57 expression. The BrdU/p57 double-
immunofluorescence assay confirmed that there was upregulation
of p57 protein in the region of the proliferative chondrocytes in
the PTHrP-/- bone (Figure 4B).

Because of the major morphological abnormality in the PTHrP-
null bones, we could not exclude the possibility that p57 expres-
sion was altered because of the dramatic decrease in the numbers
of proliferating chondrocytes in the PTHrP~/~ bones. To examine
pS7 regulation in a more morphologically normal in vivo set-
ting that still lacked PTHrP, we compared p57 expression in the
ulna of p107/p130-null embryos and that of PTHrP/p107/p130-
null embryos. The p107/p130-null embryo has virtually the same
chondrocyte phenotype as the p57-null embryo, suggesting that
the pocket proteins p107 and p130 are downstream of p57 in
chondrocyte cell cycle regulation. Therefore, in triple-mutant
embryos, the absence of p107 and p130 also normalizes the PTHrP-
null phenotype, as the absence of p57 does in the PTHrP/p57-null
mutants. In the E18.5 triple-null ulna, p57 mRNA was increased
in the round proliferative chondrocytes (Figure 4C), whereas
expression of Ihh and PTH/PTHrP receptor mRNAs was not (Figure
4,D and E). In comparison, the p107/p130-null mutants showed
relatively normal distribution of pS7, Ihh, and PTH/PTHrP recep-
tor mRNAs, with only an increase in round cell number shifting
the expression domains farther from the articular region (Figure
Volume 113
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Figure 5

Metatarsal culture response to PTH treatment. (A) Chondrocyte proliferation rate in metatarsal cultures. E15.5 wild-type metatarsals were cultured
48 hours, then treated 24 hours with vehicle or 107 M PTH(1-34). Bars represent mean + SEM; *P < 0.05. PTH treatment elevates chondrocyte
proliferation rate (percentage of BrdU-positive cells). (B—F) Sections from metatarsals treated with vehicle or 10-”M PTH(1-34) for 24 hours. (B)
BrdU/p57 double-immunofluorescent detection. PTH treatment increases the size of the proliferative pool, as indicated by increased length of
BrdU-positive (green) region; and delays cell cycle exit, as indicated by the reduction in the region of postproliferative chondrocytes, which express
p57 protein (red) and do not incorporate BrdU. (C) In situ hybridization showing collagen Il mRNA expression. There is no change in collagen I
expression in the proliferative chondrocytes of metatarsals treated with PTH. (D) In situ hybridization showing p57 mRNA expression. PTH treat-
ment decreases p57 expression in both the proliferative chondrocytes and the prehypertrophic and early-hypertrophic chondrocytes. (E) In situ
hybridization showing collagen X mRNA expression. PTH treatment reduces the area of hypertrophic, collagen X—expressing chondrocytes and
also reduces the intensity of collagen X expression. This indicates that PTH delays cell cycle exit and suppresses hypertrophic differentiation.
(F) In situ hybridization showing /hh mRNA expression. PTH treatment decreases /hh expression in the prehypertrophic and early-hypertrophic
chondrocytes, indicating a general suppression of hypertrophic differentiation. Original magnification, x20 in B—F.

4, C-E). Similarly, p57 protein was also detectable in the round  PTHrP. To examine this regulatory pathway further, we performed

proliferative chondrocytes of the triple-null bone, interspersed
with BrdU", proliferating cells (Figure 4F), whereas pS7 protein
was not increased in the p107/p130-null mutants. This provides
further evidence that in vivo, absence of PTHrP causes elevation
of p57 expression in the proliferative region.

P57 is downregulated in metatarsal cultures treated with PTH. Our in
vivo data show that p57 acts in a genetic pathway downstream
of PTHrP, and that p57 expression is elevated in the absence of
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metatarsal cultures to measure pS7 expression after acute treat-
ment with PTH, which was used as an analog of PTHrP in vitro.
The metatarsal culture system is an ex vivo model of chondrocyte
proliferation and differentiation, which retains normal patterns of
proliferation and differentiation for at least 4 days in culture (12).
This allows the investigation of the effects of exogenous PTH, in a
system in which chondrocytes retain their normal architecture of
round, columnar, prehypertrophic, and hypertrophic zones.
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E15.5 wild-type metatarsals were cultured in vitro for 24
hours in control medium, then treated with 107 M PTH(1-34)
(Bachem California Inc., Torrance, California, USA) or vehicle
for 24 hours. In the 48-hour culture period, chondrocytes in the
control metatarsals proliferated in the epiphyses and underwent
hypertrophic differentiation in the center of the metatarsal
(Figure SB). PTH treatment for 24 hours significantly increased
chondrocyte proliferation rate (Figure SA). PTH treatment
also delayed exit of proliferation, resulting in a decrease in the
size of the central, hypertrophic region of the metatarsal that
is BrdU- and contains postproliferative cells that express p57
protein (Figure 5B). Collagen II expression in the proliferative
chondrocytes was unaffected by PTH treatment (Figure SC);
however, p57 mRNA expression was specifically decreased in
both the proliferative and the prehypertrophic chondrocytes
of metatarsals treated with PTH (Figure 5D). This supports the
hypothesis that PTHrP acts to lower the expression of p57 and
increases chondrocyte proliferation at least partly through this
mechanism. Collagen X expression was also downregulated by
PTH (Figure SE), as were Ihh and PTH/PTHrP receptor (Figure SF
and data not shown), indicating a general suppression of hyper-

1340 The Journal of Clinical Investigation

http://www.jci.org

Figure 6

p57-null metatarsal response to PTH treatment. (A)
Chondrocyte proliferation rate in E16.5 wild-type and p57-
null metatarsal cultures. Metatarsals were cultured 48 hours,
treated 24 hours with vehicle (white bars) or 107M PTH(1-34)
(black bars), and BrdU incorporation rate quantitated. PTH
treatment caused a significant increase in the proliferation
rate of both round and columnar chondrocytes in the wild-
type metatarsals and significantly increased proliferation
rate of columnar but not round chondrocytes in the p57-
null metatarsals. Bars represent mean + SEM. *P < 0.05;
**P < 0.005 versus no PTH treatment (control). (B) BrdU
immunohistochemical detection in sections from E16.5 wild-
type and p57-null metatarsals treated with vehicle or 107 M
PTH(1-34) for 24 hours. In both wild-type and p57-null meta-
tarsals, PTH treatment increases the size of the proliferative
pool, as indicated by increased length of BrdU-positive round
and columnar proliferative regions; it also delays cell cycle
exit, as indicated by the reduction in the region of postprolif-
erative hypertrophic chondrocytes, which do not incorporate
BrdU. Original magnification, x20.

trophic differentiation by PTH treatment, a finding
consistent with the prolonged proliferation observed.

To determine whether p57 mediates the effects of PTHrP
in vitro, we also examined the effect of PTH treatment on
E16.5 p57+/-™ metatarsals, which are at approximately the
same developmental stage as E15.5 wild-type metatarsals,
and metatarsals from wild-type littermates. As observed
in the E15.5 wild-type metatarsal, PTH stimulated the
proliferation rate of both the round and columnar pro-
liferative chondrocytes of E16.5 wild-type metatarsals
(Figure 6, A and B). In contrast, PTH treatment had no
significant effect on the proliferation rate of round prolif-
erative chondrocytes in the p57-null metatarsals, yet it still
stimulated the proliferation of columnar chondrocytes
(Figure 6, A and B). This suggests that p57 mediates the
proliferative effect of PTHrP predominantly in round pro-
liferative, but not in columnar, chondrocytes. There was
still a modest effect of PTH to suppress the differentiation
of the p57-null metatarsals (Figure 6B), suggesting PTHrP has pS57-
independent actions on chondrocyte differentiation.

Discussion
In this report, we have demonstrated a genetic interaction between
PTHrP and p57 in vivo, and shown that PTHrP downregulates p57
expression in chondrocytes ex vivo. We have shown that in double-
mutant mice, the removal of p57 normalizes many aspects of the
PTHrP-null skeletal phenotype. These include the normalization
of the bone morphology, restoration of all chondrocyte popula-
tions in some bones, including the ulna, vertebrae, and ribs, and
the partial restoration of morphology in others. The PTHrP/p57-
null mutants have reversal of the early exit of proliferation that
occurs in the PTHrP-null mutants, and they also show restoration
of normal chondrocyte proliferation rates that are decreased in the
PTHrP-null mutants. Furthermore, removal of pS7 prevents the
premature hypertrophic differentiation that occurs in the PTHrP-
null mutants and reverses the hypertrophic differentiation of
chondrocytes in the ribs, which normally never differentiate. Mice
lacking PTHrP show increased pS7 mRNA and protein expression
in the region of proliferative chondrocytes. In metatarsal cultures,
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treatment with PTH causes downregulation of p57 expression
in both proliferative and prehypertrophic chondrocytes, which
correlates with elevated proliferation rate and delayed exit of
proliferation. These data strongly support the hypothesis that
PTHrP upregulates chondrocyte proliferation and maintains
chondrocytes in the proliferative pool, at least in part, through
suppression of p57 expression.

Round proliferative chondrocytes are completely dependent on
PTHrP to maintain their proliferation in some bones, such as the
ulna and ribs. In other bones, such as the tibia, proliferation of
the round proliferative chondrocytes occurs relatively normally
in the absence of PTHrP. In general, the degree of rescue in the
PTHyrP/p57 -null mutants correlates with the dependence of the
round proliferative chondrocytes on PTHrP. Thus, the bones that
showed the greatest normalization in the PTHrP/p57-null mutants
were those in which the round proliferative chondrocytes rapidly
differentiate in the absence of PTHrP. This suggests that p57 is the
major mediator of PTHrP’s proliferative actions in those PTHrP-
dependent round proliferative chondrocytes. However, even in
bones showing less phenotypic rescue in the double-null mutants,
such as the tibia, there was still some normalization of the loca-
tion at which cell cycle exit occurs at E14.5. This is the stage at
which p57 mRNA was upregulated in the tibia of the PTHrP-null
mutants, suggesting that there may also be a temporal change in
the mediators of PTHrP action, so that p57 is more important in
early developmental stages in some bones.

We propose that PTHrP regulates chondrocyte proliferation rate
in round proliferative chondrocytes, at least in part, by suppress-
ing p57 mRNA levels. Although pS7 protein is difficult to detect
in these cells, pS7 clearly regulates their proliferation rate, because
their proliferation rate is elevated in p57-null mice (17, 18). The
normalization of proliferation rate in the PTHrP/pS57-null mutants,
and the finding that PTH treatment of metatarsals decreases pS7
mRNA levels in the proliferating chondrocytes, while their pro-
liferation rate increases, strongly suggest that PTHrP promotes
chondrocyte proliferation through suppression of p57 mRNA
expression. This hypothesis is also supported by the finding that
PTH treatment of p57-null metatarsals had no effect on the pro-
liferation rate of round proliferative chondrocytes, whereas the
columnar chondrocytes were still stimulated by PTH treatment.

PTHrP also maintains chondrocytes in the proliferative pool,
by controlling the site of cell cycle withdrawal in the growth
plate. Our data suggest that PTHrP regulates the site of cell
cycle exit, in part through regulation of p57. In addition to regu-
lating the proliferation rate, pS7 must also contribute to cell
cycle exit in the growth plate, because p57-null animals show a
delay in exit from chondrocyte proliferation. We propose that
PTHrP regulates the timing of cell cycle exit by regulating the
distance from the articular region at which p57 is upregulated
in prehypertrophic chondrocytes. In this model, PTHrP active-
ly suppresses pS57 in columnar proliferating chondrocytes,
and the upregulation of p57 in prehypertrophic chondrocytes
occurs because of a critical decrease in PTHrP concentration.
The increased pS7 expression in the PTHrP-null and PTHrP/
p107/p130-null animals, with expression closer to the articular
region and interspersed with proliferative chondrocytes, is con-
sistent with this hypothesis. This model is also supported by
the observation that PTH treatment of wild-type metatarsals in
vitro causes downregulation of p57 mRNA in both proliferating
and prehypertrophic chondrocytes, which leads to a delay in exit
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from the proliferative pool. However, the finding that PTH still
partially suppresses differentiation in the p57-null metatarsals
clearly indicates that other factors are also mediating PTHrP’s
actions to maintain chondrocytes in the proliferative pool.

From our data, it is still unclear whether PTHrP has any role
in suppressing differentiation that is independent of its control
of chondrocyte exit from the proliferative pool. If exit of prolif-
eration and differentiation are coupled (22), then the finding that
the loss of p57 normalizes the timing of cell cycle exit occurring
in the PTHrP-null mutants would, through this coupling mecha-
nism, also lead to normalization of the premature and extended
hypertrophy of the PTHrP-null chondrocytes, as we observed.
However, in vitro studies suggest that PTHrP may also directly reg-
ulate hypertrophic differentiation (23-25), and we also observed
decreased collagen X expression in hypertrophic chondrocytes of the
PTH-treated metatarsals. The question remains whether this effect
occurs in vivo, a setting in which the amount of PTHrP reaching
hypertrophic chondrocytes may be low. Sox9 is phosphorylated
in prehypertrophic chondrocytes by PTHrP-dependent activation
of protein kinase A (26), suggesting that PTHrP acts directly on
prehypertrophic chondrocytes in vivo. It has been proposed that
Sox9 represses hypertrophic differentiation (26, 27). Furthermore,
preliminary studies show that PTHrP can downregulate Runx2
mRNA and protein in chondrocytes in ex vivo cultures (28). This
action would be expected to delay chondrocyte hypertrophy, since
Runx2 is an important stimulator of chondrocyte hypertrophy (29,
30). Thus, PTHrP may regulate chondrocyte differentiation using
mechanisms separate from those that regulate proliferation.

The finding that the PTHrP/pS7-null embryos are not viable
and also do not show complete rescue of the PTHrP-null pheno-
type, indicates (a) that loss of p57 affects other tissues unrelated
to PTHrP, and also (b) that there are other mediators of PTHrP
action in chondrocytes. The death of double-null embryos may
occur because they do not have completely normal ribcage devel-
opment, or because other aspects of the p5S7-null phenotype, such
as cleft palate, cause the neonatal lethality (17). In chondrocytes,
PTHrP must also regulate other factors that modulate timing
of cell cycle exit. The Rb family members p107 and p130 are
potential targets of PTHrP, because they also regulate cell cycle
exit in chondrocytes (19, 20). However, the PTHrP/p107/p130-
null mutants show the same degree and pattern of rescue as the
PTHrP/p57-null mutants. This suggests that because they are
downstream of p57, p107 and p130 rescue the PTHrP-null pheno-
type only in chondrocytes in which p57 is a mediator of PTHrP’s
actions. Other potential cell cycle-regulatory targets of PTHrP
in chondrocytes include cyclin D1 and cyclin A (31, 32). However,
we did not observe any change in cyclin D1 gene expression, or
cyclin A protein levels, in PTHrP-null embryos (data not shown),
so their role as mediators of PTHrP’s actions in chondrocytes dur-
ing embryonic development is still not clear.

We also examined the expression of the other CIP/KIP family
members, p21 and p27, in the embryonic growth plate. Both genes
showed very low levels of mRNA expression compared with p57
expression, and mRNA and protein expression was detected only in
hypertrophic chondrocytes. There was also no alteration in either
P21 or p27 expression in PTHrP-null embryos (data not shown).
Although p21 has been implicated in regulating the cell cycle in
chondrocytes (33-35), both the p21-null and p27-null animals are
of normal size at birth (36-39). We also determined that the bones
of the p21-null animals are normal during embryonic development
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(data not shown), suggesting that p21 is not a critical regulator of
chondrocyte cell cycle prenatally. These data suggest that at least
during embryonic development, p21 and p27 are unlikely to be
playing a major role in mediating PTHrP’s proliferative actions.
We do not know if PTHrP’s regulation of p57 is direct, or via other
intermediary factors. PTH/PTHIP receptor activation can activate
a number of signaling pathways in chondrocytes (12, 13, 40), and
little is known about the regulation of p57 gene expression. One in
vivo study examining regulatory elements of the p57 gene deter-
mined that cartilage-specific enhancers are not present within a
region spanning 60 kb upstream and 25 kb downstream of p57;
however, they are present within a larger region 225 kb downstream
of the gene (41). Thus there is a large region in which response ele-
ments that potentially mediate PTHrP-dependent regulation could
be localized. Therefore, the signaling pathways and factors mediat-
ing PTHrP’s effects on pS57 expression remain to be elucidated.
Chondrocyte proliferation and differentiation are coordinated
through an elegant network of regulatory molecules, including
PTHrP, which interact to provide a balance of patterning, growth,
and differentiation. PTHrP affects both the rate of chondrocyte
proliferation and the extent of proliferation before final cell cycle
exit. The studies here suggest that both of these actions are medi-
ated, at least in part, through suppression of pS7 expression.

Methods
Mice. PTHrP-null (2), p57-null (17), and p107/p130-null (19) mice
were maintained in a C57BL6 background. Control embryos were
littermates of PTHrP/pS57-null mutants. Mice were genotyped
as previously described (2, 17, 19). Animals were maintained in
virus-free barrier facilities, housed in sterilized microisolator
cages, fed autoclaved food and water, and handled in laminar-
airflow hoods. All animal studies were undertaken according to
institutional guidelines.

Tissue preparation and histology. Embryonic bones were fixed for
24 hours in 10% neutral buffered formalin, then maintained in
70% ethanol without decalcification prior to paraffin processing
and embedding. Serial 6-um sections were cut, and sections were
stained in H&E using standard protocols. Von Kossa staining was
performed on E15.5-E18.5 sections, as described (42), and sections
were counterstained with VECTOR Methyl Green (Vector Labo-
ratories Inc., Burlingame, California, USA). Medial sections were
used in all analyses, which were identified by examination of serial
sections through the entire bone. Vertebral sections were examined
at the level of the lumbar vertebrae, identified through localization
with the adjacent bones of the pelvic girdle. Chondrocyte cell den-
sity was calculated by examining images of H&E-stained sections
at x20 magnification and counting the total number of nucleiina
fixed grid area, for all samples. At least three sections were counted
for each sample.

In situ bybridization and immunohistochemistry. In situ hybridization
was performed as previously described (43). Riboprobes were gener-
ated using 3°S-UTP (Perkin Elmer Life Sciences Inc., Boston, Massa-
chusetts, USA) from cDNA templates as previously described (43).

Immunohistochemistry was performed using the Tyramide
Signal Amplification (TSA) Biotin System (Perkin Elmer Life Sci-
ences Inc.) as described (43), using anti-p57 (M-20) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) diluted 1:500 in block-
ing reagent. TSA amplification was performed according to the
manufacturer’s instructions, with final signal detection using
streptavidin-Texas Red, diluted 1:500 in blocking buffer. Slides
1342
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were mounted in Vectashield with DAPI (Vector Laboratories Inc.),
diluted 1:1 in Tris-buffered saline, pH 9.0, for fluorescent micros-
copy. For BrdU/p57 double immunofluorescence, anti-p57 detec-
tion was performed as described earlier, and then slides were stored
overnight in a moist chamber, at 4°C, mounted in Vectashield. The
following day, slides were washed in PBS for 10 minutes, and then
blocked in blocking reagent for 30 minutes at room temperature.
Slides were then incubated 1 hour at room temperature with Anti-
BrdU-Fluorescein (Roche Applied Science, Indianapolis, Indiana,
USA), diluted 1:1 in blocking reagent. Slides were washed in PBS
three times for S minutes each, then mounted as described earlier
for fluorescent microscopy. Fluorescent images were merged using
Adobe Photoshop (Adobe Systems Inc., San Jose, California, USA).

Metatarsal cultures. Metatarsal bones were isolated from the hind-
paws of E15.5 wild-type embryos, and E16.5 wild-type and p57+/-m
lictermates. The three medial metatarsals from each paw were dis-
sected out from surrounding soft tissue, and cultured individu-
ally in 24-well plates containing 500 ul medium per well, which
comprised a-MEM (Invitrogen/Gibco, Grand Island, New York,
USA) with L-glutamine, without nucleosides, supplemented with
penicillin and streptomycin, and 0.25% heat-inactivated FBS.
Metatarsals were cultured for 48 hours at 37°C in 5% CO.. In the
final 24 hours of culture, metatarsals were treated with 107 M
rat PTH(1-34) (Bachem California Inc.) or medium vehicle, with
three metatarsals per treatment group. The commercially available
PTH(1-34) was used as an analog for PTHrP, because it is structur-
ally similar to the N-terminal region of PTHrP(1-34); both peptides
bind to the common PTH/PTHtP receptor and elicit identical bio-
logical responses (44). At least three sets of three metatarsals each
were analyzed for every treatment. All cultures were labeled with
1 mg/ml BrdU for the final 4 hours of culture. At the end of the
culture period, metatarsals were rinsed three times in a-MEM and
fixed overnight at 4°C in 10% buffered formalin. Samples were
then rinsed twice in PBS and transferred to 70% ethanol prior to
routine paraffin processing, embedding, and sectioning.

BrdU assays. In utero labeling of embryos with BrdU and
immunohistochemical detection of BrdU were performed as
described (43). Sections were counterstained with hematoxylin or
VECTOR Methyl Green (Vector Laboratories Inc.), and the number
of BrdU" and BrdU- chondrocytes in the proliferating regions of
the cartilage was quantitated on at least three sections per embryo.
Proliferation rate was determined by counting chondrocytes in a
defined region of the cartilage, which contained only proliferat-
ing cells, and excluded the regions of prehypertrophic and hyper-
trophic chondrocytes, and the peripheral, perichondrial-like cells.
Within this region, all BrdU*and BrdU- nuclei were counted, and
the percentage of BrdU* chondrocytes was calculated by divid-
ing the number of positive chondrocytes by the total number of
chondrocytes. Statistical analysis was performed using Student’s ¢
test to compare the mean of control and mutant values.

For BrdU analysis of ex vivo metatarsal cultures, a minimum of
two sections from each of five wild-type metatarsals, and four sec-
tions from each of nine p57-null metatarsals, were analyzed for each
treatment group (control and PTH). All sections were blinded for
genotype and treatment during analysis. Chondrocytes were count-
ed in a defined region as described earlier, which was further subdi-
vided into zones of round and columnar proliferating chondrocytes,
on the basis of cell morphology. Within the wild-type and p57-null
groups, statistical analysis was performed using Student’s ¢ test to
compare the mean of control and PTH-treated values.
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