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During endochondral ossification, 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 P;, they
underwent rapid apoptosis. Gene silencing of the proapoptotic
Bcl-2 homology 3-only molecule bnip3 significantly suppressed
P;-induced apoptosis. Conversely, overexpression of Bcl-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 bcl-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 Bcl-2
family members in the regulation of chondrocyte apoptosis.

Endochondral ossification is an essential process for skeletal
development, fracture healing, and pathologic conditions such
as osteoarthritis and ectopic 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).
Morphologically, 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 50-300 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 Sox5, -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 chondrocyte apoptosis and key mol-
ecules that regulate this process remain to be elucidated.

Previous studies have shown the possible involvement of
cytokines, such as tumor necrosis factor-a 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-
workers (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 chondrocytes 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.

2 The abbreviations used are: PTHrP, parathyroid hormone-related peptide;
RT, reverse transcription; cKO, conditional knock-out; RNAi, RNA interfer-
ence; BH3, Bcr homology domain 3; Z, benzyloxycarbonyl; fmk, fluorom-
ethyl ketone; LM, littermate; BH3, Bcl-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 Bcl-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 Bcl-2, Bcl-xL, and Mcl-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,
etc.) 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-apoptotic 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 Bcl-xL and the pro-apoptotic family
member Bnip3 critically regulates the apoptosis of terminally
differentiated chondrocytes both in vitro and in vivo. We first
showed that the Bcl-xL/Bnip3 axis plays an essential role in
P,-induced chondrocyte apoptosis in vitro. Subsequently, we
generated mutant mice conditionally deficient in the bcl-x gene
using the Cre-loxP recombination system, and we found that
the hypertrophic chondrocyte layer 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 bcl-xL, bel-2, mcl-1, and bnip3
was amplified by PCR, subcloned into pCR-TOPO II 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 ug 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 each of the mouse Bcl-2 family genes. Targeting sequences
used were as follows: GCGTTCAGTGATCTAACATCC for
Bcl-xL; GGATGCCTTTGTGGAACTATA for Bcl-2; GGAC-
TGGCTTGTCAAACAAAG for Mcl-1; GGTAGGACAGAA-
ACTAGAT for Bim; GGGTCAGCTATTATCTCAA for Bid;
GAGCCAAACCTGACCACTA for Puma; GGTGGAGAGT-
TCAATTAAG for Bik; 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 piGENEmU6 vector (for mouse) (iGENE
Therapeutics) as described (21). For retrovirus expressing
RNAj, the U6 promoter and inserts in piGENE vectors were
cloned into pMx vectors. The adenovirus vector expressing
FADDPN, 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). Adeno-
virus vectors expressing bacterial Cre recombinase was a gen-
erous gift from Kojiro Ueki (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
ATDCS5 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 vectors together with Polybrene at 8
pg/ml. Thereafter, the medium was replaced with fresh
medium containing 1 pg/ml of puromycin and/or 10 ug/ml of
blasticidin until they became confluent. Selective overexpres-
sion or inhibition of Bcl-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 C57BL6 or bcl-x"" mice
embryos (E18.5). 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 composed of proliferating chondrocytes and were dif-
ferentiated into hypertrophic chondrocytes and underwent
apoptosis in the presence of P,. Mouse chondrogenic ATDC5
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 (I), 5.5 ug/ml human transferrin (T),
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 mm) and phosphate
(NaH,PO,) at concentrations of 0—20 mwm 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
wl 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— W estern blot analysis was performed with
cell extracts from growth plate chondrocytes or ATDC5 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 II
(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 Bcl-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
IgG (Promega). Immunoreactive bands were visualized with
ECL 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 mm EGTA, 20 mm HEPES, pH
7.5). Cell lysates were immunoprecipitated with anti-Bcl-xL
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 ug) 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 on an
ABI Prism 7000 sequence 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 (Applied Biosystems) with mouse
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-
GATGTTGTCACTGTCG-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'-CGAGCGTTTCTCTCA-
TCACA-3' for Noxa; 5'-CTCAGCTTGGCAGAACACAT-3’
and 5'-GCAGACACAGGTCCATCTCA-3’ for Bik; 5'-GCCC-
AGACATTTGGTCAGTT-3" and 5'-TGCACACACACACA-
GAGGAA-3' for Bim; 5'-CGAGCAACAGGTTAGCGAAA-3’
and 5'-TGCACAGGTACGGAATTTTG-3' for Hrk; 5'-CCA-
CAGCTCTCAGTCAGAAGAA-3" and 5'-GTGTGCTCAGTC-
GTTTTCCA-3' for Nix; 5'-GCCCAGCAGCACTTAGAGTC-3’
and 5'-TGTCGATGCTGCTCTTCTTG-3' for Puma; 5'-
GCTTGGGGATCTACATTGGA-3' and 5'-TCAGGAACAC-
CGCATTTACA-3' for Bnip3; 5'-CTCTGCGTTCAGCTTG-
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 B-actin.

Mice—Mice carrying the bcl-x gene with two loxP sequences
at the promoter region and the second intron (bcl-»"" mice)
were generated as reported previously (23). The mice are on a
129SvEv and C57BL6 mixed background. The presence of the
floxed bcl-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 bcl-x""/" mice have been used successfully to examine the
role of Bcl-xL in a variety of cell types, including those in the
liver, ovary, mammary gland, and substantia nigra, as well as in
erythroid cells and dendritic cells (23-28). To generate chon-
drocyte-specific bcl-x knock-out mice, bel-x™" mice were
crossed with type II collagen (Col2al)-Cre transgenic mice,
which express the Cre recombinase gene under the control of
the col2al gene promoter (29). Col2al-Cre*’™ bcl-x"7" (cKO),
and Col2al-Cre™’~ bcl-x"7 (normal littermates) mice were
generated by mating Col2al-Cre™’~ bcl-+"" male mice with
Col2al-Cre '~ bcl-x" female mice. All animals were housed
under specific pathogen-free conditions and treated with
humane care under approval from the Animal Care and Use
Committee of the University of Tokyo.

Histological Analysis—Tissues were fixed in 4% paraformal-
dehyde/phosphate-buffered saline, decalcified in 10% EDTA,
embedded in paraffin, and cut into sections of 5-um 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 Bcl-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 Chondrocytes through Mitochondrial
Pathways—We first evaluated the effect of P, on the viability of
primary chondrocytes in vitro. When mouse primary chondro-
cytes were stimulated with P, a dose- and time-dependent
increase in cell death was observed (Fig. 1A). Only about 40% of
the chondrocytes survived 24 h after stimulation with 20 mm 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 apoptosis. 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.C, expression of type Il (Col 2) and type X collagen (Col 10) expression in ITS-treated ATDC5 cells
as determined by real time PCR. Type Il collagen expression was increased by day 7 of ITS treatment, which was
followed by an increase in a hypertrophic chondrocyte marker, type X collagen. The results are expressed as the
means =+ S.D. of three samples. Experiments were repeated at least three times, and the representative data are
presented. *, significantly different from day 0, p < 0.01. D, P, stimulation induced the mineralization and
apoptosis of differentiated ATDC5 cells. ATDC5 cells exhibited nodule formation when treated with ITS for 14
days, whereas neither mineralization (middle panel) nor chromatin condensation (bottom panel) was observed
in the absence of P, treatment. P; stimulation (20 mm) of the cells rapidly induced mineralization of the sur-
rounding matrix and the nuclear condensation characteristic of apoptotic cells. £, Western blot analysis of
ATDCS5 cells. P; stimulation at 20 mm after ITS treatment for 14 days induced caspase 3 and 7 activation and
Lamin proteolysis in ATDC5 cells in the 12-24-h period. F, subcellular fractionation of ATDC5 cells. Cytochrome
¢, which was exclusively localized in mitochondrial fraction (M), was released into the cytoplasmic fraction (C)
in response to P; stimulation (arrow). Cox4 is a marker of the mitochondrial fraction. Upper bands in mitochon-
drial fraction are nonspecific bands. G, overexpression of FADDP" did not affect P,-induced caspase 7 activation
of ATDC5 cells, which were pretreated with ITS for 14 days. Adenovirus of green fluorescent protein GFP or
FADDPN was introduced 48 h before P; stimulation (20 mw).

quent P; stimulation (30, 31). Dur-
ing ITS treatment, the expression of
a chondrocyte marker type II colla-
gen increased earlier than day 7 and
remained high levels on day 14. In
contrast, the expression of a hyper-
trophic chondrocyte marker type X
collagen was low on day 7, and grad-
ually increased thereafter, and was
highly expressed on day 14 (Fig. 1C).
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
ATDCS5 cells, we performed cell
fractionation experiments. Cyto-
chrome c was mainly detected in the
mitochondrial fractions, which is
positive for Cox4, before P, stimula-
tion, and was released into the cyto-
plasm in response to P, stimulation
(Fig. 1F). The differentiation and
apoptosis of chondrocytes are inde-
pendently regulated since overex-
pression of ranx2 or dominant nega-
tive ranx2 did not affect Pi-induced
apoptosis. Adenovirus vector-medi-
ated introduction of dominant neg-
ative FADD (FADDPY), which
blocks death receptor-initiated apo-
ptosis, almost completely abolished
tumor necrosis factor-a-induced
cell death (data not shown) but did
not affect P;,-induced apoptosis in
ATDC5 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
Apoptosis—Because mitochondrial
pathways are primarily regulated by
Bcl-2 family member proteins, we
next examined the expression levels
and functions of Bcl-2 family mole-
cules during the differentiation and

administration of the caspase inhibitor Z-VAD-fmk dose-de-
pendently blocked cell death (Fig. 1B), indicating that P;-in-
duced cell death is a caspase-dependent process, i.e. apoptosis.

Next, we investigated the molecular mechanisms that lead to
hypertrophic differentiation, mineralization, and apoptosis of
chondrocytes, using a chondrogenic cell line, ATDC5. ATDC5
cells express markers of hypertrophic chondrocytes and miner-
alize the surrounding matrix under ITS treatment and subse-
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apoptosis of chondrocytes. We first examined the effect of gain
or loss of function of anti-apoptotic Bcl-2 family members,
Bcl-2, Bcl-xL, and Mcl-1, on the cell viability of ATDCS5 cells.
Among these three molecules, Bcl-xL most efficiently sup-
pressed P;-induced chondrocyte apoptosis when overexpressed
by retroviral vectors (Fig. 24). Conversely, the knockdown of
bcl-xL gene through RNAI efficiently reduced the cell viability
compared with the knockdown of the bcl-2 or mcl-1 gene (Fig.
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of Bcl-xL markedly increased P-induced caspase-7 activation, whereas that of Bcl-2 had milder effect, and Mcl-2
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2B). Western blot analysis revealed
that cleaved caspase-7 expression
was suppressed by Bcl-xL overex-
pression and increased by its knock-
down in differentiated ATDC5 cells
treated with P, (Fig. 2, Cand D). The
important role of Bcl-xL was further
confirmed by the experiments using
primary chondrocytes obtained
from bcl-»" mice. Adenovirus vec-
tor-mediated overexpression of Cre
recombinase efficiently down-regu-
lated bcl-x gene in primary chon-
drocytes obtained from bcl-x"
mice and induced caspase-7 activa-
tion (Fig. 2E, left) in the cells, and
they became apoptotic morpholog-
ically (Fig. 2E, right). These results
suggest that Bcl-xL primarily main-
tains the viability of chondrocytes.
However, the expression levels of
Bcl-xL did not appear to change in
the course of chondrocytic differen-
tiation or P;-induced apoptosis in
ATDCS5 cells (Fig. 2F). In addition,
immunohistological =~ examination
revealed that Bcl-xL is uniformly
expressed in growth plate chondro-
cytes (Fig. 2G). It should be noted
that the expression of another anti-
apoptotic member Bcl-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 Bcl-2 was not
enough to suppress P;-induced apo-
ptosis of ATDC5 cell.

Bnip3, a Pro-apoptotic Bcl-2
Family Member Protein, Promotes
the P-induced Apoptosis of Chon-
drocytes—The fact that the expres-
sion level of Bcl-xL 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) that may inhibit the
anti-apoptotic function of Bcl-xL.
Among 15 pro-apoptotic Bcl-2 fam-
ily members, six molecules (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. 3B). As shown in
Fig. 3C, gene silencing of the pro-
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FIGURE 3. Role of pro-apoptotic Bcl-2 family member proteins in P-induced cell death. A, expression
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B, expression patterns of pro-apoptotic Bcl-2 family member proteins in ATDC5 cells after P; stimulation as
determined by real time PCR. ATDC5 cells were pretreated with ITS for 14 days (0 h) before P; stimulation (20
mm). 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 Bcl-2 family member proteins on cell viability of primary chondrocytes 24 h
after P; stimulation. Gene silencing of Bnip3 and Nix significantly promoted the cell viability, p < 0.05. 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. GFP, green fluorescent protein. D, Western blot analysis after P; stimu-
lation. Protein levels of Bnip3 increased in ATDC5 cells after 6 h of P; stimulation, which was followed by
caspase-7 activation. Bnip3 was detected as two bands. E, immunobhistological examination of a murine meta-
tarsal bone (E18.5) with anti-Bnip3 antibody. Bnip3 expression was primarily localized in the hypertrophic
layers of chondrocytes.

24 h

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
apoptosis, its overexpression alone
failed to induce chondrocyte apop-
tosis in the absence of P; (data not
shown).

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

Chondrocyte-specific Bcl-x Knock-
out Mice Exhibit a Reduction in the
Hypertrophic Layer of Growth Plate
Chondrocytes—To further confirm
the essential role of the Bcl-xL/
Bnip3 axis in chondrocytes, we gen-
erated chondrocyte-specific condi-
tional knock-out (cKO) mice of the
bcl-x gene by mating bcl-»"" mice
with Col2al-Cre transgenic mice, in
which Cre recombinase is specifi-
cally expressed in chondrocytes
under the control of the col2a1 pro-

apoptotic BH3-only molecule bnip3 significantly suppressed moter. The cKO mice (Col2al-Cre™’~ bcl-x" mice) were

P;-induced apoptosis. Western blot analysis revealed that the
protein levels of Bnip3 increased in response to P; stimulation,
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born at approximately a Mendelian frequency. Bcl-xL expres-
sion was markedly reduced in chondrocytes of the cKO mice,
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whereas its expression in other cells or tissues was comparable
with that in their normal littermates (LM) that did not carry the
col2al-cre gene (Col2al-Cre '~ bcl-»"" mice) (Fig. 5A). bel-x
cKO mice exhibited dwarfism, with shortened limbs and trunk
compared with their normal littermates (bcl-»/" mice) (Fig.
5B). The trunk of the cKO mice was about 10% shorter than that
of bel-x"" mice at 5 weeks of age. The longitudinal length of the
femur and tibia, which are formed through endochondral ossi-
fication, were also significantly shorter in cKO 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 cKO 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 cKO mice and their normal littermates. Taking
these histological findings together, Bcl-xL is essential for the
survival of prehypertrophic and hypertrophic chondrocytes by
antagonizing the pro-apoptotic function of Bnip3.

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 mineralize 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>* in chondro-
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 osteomalacia (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-

Bcl-xL and Bnip3 through RNAI. The results are expressed as the means = S.D.
of six cultures. Experiments were repeated at least three times, and the rep-
resentative data are presented. *, significantly different, p < 0.05. GFP, green
fluorescent protein. C, overexpression of Bnip3 promoted the P;-induced cell
death of primary chondrocytes, which was rescued by simultaneous trans-
duction of Bcl-xL, whereas overexpression of Bcl-2 or Mcl-1 had little effect.
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, p < 0.05.
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FIGURE 5. Chondrocyte-specific bcl-x knock-out mice. A, RT-PCR of Bcl-xL expression. Bcl-xL expression was
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bone length of the tibia as well as the growth plate length of cKO mice was shorter than that of their normal
littermates. 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 = S.D. of three samples. *, significantly different, p < 0.05. E, histological
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ance maintained between pro-apoptotic and anti-apoptotic
Bcl-2 family members. Among the anti-apoptotic members of
the Bcl-2 family, overexpression of an anti-apoptotic member
Bcl-xL suppressed and, conversely, 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 RNAi was not as effi-
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cient as Bcl-xL knockdown was in
inducing chondrocyte apoptosis. In
addition, although Bcl-2-deficient
mice exhibit abnormal skeletal
development because of the acceler-
ated maturation of chondrocytes
(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.  These
results suggest that Bcl-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 Bcl-xL. Because the
skeletal phenotypes of bcl-x gene
knock-out mice have not been
investigated because of their
embryonic lethality, we generated
chondrocyte-specific bcl-x gene
knock-out mice using the Cre-
loxP recombination system. The
mice exhibited dwarfism and
immunohistological examination
of the growth plate revealed a
shortening of the hypertrophic
layer because of the massive apo-
ptosis of hypertrophic chondro-
cytes, confirming the pivotal role
of Bcl-xL in hypertrophic chon-
drocyte survival. Amizuka et al
(37) previously reported that the
apoptosis of chondrocytes was
increased in the hypertrophic
zone of PTHrP-deficient mice.
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 manner.
However, because the morpholog-
ical features of growth plates of
bcl-x cKO mice were quite differ-
ent from those of PTHrP-deficient
mice, in which the number of pro-

liferating chondrocytes was markedly reduced because of
apoptosis and accelerated endochondral ossification was
observed, we speculated that the apoptosis of hypertrophic
chondrocytes in bcl-x cKO 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, bcl-x
cKO mice displayed a dwarf phenotype, which was consid-
ered 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 Bcl-xL
and Galectin 3.

Because the expression levels of Bcl-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 mol-
ecule(s) is up-regulated in the hypertrophic chondrocytes and
impairs the anti-apoptotic effect of Bcl-xL. By screening the
pro-apoptotic Bcl-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 Bcl-2 or Bcl-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 Bcl-xL, and indeed the ability of BNIP3
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 la (HIF-la) (42). We
found that the expression of Bnip3 increased in accordance
with hypertrophic differentiation and during P;-induced apo-
ptosis in ATDCS5 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 Bcl-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 Bcl-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, overexpression of Bnip3 induced the apoptosis of chon-
drocytes without affecting their hypertrophic differentiation,
indicating that the differentiation and the apoptosis of chon-
drocytes are distinctly regulated. While we were preparing the
manuscript, Diwan et al. (44) recently reported the phenotype
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 Bcl-xL (45).
Moreover, 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 Bcl-xL and Bnip3.

In summary, the apoptosis of hypertrophic chondrocytes is
at least partly regulated by the balance between anti-apoptotic
Bcl-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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