KLF5 Causes Cartilage Degradation through MMP9

to compensatory mechanisms for endochondral ossification,
such as an increase of proteinases other than MMP9. In fact,
proteinases, such as MMP13, tended to be regulated oppo-
sitely to MMP9 by the KLF5 overexpression (Fig. 38 and
Table 1). Since MMPs are known to play roles under various
pathological conditions, including wound healing, arthritis,
and tumor development (45-47), we examined the effects of
KLF5 insufficiency on bone fracture and arthritis by making
the models in KLF5 "'~ mice at 8 weeks of age (supplemental
Fig. 5, A and B). In results, there was no difference in fracture
healing or arthritis development between KLF5*'~ and the
wild-type littermates. KLF5 may therefore be indispensable
for skeletal development only in the perinatal period but
be dispensable after birth under physiological and patholog-
ical conditions. Another possible compensatory mechanism
is bone formation by osteoblasts, despite the expression of
KLF5 in the cells (Fig. 1). This osteoblastic compensation
may be sufficient to make up for the KLF5 dysfunction in
chondrocytes after a substantial number of esteoblasts have
appeared after birth but insufficient in the perinatal period
when chondrocytes play central roles in endochondral ossi-
fication. Generation and evaluation of conditional knock-
out mice will clarify the tissue-specific roles of KLF5. In
addition, further understanding of the molecular network
related to the KLF5-MMP9 axis will greatly help us to
unravel the complex mechanism modulating endochondral
ossification.
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Phosphorylation of GSK-3f by
cGMP-dependent protein kinase |l
promotes hypertrophic differentiation
of murine chondrocytes

Yosuke Kawasaki,' Fumitaka Kugimiya,' Hirotaka Chikuda,' Satoru Kamekura,' Toshiyuki lkeda,’
Naohiro Kawamura,' Taku Saito,' Yusuke Shinoda,' Akiro Higashikawa,' Fumiko Yano,'
Toru Ogasawara,' Naoshi Ogata,’ Kazuto Hoshi,” Franz Hofmann,? James R. Woodgett,*
Kozo Nakamura,' Ung-il Chung,' and Hiroshi Kawaguchi'

'Sensory and Motor System Medicing, Faculty of Medicine, University of Tokyo, Tokyo, Japan. ®Institut {ir Pharmakologie und Toxikologie,
Technische Universitat Manchen, Munich, Germany. *Samue! Lunenteld Research Institute, Toronto, Ontario, Canada.

cGMP-dependent protein kinase IT (¢cGKII; encoded by PRKG2) is a serine/threonine kinase that is critical for
skeletal growth in mammals; in mice, ¢cGKII deficiency results in dwarfism. Using radiographic analysis, we
determined that this growth defect was a consequence of an elongared growth plate and impaired chondrocyte
hypertrophy. To investigate the mechanism of cGKII-mediated chondrocyte hypertrophy, we performed a
kinase substrate array and identified glycogen synthase kinase-3[} (GSK-3f; encoded by Gsk3b) as a principal
phosphorylation target of ¢GKIL In cultured mouse chondrocytes, phosphorylation-mediated inhibition of
GSK-3f} was associated with enhanced hypertrophic differentiation, Furthermore, ¢cGKII induction of chon-
drocyte hypertrophy was suppressed by cotransfection with a phosphorylation-deficient mutant of GSK-3[3.
Analyses of mice with compound deficiencies in both protein kinases (Prkg2/ Gsk3b”") demonstrated that
the growth retardation and elongated growth plate associated with cGKII deficiency were partially rescued by
haploinsufficiency of Gsk3b. We found that [-catenin levels decreased in Prkg2~" mice, while overexpression
of ¢cGKII increased the accumulation and transactivation function of fi-catenin in mouse chondroprogenitor
ATDCS cells. This effect was blocked by coexpression of phosphorylation-deficient GSK-3fl. These data indi-
cate that hypertrophic differentiation of growth plate chondrocytes during skeletal growth is promoted by
phosphorylation and inactivation of GSK-3f} by ¢GKII.

Introduction

Skeletal growth is achieved by endochondral ossification in the
growth plate cartilage, with orderly columnar arrays of resring,
proliferative, and hypertrophic zones of chondrocytes. During
the process, chondrocytes undergo proliferation, hypertrophic
differentiation, and apoprosis, each of which is regulared by dis-
tinct molecular signaling systems {1). Among them, C-type natn-
uretic pepride (CNP; encoded by Nppe), a humoral facror thar can
regulare a variery of homeostaric processes by binding the mem-
brane-bound guanylyl cyclase-coupled recepror B (GC-B; encoded
by Npr2), has been shown to play important roles in skeletal
growth, because mice deficient in either gene exhibir impaired
skeletal growth (2, 3). Loss-of-function mutations in Npr2 also
show dwarfism in parients known as acromesomelic dysplasia,
type Maroteaux (4), demonstraring the importance of CNP/GC-B

used: ALP, alkaline phosphatase; Bad, BCL2-anragonist
ot Fecll dearhy; cde25, cefl division cycle 25 homolog: ¢GK, cGMP-dependent protein
kinase; cGKI-Akiase, truncated cGKI procein that acks the kinase domain, CNP,
C-type natriunetic peptide; COLI0, rype X collagen; GC-B, guanyl evclase coupled
recepror B; GSK-3f, glycogen synthase kinase - 3fk GSK-3{1*, phosphorylation-defi-
cient murant of GSK-3{ with 1 senne-to-alanine substrurion; PLK, polo-like kinase,
PAORSK. 90-kDa ribosomal protein 56 kinase; PTH, parathyroid hormane; PTHIP,
parathyroid botmone-related protein; TCF, T cell factor; VASP, vasosilator-stsmu-
lated phosphoprotesn.
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signaling in the skeletal growth of humans as well. Thus signal-
ing causes the intracellular accumularion of cGMP, which then
acrivares cGiMP-dependent protein kinases (¢GKs) (5). In mam-
malian cells, there are 2 ¢GK isoforms, ¢cGKI and ¢GKII (encoded
by Prkgl and Prig2, respectively), which show distinct diseribu-
tions and funcrions (6, 7). Although both are expressed in growth
plate carulage, Prkg2 - mice show postnatal dwarfism wich about
20%-30% reduction in the length of limbs and trunk (6), while
Prikgl ~ mice show a normal skeleton (8), indicarting thar only
<GKIl is indispensable for skeletal growth.

c¢GKII is a membrane-bound serine/threonine kinase wicth a
c¢GMP-binding domain and a catalytic domain in the C rerminus
(7). In addition to growth retardation resulting from cGKII defi-
ciency in mice, our previous positional cloning analysis identified
a deletion in Prkg2, the rar gene encoding ¢GKIl, in the Komeda
miniacure rar Ishikawa (KMI), a narurally occurring murant rar,
which also exhibited dwarfism with 20%-30% shorrer long bones
and vertebrae (9). The deleion resulred in a frame shift and a pre-
mature stop codon, predicting a truncated c¢GKII protein that
lacks the kinase domain (cGKIl-Akinase), KMI rats show an elon-
gated growth plate, whose heighe is about 2.5-fold that of WT lit-
termates. This is caused by the existence of an abnormal interme-
diate layer berween the proliferative and hypertrophic zones with
accumulation of few proliferative or hypertrophic chondrocytes,
which indicares that the kinase acrivity of ¢GKII is necessary for
Number 7
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hypertrophic differentiation of growth plate chondrocytes (9).
To investigate the mechanism underlying cGKII kinase acrivity
in chondrocyte hypertrophy, in the present study we performed
a screen of its potential phosphorylation targets and identified
glycogen synchase kinase-3f (GSK-3f; encoded by Gsk3b) as a sig-
nificant phosphorylation targer of ¢GKIL Because the phosphory-
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Figure 1

Skeletal abnormality in Prkg2-- mice. (A) Gross appear-
ance and radiographs of femurs, tibias, lumbar vertebrae,
and skulls of WT and Prkg2-"- littermates at 8 weeks of
age. (B) Time course of H&E staining of the growth plates
in proximal tibias of the 2 genotypes from 0—8 weeks of
age. Vertical black bars indicate the haight of the growth
plates. (C) HAE staining, BrdU labeling, and in situ hybrid-
ization of COL10 of the tibial growth plates in 2-week-old
litermates. (D) H&E and Safranin-O stainings, BrdU label-
ing, and COL10 immunastaining of the growth plates in the
fourth lumbar vertebra of 2-week-old littermates. (C and
D) Biue, red, green, and yellow bars indicate proliferative
zone, abnormal intarmediate layer, hypertrophic zone, and
primary spongiosa, respectively. Boxed regions in H&E
and COL10 panels are shown at higher magnification to
the right. Scale bars; 50 um.

lation of GSK-3f at Ser9 is known to cause its inactivation (10),
we further examined the funcrional involvemenr of GSK-3f in the
cGKIl-induced hypertrophic differenniation of chondrocyres and
investigated the underlying mechanism. Our results demonstrated
thar ¢cGKII promotes chondrocyte hypertrophy and skeletal growth
through phosphorylation and inactivation of GSK-3f.
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Results
Growth plate abnormality in Prkg2 <~ mice, Prikg2 '~ mice showed post-
natal dwarfism wich shore limbs and trunk compared wicth WT
licrermates (Figure 1A), as previously reported (6). Radiographic
analysis ar 8 weeks of age revealed thar the lengths of femur, tibia,
and vertebra, which are known to be primarily formed through
endochondral ossification, were shorter in Prkg2 — mice. The lon-
girudinal length of the Prkg2 ~ skull was also shorter, while che
width was comparable to WT. This finding is probably ateribue-
able ro 2 types of the skull growth via endochondral ossification
and intramembranous ossification (11), although this needs to
be further investigated. The time course of histological observa-
tion of the tibial growth plate revealed thar the height was greater
in Prkg2- - than WT mice from 2 ro 4 weeks after birch bur was
restored o a level comparable ro that of WT mice by 8 weeks of age
(Figure 1B). As previously observed in KMI rars (9), growth place
elongation during these ages was caused by an abnormal inter-
mediare layer between the proliferative and hypertrophic zones,
wich accumulation of few proliferative or hypertrophic chondro-
cytes, as determined by BrdU uptake and expression of type X col-
lagen (COL10), respectively (Figure 1C). The growth plate of the
Prkg2 vertebral bones also contained the abnormal intermedi-
ate layer, which was intermittently focal in the elongated growth
plate (Figure 1D). These results indicate that ¢cGKIl is necessary for
hypertrophic differentiation of growth place chondrocytes during
1of Clinical I
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Figure 2

Identification of GSK-3f; as a principal phosphorylation
target of cGKIl during chondrocyte hypertrophy. (A) RT-
PCRH of 8 candidate genes that were identified by the
sarine/threonine kinase substrate array (Supplemental
Table 1) in cultured ATDCS cells in the prehypertrophic
or hypertrophic differentiation stage. (B) COL10 promoter
activity, as assessed by transfection of the 8 candidate
genes or the ampty vector (EV) in HuH-7 cells with the
lucifarase reporter gene construct containing a cloned
4.5-kb promoter fragment of COL10, Data are mean + SD
fold change relative to empty vector. *P < 0.01 versus
control. (C) In vitro kinase assay of the phospharylation of
recombinant GSK-3f at Ser9 by recombinant cGKIl with
or without cGMP. Proteins were incubated in the presence
of ATP, and the reaction products were analyzed by IB
using the same antibody to Serg-phosphorylated GSK-3
(p-GSK-3§%?) as that used in Supplemental Table 1,
(D) Phospharylation of endogenous GSK-3p at Ser9
and GSK-3a at Ser21 by cGKIl with or without cGMP
in ATDCS cells. Whole-cell lysates were incubated with
recombinant cGKIl or cGMP in the presence of ATP, and
the reaction products were analyzed as in C. (E) Local-
ization of cGKIl, total GSK-3f, and Ser@-phosphorylated
GSK-3p, as assessed by immunohistochemistry in the
growth plate of proximal tibia in a 2-week-old mouse. Spe-
cific stainings were confirmed by immunchistochemistry
by respective nonimmune serums (nonimmune control).
Blue, green, and yellow bars indicate proliferative zone,
hypertrophic zone, and primary spongiosa, respectively.
Scale bars: 50 um.

endochondral ossification for longitudinal growth of limbs and
trunk not only in rats, bur also in mice.

Phosphorylation targets of cGKII in chondrocyte bypertrophy. To inves-
tigate the mechanism underlying ¢GKII activity in hypertrophic
differentiation of chondrocytes, we performed a screen of ics phos-
phorylation targets by in vitro kinase assay using a serine/threo-
nine kinase substrate array. From 87 candidate peprides containing
serine/chreonine phosphorylarion sites, we identified 8 substrates
that were most strongly phosphorylated by cGKIL caspase-9, BCL2-
antagonist of cell death (Bad), polo-like kinase (PLK), 90-kDa ribo-
somal protein 56 kinase (p90RSK), eNOS, GSK-3f}, vasodilator-sam-
ulated phosphoprotein (VASP), and cell division cyele 25 homolog
(edc25) (Supplemental Table 1; supplemental material available
online wich this article; doi:10.1172/JCI35243D51). All of these
molecules were confirmed to be expressed in mouse chondrogenic
ATDCS cells in the prehypertrophic or hypertrophic differentia-
tion stage (Figure 2A). However, a luciferase reporter assay revealed
that GSK-3p markedly suppressed COL10 promorter activity,
while none of the other candidates had a significant effect (Figure
2B). These data suggest thar GSK-3f might be funcrionally involved
in chondrocyte hypertrophy, although involvement of the other fac-
tors cannot be ruled out. Direct phosphorylation of recombinant
GSK-3 at Ser9, the crucial site for i jon of GSK-3p (10), by
recombinanc ¢GKII protein was confirmed by in vitro kinase assay

using the same ancibody as the screening array above, and the phos-
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phorylation was enhanced by the addition of cGMP (Figure 2C),
Furthermore, endogenous GSK-3p in cell lysares of ATDCS cells was
phosphorylated ac Ser9 by recombinant cGKII protein, which was fur-
ther enhanced by the addition of cGMP. On the other hand, GSK-3¢t,
the closely related isoform of GSK-3f, was nor phosphorylated
by cGKII, nor were protein levels of GSK-3f and GSK-3a altered
by cGKII or cGMP (Figure 2D). Immunohistochemistry revealed
that ¢GKII, rotal GSK-3f, and Ser9-phosphorylated GSK-3ff were
colocalized in prehypertrophic chondrocytes of the growth plate,
implicating the interaction of these molecules in vivo as well (Figure
2E). Compared with the respective nonimmune controls, the local-
ization of Ser9-phosphorylated GSK-3p appeared to be restricted
to those cells thar also produced ¢GKII, whereas total GSK-3f8 was
more broadly distributed, which supports the notion thar cGKIl is
an important regulator of GSK-3p phosphorylation.

Regulation of chondrocyte bypertraphy by GSK-3p. In the 3-dimen-
sional cultures of ATDCS cells and primary costal chondrocytes
in alginate beads, LiCl, a selective inhibitor of GSK-3f, stimulaced
the expression of chondrocyte hypertrophic differentiation mark-
ers COL10, alkaline phosphatase (ALP), and MMP-13 and induced
morphological hypertrophy of the cells (Figure 3, A and B). COL10
expression also increased in cultured primary costal chondrocytes
from Gsk3b* mice compared with WT chondrocytes, while ALP
and MMP-13 levels were comparable berween the genotypes (Fig-
ure 3C). Introduction of a constiturively active allele of ¢GKII into
ATDCS cells stimulated expression of hypertrophic markers, and
this was artenuarted by the cointroduction of a phosphorylation-
deficient mutant of GSK-3ff with a serine-to-alanine subsritution
(GSK-3p5%%), which is known to have constiturive activity (Figure
3D). These data demonstrated that Ser9 phosphorylation of GSK-3f
is necessary for the induction of chondrocyte hypertrophy by
cGKIL The GSK-3f* introduction alone altered none of the 3
markers (Figure 3D), which indicates thar an endogenous GSK-3p
level was sufficient for the suppression of chondrocyte hypertro-
phy in chis culture system.
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Figure 3

Regulation of chondrocyte hypertrophy by GSK-3f.
(A) Effects of LiCl on mRNA levels of the hypertrophic
markers COL10, ALP, and MMP-13, as assessed by
real-time RT-PCR in ATDCS cells cultured in 3-dimen-
sional alginate beads. (B) Effects of LiCl on the hyper-
trophic markers, as assessed by immunocytochemistry
in primary costal chondrocytes cultured in 3-dimen-
sional alginate beads. For morphological comparison,
sections of the representative colonies containing
4 cells were selected. Scale bars: 10 um. (C) mRANA
levels of the hypertrophic markers, as assessed by
real-time AT-PCR in cultured costal chondrocytes from
WT and Gsk3b+~ mice. (D) mRNA levels of the hyper-
trophic markers in stable lines of ATDCS cells retrovi-
rally transfected with the constitutively active form of
cGKIl (CA-cGKIl), GSK-31%%4, or the control GFP (-).
Data are mean = SD of the relative amount compared
with control or WT. *P < 0.01 versus control or WT.
P < 0.01 versus constitutively active cGKIl alone.

Mechanism underlying cGKII/GSK-3p signaling in chondracyte hyper-
trophy. We further examined the molecular mechanism whereby
GSK-3ff phosphorylation by ¢GKII regulates hypertrophic dif-
ferentiation of chondrocytes, Because GSK-3f is known to be a
negative regulator of B-catenin through its phosphorylation and
degradation (10), we compared the localization of B-catenin,
Ser9-phosphorylated GSK-3f, and total GSK-3f in the growth
plates of WT and Prkg2 - littermatres. In the WT growth plate,
f-catenin as well as boch GSK-3f proteins were localized mainly
in the cytoplasm of prehypertrophic chondrocytes (Figure 4A).
cGKII deficiency caused similar decreases in fi-catenin and Ser9-
phosphorylared GSK-3p levels with little effect on the total GSK-3f
level in the abnormal intermediate layer. In cultured ATDCS cells,
€GKIl induced cyrosolic accumulation of B-catenin after stimu-
lation by 8-bromo-cGMP, while ¢GKII-Akinase had a minimal
effect (Figure 4B). Overexpression of constiturively active cGKII
enhanced the promoter activity of the f-catenin rarget T cell fac-
tor (TCF), which was markedly suppressed by corransfection of
GSK-3[*°* (Figure 4C). Again, GSK-3f% alone did nor have an
effect, which indicates that an endogenous GSK-3f level is suf-
ficient for P-catenin suppression. We next examined che involve-
ment of a scaffolding peptide, Axin, which is known to associare
with GSK-3B and promotes effective phosphorylation and deg-
radation of f-catenin under conditions of Wnr stimulation (10).
IP/IB analysis using HEK293 cells cransfected with Myc-tagged
Axin and ¢GKII revealed that cGKII formed a complex with Axin
and phosphorylated GSK-3p not only in the whole-cell lysares, but
also in the IP with Axin, suggesting some interaction between Ser9
phosphorylation and coupling with Axin in regulation of GSK-3p
by ¢GKII (Figure 4D).

In our previous study, we showed that ¢GKII caused attenuation
of Sox9 transcriprional funcrion through inhibition of nuclear
entry (9). Because Sox9 is known not only to induce chondrogenic
differentiation of mesenchymal cells, but also to prevent hyper-
trophic differenciation of chondrocytes (12), this may contribure
Volume 118 2509
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Figure 5

Subcellular localization of Soxg. (A) Effect of cGKIl on subcellular localization of Sox9 and the phosphorylation-deficient mutants at putative
phosphorylation sites at Ser64 (Sox8%5*4), Ser181 (Sox9%'9'4), or both (Sox@%344+51814) Hel a cells were transfected with GFP, GFP-lagged
Sox9 (GFP-Sox9), or the GFP-tagged mutants in combination with cGKIl or empty vector. Subcellular localization of Sox9 or the mutants was
determined by a flucrescent microscope. (B) Effect of LiCl treatment or GSK-35% transfection on Sox8 subcellular localization in Hela cells
cotransfected with GFP-tagged Sax3 in combination with cGKIl or empty vector. Scale bars: 10 um (A); 20 um (B, top); 5 um (B, bottam)

membranous ossification (11, 18) — were comparable to those of
WT littermartes (Figure 6C). The genetic insufficiency of GSK-3p
in the Prkg2 " Gsk3b" mice parrially, but significantly, restored che
impaired skeletal growth (about 20%
that sufficient GSK-3p function is needed for skeletal growth and
endochondral ossificarion to be impaired by cGKII deficiency

40%). These findings indicate

Further histological analyses revealed chat the elongared growth
plate and decreased COL10 expression in Prkg2™ mice were also
partially restored in the Prkg2 ~Gsk3b" mice (Figure 7, A and B).
In contrast, GSK-3p insufficiency did not aleer skeletal growth
or growth plate parameters in WT or Prig2®” mice, as shown in
Gsk3b"~ and compound Prikg2" Gsk3b"" mice, respecuvely (Sup-
plemental Figure 3), GSK-3f may therefore function specifically as
a mediaror of ¢cGKII signaling, racher than generally in the regula-
tion of chondrocyre hypertrophy and endochondral ossification.

Discussion

Based on our previous finding that ¢cGKII activity is essential for
the promotion of skeletal growth through hypertrophic differen-
tiation of growth plate chondrocytes (9), the results of our pres-
ent study initially identified GSK-3p as a likely substrate of this
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protein kinase. Figure 7C summarizes the mechanism underlying
chondrocyte hypertrophy by ¢GKII/GSK-3f signaling based on
the present and previous studies. ¢GKII phosphorylates GSK-3p
at Ser9 and inactivates it, which may conrribute ro the suppression
of B-carenin degradarion, as previously reporred (10). We and oth-
ers have reported thar fi-catenin/TCF signaling causes stimulation
of hypertrophic differentiarion of chondrocytes in vitro (19-22).
In addition, chondrocyte-specific inactivation of f-catenin in mice
results in dwarfism with delayed hypertrophic differentiation of
chondrocytes (23). Hence, the stabilization and accumulation of
f-catenin by cGKII/GSK-3p signaling in chondrocytes may lead o
hypertrophic differentiation, although the underlying molecular
mechanism is still controversial.

Genetic rescue of impaired skeleral growth in Prkg2 * mice by
suppression of GSK-3f was significant, but incomplete (Figures
6 and 7). This might be because GSK-3f haploinsufficiency was
inadequate to fully overcome the deficiency of ¢cGKIL Indeed, cul-
tured Gsk3b"" chondrocytes showed higher COL10 expression, but
similar ALP and MMP-13 expression, compared with WT cells,
while LiCl clearly increased all hypertrophic markers in the ATDCS
cell culrure (Figure 3, A and C). We cannor exclude the possibil
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ity, however, of involvement of other mechanisms in the actions of
<GKII on chondrocyte hypertrophy. Alchough our previous study
showed that ¢GKII phosphorylated Sox9, an inhibitor of chondro-
cyte hypertrophy, and suppressed its nuclear encry (9), the present
study revealed that the subcellular translocation was nor medi-
ated by the phosphorylation of Sox9 itself or of GSK-3f (Figure 5).
Besides Sox9 and GSK-3f}, VASP and cysteine- and glycine-rich pro-
tein 2 have previously been reported as phosphorylation targets of
cGKII in other types of cells (24). However, our luciferase assays
failed to show regularion of COL10 transcription by either gene
(Figure 2B and Supplemental Figure 2B), suggesting the existence
of other phosphorylation targets of cGKII in the regulation of Sox9
translocation associated with chondrocyte hypertrophy. In addi-
tion, because Sox9 has previously been reported to physically inter-
act with f-catenin and to compete with its binding to TCF (23), the
downstream pacthways of ¢GKII through GSK-3p and Sox9 might
mnteract at che level of B-catenin during chondrocyte hypertrophy.

Chondrocyte hypertrophy in the growth plate is a rate-limit-
ing step for longitudinal skeleral growth (25), because this step
has been shown to be responsible for 40%-60% of endochondral
ossification, with the remainder caused by chondrocyte prolifera-
tion and matrix synthesis (26). Sox9 is a representative regulator
of this step, as are Runx2 (1, 13) and parathyroid hormone/para-
thyroid hormone-related protein (PTH/PTHTP) (1, 27), uncovered
via recent advances in molecular genetics. The present scudy failed
to find interaction berween ¢GKII and Runx2 (Supplemental Fig-
ure 1). Although PTH/PTHrP has previously been shown to be a
potent inhibitor of chondrocyte hypertrophy by the findings in
deficient and transgenic mice (1, 27), our previous study revealed
that neither expression levels of PTHrP and PTH/PTHrP recep-
tor nor cAMP accumulation by PTH stimularion was altered by
cGKII deficiency in chondrocytes (9). Hence, cGKII may regulare
chondrocyte hypertrophy by a mechanism independent of those of
Runx2 and PTH/PTHrP.
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Figure 6

Genetic rascue of growth retardation in
Prikg2-- mice by GSK-3 insufficiency. (A)
Radiographs of WT, Prkg2+-, and Prkg2-
Gsk3b*"~ litermates at B weeks of age. (B)
Time course of total axlal length (from nose
to tail end) of the 3 genctypes from 3to 16
weeks of age. The recovery by the GSK-3p
insufficiency in the Prkg2-- mice was
43.2%,31.4%, and 41.9% at 8, 12, and 16
weeks, respectively. (C) Length of bones
of the 3 genotypes at 8 weeks of age. Per-
cent recovery was 21,7%, 18.3%, 24.3%,
16.2%, 24.3%, and 42.6% in femur, tibia,
humerus, ulna, vertebra, and skull length,
respectively. Data are mean = SD for 4-9
mice per genatype. *P < 0.05 versus WT.
'P < 0.05 versus Prkg2~.
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In line with the view that ¢GKII is a downstream mediaror of
CNP, Nppe and Npr2- mice also exhibit dwarfism (2). However,
unlike Prkg2 - mice, which have an elongated growth plare with an
abnormal intermediare layer, both Nppe /- mice and Npr2
showed thinned growth plates with chondrocytes arranged in a
regular columnar array. This may indicare the involvement of other
signaling pachways in CNP/GC-B-mediated endochondral ossi-
ficarion. In fact, the intracellular accumularion of cGMP caused
by CNP/GC-B signaling activates not only cGKII, but also other
downstream mediarors, such as cGKI, cyclic nucleotide phospho-
diesterases, and cGMP-regulated ion channels (5, 28). Although
no skeletal abnormality has been reported in Prkgl ™ mice (8), it
would be helpful to investigate whether mice doubly deficient for
¢GKI and cGKII mimic the phenotype of Nppe-~ or Npr2-- mice.
In addition, targeted overexpression of CNP in growth plare chon-
drocytes was reported to restore the achondroplastic bone with
FGF recepror 3 mutation through inhibition of the MAPK path-
way (15), which we found in the present study to be unrelated to
cGKII (Supplemental Figure 2A). Furthermore, cGKII functions
as an effector of cGMP that is activated not only by CNP, but also
by nitric oxide and other types of natriuretic peprides (S, 7, 28).
Although the fact thar CNP was unable to affect chondrocyte dif-
ferentiation of skeleral growth in the absence of ¢GKII eicher in
vitro or in vivo indicares a crucial role of ¢cGKIT in CNP signaling
(29), CNP and ¢GKII are unlikely to function with a one-to-one
correspondence during endochondral ossification.

The abnormal elongarion of the Prkg2~~ mouse growth plate was
apparent from 2 ro 4 weeks after birth, but not before or after these
ages (Figure 1B). This observation suggests some compensatory
mechanisms for cGKII deficiency. Besides signaling via Runx2,
PTH/PTHrP, and the CNP-related factors described above, GSK-3a
(the other GSK-3 in mammals) mighr substitute for GSK-38,
because it was not found to be a phosphorylarion rarger of cGKII
(Figure 2D). Although there was no compensatory upregulation in

mice
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GSK-3 levels in cells lacking either GSK-3a or GSK-3p, functional
redundancy of the 2 GSK-3 homologs in fi-catenin/TCF-mediared
transcriprion was previously shown using an allelic series of embry-
onic stem cell lines (17, 30). In fact, Gsk3b*~ mice (Supplemental
Figure 3) and Gsk3a mice (31) showed normal skeletal develop
ment and growth. Gik3b " mice developed relatively normally
uncil late gestation, when massive liver apoptosis causes embry-
onic lethality (17); the implication of this finding is thar GSK-3a
can compensate for GSK-3p deficiency in early stages of mouse
development, but cannot substiture for it in all respects. Hence,
the age-dependent balance berween GSK-3a and GSK-3f might
explain the temporary growrh plare abnormaliry in Prkg2 * mice.
GSK-3B is known to be active under resting conditions and
inactivared upon stimularion by several signaling pathways, such
as Wnr and insulin/Akrt; however, the role of phosphorylation of
GSK-3p remains controversial (32, 33). Our present results led
us to propose ¢GKII as a novel regulator of GSK-3f and showed
that the f-catenin activity enhanced by ¢GKII was suppressed by
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Figure 7

Genetic rescue of growth plate abnormality in Prkg2~
mice by GSK-3f insufficiency. (A) H&E staining, Safra-
nin-O staining, BrdU labeling, and immunchistochemical
staining of COL10 in the tibial growth plates of 3-week-
old mice of the 3 genotypes. Blus, red, green, and yel-
low bars indicate proliferative zone, abnommal interme-
diate layer, hypertrophic zone, and primary spongiosa,
respectively. Boxed regions in COL10 panels are shown
at higher magnification to the right. Scale bars: 50 pm.
(B) Height of the growth plates of the 3 genotypes. The
percentage recovery by the GSK-3f insufficiency was
36.0%. Data are mean = SD of 4 mice per genotype.
*P < 0.05 versus WT. *P < 0.05 versus Prkg2+. (C) Sche-
matic of the mechanism whersby cGKIl promatas growth
plate chondrocyte hypertrophy during skeletal growth.

GSK-3p°?A, indicating the mediation of GSK-3f}
phosphorylation ar Ser9 in ¢GKII/f-catenin signal-
ing (Figure 4C). Conversely, several reports showed
that GSK-3f inactivation causing fi-catenin induc-
tion by Wnt stimulation depends nor on Ser9 phos-
phorylacion, but rather on coupling with the scaf-
folding protein, such as Axin (34, 35). The present
study, however, showed that ¢GKII formed a complex
with Axin and further phosphorylated GSK-3f that
bound to Axin (Figure 4D), suggesting some inter-
action between Ser9 phosphorylation and coupling
with Axin in the regulation of GSK-3f by ¢GKIL In
fact, a previous report proposed that War signaling,
similar to insulin/Ake signaling, induces GSK-3f
phosphorylation via the interaction between the
signaling parhways borh in neuronal PC12 cells and
in human embryonic kidney 293T cells (36). While
these findings imply a possible link between ¢GKII/
p-catenin and canonical Wnt/B-catenin signaling, we
note that there is no direct evidence of ¢GKII being
involved in the canonical Wnr pathway. We chere-
fore believe thar ¢GKII/f-carenin signaling, which is
dependent on GSK-3f phosphorylation, may have a
mechanism char is, at least in pare, disancr from char
of Wnt/f-carenin signaling. Further studies will be
needed co clarify the details of GSK-3f-related signaling not only
in chondrocytes, but also in other cells.

We conclude thar ¢cGKII promotes chondrocyte hypertrophy and
skelecal growth chrough phosphorylation and inactivation of GSK-3.
For the application of this intracellular signaling to yield novel
therapeutics for skeletal disorders, we are now developing a gene
transfer system using biocompatible polyplex nanomicelles (37,
38). Further understanding of the molecular signaling relared ro
the cGKII/GSK-3f axis, in combination with other putative signal-
ing systems, will grearly assist in unraveling the molecular network
that modulates endochondral ossificarion and skeletal growth.

Methods

Amimals. The Prig2 nuce and Gsk3b* - mice were maintamed in a CS7BL/6
background. To generare Prig2 * Gsk3b" - mice, Gsk3b" - mice were mated with
the homozygous Prig2 * mice to obrain Prkg2" Gak3b* - mice, which were then
mated with each other. All experiments were performed on male mice and were
approved by the Animal Care and Use Committee of the University of Tokyo
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Radiological and histological analyses. Plain radiographs were taken using
a soft X-ray appararus (Softex CMB-2; Softex). For histological analy-
ses, skeletons were fixed in 4% paraformaldehyde, decalcified with 10%
EDTA, embedded in paraffin, sectioned in 5-pm slices, and srained with
HE&E or Safranin-0, according to standard procedures. For Brdl label-
ing, mice were injected intraperitoneally with BrdU (25 pg/g body weighr)
2 h prior to sacrifice, and the sections were stained with a BrdU staining
kit (Zymed Laboratories) according to the facturer’s instructions.
In situ hybndization with nonradicactive probes was performed as pre-
viously described (39). For immunohistochemistry, antibodies to ¢GKII,
Ser9-phosphorylaced GSK-3f, MMP-13, Runx2 (1:50; Santa Cruz Biotech-
nology Inc), GSK-3f (1:200; Chemicon), COL10 (1:1000; LSL), f-carenin
(1:100; Cell Signaling Technology), and respective nonimmune serums
were used, and the signal was decected wath an HRP-conjugarted secondary
antibody. For fluorescent visualization, a secondary antibody conjugated
with Alexa Fluor 488 (Invitrogen) was used.

Cell cultares. ATDCS cells were grown and maintained in DMEM and
Fl12 ara 1:1 ratio with §% FBS. To induce hypertrophic differentiation,
the ATDCS cells were cultured in the presence of insulin, transférrin and
sodium selenite (ITS) supplement (Sigma-Aldrich) for 21 d as described
previously (40). We confirmed COL10 expression by real-time RT-PCR and
used the cells whose stage of differentiation was assumed to be prehyper-
trophic or hypertrophic. Primary chondrocytes were isolated by digestion
of E18.5 costal cartilage. Primary chondrocytes, HuH-7 cells, HEK293 cells,
and Hela cells were cultured in high-glucose DMEM with 10% FBS. Three-
dimensional alginate bead culrures of primary costal chondrocytes and
ATDCS cells were performed with or withour LiCl (8 mM) for 72 h, and the
cells were analyzed as described p ly (21). Fori cytoch
of primary costal chondmcyl:u. the cl:ll colonies were fixed with 4%
parafor bedded in paraffin, sectioned in 5-um slices, and
underwent i :mumsmmng for COL10 and MMP-13 as described above.
For ALP staining, sections were fixed i 70% ethanol and stamed for 10 oun
with a solution containing 0.01% Naphthol AS-MX phosphate disodium
salt (Sigma-Aldrich), 1% N, N-dimethyl-formamide (Wako Pure Chemical
Industries Ltd.), and 0.06% fast blue BB (Sigma-Aldrich).

In vitro kinase assay. ATDCS cells were cultured in the presence of ITS for
21 d ro differentiare into prehypertrophic or hypertrophic chondrocytes,
as described above, The whole-cell lysare of the differentiated cells was pre-
pared using Cell Lysis Buffer (Cell Signaling Technology). The cell lysate or
recombinant GSK-3f§ (Upstate Biotechnology Inc.) was incubated with
recombinant cGKII (Sigma-Aldrich) in a reaction buffer (Cell Signaling
Technology) coneaining 1.6 mM ATP and 100 pM 8-bromo-cGMP (Bio-
mol) ar 30°C for 30 min. An equal amount of protein (15 pg) was subjecred
to SDS-PAGE and transferred onto nitrocellulose membranes. 1B was
then performed using primary antibodies ro Ser9-phosphorylared GSK-3f
(Cell Signaling Technology), GSK-3ff (Chemicon), Ser21-phosphorylated
GSK-3a and GSK-3a (Cell Signaling Technology), and f-actin (Sigma-
Aldrich). The membrane was incubared mth l-lRP-cnn;ugucd antibody
(Promega), and the i crive were lized with ECL
Plus (Amersham Biosciences).

Plasmids and viral vectors. cDNA of caspase-9 (GenBank accession no.
NM_001229.1), Bad (NM_007522.2), PLK (NM_011121.3), p90RSK
(NM_D09097.4), eNOS (NM_000603.3), GSK-3p (NM_002093.2),
VASP (NM_D09499.1), cdec2$ (NM_D09860.2), and cysteine- and gly-
cine-rich protein 2 (CSRP2; NM_007792.3) was ligated into pCMV-HA
(Invicrogen). eDNA of rat ¢GKII (NM_013012.1; nucleotides 48-2,333)
was ligared into pcDNA4HisA (Invitrogen), A PCR-amplified fragment
(nucleorides 48-1,403) was used ro construct the cGKIl-Akinase plasmid.
Plasmids encoding consriturively acrive human cGKII were kindly pro-
vided by B.M. Hogema (Erasmus University Medical Center, Rotterdam,
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The Netherlands; ref. 41). Axinl (NM_003502.2) was subcloned into
pCMV-Myc (Invitrogen) to introduce Myc epitope tags. ¢<DNA of Sox9
(NM_000346.2) and Runx2 (NM_009820.3) was ligated into pEGFPC1
(Clontech) to generate GFP-tagged plasmids. To create phosphoryla-
tion-deficient mucants, GFP-tagged Sox9 plasmid and GSK-3§ plasmid
were subjected to site-directed mutagenesis using the inverse PCR rech-
nique. All construces were verified by sequencing. ¢cGKII, cGKIl-Akinase,
GSK-3p%4, and contral GFP retrovirus vectors were constructed using
pMx vector and plat-E cells as described previously (42).

Gene trangfection, For the transient transfection, a total of 1 ug plas-
mid DNA was transfected using Fugene6 (Roche). For cotransfection,
all plasmids were added in an equal ratio. Total RNA was isclated 72 h
after the transfecrion and used for the subseqnmt assays. For fluorescent
detection, HeLa cells were t iently fecred, and £ ent images
were taken 24 h after transfection. To investigate the interaction of ¢cGKI
and MAPK/STAT signaling, ATDCS cells were transfected with cGKII or
the empty vector, and FGF-2 (1 ng/ml) was added 72 h after transfection.
IB was then carried out using primary antibodies to p-Erk1/2, Erk1/2,
p-p38MAPK, p3SMAPK, p-JNK2/3, JNK2/3, p-JNK1, JNK1, p-STAT1, and
STAT1 (Cell Signaling Technology) as described above.

Real-time RT-PCR. Total RNA was reverse-transcribed with Multi-
Scribe RT (Applied Biosystems Inc.). Semiquantitative RT-PCR was
performed within an exponential phase of cthe amplification, wich the
following primer sequences: caspase-9 forward, 5-CGATGCAGGGT-
GCGCCTAGTGA-3'; caspase-9 reverse, 5 TGACCAGCTGCCTGGCCT-
GATC-3'; Bad forward, 5".CCAGGTCTCCTGGGGAGCAACATTC-3';
Bad reverse, 5*AGCTCCTCCTCCATCCCTTCATCC-3", PLK forward,
S-TGGCACTCCTAACTACATAGCTCCTGAGG-3"; PLK reverse,
§-CGGAGGTAGGTCTCTTTTAGGCACGA-3'; p90RSK forward,
5-GATTCTTCTGCGGTATGGCCA-3'; pIORSK reverse, 5-TGCCG-
TAGGATCTTATCCAGCA-3, eNOS forward, 5-CTCGAGTGGTTTGCT-
GCCCTTG-3'; eNOS reverse, §'-CAGGTCCCTCATGCCAATCTCTGA-3,
GSK-3f forward, 5“CCAGTATAGATGTATGGTCTG-3'; GSK-3f reverse,
5“CTTGITGGTGTTCCTAGG-3'; VASP forward, 5'-TTCCAGCCGGGC-
TACTGTGATG-3', VASP reverse, 5 -CGGCCAACAACTCGGAAGGAGT-3;
cde25 forward, 5'-GCACTGGAAAGGGTGGAGAGACTGG-3'; cde2s
reverse, S-CCTCTTCACTTGCAGGTGGGATAGG-3', Runx2 forward,
5-CCCAGCCACCTTTACCTACA-3'; Runx2 reverse, 5-TATGGAGT-
GCTGCTGGTCTG-3". Real-rime RT-PCR was performed on an ABI
7700 Sequence Detection system (Applied Biosy ) using Quanti-
Tect SYBR Green PCR Master Mix (Qiagen) wich f-actin as che internal
control and the following primer sequences: COL10 forward, 5'-CATA-
AAGGGCCCACTTGCTA-3"; COL1D reverse, 5-TGGCTGATATTCCT-
GGTGGT-3'; ALP forward, §'-GCTGATCATTCCCACGTTTT-3;
ALP reverse, 5"-CTGGGCCTGGTAGTTGTTGT-3"; MMP-13 forward,
5“AGGCCTTCAGAAAAGCCTTC 3", MMP-13 reverse, S-TCCTTG-
GAGTGATCCAGACC-3"; f-actin forward, $-AGATGTGGATCAG-
CAAGCAG-3'; f-actin reverse, 5.GCGCAAGTTAGGTTTTGTCA-3' All
reactions were run in triplicate.

reporter gene assiy. The human COL10 promorter regions from
4,459 bp relarive to the transcriptional start site were cloned into the
pGL3-Basic vecror (Promega). The TOPflash system (Upstate Biotechnol-
ogy Inc)) was used according ro the facturer’s pratocol. The luaif-
erase assay was performed with a dual-luciferase reporter assay syscem
(Promega) using a GloMax 96 Microplate Luminometer (Promega).

[P and IB assay. 1P was performed with ProFound Myc Tag IP/Co-IP kits
(Pierce) according ro the manufacturer's protocol. Samples were prepared
using M-PER or NE-PER (Pierce) supplemented with 2 mM Na,VO, and
10 mM NaF according to the manufacturer’s protocol. Cell lysares were
incubared with the high-affinity anti-c-Mye antibody-coupled agarose
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at 4°C overnighe. 1 scompl were washed 3 times with cold

wash solution. c-Mye-ragged pmmm were eluted, and an equal amount
of each eluted sample (15 pg) was subjected to SDS-PAGE, transferred
onto nitrocellulose membranes, and subjected to 1B using primary
mubod:u to ¢GKII (Santa Cruz Biotechnology Inc.), GSK-3f} and Set9-
phosphorylared GSK-3f1 (Ch ), and Myc tag (Upstate Biotechnol-
ogy Inc). ctive p wmmua.lmdndmnhd:bwe.

Statistics. Means of groups were compared by ANOVA, and significance of
differences was determined by post-hoc testing by the Bonferroni merhod.
A Pvalue less than 0.05 was considered significant.
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During endochondral essification, chondrocytes undergo
hypertrophic differentiation and die by apoptosis. The level of
inorganic phosphate (P)) elevates at the site of cartilage miner-
alization, and when chondrocytes were treated with Py, they
underwent rapid apoptosis. Gene silencing of the proapoptotic
Bel-2 homology 3-only molecule buip3 significantly suppressed
P;-induced apoptosis. Conversely, overexpression of Bel-xL sup-
pressed, and its knockdown promoted, the apoptosis of chon-
drocytes. Bnip3 was associated with Bcl-xL in chondrocytes
stimulated with P. Bcl-xL was expressed uniformly in the
growth plate chondrocytes, whereas Bnip3 expression was
exclusively localized in the hypertrophic chondrocytes. Finally,
we generated chondrocyte-specific bel-x knock-out mice using
the Cre-loxP recombination system, and we provided evidence
that the hypertrophic chondrocyte layer was shortened in those
mice because of an increased apoptosis of prehypertrophic and
hypertrophic chondrocytes, with the mice afflicted with dwarf-
ism as a result. These results suggest the pivotal role of Bel-2
family bers in the regulation of chondrocyte apoptosis.

-

Endochondral ossification is an essential process for skeletal
development, fracture healing, and pathologic conditions such
as osteoarthritis and cctopic ossification (1). In this process,
chondrocytes first proliferate and then differentiate into
mature hypertrophic chondrocytes, which mineralize the sur-
rounding matrix that is finally replaced by bone (1). There is
controversy as to the cell fate of hypertrophic chondrocytes,
and several studies have shown that they undergo apoptosis
after terminal differentiation (2—-4), Apoptosis is a form of pro-
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grammed cell death that is characterized by specific morpho-
logical and biochemical features, and is tightly regulated by
extracellular stimuli and intracellular signaling pathways (5).
Morphalogically, apoptosis is characterized by a series of struc-
tural changes in dying cells as follows: blebbing of the plasma
membrane, condensation of the cytoplasm and the nucleus,
and cellular fragmentation into membrane apoptotic bodies.
Biochemically, apoptosis is characterized by the degradation of
chromatin, initially into large fragments of 50300 kb and sub-
sequently into smaller fragments that are monomers and mul-
timers of 200 bases. Not only does apoptosis regulate various
aspects of the biological activity, but it also can trigger cancer,
autoimmune diseases, and degenerative disorders (6). Several
molecules such as Sox3, -6, and -9 and Runx2 have been
reported to regulate proliferation and hypertrophic differenti-
ation of chondrocytes (7-9). However, the physiologic and
pathologic significance of chandrocyte apoptosis and key mol-
ccules that regulate this process remain to be elucidated.

Previous studies have shown the possible involvement of
cytokines, such as tumor necrosis factor-« and Fas ligand, and
hormones, such as glucocorticoids and parathyroid hormone-
related peptide (PTHrP),” in the localized hypoxia and
increased generation of reactive oxygen species in chondrocyte
apoptosis. Shapiro and co-workers (10 <12) and Poole and co-
waorkers (13) reported that the terminal differentiation of chon-
drocytes is accompanied by marked accumulation of extracel-
lular phosphate ions, which may lead to chondrocyte apoptosis
through a plasma membrane phosphate transporter mecha-
nism. The importance of phosphate ions in chondrocyte apo-
ptosis was also confirmed by Demay and co-workers (14), who
reported that hypophosphatemia leads to impaired apoptosis of
hypertrophic chondrocvtes and subsequent expansion of the
late hypertrophic chondrocyte layer in vitamin D receptor-null
mice, which was reversed by feeding with a high phosphate diet.
Although these reports indicate that P, entry into the cells
induces apoptosis in growth plate chondrocytes, the precise
molecular mechanism that results in the apoptosis of chondro-
cytes is still an enigma.

? The abbreviations used are: PTHIP, parathyroid h laved 4
AT, raversa transcription; cKO, conditional knock-out; RNAI, RNA interfer-
ence; BH3, Ber homology d 3; Z, benzyloxycarbonyl; frk, fi

ethyl ketone; LM, littermate; BH3, Bel-2 homology 3.
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There are two distinct signaling pathways of apoptosis in
mammals. One is initiated by death receptors (death receptor
pathways) (15), and the other is regulated by anti- and pro-apo-
ptotic Bel-2 family members and involves release of cyto-
chrome ¢ from mitochondria into the cytoplasm (mitochon-
drial pathways) (16, 17). The anti-apoptotic Bcl-2 family
members include mammalian Bel-2, Bel-xL, and Mel-1, and
more than 20 pro-apoptotic Bcl-2 family proteins have been
identified to date in mammals, which are divided into two
groups as follows: multidomain members (Bax, Bak, Bok/Mtd,
cte.) and BH3 domain-only members (Bid, Bad, Bim, Bik, Puma,
Noxa, Bmf, Hrk, Bnip3, Nix, etc.) (18). Although the BH3-only
family members display tissue-specific distribution patterns,
multidomain pro-apoplotic members are ubiquitously ex-
pressed, indicating that BH3.only proteins play a tissue/cell-
specific and a stimulus-specific role in apoptosis and that the
other members play an essential role further downstream (18).

We report here that the balance between the anti-apoptotic
Bcl-2 family member Bel-xl. and the pro-apoptotic family
member Bnip3 critically regulates the apoptosis of terminally
differentiated chondrocytes both i vitro and in vive. We first
showed that the Bel-x1./Bnip3 axis plays an cssential role in
P-induccd chondrocyte apaptosis in vitro. Subscquently, we
generated mutant mice conditionally deficient in the bel-x gene
using the Cre-loxP recombination system, and we found that
the hypertrophic chondrocyte laver was shortened in these
mice because of increased apoptosis.

EXPERIMENTAL PROCEDURES

Plasmids and Viral Vectors—For the production of retrovi-
rus, full-length cDNA of mouse bel-xL, bel-2, mel-1, and bnip3
was amplificd by PCR, subcloned into pCR-TOPO [I vectors
(Invitrogen), and inserted into pMx vectors (19). The produc-
tion of the retroviral vectors was performed as reported previ-
ously (20). Briefly, Plat-E cells (2 X 10" cells) were plated in
60-mm dishes and transfected with 2 pg of pMx vector using
FuGENE (Roche Applied Science) on the following day. After
24 h, the medium was replaced with fresh medium, which was
collected and used as the retroviral supernatant 48 h after the
transfection. The puromycin-resistant gene and blasticidin-re-
sistant gene were inserted into a pMx vector for the selection of
stable cells. For gene silencing, RNAi sequences were designed
for cach of the mouse Bcl-2 family genes. Targeting sequences
used were as follows: GCGTTCAGTGATCTAACATCC for
Bel-x1; GGATGCCTTTGTGGAACTATA for Bel-2; GGAC-
TGGCTTGTCAAACAAAG for Mcl-1; GGTAGGACAGAA-
ACTAGAT for Bim; GGGTCAGCTATTATCTCAA for Bid;
GAGCCAAACCTGACCACTA for Puma; GGTGGAGAGT-
TCAATTAAG for Biki GAAGAGAAGTTGAAAGTAT for
Bnip3; GGAAGAAAGTAAGTCTGAT for Nix; GGAAGGA-
AGCAGAATTGTA for Hrk: GCTCAAAGAAAGATGGCTT
for Bmf; and GCTACGTCCAGGAGCGCACCA for green flu-
orescent protein. RNAI expression vectors for these genes were
constructed with piGENEmU& vector (for mouse) (iGENE
Therapeutics) as described (21). For retrovirus expressing
RNAI, the U6 promoter and inserts in piGENE vectors were
cloned into pMx vectors, The adenovirus vector expressing
FADD™, which lacks the N-terminal domain that is responsi-
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ble for recruiting and activating caspase-8 at the death receptor
complex (22), was created as described previously (7). Adenn-
virus vectors expressing bacterial Cre recombinase was a gen-
erous gift from Kojiro Ucki (University of Tokyo). Adenovi-
ruses were amplified in HEK293 cells and purified with the
AdenoX virus purification kit (Clontech). Viral titers were
determined by the end point dilution assay, and the viruses
were used at 50 multiplicities of infection.

DNA Transfection—For the gene transduction or knock-
down of Bcl-2 family molecules, growth plate chondrocytes or
ATDCS cells (3 X 10® per well) were seeded onto 60-mm cell
culture dishes. After 24 h, the cells were left untreated or
treated with the retrovirus veetors together with Polybrencat §
pg/ml Thereafter, the medium was replaced with fresh
medium containing 1 ug/ml of puromycin and/or 10 pg/ml of
blasticidin until they became confluent. Selective overexpres-
sion or inhibition of Bel-2 family member molecules was con-
firmed by real time RT-PCR or Western blotting.

Cell Culture—Growth plate chondrocytes were isolated from
the ribs (excluding the sternum) of C57BLA or bel-x™" mice
embryos (E18.3). About 1 X 10° cells can be obtained from one
mouse. They were cultured in high glucose Dulbecco’s modi-
fied Eagle's medium (Sigma) containing 10% fetal bovine serum
(Sigma) and 1% penicillin/streptomycin (Sigma). They are
mainly compased of proliferating chondrocytes and were dif-
ferentiated into hypertrophic chondrocytes and underwent
apoptosis in the presence of P Mouse chondrogenic ATDCS
cells were obtained from the RIKEN Cell Bank (Saitama, Japan).
The cells were cultured in Dulbecco’s modified Eagle’s medi-
um/F-12 (1:1) (Sigma) with 5% fetal bovine serum and 1% pen-
icillin/streptomycin. To induce hypertrophic differentiation,
ATDCS5 cells were cultured in the presence of ITS supplement
(10 pg/ml bovine insulin (1), 5.5 pg/ml human transferrin (1),
and 5 ng/ml sodium selenite (S)) (Sigma) for 14 days. To induce
apoptosis in ATDCS5 cells, the medium was changed to a-min-
imum Eagle's medium, 5% fetal bovine serum supplemented
with ascorbic acid 2-phosphate (0.05 mum) and phosphate
(NaH,PO,) at concentrations of 0-20 mat for 24 - 48 h. These
cells were maintained at 37 “C in a humidified 5% CO., 95% air
atmosphere. The medium was replaced every other day.

Cell Viability Assay—Cell viability was determined by Cell
Count Kit-8 (Dojindo) to count the living cells. Briefly, the cells
were placed (1 X10° cells per well) in a 96-well plate. After
incubation with the indicated concentrations of P, for 24 h, 10
pl of kit reagent was added and incubated for an additional 3 h.
Cell viability was determined by scanning the samples with a
microplate reader at 450 nm.

Western Blotting —\Western blot analysis was performed with
cell extracts from growth plate chondrocytes or ATDCS cells.
Cells were washed twice with ice-cold phosphate-buffered
saline, and proteins were extracted with an M-PER, NE-PER
(Pierce), or ApoAlert cell fractionation kit (Clontech), accord-
ing to the manufacturer’s instructions. Protein concentrations
of the cell lysates were measured with a Protein Assay kit 1
(Bio-Rad). For Western blot analysis, lysates were fractionated
by SDS-PAGE with 7.5-15% Tris-glycine gradient gel or 15%
Tris-glycine gel and transferred onto nitrocellulose membranes
(Bio-Rad). After blocking with 6% milk/TBS-T, membranes
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were incubated with primary antibodies to Bel-xL, Puma, Bik,
Bid, cleaved caspase-3 and -7, cleaved lamin A (Cell Signaling
Technology), Mcl-1, Hrk (Santa Cruz Biotechnology), Bcl-2,
Bim (Pharmingen), Bnip3, Nix, Bmf, FLAG, B-actin (Sigma),
cytochrome ¢, and Cox4 (Clontech), followed by horseradish
peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit
I4G (Promega). Immunoreactive bands were visualized with
ECI. Plus (Amersham Biosciences), according to the manufac-
turer’s instructions. For co-immunoprecipitation, cells were
lysed in 0.2% Nonidet P-40 isotonic buffer (0.2% Nonidet P-40,
142.5 mm KCl, 5 mm MgCl,, 1 mum EGTA, 20 mm HEPES, pH
7.5). Cell lysates were immunoprecipitated with anti-Bel-x1
antibody (Cell Signaling Technology) and separated by SDS-
PAGE with a 15% Tris-glycine gradient gel.

Real Time Quantitative RT-PCR—Total RNA was extracted
with ISOGEN (Wako Pure Chemicals Industries, Ltd.), and an
aliquot (1 pg) was reverse-transcribed using a Takara RNA PCR
kit {avian myeloblastosis virus) version 2.1 (Takara Shuzo Co.,
Ltd.) to make single-stranded cDNA. PCR was performed onan
ABI Prism 7000 scquence detection system (Applied Biosys-
tems Inc.) using QuantiTect SYBR Green PCR Master Mix
(Qiagen) according to the manufacturer’s instructions. After
data collection by the ABI Prism 7000 sequence detection sys-
tem, the mRNA copy number of a specific gene in the total RNA
was calculated, and a standard curve generated with serially
diluted plasmids containing PCR amplicon sequences, and nor-
malized to rodent total RNA (Applicd Biosystems) with mousce
B-actin as an internal control. Standard plasmids were synthe-
sized with a TOPO TA cloning kit (Invitrogen), according to
the manufacturer’s instruction.

Primer Information—Each primer sequence of mouse target
genes is described as follows: 5’ - TGCAGAGGATGATTGCT -
GAC-3' and 5’ -GATCAGCTCGGGCACTTTAG-3' for Bax;
5'-AGGTGACAAGTGACGGTGGT-3 and 5'-AAGATGCT-
GTTGGGTTCCAG-3' for Bak; 5'-ACATGGGGCAAGG-
TAGTGTC-3' and 5'-GCTGACCACACACTTGAGGA-3' for
Bok: 5'-TTCGGTGTGATGTACCTGGA-3" and 5'-CCAG-
GATGTTGTCACTIGTCG-3' for Bcl-Rambo; 5-CAGAC-
CCTCAGTCCAGCTTC-3' and 5'-CGTATGAAGCCGATG-
GAACT-3' for Bmf; 5'-ACAACCGCGAGCCAGGTA-3' and
5" -CAGGGCATAGAACTCGGAAG-3' for Bcl2112; 5'-CGG-
GCAGAGCTACCACCT-3 and 5'-CGAGCGTTTCTCICA-
TCACA-3 for Noxa; 5'-CTICAGCTTGGCAGAACACAT-3"
and 5’ -GCAGACACAGGTCCATCTCA-3' for Bik: 5°-GCCC-
AGACATTTGGTCAGTT-3' and 5'-TGCACACACACACA-
GAGGAA-3' for Bim; 5'-CGAGCAACAGG T TAGCGAAA-3'
and 5'-TGCACAGGTACGGAATTTTG-3' for Hrk; 5"-CCA-
CAGCTCTCAGTCAGAAGAA-3' and 5-GTGTGCTCAGTC-
GTTTTCCA-3' for Nix; 5'-GCCCAGCAGCACTTAGAGTC-3
and 5'-TGTCGATGCTGCTCITCITG-3" for Puma; 5°-
GCTTGGGGATCTACATTGGA-3 and 5'-TCAGGAACAC-
CGCATTTACA-3 for Bnip3; 5’ -CICIGCGTTCAGCTTG-
AGTG-3' and 5'-CAGAAGCCCACCTACATGGT-3' for Bid;
5 -AGGGATGGAGGAGGAGCTTA-3 and 5'-TAGAGTTC-
CGGGATGTGGAG-3' for Bad; 5'-GCCAAGACCTGAAAC-
TCTGC-3'; and 5'-GCCATAGCTGAAGTGGAAGC-3" for
col2; 5'-CATAAAGGGCCCACTTGCTA-3' and 5'-TGGCT-
GATATTCCTGGTGGT -3’ for coll0; 5'-AGATGTGGAT-
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CAGCAAGCAG-3"; and 5'-GCGCAAGTTAGGTTTTG-
TCA-3' for fB-actin.

Mice—Mice carrying the bel-x gene with two loxP sequences
at the promoter region and the second intron (bel-2™" mice)
were generated as reported previously (23). The mice are on a
129SvEv and C57BL6 mixed background. The presence of the
floxed bel-x gene was determined by PCR around the 5° loxP
site using the primers 5°-CGG TTGCCT AGC AAC GGG
GC-3' and 5'-CTC CCA CAG TGG AGA CCTCG-3', giving a
wild-type band of 200 bp and a floxed gene product of 300 bp.
These bel-x™F mice have been used successfully to examine the
role of Bel-xL in a variety of cell types, including those in the
liver, ovary, mammary gland, and substantia nigra, as well as in
ervthroid cells and dendritic cells (23-28). To generate chon-
drocyte-specific bel-x knock-out mice, bel-x™" mice were
crossed with type 11 collagen (Col2al)-Cre transgenic mice,
which express the Cre recombinase gene under the control of
the col2al gene promoter (29). Col2al-Cre™ '~ bel-x™* (cKO),
and Col2al-Cre™ '~ bel-x™* {normal littermates) mice were
generated by mating Col2al-Cre "/~ bel-< ' male mice with
Col2al-Cre™'~ bel-x"" female mice. All animals were housed
under specific pathogen-free conditions and treated with
humane carc under approval from the Animal Carc and Use
Committee of the University of Tokyo.

Histological Analysis—Tissues were fixed in 4% paraformal-
dehvde/phosphate-buffered saline, decalcified in 10% EDTA,
embedded in paraffin, and cut into sections of 5-pm thickness.
Hematoxylin and eosin staining as well as von Kossa staining
were performed according to the standard procedure. For
immunohistochemistry, sections were incubated overnight at
4 "C with primary antibodies against Bel-xL (1:200; Cell Signal-
ing Technology), Bnip3 (1:200; Sigma), COL10 (1:500; LSL) and
cleaved caspase-7 (1:100; Cell Signaling Technology). The
localization of the antigens was visualized by incubation with
horseradish peroxidase-conjugated secondary antibodies (Pro-
mega) followed by incubation with 3,3'-diaminobenzidine
according to the manufacturer’s protocol. For fluorescent visu-
alization, a secondary antibody conjugated with Alexa 488
(Molecular Probes) was used. A bone radiograph of whole bod-
ies, femurs, and tibiae was taken with a soft x-ray apparatus
(SOFTEX, CMB-2, Tokyo, Japan).

Statistical Analysis—Statistical analyses were performed
using two-tailed unpaired Student’s ¢ test for the real time PCR
and cell viability assay. A p value of <0.05 was considered to be
statistically significant. The results are presented as means *
S.D.

RESULTS

P, Induces Apoptosis of Chondracytes through Mitochondrial
Pathways—We first evaluated the effect of P, on the viability of
primary chondrocytes invitro. When mouse primary chondro-
cytes were stimulated with P, a dose- and time-dependent
increase in cell death was observed (Fig. 14). Only about 40% of
the chondrocytes survived 24 h after stimulation with 20 mu P,
Phosphonoformic acid, which inhibits P, entry into the cells,
almost completely restored P-induced cell death, as reported
previously (data not shown), indicating that the intracellular P,
transport stimulated chondrocyte cell death. In addition,
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FIGURE 1. P-induced chondrocyte apoptasis. A P -induced cell death of primary chondrocytes in a dose- and
time-dependent manner, The results are expressed as the means = S.D. of six cultures. Experiments were
repeated at least three times, and the representative data are presented. *, significantly different from
untreated group, p < 0.05. B pan-caspase inhibitor Z-VAD-fmk dose-dependently inhibited P -induced cell
death of primary chondrocytes. The cells were treated with either vehicle or Z-VAD-fmk for 30 min before P,
stimulation (20 mm). The results are expressed as the means = S.D. of six cultures. Experiments were repeated
at least three times, and the representative data are presented, *, significantly different from vehicle-treated
group, p < 0.01.  expression of type || (Col 2} and type X collagen (Col 10) expression in ITS-treated ATDCS cells
as determined by real time PCR. Type Il collagen expression was increased by day 7 of TS treatment, which was
followed by an increase in a hypertrophic chondrocyte marker, type X collagen. The results are expressed as the
means © 5.0.of three samples. Experiments were repeated at least three times, and the representative dataare
presented. *, significantly different from day 0. p < 0.01. D, P, stimulation induced the mineralization and
apoptosis of differentiated mxs cdls AT'DCi cells exhibited nodule formation when treated with ITS for 14
days, wh neither mir le pane) nor chromatin condensation (bortom panef) was observed
in the absence of P, treatment. P, ttirnulal-on (20 mw) of the cells rapidly induced mineralization of the sur-
rounding matrix and the nuclear condensation characteristic of apoptotic cells. £, Westem blot analysis of
ATDCS cells. P, stimulation at 20 ma after ITS treatment for 14 days induced caspase 3 and 7 activation and
Lamin proteclysis in ATDCS cells in the 12-24-h period. F, subcellular fractionation of ATDCS cells. Cytochrome
¢, which was exclusively localized in mitechondrial fraction (M), was released into the cytoplasmic fraction (O
in responsa to P, stimulation (arrow). Cox4 Is a marker of the mitochondrial fraction. Upper bands in mitochon-
drial fraction are nonspecific bands. G, overexpression of FADD™ did not affect P -induced caspase 7 activation
of ATDCS cells, which were pretreated with TS for 14 days. Adenovirus of green fluorescent protein GFP or
FADD™™ was Introduced 48 h before P, stimulation (20 ma).

quent P, stimulation (30, 31). Dur-
ing I'T'S treatment, the expression of
a chondrocyte marker type Ii colla-
gen increased carlier than day 7 and
remained high levels on day 14, In
contrast, the expression of a hyper-
traphic chondrocyte marker type X
collagen was low on day 7, and grad-
ually increased thereafter, and was
highly expressed on day 14 (Fig. 10

Neither mineralization nor caspase
activation was observed (Fig. 1D).
After P, stimulation, the cells under-
went mineralization and apoptosis
within 24 h (Fig. 1E). To examine
the localization of cytochrome ¢ in
the course of the apoptosis of
ATDCS cells, we performed cell
fractionation experiments. Cyto

chrome ¢ was mainly detected in the
mitochondrial fractions, which is
positive for Cox4, before P, stimula-
tion, and was released into the oyto-
plasm in response to P, stimulation
{Fig. 1F). The differentiation and
apoptosis of chondrocytes are inde-
pendently regulated since overex-
pression of nanx2 or dominant nega-
tive ranx2 did not affect Pi-induced
apoptosis. Adenovirus vector-medi-
ated introduction of dominant neg-
ative FADD (FADD™), which
blocks death receptor-initiated apo-
ptosis, almost completely abalished
tumor necrosis factor-a-induced
cell death (data not shown) but did
not affect P-induced apoptosis in
ATDCS cells (Fig. 1G). These
results suggest that the mitochon-
drial pathway, but not the death
receptor pathway, is mainly in-
volved in the P-induced apoptosis
of ATDC5 cells.

Bel-xL.  Regulates  Chondrocyte
Apaoptosis—Because mitochondrial
pathways are primarily regulated by
Bel-2 family member proteins, we
next examined the expression levels
and functions of Bel-2 family mole
cules during the differentiation and

administration of the caspase inhibitor Z-VAD-fmk dose-de-
pendently blocked cell death (Fig. 18), indicating that P -in-
duced cell death is a caspase-dependent process, Le. apoptosis.

Next, we investigated the molecular mechanisms that lead to

hypertrophic differentiation, mincralization, and apoptosis of

chondrocytes, using a chondrogenic cell line, ATDCS. ATDCS
cells express markers of hypertrophic chondrocytes and miner-
alize the surrounding matrix under I''S treatment and subse-
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apoptasis of chondrocytes. We first examined the effect of gain
or loss of function of anti-apoptotic Bel-2 family members,
Bel-2, Bel-x1,, and Mcl-1, on the cell viability of ATDCS cells.
Among these three molecules, Bel-xl. most efficiently sup-
pressed P-induced chondrocyte apoptosis when overexpressed
by retroviral vectors (Fig. 24), Conversely, the knockdown of
bel-xLL gene through RNAI efficiently reduced the cell viability
compared with the knockdown of the bel-2 or mel-1 gene (Fig.
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FIGURE 2. Role of anti-apoptotic Bel-2 family member proteins in P-induced apoptosis (20 mm). A and &,
effects of antl-apoptotic Bck2 family member proteins on P-induced apoptosis of primary chondrocytes.
Overexpression of Bel-xl and Bd-2 significantly suppressed the P -induced cell death of primary chondrocytes
{A), whereas gene silencing of Bci-xL alone promated it (B). The results are expressed as the means = 5.0, of six
cultures. Ctrl, control; GFP, green fluarescent protein. C and D, effects of anti-apoptotic Bl-2 family proteins on
caspase activarion in ATDCS cells after P, stimulation as determined by Western blot analysis. P-induced
caspase-7 activation as determined by deave caspase-7 blotting was most efficiently suppressed by BelxL
transduction. Bel-2 transduction had a milder activity, and Mcl-1 transduction had no effect (C). Gene silencing
of Bel-xL markedly increased P -induced caspase-7 activation, whereas that of Bl-2 had milder effect, and Mcl-2
had no effect (D), Mcl-2 was detected as diffuse bands. E adenovirus vector-mediated pression of Cre
racombinase sfficiently down-regulated bo-x gene in primary chondrocytes obtained from bef-x " mice and
induced caspase-7 activation (lefrl in the cells, and they underwent morphological apoptosis (right). F, expres-
sian levels of anti-apoptotic Bel-2 family member proteins in ATDCS cells during ITS treatment and P, stimula-
tion. No s:gruﬁum change was cbserved. G, immunchistological examination of a murine bane
(E18.5) with anti-Bel-xl antibody. Bcl-xL was uniformly expressed in the growth plate chondrocytes.
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28). Western blot analysis revealed
that cleaved caspase-7 cxpression
was suppressed by Bel-xL overex-
pression and increased by its knock-
down in differentiated ATDCS cells
treated with P, {Fig. 2, Cand D). The
important role of Bel-xL was further
confirmed by the experiments using
primary chondrocytes obtained
from bel-x™" mice. Adenovirus vee
tor-mediated overexpression of Cre
recombinase efficiently down-regu-
lated bel-x gene in primary chon-
drocytes obtained from bel-2"%
mice and induced caspase-7 activa-
tion (Fig. 2E, left) in the cells, and
they became apoptotic morpholog-
ically (Fig. 2F, right). These results
suggest that Bel-xl. primarily main
tains the viability of chondrocytes,
However, the expression levels of
Bel-xL did not appear to change in
the course of chondrocytic differen-
tiation or P,-induced apoptosis in
ATDCS cells (Fig. 2F). In addition,
immunohistological  examination
revealed that Bel-xL is uniformly
expressed in growth plate chondro-
cytes (Fig. 2G). It should be noted
that the expression of another anti-
apoptotic member Bel-2 increased
in response to P, stimulation, sug-
gesting an important role of the
molecule in regulating chondrocyte
apoptosis (Fig. 2F). However, the
increased level of Bel-2 was not
enough to suppress P -induced apo-
ptosis of ATDCS cell

Bnip3. a Pro-apoptatic Bel-2
Family Member Protein, Promotes
the P-induced Apoptosis of Chon-
drocytes—The fact that the expres-
sion level of Bel-x1. was not affected
by P, stimulation and that Bcl-xL is
uniformly expressed in the chon-
drocyte layers prompted us to in
vestigate the role of pro-apoptotic
molecule(s) thal may inhibit the
anti-apoptotic function of Bel-xL.
Among 15 pro-apoptotic Bel-2 fam-
ity members, six malecules (Puma,
Bid, Hrk, Bnip3, Bad, and Nix)
increased in expression level during
the course of hypertrophic differen-
tiation (Fig. 34), and two of them
(Bnip3 and Bmf) in response to P,
stimulation (Fig. 38). As shown in
Fig. 3C, gene silencing of the pro-
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FIGURE 3. Role of pro-apoptotic Bel-2 family member proteins in P-induced cell death. A expression
pattemns of pro-apoptotic Bcl-2 family member proteins in ATDCS calls during ITS treatment as determined by
time and AT-PCR. The results are expressed as the means = 5.0, of three cultures, Experimants were repeated
at least three times, and the rep ive data are px d. *, significantly different from day 0, p = 0.05.
8. expression pattemns of pro-apoptotic Bcl-2 family member proteins in ATDCS cells after P, stimulation as
determined by real time PCR. ATDCS cells were pretreated with ITS (or 14 days (0 h) befare P, stimulation (20
mu). The results are expressed as the means = S.D. of three cultures. Experiments were repeated at least three
times, and the representative data are presented. *, significantly different from time 0, p < 0.05. C, effect of
gene silencing of pro-apoptotic Bel-2 family member proteins on cell viability of primary chondrocytes 24 h
after P, stimulation. Gene silencing of Bnip3 and Nix significantly pr d the cell viability, p < 0.05. The
results are expressed as the means = 5.0. of six cultures. Experiments were repeated at least three times, and
the representative data are presented. GFF, green fluorescent protein. D, Western blot analysis after P, stimu-
lation. Protein levels of Bnip3 increased in ATDCS cells after 6 h of P, stimulation, which was followed by
caspase-7 activation. Bnip3 was detected as two bands. E immunohistological ination of a murine meta-
tarsal bone (E18.5) with anti-Bnip3 antibody. Bnip3 expression was primarily localized in the hypertrophic
layers of chondrocytes.

apoptotic BH3-only molecule brip3 significantly suppressed moter. The cKO mice (Col2al-Cre' '~
born at approximately a Mendelian frequency. Bel-xL expres-
sion was markedly reduced in chondrocytes of the cKO mice,

P -induced apoptosis. Western blot analysis revealed that the
protein levels of Bnip3 increased in response to P, stimulation,
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followed by caspase-7 activation
(Fig. 3D). Immunohistological
examination of murine growth
plates revealed that Bnip3 expres-
sion was exclusively localized in the
prehypertrophic and hypertrophic
layers of chondrocytes (Fig. 3E).
Although overexpression of Bnip3
increased P-induced chondrocyte
apoplosis, its overexpression alone
failed to induce chondrocyte apop-
tosis in the absence of P, (data not
shown),

Bnip3 Associates with Bel-xL and
Attenuates the Anti-apoptotic Effect
of Bel-xL on Chondrocytes—We
then investigated the molecular
interaction between Bel-xL and
Bnip3 in chondrocytes. Earlier stud
ics have shown that Bnip3 het-
erodimerizes with Bel-2 and Bel-xL
and facilitates cell death via mito-
chondrial pathways (32). As shown
in Fig. 44, Bnip3 was co-immuno-
precipitated with Bel-xL in Pj-
treated chondrocytes. The suscepti-
bility to apoptosis by bel-xL
knockdown was partially restored
by simultancous silencing of bnip3
(Fig. 4B). Conversely, overexpres-
sion of Bnip3 promaoted P-induced
cell death, which was almost com-
pletely rescued by the simultancous
transduction of Bcl-xL but not by
that of Bcl-2 or Mcl-1 (Fig. 40).
Taken together, Bnip3 is up-regu
lated and associates with Bel-xL in
chondrocytesin response to P stim-
ulation, impairs the anti-apoptotic
function of Bol-xl,
quently causcs apoptosis in these
cells.

Chondrocyte-specific Bel-x Knock-
out Mice Exhibit a Reduction in the
Hypertrophic Layer of Growth Plate
Chondrocytes—To further confirm
the essential role of the Bel-xL/
Bnip3 axis in chondrocytes, we gen-
erated chondrocyte-specific condi-
tional knock-out (cKO) mice of the
bel-x gene by mating bel-2*" mice
with Cnl2al-Cre transgenic mice, in
which Cre recombinase is specifi-
cally expressed in chondrocytes
under the control of the enl2al pro-
bel-x"™" mice) were

and conse
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whereas its expression in other cells or tissues was comparable
with that in their normal littermates (LM) that did not carrvthe
col2al-cre gene (Col2al-Cre ' bel-x™" mice) (Fig. 5A). bel-x
cKO mice exhibited dwarfism, with shortened limbs and trunk
compared with their normal littermates (bel-x™" mice) (Fig.
58), The trunk of the KO mice was about 10% shorter than that
of bel-x™" mice at 5 weeks ofage. The longitudinal length of the
femur and tibia, which are formed through endochondral ossi-
fication, were also significantly shorter in ¢KO mice (Fig. 5, C
and D). Histological analysis of the growth plates of the proxi-
mal tibia showed that the hypertrophic chondrocyte layer was
markedly shortened in ¢KO mice, probably because of an
increased apoptosis of prehypertrophic and hypertrophic
chondrocytes, as determined by immunohistochemical analy-
sis of cleaved caspase-7 (Fig. 5E). No abnormality in vascular
invasion was observed (data not shown), Bnip3 was predomi-
nantly expressed in the prehypertrophic and hypertrophic lay-
ers of chondrocytes, and its expression level was not different
between the ¢KO mice and their normal littermates. Taking
these histological findings topether, Bel-xL is essential for the
survival of prehypertrophic and hypertrophic chondrocytes by
antagonizing the pro-apoptotic function of Enip3.

DISCUSSION

Although the molecular mechanism and pathophysiologic
role of chondrocyte apoptosis have not been fully elucidated
yet, the possible involvement of P, in this process has been sug-
gested. It was reported that both intracellular and extracellular
calcium and phosphate levels increase in the hypertrophic area
where terminally differentiated chondrocytes mincralize the
surrounding matrix and subsequently die (11, 30, 33). In vitro
studies have also made clear that P, induces the mineralization
and cell death of chondrocytes (11, 12). Magne et al. (30) thor
oughly investigated the involvement of P,and Ca® " inchondro-
cyte maturation using ATDCS5 cells, and showed that P, is a key
regulator of chondrocyte maturation, mineralization, and apo
ptosis. In addition, disorders in P, homeostasis result in abnor-
mal endochondral ossification, and hypophosphatemia caused
by inefficient phosphate reabsorption by the kidney is associ-
ated with defective mineralization of the skeleton, which man-
ifests as rickets or ostecomalacia (34, 35). Sabbagh et al (14)
reported that hypophosphatemia, but not hypocalcemia or
hyperparathyroidism, is responsible for the reduced chondro-
cyte apoptosis and the subsequent rachitic changes in vitamin
D receptor-null mice and Hyp mice. All of these observations
indicate a crucial role of P, in controlling the cell fate of hyper-
trophic chondrocytes.

This study shows that hypertrophic chondrocytes are sus-
ceptible to P-induced apoptosis, which is regulated by the bal-

Br_l L and Bnip3 through RNAI. The results are expressed as the means © 5.0,
of six tultures Experiments were repeated at least three times, and the reg-

cytes. A Bel-xl was lrrmunuprtupqtal.ed (1P) from ATDCS cells left ur
of treated with 20 mam P, The iImmunoprecipitated materials were Wesmm
blotted with anti-Bnip3 armbody Bnip3 was associated with Bel-xL after 6 h of
P, treatment. Bnip3 was detected as two bands (arrows). The top band is the
4mumg!obulln heavy chain. B, susceptibility to apoptosis of primary chon-
drocytes by Bel-xl knockdown was partially restored by the simultaneous
silencing of Bnip3. Western blot analysis shows efficient gene knockdown of
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ve data are p d. *, significantly different, p < 0.05. GFP, green
ﬂuous:mt protein. C overexprassion of 8nip3 promoted the P Anduced cell
death of primary chondrocytes, which was rescued by simultaneous trans-
duction of Bcl-xl, whereas overexpression of Bel-2 ar Mcl-1 had little effect.
The results are expressed as the means = 5.0. of six cultures. Ewmenrs
were repeated 2t least three times and the rep dataarep
*, significamly different, p < 0.05.

JOURNAL OF BIOLOGICAL CHEMISTRY 26505

6002 '7Z Uaseyy uo Ateiqr) 0440 | Jo Ajisiaaiun 18 610 20l MMM WoJ) papeojumoq)



ASBMB

The Journal of Blological Chemistry

Regulation of Apoptosis of Hypertrophic Chondrocytes

c
D
LM cKO LM cKO
(Col2arCre (Col2at-Cres:.
bcl-xim belxnm
Cleaved
Bnip3 T  Caspase7
i i

14y

"
 »

Sy,
'y
gk

T g
Iy
N

FIGURE 5. Chondrocyte-specific bel-x knock-out mice. A, RT-PCR of Bcl-xL expression. Bol-xL expression was
specifically reduced in chondrocytes. 8, gross appearance of a chondrocyte-specific bel-x-deficient mouse
[cKO) and a normal littermate (LM) at 5 weeks of age (Jeft panel). Total axial length (from the nose to the tall end)
of cKO mice was significantly reduced in ¢KO mice, p < 0.05. The results are expressed as the means + S.D. of
three samples. C representative x-ray images of hind limbs of LM and ¢KO mice at § weeks of age. The tozal
bane length of the tibia as well as the dn;ruwth plate length of ¢KO mice was shorter than that of their normal
litermates. D, bone lengths of LM and cKO mice at 5 weeks of age. FL, femoral length; TL tibial length, The
results are expressed as the means = 5.D. of three samples. *, significantly differant, p < 0.05, E, histological
analysis of the growth plates of the proximal tibia at $ weeks of age. In cKO mice, the hypertrophic layers, as
evidenced by type X collagen staining, were shorter than those in LM mice. Although Bnip3 expression levels
showed no difference between LM and cKO mice, the number of cleaved caspase-7-positive cells in the pre-
hypertrophic and hypertrophic area was increased in ¢KO mice, HE, hematoxylin and eosin staining. HE{H] isthe
higher magnification of the rectangular areas in HE(L).

ance maintained between pro-apoptotic and anti-apoptotic
Bcl-2 family members. Among the anti-apoptotic members of
the Bel-2 family, overexpression of an anti-apoptotic member
Bel-xL suppressed and, converscly, its down-regulation by
RNAi stimulated P-induced chondrocyte apoptosis most effi-
ciently. Although overexpression of Bcl-2 also suppressed
chondrocyte apoptosis, its suppression by RN Ai was not as effi-
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cient as Bol-xl. knockdown was in
inducing chondrocyte apoptosis. In
addition, although Bcl-2-deficient
mice exhibit
development because of the acceler

abnormal  skeletal
ated maturation of L'hlll'ldlni.‘l\'ll'&
(36), no apparent increase in chon-
drocyte apoptosis was observed in
these mice {(data not shown). Over
expression or down-regulation of
Mcl-1 did not affect P -induced
chondrocyte  apoptosis.
results suggest that Bel-xL is mainly
implicated in the survival of chon-
drocytes, although it is also likely
that other anti-apoptotic Bcl-2 fam-
ily members have additive or syner-
gistic roles with Bel-x1. Because the
skeletal phenotypes of bel-x gene
knock-out mice have not been
investigated because of their
embryonic lethality, we generated
chondrocyte-specific bel-x gene
knock-out mice using the Cre-
loxP recombination system. The
mice exhibited dwarfism and
immunohistological cxamination
of the gruwlll pl'.ltl.' revealed a
shortening of the hypertrophic
layer because of the massive apo-
ptosis of hypertrophic chondro-
cytes, confirming the pivotal role
of Bel-xI. in hypertrophic chon-
drocyte survival. Amizuka e al
{37) previously reported that the
apoplosis of chondrocytes was

These

increased in the hypertrophic
zone of PTHrP-deficient
Park et al (38) recently reported
that the transcriptional repressor
Nkx3.2/Bapx1, which acts down-
stream of parathyroid hormone/
PTHrP receptor signaling, en
hances chondrocyte survival by
constitutively activating RelA in
a ligand-independent
However, because the morpholog
ical features of growth plates of
bel-x ¢KO mice were quite differ-
ent from those of PTHrP-deficient
mice, in which the number of pro

mice.

manner.

liferating chondrocytes was markedly reduced because of
apoptosis and accelerated endochondral ossification was
observed, we speculated that the apoptosis of hypertrophic
chondrocytes in bel-x KO mice is not because of a defect in
the PTHrP receptor/Nkx3.2 axis. Colnot et al. (39) demon-
strated that anti-apoptotic protein Galectin 3 regulates the
survival of chondrocytes, and its deficiency in mice results in
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an accumulation of empty lacuna at the junction between
avascular cartilage and vascular bone, without affecting
endochondral ossification. From these results, they con-
cluded that the apoptosis of hypertrophic chondrocytes does
not affect the longitudinal bone growth. In contrast, bel-x
cKO mice displayed a dwarf phenotype, which was consid-
cred to be caused by the increased apoptosis of hypertrophic
chondrocytes. The reason for the discrepancy between their
results and ours remains elusive, and further investigation
will be required to clarify the relationship between Bel-xL
and Galectin 3.

Because the expression levels of Bel-xL. and other anti-apo-
ptotic members did not appear to change in the course of the
hypertrophic differentiation and the apoptosis of chondro-
cytes, we speculated that the expression of pro-apoptotic mal-
cculels) is up-regulated in the hypertrophic chondrocytes and
impairs the anti-apoptotic effect of Bel-xL. By screening the
pro-apoptotic Bel-2 family members, we identified Bnip3 as a
putative candidate pro-apoptotic gene in chondrocytes. Bnip3
belongs to the BH3-only subgroup members and facilitates
both caspase-dependent and -independent apoptosis by antag-
onizing Bel-2 or Bel-xL activity (32, 40). Bnip3 is ubiquitously
expressed, and its expression levels change in a number of
tumors (35, 41). Interestingly, it was reported that the interac-
tion between Bnip3 and Bel-xL, and indeed the ability of BNTP3
to induce apoptosis, does not depend on the presence of a BH3
domain in BNIP3. Bnip3 is also involved in ischemia-induced
cardiac myocyte cell death by acting downstream of the tran-
scriptional hypoxia-inducible factor 1a (HIF-1a) (42). We
found that the expression of Bnip3 increased in accordance
with hypertrophic differentiation and during P -induced apo-
ptosis in ATDC5 cells, which corresponded to the expression
patterns of Bnip3 in the growth plate, as demonstrated by
immunohistological examinations., Bnip3 increases its expres-
sion levels in response to P, stimulation and binds to Bel-xL in
P-treated chondrocytes. In addition, knockdown of Bnip3
blocked P,-induced apoptosis of chondrocytes, and therefore
we concluded that Bnip3 determines the cell fate of hyper-
trophic chondrocytes by impairing the anti-apoptotic function
of Bel-xl, although the involvement of other BH3-only proteins
cannot be completely excluded. Overexpression of Bnip3
increased P-induced chondrocyte apoptosis but failed to
induce apoptosis in the absence of P, (data not shown), indicat-
ing that other molecules induced by P, stimulation is also
required for chondrocyte apoptosis. Previous reports have
shown an increase in HIF-1a levels in hypertrophic chondro-
cytes (43), which may stimulate Bnip3 expression.

Because P, accelerates the terminal differentiation of chon-
drocytes, as evidenced by increased expression levels of type X
collagen, it Is possible that P, induces chondrocyte apoptosis by
simply accelerating terminal differentiation of the cells. How-
ever, averexpression of Bnip3 induced the apoptosis of chon-
drocytes without affecting their hypertrophic differentiation,
indicating that the differentiation and the apoptosis of chon-
drocytes arc distinctly regulated. While we were preparing the
manuscript, Diwan et al. (44) recently reported the phenatype
of Bnip3 knock-out mice with no increase in mortality or appar-
ent physical abnormalities. Detailed analysis of the growth
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plates is necessary to clarify whether there is any abnormality in
chondrocyte phenotypes in the KO mice, and whether Bnip3
functions as a bona fide BH3-only protein in chondrocytes
remains to be determined.

Recently, Bnip3 has been reported to be involved in autoph-
agy in hypoxic cardiac cells (42). Autophagy is primarily con-
sidered a pro-survival rather than pro-death mechanism. How-
ever, recent studies have revealed that it is also linked to
programmed cell death, which is inhibited by Bel-xI. (45).
Morcover, terminally differentiated chondrocytes are reported
to exhibit autophagic characteristics (46). Because growth plate
chondrocytes are exposed to hypoxic stress (43), autophagy
may emerge to help survive such conditions. Although the pre-
cise mechanism of autophagic cell death remains unclear, the
apoptotic cell death and the autophagic cell death might be
intricately intertwined with each other in growth plate chon-
drocytes and regulated by Bel-xL and Bnip3.

In summary, the apoptosis of hypertrophic chondrocytes is
at lcast partly regulated by the balance between anti-apoptotic
Bel-xL and pro-apoptotic Bnip3, in which P, appears to play a
critical role. Further studies will be required to fully detail the
molecular events regulating chondrocyte apoptosis, which have
begun to be uncovered here.
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