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been approved for treatment of AS in Europe, the number
of AS patients undergoing infliximab therapy will presum-
ably increase. Therefore, in addition to the known biologi-
cal adverse events of infliximab, physicians should evaluate
all AS patients with severe symptoms for an underlying
pseudoarthrosis.
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Oxygen Tension Regulates Chondrocyte Differentiation
and Function during Endochondral Ossification®
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Cartilage functions at a lower oxygen tension than most
other tissues. To determine the role of oxygen tension in
chondrocyte differentiation and function, we investigated the
influence of oxygen tension in the pluripotent mesenchymal
cell line C3H10T1/2 and 14.5E mice embryo forelimb organ
culture. 10T1/2 cells and embryo forelimbs were cultured
under normoxia (20% O,) or hypoxia (5% O,) in the presence
of recombinant human bone morphogenetic protein 2. To
clucidate the mechanism by which oxygen tension influences
chondrocyte differentiation, the Smad pathway was exam-
ined using Smad6 overexpression adenovirus and Smadé
transgenic mice embryo forelimbs. The p38 MAPK pathway
was cxamined using dominant-negative MIKK3 and FR167653, a
specific p38 MAPK inhibitor. The transcriptional activities of
Sox9 and Runx2 were also investigated. Hypoxia promoted bone
morphogenetic protein 2-induced glycosaminoglycan produc-
tion and suppressed alkaline phosphatase activity and mineral-
ization of C3H10T1/2. Thus, hypoxia promoted chondrocytic
commitment rather than ostcoblastic differentiation. In the
mice embryo forelimb organ culture, hypoxia increased carti-
laginous matrix synthesis. These effects were primarily medi-
ated by p38 MAPK activation, independent of Sox9. Hypoxia
inhibited Col10al (type X collagen «l) expression via down-
regulation of Runx2 activity by Smad suppression and histone
deacetylase 4 activation. In conclusion, hypoxia promotes chon-
drocytic differentiation and cartilage matrix synthesis and sup-
presses terminal chondrocyte differentiation. These hypoxia-
induced phenomena may act on chondrocytes to enhance and
preserve their phenotype and function during chondrocyte dif-
ferentiation and endochondral ossification.

A number of pathophysiological findings suggest that a cor-
relation exists between hypoxia and chondrogenesis. For exam-
ple, articular cartilage is an avascular tissuc that functions at an
oxygen tension that is lower than that of most other tissucs.
Articular cartilage derives both its nutrition and oxygen supply
by diffusion from the synovial fluid and the subchondral bone.
Tt has been estimated that articular chondrocytes in the deepest
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layers may have access to no more than 1-6% O, (1-6). Fur-
thermore, although the majority of mammalian cells derive
their energy by using oxygen for mitochondrial oxidative phos-
phorylation (7), few mitochondria are present in articular chon-
drocytes (8). Carbohydrate breakdown in articular cartilage is
dominated by the conversion of glucose to lactate via the Emb-
den-Meyerhof-Parnas pathway (9-11) that consumes no O.,.
Similarly, during the endochondral ossification processes
that occur in the growth plate, chondromodulin-1, an
endogenous  inhibitor of neovascularization, is highly
expressed by chondrocytes. Of note, most of the growth
plate is avascular (12). Recently, in an in vivo experiment, it
was found that hypoxia-inducible factor 1, which appears to
be one of the major regulators of the hypoxic response, is
essential for chondrocyte growth arrest and survival (13).
Therefore, hypoxia is considered to be a key factor for the
growth and survival of chondrocytes. Chondrocytes are
derived from undifferentiated mesenchymal cells that have
the potential for multidirectional differentiation (14~16).
Bone morphogenctic protein (BMP)*-2 promotes the chon-
drocytic differentiation of undifferentiated mesenchymal
cells (17-21). BMP-2 activates Smad1-Smad5-Smad8, which
subsequently associates with Smadd4, relocates to the
nucleus, and repulates the expression of target genes (22, 23).
However, the influence of oxygen tension on BMP-Smad
signaling remains to be elucidated. In addition to the Smad
signaling pathway, p38 mitogen-activated protein kinase
(p38 MAPK) is also activated by BMP-2 (24, 25). Several
other cytokines (26, 27) or stress signals (28-30) can also
activate the p38 MAPK pathway. Of particular interest,
hypoxia has been found to be one of the stresses that can
phosphorylate and activate p38 MAPK (31). Although p38
MAPK has been shown to be implicated in the regulation of
chondrogenesis (32-34), the precise role of p38 MAPK in
chondrogenesis remains clusive.

During endochondral ossification, chondrocytes undergo
hypertrophy and sccrcte an extracellular matrix that becomes
mincralized and allows vascular invasion and osteoblast differ-
entiation (35, 36). To date, Runx2 and Runx3 (runt-related
transcriptional factors 2 and 3) have essential roles in inducing
chondrocyte hypertrophy; furthermore, these two interact
closely (37-40). In addition, Runx2 is probably a dircct tran-

‘The abbreviations used are: BMP, bone morphogenetic protein; MAPK,
mitogen-activated protein kinase; HDAC, histone deacetylase; GAG, gly-
cosaminoglycan; WT-Smad6, wild type Smadé; DN-MKK3, dominant neg-
ative form of MKK3; ALP, alkaline phosphatase; TK, thymidine kinase;
siRNA, small interfering RNA.
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scriptional activator of chondrocyte maturation. It binds in vivo
to multiple recognition sites in the Col/0al promoter and acti-
vates Coll0al reporter constructs through these elements in
vitro (41). Runx2 is also necessary for osteoblast differentiation
(42, 43). Runx2 transcriptional activity has been shown to be
positively regulated both by the Smad pathway and by the p38
MAPK pathway (44 -46). HDAC4, a member of the class 11
histone deacetylases (HDACs), is expressed in prehypertrophic
and hypertrophic chondrocytes and regulates chondrocyte
hypertrophy and endochondral bone formation by interacting
with Runx2. Recently, HDAC4 has been found to inhibit Runx?2
expression by repressing its positive fecdback mechanism and
inhibiting Runx2 activity (47). Although hypoxia has been
shown to down-regulate Runx2 expression in osteoblasts (48),
it remains unclear whether Runx2 is involved in the regulation
of chondrocyte differentiation and function by oxygen tension.
In the present study, we assessed the influence of oxygen
tension on chondrocytic differentiation and cartilage matrix
synthesis in the C3H10T 1/2 pluripotent mesenchymal cell line
and the N1511 murine chondrocyte cell line. We used the
mouse embryo organ culture system with wild type mice and
Smad6 transgenic mice that we had previously generated. In
this paper, we show that hypoxia promotes chondrocytic com-
mitment and cartilage matrix production via the p38 MAPK
pathway but that hypoxia inhibits terminal differentiation via
the Smad pathway and HDAC4 activation. ’

EXPERIMENTAL PROCEDURES

Cell Culture and Analysis for Chondrocytic, Osteoblastic, and
Adipocytic Differentiation—C3HT101/2 cells were obtained
from RIKEN (Saitama, Japan) and were cultured in Dulbeceo's
modified Eagle’s medium (Invitrogen). Since it has been esti-
f'*_hated that articular chondrocytes in the deepest layers may
have access to no more than 1-6% O,, we selected 5% O, as the
hypoxic environment for the cells. The cells were incubated at
37 °C under 5% CO, and 20% O, (normoxia) or 5% CO,, and 5%
O, (hypoxia) with or without recombinant human BMP-2.
BMP-2 stimulation was added at 90% confluence. To evaluate
chondrocytic differentiation, C3H107T1/2 cells were fixed with
10% formalin, washed with distilled water and 0.1 v HCl, and
then stained with Alcian blue solution, Alcian blue 8GX
(Sigma). We also cultured N1511 murine chondrocytes (49)
and stained with Alcian blue. For the quantitative analysis of
chondrocytic differentiation, the absorbance of Alcian blue
dyes bound to sulfated glycosaminoglycan (GAG) was meas-
ured (50). All experiments were performed in triplicate. To

Oxygen Tension Regulaies Chondrocyies

determine osteoblastic differentiation, the C3H10T1/2 cells
were fixed with 10% formalin, washed with PBS (pH 7.4) twice,
and incubated with alkaline phosphatase (ALP) substrate solu-
tion, 0.1 mg/ml naphthol AS-MX (Sigma), and 0.6 mg/ml fast
violet B salt (Sigma) in 0.1 M Tris-HCI, pH 8.5. The activity of
ALP was also measured using an ALP test kit (Wako, Osaka,
Japan) according to the manufacturer’s instruction. To evaluate
matrix mineralization, the cultures were stained with alizarin
red solution (Sigma) (pH 6.0) and incubated in 100 mm
cetylpyridinium chloride for 1 h to solubilize and release calci-
um-bound alizarin red S into solution. The absorbance of the
released alizarin red § was measured (51). To determine adipo-
cytic differentiation, the C3H10T1/2 cells were fixed in 10%
formalin, washed with diluted water and 60% isopropyl alcohal,
and stained with Oil red O (Sigma) solution. Quantitative anal-
ysis for oil droplet was performed as described previously (52).
To measure the value of absorbance for alcian blue, alizarin red,
and oil red O relative to cell density, the absorbance data were
normalized by total DNA content. Total DNA content was
extracted using a DNeasy tissue kit (Qiagen, Disseldorf, Ger-
many) and measured. Cell proliferation analysis was also per-
formed. C3H10T1/2 and N1511 cells were cultured in flat bot-
tomed 96-well microplates at a concentration of 1 X 10%
cells/ml in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum. After 7 days, cell viability was assessed
by cell proliferation assay system kit (Takara Bio Inc., Otsu,
Japan), using the sulfonated tetrazolium salt 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium  mono-
sodium (WST'-1).

Organ Culture of Embryonic Limb Explants—The forelimbs
from embryonic day 14.5 embryos of ICR wild type mice
(Charles River, Osaka, Japan) and Smad6-overexpressing
transgenic mice (53) were stripped of skin and muscles. They
were then cultured for 5 days in BGJ-B medium (Invitrogen)
with 1% penicillin/streptomycin (Invitrogen) and 0.1% fetal
bovine serum in organ culture dishes under humidified con-
ditions as previously reported (54 -56). Cultures were sup-
plemented with 500 ng/ml BMP-2 under normoxia or
hypoxia. After 5 days, limb explants were fixed overnight in
4Y% paraformaldchyde at 4°C and embedded in paraffin.
Serial 3-um-thick sections from the wild type mice (1 = 6)
and the transgenic mice (n = 5) were processed for safranin
O staining and in situ hybridization. Briefly, sections were
stained with hematoxylin (Sigma) and fast green (Merck) to
identify cells and with safranin-O (Sigma) to identify GAGs.

FIGURE 1. Hypoxia promotes chondrocytic differentiation and GAG production, whereas it suppresses osteoblastic differentiation and chondrocyte
terminal differentiation in C3H10T1/2 cell culture. A, C3H10T1/2 cells were cultured with BMP-2 (0, 100, 500, or 1000 ng/ml} under normoxia or hypoxia for
7 days. A-1, the cells were stained with alcian blue. A-2, BMP-2 induced GAG production in a dose-dependent manner. Data are shown as mean * S.E. (n = 3)
OD/ug of DNA.*, p < 0.01. B, N1511 cells were cultured with 100 ng/ml BMP-2 for 8 days. B-1, the cells were stained with alcian blue, B-2, quantification of GAG
synthesis by N1511 cells. Data were normalized by total DNA content, Data are shown as mean * S.E. (n = 3JOD/ug of DNA. ¥, p < 0.001. C, C3H10T1/2 cells
were cultured with 500 ng/ml BMP-2 for 7 days. The cells were then stained for ALP activity (C-1). C-2, quantification of ALP activity. Data are shown as mean *+
S.E.(n = 6)0D/ng of DNA.* p < 0.01.0-1,C3H10T1/2 cells were cultured with 500 ng/ml BMP-2 for 8 days. The cells were then stained with alizarin red solution.
D-2, quantification of matrix mineralization. Data were normalized by total DNA content. Data are shown as mean = S.E. (n = 3) OD/ug of DNA. %, p < 0.001.
E-1,C3H10T1/2 cells were cultured with or without BMP-2 (500 ng/ml) for 7 days. The cells were stained with oil red O staining solution. £-2, quantification of
oil droplet production. Data were normalized by total DNA content. Data are shown as mean * S.E. (n = 3) OD/pug of DNA. N.S,, not significant. [J, normoxia;
&, hypoxia. F, cell proliferation analysis was performed 7 days after the culture, as described under “Experimental Procedures.” Data are shown as mean * S.E.
(n =12).%, p < 0.05; N.S., not significant. G, C3H10T1/2 cells were cultured with BMP-2 for 7 days, total RNA was extracted, and Northern blotting analysis was
done for Col2al genes (10 u1g of total RNA/lane). Expression of 18 S was used to contral the amount of RNA. H, C3H1071/2 cells were cultured with 500 ng/ml
BMP-2 for 7 days. Total RNA was extracted and subjected to Northern blotting analysis for the Col70a1 gene.
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Computer-assisted histological analysis for the proportion
of the GAG production area per whole radius was performed
using a Nikon ECLIPSE E1000 microscope with a Plan Apo
objective, combined with a Nikon DXM 1200 Digital Camera
(Tokyo, Japan) and WinRoof image processing software
{Mitani Corp.) for Windows. Digitized pictures taken for
cach radius were analyzed to calculate the ratio of the arca
stained with safranin-O per whole radius. In sity hybridiza-
tion for Coll0al was done as described previously (53, 57).
The proportional length of the hypertrophic positive signal
of Coll0al with respect to the whole hypertrophic chondro-
cyte zone along the midline was calculated. The care and
handling of the animals and the procedures used in this study
were in accordance with the guidelines of and were approved
by the Osaka University Medical School Animal Care and
Use Committee.

Antibodies and Reagents— Anti-phospho-Smad 1/5/8 mono-
clonal antibody, anti-phospho-p38 MAPK polyclonal antibody,
and anti-p38 MAPK monoclonal antibody were purchased
from Cell Signaling Technology (Beverly, MA). Anti-Smad 1/5
polyclonal antibody was purchased from Calbiochem. Anti-
Sox9 antibody was purchased from Chemicon (Temecula, CA).
Anti-HDAC4, anti-B-actin, and antiproliferating cell nuclear
antigen polyclonal or monoclonal antibody was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Alexa
Fluor® 488 goat anti-rabbit IgG (H -+ L) antibody was pur-
chased from Molecular Probes, Inc. (Eugene, OR). Hoechst
33342 solution was purchased from Dojindo (Kumamoto,
Japan). Recombinant human BMP-2 and a potent p38 MAPK
inhibitor, FR167653, were provided by Astellas Pharmaceutical
Co., Ltd. (Osaka, Japan).

DNA Gounstructs—Wild type Smad6é (WT-Smad6)-express-
ing adenoyirus and the dominant negative form of MKK3 (DN-
MKK3) vector were donated by Dr. Riko Nishimura (Depart-
ment of Biochemistry, Osaka University Graduate School,
Faculty of Dentistry). Wild type Runx2-expressing vector was
donated by Dr. Toshihisa Komori (Department of Develop-
mental and Reconstructive Medicine, Division of Oral Cytology
and Cell Biology, Nagasaki University Graduate School of Bio-
medical Sciences).

Reporter Constructs and Luciferase Reporter Assay—Four
tandems of 48-bp chondrocyte-specific enhancer segments
of type II collagen al (Col2al) were synthesized as previ-
ously reported (58) and inserted into the PGL3 promoter

Oxygen Tension Regulates Chondrocytes

vector (Promega), 4Col2E-Luc. Six tandems of the Runx2
binding site were also inserted into the PGL3 promoter vec-
tor (Promega), 6Runx2E-Luc. Reporter assays were per-
formed by transient transfection of 0.4 ug of the PGL3-pro-
moter vector (4Col2E-Luc or 6Runx2E-Luc) and 0.01 pug of
the TK-Renilla luciferase construct (TK Renillg) (Promega).
Luciferase activity was measured using a Dual Luciferase
assay kit (Promega) and [uminometer (Berthold Technolo-
gies, Bad Wildbad, Germany) and normalized by determin-
ing the activity of Renilla luciferase. All experiments were
performed in triplicate.

RNA Interference—RNA interference was done using com-
mercially synthesized siRNA (Qiagen, Diisseldorf, Germany)
and used as described in the protocols provided by the manu-
facturer. Cells were treated with siRNA to a final concentration
of 10 pum. The siRNA duplex sequence targeting the HDAC4
protein was aauguacgacgccaaagautt (sense strands), as previ-
ously described (59). Control siRNA consisted of siRNA tar-
geted against luciferase (Dharmacon, Lafayette, CO).

Phosphorylation of Sox9—Serine/threonine phosphorylation
of Sox9 was analyzed by affinity chromatography using a phos-
phoprotein purification kit (Qiagen). Cells were lysed using the
lysis buffer provided in the kit. The extracted protein was
applied to a phosphorylation purification column, and phos-
phorylated protein was eluted. Unphosphorylated protein was
obtained from the flow-through fraction. These samples were
blotted with anti-Sox9 antibody.

Western Blot Analysis—Western blot analyses were per-
formed using whole cell lysates. To detect HDAC4 protein,
nuclear extracts were obtained as previously reported (60). The
MC3T3-E1 cell (mouse osteoblastic cell) was used as a control.
The blots were first incubated with appropriate antibodies and
then with horseradish peroxidase-coupled anti-mouse or rab-
bit IgG antibodies (Amersham Biosciences). For the blots, 20
pg of each sample was applied.

Northern Blot Analysis—Total RNA was isolated from
C3H10T1/2 cells using the RNeasy kit (Qiagen). The blots
were hybridized with probes for Col2al, Col10al, Sox9, and
Runx2 mRNA. 3?P-Radiolabeled DNA probes were synthe-
sized using cDNA obtained from reverse transcriptase-PCR
amplification. The following primers were used: Col2al {forward
primer, 5’-CCTGTCTGCTTCTTGTAAAAC-3'; reverse primer,
5'-AAAAAATACAGAGGTGTTTGACACAGA-3'), Coll0al
(forward primer, 5'-AATCTCATAAATGGGATGGG-3';

FIGURE 2. Hypozxia-induced GAG production and Col2a? gene expression are mediated by the p38 MAPK pathway rather than the Smad
pathway. Aand B, C3H10T1/2 cells were cultured with or without BMP-2 {500 ng/ml) under normoxia or hypoxiafor 10, 20, 30, and 60 min and lysed. The
cell lysates were determined by Western blotting with anti-phospho-Smad1-Smad5-Smad8 (P-Smad 1/5/8) or anti-Smad1-Smad5 (T-Smad 1/5) anti-
bodies (A) and with anti-phospho p38 MAPK (P-p38) or anti-p38 MAPK (T-p38) antibodies (B). N, normoxia; H, hypoxia. C-F, regulatory mechanisms of
GAG production by hypexia. [, normoxia; B, hypoxia. C, 12 h after infection with WT-Smadé adenovirus (WT-Smad6), C3H10T1/2 cells were stimulated
with BMP-2 (500 ng/ml) and incubated under normoxia or hypoxia. LacZ expression adenovirus (MOCK*) was used as a control. C-1, after 7 days, the cells
were stained with alcian blue. D, 24 h after transfection with DN-MKK3, C3H10T1/2 cells were stimulated with BMP-2 (500 ng/ml). pGL3 promoter vector
(MOCK**) was used as a control. D-1, after 5 days, the cells were stained with alcian blue. £, C3H10T1/2 cells were stimulated with BMP-2 (500 ng/ml) in
the presence or absence of the p38 MAPK inhibitor, FR167653 (1 uM). The media were changed every 3 days for completely fresh media containing
BMP-2 in the presence or absence of FR167653. FR, FR167653. E-1, after 7 days, the cells were stained with alcian blue. F, 12 h after infection with
WT-Smadé adenovirus, C3H10T1/2 cells were stimulated with BMP-2 (500 ng/ml) in the presence or absence of the p38 MAPK inhibitor, FR167653 {1 um).
F-1, after 7 days, the cells were stained with alcian blue. C-2, D-2, E-2, and F-2, the absorbance of alcian blue dye bound to GAG in each well was quantified
(OD/pg of DNA). Data are shown asmean = S.E. (n = 3) (OD/ug of DNA).*, p < 0.01; N.S., not significant. G, regulatory mechanisms of Col2a1 and Col70a1l
gene expression by hypoxia. G-7,C3H10T1/2 cells were cultured for 5 days with 500 ng/mi BMP-2 in the absence or presence of 1 uMFR167653. Northern
blotting analysis for Col2a7 and Col10a1 genes was performed (10 ng of total RNA/lane). G-2, 12 h after infection with WT-Smadé adenovirus, the cells
were incubated with BMP-2 (500 ng/ml) in the absence or presence of 1 um FR167653. LacZ expression adenovirus (MOCK) was used as a controf.
Northern blotting analysis for Col2at and Col10al was performed. N, normoxia; H, hypoxia.
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FIGURE 3. Hypoxia enlarges the cartilaginous matrix area via the p38 MAPK pathway In organ culture system. A, normal mouse embryo forelimb organ
culture with BMP-2 {500 ng/ml). A-1, histology of the radius of a normal mouse embryo {embryonic day 14.5) visualized with safranin O/fast green/iron
hematoxylin staining. FR( +), 1 um FR167653. A-2, morphometric analysis of the farelimb explants. The proportion of the area stained with safranin O per whole
radius was measured for each section as described under “Experimental Procedures.” Data are shown as mean 2 S.E. {n = 6).%, p < 0.05; N.5,, not significant.
[J, normoxia; 8, hypoxia. B, Smad6 transgenic mouse embryo forelimb organ culture. B-1, histology of the radius of a Smadé transgenic mouse embryo

{embryonic day 14.5). B-2, morphometric analysis of forelimb explants. Data are shown as mean = S.E. (n = 5).%, p < 0.05; N.S., not significant. (], normoxia

hypoxia. Bars, 240 pm.

reverse primer, 5-CCTGGGTTAGATGGAAAA-3"), Sox9 (for-
ward primer, 5-ATGAATCTCCTGGACCCCTT-3'; reverse
primer, 5’ -AACTTTGCCAGCTTGCACGT-3'), Runx2 (forward
primer, 5'-GCTTGATGACTCTAAACCTA-3'; reverse primer,
5'-AAAAAGGGCCCAGTTCTGAA-3"). PCR products were
purified using the PCR purification kit (Qiagen).

Reverse Transcription PCR Analysis—First-strand cDNA was
synthesized using SuperScript 11 RNase H™ reverse tran-
scriptase (Invitrogen). The PCR was performed using Ex Taq
{Takara Bio Inc., Otsy, Japan). The primers for the Runx2 genc
were the same as those used for Northern blotting. The
GAPDH primers included the forward primer (5'- TGAACGG-
GAAGCTCACTGG-3') and the reverse primer (5'-TCC-
ACCACCCTGTTGCIGTA-3').

Quantitative Real Time PCR Analysis—We obtained
¢DNA by reverse transcription as mentioned above and pro-
ceeded with real time PCR using the Roche Applied Science
Light Cycler® system. T'he SYBR™ Green assay, in which each
¢DNA sample was evaluated in triplicate 20-pl reactions,
was used for all target transcripts. Expression values werc
normalized to GAPDH. The primers for the Runx2 and

.GAPDH genes were the same as above. The Sox9 primers

31084  JOURNAL OF BIOLOGICAL CHEMISTRY

were as follows: forward, 5'-ATGAATCTCCTGGACCCC-
TT-3; reverse, 5'-TTGGGGAAGGTGTTCTCCT-3".

Statistical Analysis—All data arc expressed as mean X S.E.
Differcnces between groups were assessed using Student’s f
test, and differences among three or more groups were assessed
by post hoc testing. A p value of <<0.05 was considered statisti-
cally significant.

RESULTS

Hypoxia Promotes Chondrocytic Differentiation and GAG
Production, whereas It Suppresses Osteoblastic Differentiation
and Chondrocyte Terminal Differentiation in C3H10T1/2 Cell
Culture—In C3H10T1/2 cell culture, BMP-2 induced GAG
production in a dose-dependent manner (Fig. 14). At every
BMP-2 concentration tested, hypoxia clearly increased GAG
content additively with BMP-2. Hypoxia- induced GAG synthe-
sis was also found in the N1511 murine chondrocyte culture
(Fig. 1B). On the other hand, low oxygen tension clearly sup-
pressed ALP activity and alizarin red staining of C3H10T1/2
cells (Fig. 1, Cand D), suggesting that hypoxia suppressed BMP-
2-induced osteoblastic differentiation. Adipocytic differentia-
tion, as identified by oil red O staining, was not affected by
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FIGURE 4. Terminal differentiation of chondrocytes is suppressed by hypoxia in mouse embryo organ cultures. A, normal mouse embryo forelimb organ
culture. A-1, sections of normal mice forelimbs were hybridized with cRNA probes for Col10a7. FR(+), 1 um FR167653. A-2, the proportion of the length of
Col?Oa? mRNA expressxon site per hypertrophic chondrocyte zone (bidirectional arrow) along the midline was measured for each section. Data are shown as
mean * S.E. (n = 6). *, p < 0.05; **, p < 0.01; {JJ, normoxia; B, hypoxia. B, Smadé transgenic mouse embryo forelimb organ culture. B-1, sections of Smad6
transgenic mouse forearms were hybridized wnth cRNA probes for Col10a1. B-2, morphometric analysis of the forelimb explants. Data are shown as mean =+ S.E.

{n'= 5).% p < 0.05; N.S,, not significant. [J, normoxia; B, hypoxia. Bars, 120 um,

oxygen tension (Fig. 1E). After cell density became confluent,
there was no difference of the ccll proliferation between nor-
moxia and hypoxia at 7 days in C3H10T1/2 cells and N1511
cells (Fig. 1F). The type II collagen al (Col2al) gene, a well
characterized, specific marker of commitment to the chondro-
genic lineage, was up-regulated by BMP-2 in a dose-dependent
manner (Fig. 1G) as well as by hypoxia at each BMP-2 concen-
tration tested. The mRNA expression of the type X collagen al
(Coll0al) gene, a well characterized, specific marker for chon-
drocyte terminal differentiation (61, 62), was suppressed by
hypoxia (Fig. 1H), in contrast to Col2al mRNA expression.
Hypoxia-induced GAG Production Is Mediated by the p38
MAPK Pathway rather than the Smad Pathway—To investi-
gate the intracellular signal transduction mechanisms respon-
sible for hypoxia-induced chondrocyte differentiation, we first
examined the activities of the Smad and the p38 MAPK path-
ways. As shown in Fig. 2, A and B, phosphorylation of p38
MAPK is up-regulated by hypoxia, whercas phosphorylation of
Smad is down-regulated. When Smad signaling was inhibited
by the overexpression of WT-Smad6, which inhibits phospho-
rylation of the Smadl-Smad5-Smad8 complex, BMP-2-in-
duced GAG production was markedly reduced under both oxy-
gen levels. However, hypoxia was still able to promote GAG

2808

OCTOBER 13, 2006+ VOLUME 281-NUMBER 41

=327~

production despite Smad inhibition (Fig. 2C). In contrast,
hypoxia-induced GAG production was abolished by the over-
expression of DN-MKK3 that specifically inhibits p38 MAPK
phosphorylation (Fig. 2D) and also by FR167653, a specific p38
MAPK inhibitor (Fig. 2E). When both the Smad and the p38
MAPK pathways were blocked by Smad6 overexpression and
FR167653, hypoxia did not influence the GAG production level
(Fig. 2F).

Regulatory Mechanisms of Col2al and Coll0al Gene Expres-
sion by Oxygen Tension—Next, we assessed the role of the p38
MAPK and Smad pathways in the regulation of Col2a1 and
Coll0al gene expression. In the presence of FR167653, hypox-
ia-induced Col2al expression was suppressed (Fig. 2, G-I).
However, when WT-Smad6 was overexpressed, although
Col2al gene expression was suppressed under both oxygen

. conditions, hypoxia strongly induced the Col2al gene. When

both Smad and p38 MAPK signaling was blocked by
WT-Smad6 and FR167653, Col2al gene induction caused by
hypoxia was again strongly attenuated (Fig. 2, G-2). Our find-
ings suggest that hypoxic regulation of Col2a1 gene expression
is mediated by the p38 MAPK pathway rather than the Smad
pathway, which is very similar to the mechanism of hypoxic
regulation involved in GAG production. On the other hand,

JOURNAL OF BIOLOGICAL CHEMISTRY 31085

200z ‘g1 Aenigad uo ALISHIAINN YXYVYSO 1e Bio-ogl mmm woy pspeciumog



The Joiurnal of Biological Chemistry

LS T

BRI L ARSI

Oxygen Tension Regulates Chondrocytes

A-1 A-2
N.S

proportion ratio (Sox9/ GAPDH)

Sox9 05 phospho- Sox9
188 un-phospho-Sox9
normoxia ‘ hypoxia
B RCS cells/ 4Col2E-luc C3H10T1/2 cells/ 4Col2E-luc
= 0 * - N.S. N.S.
3 3 8 '
z T 4
2 Z =
= = L
g A} g 6 [ ] normoxia
2 2
5 g 4T
5 10y g
=2 =2
2 e 2
5 3
g ) = ey : :
pGL3*  4SoxE-Luc™ BMP(-) BMP(500ng/ml)
D-1 D-2 . _,:._?__..1 x %
g T g T
5 g 8 Q
MOCK 5 &, 5 S
MOCK +ER Smadé R £
a x a X
o 35 S §
¢ ¢ e
Runx? MOCK MOCK+FR
r—-t——-n
1
o I © 51
18S N B &
<< <
% gos é gﬂﬁ
g g g &
a & & &
B ¢
Smad6 Smad6+FR
E MC3T3-E1 cells C3H10T1/2 cells F normoxia  hypoxia
1 BRunx2E-luc / BRunx2E-luc WT-Runx2 - + - +
_ —~ 25 ¢ ¥ N.S. 2
= o] | ]
3 z
> T 2f Col10at
g g
g ERER:
g ! 3 | 188
2 3
EL Sost
.;z: a % . ‘ l Runx?2
B ©
= = WT-Runx2 (-) WT-Runx2 (+)
WT-Runx2 - + GAPDH
{J: normoxia, hypoxia

31086 JOURNAL OF BIOLOGICAL CHEMISTRY

328~

VOLUME 281 -NUMBER 41-OCTOBER 13, 2006

100z ‘€1 Aerugad uo ALISHIAINN VIVSO e B10°0af mmm wos papeofumod



The Journdal of Biological Chemistry

Col10al gene expression was reduced by hypoxia as shown
in Fig. 1G, and it seemed to be regulated in a complicated
manner that is different from Col2al gene expression. The
blockade of the p38 MAPK pathway did not alter the hypox-
ia-related reduction of Coll0al gene expression, but the
blockade of the Smad pathway abolished it. However, when
both pathways were blocked, hypoxia reduced Coll0al gene
expression (Fig. 2G).

Hypoxia Enlarges the Cartilaginous Matrix Area Associated
with Endochondral Ossification via the p38 MAPK Pathway in
Organ Culture—Our data show that hypoxia promoted the
commitment of C3H10T1/2 cells to a chondrocytic lineage and
enhanced cartilage matrix production via the p38 MAPK path-
way. To further confirm the influence of oxygen tension on
cartilage biology in a setting similar to that found in vivo, we
cultured embryonic day 14.5 embryo forelimbs obtained from
wild typc and Smad6 transgenic mice. In ex vivo embryo limb
cultures in the presence of BMP-2, explants grew quickly both
in length and in width and wound greatly as they grow. There-
fore, to evaluate cartilaginous matrix production, we calculated
the proportion of the area of cach radius that was stained with
safranin-O compared with the whole radius area. The embryo
forelimbs that were cultured under hypoxic conditions showed
a significantly greater enlargement in the matrix area, and
hypoxia-induced cartilage enlargement was abolished by
FR167653 (Fig. 3, A-1). In explants from Smad6 transgenic
mice, hypoxia enlarged the cartilage matrix area, and FR167653
abolished hypoxia-induced matrix enlargement (Fig. 3, B-1).
These findings are consistent with our in vitro obscrvation that
hypoxia promotes cartilaginous matrix synthesis not via the
Smad pathway but via p38 MAPK signaling (Fig. 2G).

Terminal Differentiation of Chondrocyte Is Suppressed by
Hypoxia in Mouse Embryo Organ Cultures—In C3H10T1/2 cell
cultures, Coll0al gene expression was repressed by hypoxia. In
accordance with this, when using in situ hybridization, we
found that, in wild type embryo forelimb cultures, hypoxia
reduced the Coll0al gene expression level estimated by the
proportional length of the Coll0al-positive site per whole
hypertrophic chondrocyte zonc (Fig. 4, bidirectional arrows)
along the midline. When p38 MAPIK signaling was suppressed
using FR167653, the Coll0al-positive area was markedly
reduced with both oxygen levels. In addition, hypoxia appar-
ently reduced the Coll0al-positive area regardless of the use of
p38 MAPK inhibitor (Fig. 44). On the other hand, hypoxia
alone did not repress Coll0al gene expression in Smadé trans-

Oxygen Tension Regulates Chondrocytes

genic mice embryo forelimb organ culture, although hypoxia
did suppress Coll0al gene cxpression when the p38 MAPK
pathway was inhibited by FR167653 (Fig. 4B). These findings
were in agreement with the in vitro results and suggest that the
Smad pathway mediates Coll10al gene down-regulation and
that the p38 MAPK pathway mediates its up-regulation. In
addition, hypoxia reduced Coll0a{ expression even when both
Smad and p38 MAPK signaling were blocked, which would sug-
gest that unknown factors that down-regulate Coll0al gene
expression are involved.

Sox9 Gene Expression and Its Transcriptional Activity Are
Not Up-regulated by Hypoxia—Sox9 is a key transcriptional
factor for chondrocytic differentiation and regulates transcrip-
tion of the Col2al gene. Thus, we evaluated the influence of
oxygen tension on Sox9 gene expression. Interestingly, Sox9
mRNA expression was not altered by hypoxia (Fig. 54). As
shown in Fig. 5B, Sox9 transcriptional activity was clearly up-
regulated by BMP-2. However, it was not up-regulated but
rather was down-regulated by hypoxia. Sox9 transcriptional
activity has been reported to be enhanced by cAMP-dependent
protein kinase A serine/threonine phosphorylation (63). We
found that phosphorylation of Sox9 was not promoted but was
suppressed by hypoxia (Fig. 5C), which was consistent with the
results of the reporter assay.

Runx2 Gene Expression and Its Trauscriptional Activity Are
Suppressed by Hypoxia—Since hypoxia suppressed chondro-
cyte hypertrophy and osteoblastic differentiation, we studied
the role of Runx2 in the regulation of hypoxia-induced phe-
nomena. Hypoxia suppressed Runx2 gene expression and its
transcriptional activity in C3H10T1/2 cells stimulated with
BMP-2 (Fig. 5, D and E). Blockade of the p38 MAPK pathway
did not alter the suppression of Runx2 caused by hypoxia, but
blockade of the Smad pathway abolished the effect of hypoxia.

However, when both pathways were blocked, hypoxia could

again suppress Runx2 gene expression (Fig. 5D). This pattern is
very similar to the regulatory pattern we found for the hypoxic
regulation of Coll0al gene expression. To examine how Runx?2
contributes to chondrocyte terminal differentiation in hypoxia,
we transfected C3H10T1/2 cells with vector expressing wild
type Runx2. When Runx2 was overexpressed, the Runx2 tran-
scriptional activity suppressed by hypoxia was remarkably up-
regulated to a level comparable with that with normoxia (Fig.
5E). In addition, Coll0al gene expression that had been
reduced by hypoxia recovered to a level that matched the level
expressed under normoxic conditions with Runx2 overexpres-

FIGURE 5. Gene expression and transcriptional activity of Sox9 (A-C) and Runx2 (D-F) under hypoxia. A-7, C3H10T1/2 cells were stimulated with
BMP-2 (500 ng/ml) for 5 days. Total RNA was extracted, and Northern blotting was done for Sox9. A-2, real time PCR for the Sox9 gene was performed.
Data are shown as mean * S.E. {n = 3) of the proportion ratio for Sox9 gene expression as compared with normoxia. N.5., not significant. B, C3H10T1/2
cells were co-transfected with 4Col2E-Luc and TK-Renilla reporter constructs. As a control, the rat chondrosarcomna cell line (RCS) was used. 12 h after
transfection, cells were incubated with or without BMP-2 (500 ng/ml) for 5 days. Luciferase activity was measured and normalized by determining Renilla
luciferase activity. Data are shown as mean * S.E.(n = 3). %, p < 0.0001; N.S., not significant. C, C3H10T1/2 cells were cultured for 5 days and lysed. The
cell lysate was immunoprecipitated with anti-phosphoserine and phosphothreonine antibodies and blotted with anti-Sox9 antibodies. D-1, 12 h after
infection with WT-Smad6 adenovirus, the cells were stimulated with BMP-2 (500 ng/ml) in the absence or presence of 1 uM FR167653. As a control, LacZ
expression adenovirus (MOCK) was used. After 48 h, total RNA was extracted, and Northern blotting for the Runx2 gene was performed. N, normoxia; H,
hypoxia. D-2, real time PCR for Runx2 gene was performed. Data are shown as mean = S.E. (n = 3) of the proportion ratio for Runx2 gene expression as
compared with normoxia. ¥, p < 0.001; N.S., not significant. [J, normoxia; B, hypoxia. E, C3H10T1/2 cells were co-transfected with 6Runx2E-Luc and
TK-Renilla reporter constructs. As a control, the mouse osteoblast cell [ine (MC3T3-E1) was used. 24 h after transfection, cells were incubated with BMP-2
(500 ng/ml) for 2 days, and relative luciferase activity was measured and normalized by determining Renilla luciferase activity. Data are shown as mean *
S.E.{n = 3).*% p < 0.05;** p < 0,0002; N.5., not significant. f, 24 h after transfection with wild type Runx2, the cells were stimulated with BMP-2 (500
ng/ml) and incubated under normoxia or hypoxia for 5 days. As a control, the cells were transfected with pGL3 promoter vector. Then Northern blotting
for Col10al genes was performed.
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sion (Fig. 5F). These data suggest that Runx2 mediates Col10al
genc suppression by hypoxia and that a third regulatory mech-
anism, independent of the Smad and the p38 MAPK pathways,
is involved in the regulation by oxygen tension of Runx2 gene
expression.

HDAC4 Is Expressed by Chondrocytes and Accumulates in
the Nucleus under Hypoxia—Recently, it was reported that
HDAC4 inhibits chondrocyte hypertrophy by suppressing
Runx2 gene expression. HDAC4 has been reported to be
expressed by chondrocytes in the prehypertrophic and hyper-
trophic zones (47). We could detect HDAC4 only in chondro-
cytic lineage cells (N1511 or C3H10T1/2) and almost not in
osteoblastic cells (MC3T3-E1) (Fig. 64). We furthermore con-
firmed that HDAC4 protein was expressed in the hypertrophic
chondrocytes of the growth plate but not in proliferative chon-
drocytes (Fig. 6B8). To elucidate whether HDAC4-Runx2 regu-
lation is involved in the hypoxic suppression of terminal differ-
cntiation, we first examined the cffect of oxygen tension on
HDAC4 activation. Our immunofluorescence study revealed
that the expression pattern of HDAC4 changed from being
located in the cytoplasm to being located in the nucleus when
cells were incubated under hypoxic conditions (Fig. 6, C-1).
Accordingly, HDAC4 protein expression in the nuclear extract
by Western blotting was up-regulated after 24 h of hypoxic
stimulation (Fig. 6, C-2).

Inhibition of HDAC4 Up-regulates Runx2 Gene Expression
and Its Transcriptional Activity and Restores CollOal Gene
Expression That Is Decreased by Hypoxia—To evaluate whether
HDACH4 is involved in the hypoxic regulation of Runx2 and
Coll0al gene expression, we inhibited HDAC4 by RNA inter-
terence (Fig. 6D). The inhibition of HDAC4 partly restored the
reduced Runx2 gene expression that resulted from 2 days of
hypoxia. On day 5, Runx2 gene expression was clearly pro-
moted by HDAC4 silencing regardless of oxygen level, and the
hypoxia-induced suppression of Runx2 expression was com-
pletely restored to that seen with normoxia (Fig. 6E). Consistent
with these results, HDAC4 inhibition completely abolished the
reduction of Runx2 transcriptional activity caused by hypoxia
(Fig. 6F). As a conscquence, after 5 days of hypoxic stimulation,
Col10al gene expression that had been suppressed by hypoxia
was also up-regulated by HDACH4 inhibition and recovered to
the level seen with normoxia. These data strongly suggested
that hypoxia activates HDAC4, which in turn suppresses Runx2
activity and subscquently leads to the reduction of Coll0al
gene expression.

Oxygen Tension Regulates Chondrocytes

DISCUSSION

Murine mesenchymal C3H10T1/2 cclls are pluripotent and
differentiate into several lineages (19). BMP-2 and BMP-7
induce C3H10T1/2 cells to differentiate into osteoblasts, chon-
drocytes, and adipocytes; a low concentration favors adipo-
cytes, and a high concentration favors chondrocytes and osteo-
blasts (18,19, 64, 65). Thus, C3H10T1/2 cells are an appropriate
model for studying the mechanisms of pluripotent mesenchy-
mal cell commitment into a particular lineage. In the present
study, we cultivated C3H10T1/2 cells in the presence or
absence of recombinant human BMP-2 under normoxia or
hypoxia. BMP-2 treatment and low oxygen tension synergisti-
cally induced GAG production and Col2al gene expression and
profoundly suppressed ALP activity and mineralization; they
did not alter fat droplet production. Thesc data indicate that
hypoxia promoted chondrocytic commitment of the pluripo-
tent C3H10T1/2 mesenchymal cells and inhibited osteoblastic
differentiation. Our results are in accordance with previous
reports, which describe that hypoxia enhances Col2al and
Aggrecan gene expression in C3HI0T1/2 cells (66). To further
investigate the role of oxygen tension in chondrocytic differen-

‘tiation, we used a mouse embryo forclimb cxplant culture sys-

tem. This system enables one to cultivate cartilage tissue under
hypoxic conditions for up to 2 weeks without any interference
from systemic, hormonal, or neuronal responses to the hypoxia
that could affect cartilage metabolism while at the same time
examining the effects of both environmental factors and cyto-
kines on the endochondral ossification process. In organ cul-
tures of wild type mice forelimbs at 14.5 days postcoitum, we
found that hypoxia clearly induced the enlargement of the car-
tilage matrix area stained by Safranin-O, suggesting that
hypoxia promoted cartilage matrix synthesis by chondrocytes
during endochondral ossification. To confirm this, we cultured
N1511 chondrocytes under hypoxic conditions and found that
hypoxia induced N1511 cells to produce GAG. Our data indi-
cate that hypoxia not only induced the commitment of pluripo-
tent mesenchymal progenitors into a chondrocyte lineage but
also activated the production by chondrocytes of cartilage
matrix.

In the present study, hypoxia in the presence of BMP-2
clearly suppressed Coll0al mRNA expression in C3H10T1/2
cell culture and also in organ culture studies using tissues from
wild type animals. This suggests that hypoxia suppresses the
terminal differentiation of chondrocytes during endochondral

FIGURE 6. With hypozxia, HDAC4 accumulates in the nucleus and down-requlates Run:2 expression, Runx2 transcriptional activity, and Col10a7
gene expression. A, nuclear and cytoplasmic extracts from C3H10T1/2, N1511, and MC3T3-E1 cells (mouse osteoblastic cells) were examined by
Western blotting with anti-HDAC4 antibodies. Mixed lysate (nuclear extract (10 ng) plus cytoplasmic extracts (10 pg)) was blotted for g-actin for the
control. B, immunohistochemical analysis for HDAC4 protein in normal mouse embryo humerus (embryonic day 14.5). Bars, 30 pm. B-1, HDAC4 protein
exprassion in hypertrophic chondrocytes, notin proliferative chondrocytes. B-2, negative control without primary antibody. C, nuclear translocation of
HDAC4 protein by hypoxia. C-1, immunofluorescence staining for HDAC4 protein. After starvation for 24 h, C3H10T1/2 cells were stimulated with BMP-2
{500 ng/ml) and further incubated under normoxia or hypoxia for 1 h. Immunofluorescence staining was performed using anti-HDAC4 antibody (1:100)
for 2 h followed by Alexa Fluor 488 for 30 min. Hoechst 33342 was used for nucleus staining. Bar, 12.5 um. C-2, nuclear and cytoplasmic extracts from
C3H10T1/2 cells were harvested and examined by Western blotting with anti-HDAC4 antibodies. Proliferating cell nuclear antigen and g-actin acted as
the internal loading control for nuclear and cytoplasmic fractions, respectively. N, normoxia; H, hypoxia. D, 24 h after transfection with siRNA for HDAC4,
nuclear extracts from the cells were harvested and analyzed by Western blotting with anti-HDAC4 antibodies. Proliferating cell nuclear antigen acted as
the internal loading control for nuclear fractions. After transfection with siRNA for HDAC4, the cells were incubated for 5 days, and reverse transcription-
PCR analysis for Runx2 was dane. E, 24 h after transfection with siRNA for HDAC4, the cells were stimulated by 500 ng/ml BMP-2 for either 48 h or 5 days.
Northern blotting for Runx2 and Col10a1 were done. F, C3H10T1/2 cells were co-transfected with siRNA, 6Runx2E-Luc, and TK-Renilla reporter con-
structs. 24 h after transfection, cells were incubated with BMP-2 (500 ng/ml) for 48 h under normoxia or hypoxia. At the end of the culture, relative
luciferase activity was determined. Data are shown as mean + S.E. (n = 3). ¥ p < 0.05; N.S,, not significant.
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ossification. Thus, hypoxia secms to act on chondrocytes to
preserve their chondrocyte phenotype by preventing hypertro-
phy and, consequently, terminal differentiation.

"To confirm the mechanisms by which these hypoxia-induced
phenomena operate, we studied the signaling pathways of
BMP-2 that are well known to induce chondrogenesis of mes-
cnchymal cells (17-21) via the induction of Sux9 gence expres-
sion (67). Basically, BMP-2 signals propagate through the Smad
pathway and bind directly or via other DNA-binding proteins
to the promoters of BMP-2-responsive genes to stimulate or
repress their transcription. Over the past few years, evidence
has accumulated that suggests that BMP-2 may also stimulate
other downstream pathways involving p38 MAPK. In the pres-
ent study, we found that hypoxia enhanced BMP-2-induced
activation of the p38 MAPK pathway, whereas hypoxia did not
promote and could even suppress the Smad pathway. Further-
more, our Smad- and p38 MAPK-suppressing studies using
WT-Smad6, DN-MKKS3, and FR167653 revealed that it is not
the Smad pathway but the p38 MAPK pathway that isindispen-
sable for hypoxia-induced cartilaginous matrix synthesis. Over-
all, our data indicate that hypoxia promotes cartilaginous
matrix synthesis via the p38 MAPK pathway.

Little is known about how oxygen tension regulates the signal
transduction systems that regulate Col/0al genc expression. In
the present study, we found that hypoxia promoted BMP-2-
induced activation of the p38 MAPK pathway but did not pro-
mote, and could cven suppress, the Smad pathway. Previous
reports suggested that Smadl-Smad5 signaling positively regu-
lates type X collagen expression by potentiating the transcrip-
tional activity of Runx2 (44, 45) and that p38 MAPK signaling
also promotes its expression (34, 45, 68) via Runx2 activation.
These observations are consistent with the results of our exper-
iments that blocked these pathways by Smadé, DN-MKK3, or
the p38 inhibitor, FR167653. This suggests that hypoxia posi-
tively regulates Coll0al gene expression via the up-regulation
of p38 MAPK signaling and negatively regulates Coll0al gene
expression via down-regulation of the Smad pathway. In addi-
tion to this, we found that hypoxia up-regulated HDAC4 activ-
ity, which rccently was reported to control chondrocyte hyper-
trophy by suppressing Runx2 genc expression through
inhibition of the gene's positive feedback mechanism and the
suppression of its transcriptional activity (47). We were able to
confirm that hypoxic suppression of Runx2 gene expression,
transcriptional activity, and Coll0al gene cxpression were
blocked by silencing HDAC4. This indicates that hypoxia acti-
vates HDAC4, thereby suppressing Runx2 activity, which in
turn down-regulates Coll0al gene expression. Qur data reveal
that hypoxia inhibits the hypertrophy of chondrocytes by
down-regulating Runx2 activity based on the sum of the posi-
tive regulation that occurs via p38 MAPK activation and the
negative regulation that is caused by Smad signaling suppres-
sion and HDAC# activation.

Transcriptional factors Sox9, L-Sox5, and Sox6, have been
reported to be essential and sufficient for regulating the expres-
sion of Col2al and the other genes involved in the chondrocytic
program (69). This would suggest that Sox transcriptional fac-
tors should be up-regulated by hypoxia and thus propagate the
signals for chondrocytic differentiation and cartilage matrix
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FIGURE 7. Proposed models of the regulatory mechanisms responsible
for chondrocyte differentiation and function based on oxygen level.
Hypoxia enhances the p38 MAPK pathway and suppresses the Smad path-
way. Activated p38 MAPK signaling promotes Col2al gene expression and
GAG production independently of the Smad pathway and Sox9. Hypoxia
inhibits Col10a1 gene expression by reducing Runx2 activity based on the
sum of the positive regulation via p38 MAPK activation and the negative
regulation caused by Smad signaling suppression and HDAC4 activation.

production. However, very interestingly, our results indicate
that hypoxia-mediated chondrocytic differentiation did not
involve the up-regulation of Sox9 gene expression, its phos-
phorylation, or its transcriptional activity, suggesting that
hypoxia-induced Col2al induction was independent of
Sox9. However, in the previous report, it was described that
Sox9 gene expression was up-regulated by hypoxia in asso-
ciation with transactivation of the Sox9 promoter in 5T2
stromal cells (66). Although the difference in the results
might depend on the difference in cell type, further confir-
mation about the Sox9 promoter may be necessary. The
results of the reporter assay lead us to speculate that tran-
scription factors other than Sox9 directly regulate Col2al
gene expression via other cis elements located at a site other
than the chondrocyte-specific enhancer fragment of the
Col2al gene (69, 70). The Sox trio shares a cis element in the
Col2al chondrocyte-specific enhancer region; however, to
exclude the involvement of L-Sox5 and Sox6 in hypoxia-
induced Col2al gene expression, further confirmation,
including gene expression of these transcription factors, is
nceded. It is known that hypoxic stress reduces protein
kinase A activity (71). Recently, protein kinase A was
reported to phosphorylate Sox9 and to enhance its transcrip-
tional activity (62). Taking these data into account, it is plau-
sible that Sox9 transcriptional activity could have been
down-regulated by hypoxia. However, the actual transcrip-
tion factors responsible for hypoxia-induced Col2al induc-
tion remain to be clucidated (Fig. 7).

In conclusion, we demonstrated that hypoxia clearly pro-
moted chondrocytic commitment of cells in the mesenchymal
lineage, as well as cartilaginous matrix synthesis, and inhibited
terminal differentiation both in cell culture and organ culture.
These cffects were primarily mediated by p38 MAPK activation
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independent of Sox9. On the other hand, hypoxia inhibited the
hypertrophy of chondrocytes via the down-regulation of Runx2
activity through Smad signaling suppression and HDAC4 acti-
vation. These hypoxia-induced phenomena affect mesenchy-
mal cell differentiation and endochondral ossification by
enhancing and preserving the chondrocytic phenotype and cell
function, as well as preventing chondrocytes from terminal dif-
ferentiation that subsequently leads to matrix degeneration and
chondrocyte apoptosis. The hypoxia-associated regulation of
chondrocytes that has been outlined in our study may be of
fundamental importance in the biology and pathology of carti-
lage tissues and may be involved in endochondral ossification in
the growth plate, in joint cartilage homeostasis, and in the eti-
ology of osteoarthritis.
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Intreduction

Bone morphogenctic protein (BMP) was originally discov-
ered by {rist in 1965 as a bone-inducing substance in an
cctopic site 1], and the term “BMP™ was first described by
Urist and Strates in 1971 [2]. By 1988, molceular clonces, as
well as the amino-acid scquences of BMP had been charac-
terized from a highly purilicd preparation obtained {rom
bovine bone [3]. In 19930 murine molecular clones {rom
murine osteosarconta had also been identified, and they
became available for animal experimental systems [4,5] aftd
enabled the performance of various investigations bascd gn
molecular technologics. To date, at feast 20 members of the
BMP family have been identiticd. In addition to its bone-
inducing activity, BMT is now thought to have essential and
multifunctional roles in various other organs during mor-
phogenesis. Now, "BMP™ should be better recognized as
“body morphogenetic protein™ [6],

From the viewpoint of clinical applications in orthopedic
medicine, several members of the BMP family are atiract-
ing considerable atlention as promising therapeutic tools
for skeletal regencration and as target molecules for the
treatment of skeletal disorders, Previous investigations
showed that BMP-2. -4, and -7 stimulated osteogenic and
chondrogenic differentiation via BMT receptor (BMPR)
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types I and I [7-9]. Smad mediates the intracellular signal-
ing of these BMPs [10]. Another BMP, cartilage-derived
morphogenetic protein (CDMP)-1 also known as growth
and differentintion factor-5 (GDF-3), reportedly shows
unigue activitics, such ax the promotion of chondrogenic
diffcrentistion and the induction of tendon tissue in vivo
[11.12]. Recombinant BMP-2 and -7 proteins have alecady
been in clinical use in the United States and Europe for
problematic lrauma cases such as open {ractures and
nonunions [13.14]. The clinical outcomes have been re-
ported as encouraging.

This article reviews the current lindings regarding BMP
signaling underlyving the process of skeletal repair and re-
generation. Which BMPs are involved, and in what manner
are they involved in the process of bone repair and regen-
eration? How are BMDPs induced in various orthopedic
conditions? In some instances, the BMPs play physiological
rofes, while in other instances. they play pathological roles.
The findings will provide a key to understanding the physi-
ological and pathological natures of BMPs and BMP signals
in various orthopedic conditions, leading to novel therapeu-
tic formulations aimed at less invasive and more promising
treatment of orthopedic injurics and disorders.

Skeletal repair
Fracture repair

Fracture repair involves a number of regencrative events
mitiated by the breakage of bone tissue. Cells at fracture
sites, Le., periosteum, para-fracture soft tissue, intramedul-
lary canal, and hone cortex, respond to the impact of the
fracture. They proliferate and differentiate into cells of
osteogenic and chondrogenic lincages. and this is lollowed
by membranous and endochondral ossification, forming
a “lracture vallus”, Teading (o fracture union [15] (Figs. |
and 2).

The sequential process ol fracture repair is a repetition
of embryonic bone development. However, distinet from
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Fig. 1. Radiographic findings. showing cepair of human fractured
hone. A Asterisk indicaes radiolucent line. showing a fracture. B IFrac-
tured bones are united by racture callus

(A)

Fracturef Fos
B
(B
. P

Eurly S j‘; ""-’@%3 BMP-4 mRNA
Phuse 2 "b““”‘i@”%?

«)
Late Calius
Phase Formation

Fig. 2. Localization of bone morphogenctic protein-4 (BMP-4/y mRNA
during the process of fracture repaiv. A Fracture it the mid-shalt of the
toug hone, B Eavly phase: formation of hematona it the fracture site,
as well as profiferation of immatwre callus-forming cells in the perio-
steum, para-fracture soft tissue, and intramedullary cavity. BMP-4
mRNA is induced in the cacly phase in these immature cells, € Late
phase: BMP-4 mRNA is no longer detected duving the late phasc.
However, prominent fracture calluses have formed in the periasteal
and intramedullary regions

cmbryogenesis. some kind of stimulus is a prerequisite for
the induction of the fracture repair process [15.16]. Our
previous in situ hybridization study showed that BMP-4
mRNA was induced in the carly phase of fracture repair in
the less-differentiated cclls at catlus-forming sites, such as
periosteum, marrow cavity. and surrounding soft tissue. In
the later stages. BMP-4d mRNA could no longer be detected
(Fig. 2) [15]. These findings have been confirmed by
semiguantitative reverse  traascription-polymerase  chain

Para-fracture

Site

Fracture I

Site

callus formition

+: positive regulation, -: negative regulation

Fig. 3. Flypothetical scheme showing a "BMP network” in the mecha-
nism of fracture repair. BMP and BMP receptor (BMPR) induced at
the fracture site initiate callus formation. Sonic hedgehog (Shh) and
hepatoeyte growth factor (JIGF) synthesized at the para-fracture site
pusitively regulate BMP-dependent callus formation. whereas noggin
inhibits the effect of BMP on callus formation

reaction (RT-PCR) {15}, Simuilar findings have been re-
ported in several other studies. On immunohistochemical
analysis, using specilic antibodies for BMP-2. -4, and
osteogenic protein (OP)-1 (BMP-7), these members of the
BMP family were shown (o be upregulated in the carly
phase of [racture-healing in immatare cells, and continuous
expression was observed throughout the healing process
[17.18]. Tn other reports using a rat fracture model, these
members of the BMP family were upregulated in the early
phase, but such induction was decreased and detuyed in
older rats {19].

BMP signaling molecules. such as BMPR types 1A, 1B,
and IT have also been identified in locations similar ta those
for BMPs during fracturc healing [17.20]. The BMPs and
BMP signaling components are localized at callus-forming
sites, sugeesting the key roles of BMPs in fracture repair,
and raising the possibility of their use as target or therapeu-
tic moleeules for fracture treatment. For example, BA/P-4
gene fransfer into the periosteum in the carly phase dra-
matically ¢nhanced [racture healing in a rat model [21].

In addition o BMP itsclf, other BMP-related factors
have been identified during fracture healing. Sonic hedge-
hog (Shh), a stimulator of BMP-dependent chondrogenic
and vsteoblastic differentiation {22.23], has been identified
al the para-fracture site in the carly phase, and may pro-
mote BMP-induced callus formation [24]. Hepatocyte
growth factor (FIGF) is located at the para-fracture site,
with its receptor c-Met [25]. In vitro studics have shown that
TTIGE upregulates BMPR cxpression in mesenchymal cells,
and may contribute to BMP-dependent callus formation
[25]. In addition to these positive regulators of BMP signal-
ing, nogain is reportedly co-localized with BMP-4 through-
out the healing process [26]. Overexpression of noggin
reportedly inhibits BMP-dependent chondrogenesis [26],
and noggin may negatively regulate BMP-induced callus
formation during fracturce repair. These current findings
suggest that the process of [racture repair is regulated by
various BMP-related factors tocated in distinet arcas, {orm-
ing a "BMP network™ (Fig. 3).

Although most investigalions have been performed us-
ing animal models, several current studies have shown the
actual expression of BMPs in human situations, BMP-2. -4,
and -7. as well as BMPR types TALUIBU I and Smad 1, have
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Fig. 4. Expression and localiza-
tion of BMP-2 and -4 mRNA in
surgical  specimens  of - hyper-
trophic (A and a) and atrophic (B
and b} callus. A and B Radio-
eraphic findings; a and b in situ
hybridization,  using  BMP-2-
specific probes. BMP-2 (a and b)
and BMP-4 (data not showu)
mRNAs are localized in imma-
ture fibroblastic cells in hyper-
trophic callus (a; asterisk arca in
A), but not in atrophic callus (b
usterisk area in B). These findings
were confirmed by veverse tran-
seription-polymerase chuin veac-
tion (RT-PCR)

BMP-2, 4

been detected in human [racture callus specimens [28.29].
However, the ubiquitous expression of these BMP [amily
members did not suggest specilic roles of the BMP lfamily
members in fracture healing in human situations. In our
current unpublished observations, BMP-2 and BMP-4
mMmRNA and proteins were identified in tissue from hyper-
trophic {viable) nonunion callus. but they were not
identified in tissue from atrophic (nonviable) nonunion cal-
lus (Fig. 4); these findings suggest possible roles of BMPs in
callus formation in human situations.

To summarize, BMPs scem Lo play crucial roles in the
cvents of fracture healing. Several BMP family members.
such as BMP-2, -4, and -7, will certatuly serve as therapeulic
molecules in {racture treatment. The mechanisms of BMP
induction in the carly phase of fracture repair might provide
a key (o solving the mechanism of bone regeneration. The
series of current {indings regarding the roles of BMP and
related factors in fracture repair will provide a key for the
formulation of therapeutic strategies for less invasive and
more definitive fracture treatment.

Tendon repair

BMPs arce not only involved in bone repair but also in
tendon repair. The BMPs involved in tendon repair arce
GDF-5 (CDMP-1/BMP-14), GDF-6 (CDMP-2/BMP-13).
and GDF-7 (CDMP-3/BMP-12). These molcecules induce
tendon formation at ectopic sites in rats [12].

CDMP-1 has been identified in tendon tissue undergoing
repair in the shoulder joint (rotator cull) in human speci-
miens [30]. Upregulated localization of CDMP-1 at the torn
site has been observed. Both CDMP-1 mRNA and the pro-
tein were predominandy localized in cells at the torn edge

: Hypertrophic Type

427

Atrophic Type

and bursa side (Fig. 5). Various animal studics using gene
knockout mice have revealed the potential roles of these
molecules in tendon repair [31.32] and they are becoming

promising therapeutic agents for tendon surgery [33].

Mechanical siress and sheletal regeneration

Induction of the BAM P gene is a particularly important focus
of interest in orthopedic medicine, because it holds a key
to solving the central mechanism ol skeletal regencration.
Mechanical stress is one of the crucial factors stimulaling
skeletal regeneration, and our current findings suggest that
mechanical stress may induce BMP expression.

Distraction ostcopencsis

The effect of mechanical stretehing on skeletal regeneration
has been dramatically corroborated by such surgical proce-
dures as distraction osteogencsis, u principle first intro-
duced by llizarov [34]. Gradual distraction between the
bone fragments after osteotomy induces bone regeneration
within the distraction gap (Fig. 6). This regenerative effect
has been characterized by the gene expression of SA]-2
and BMP-4 in the lengthenced callus [35]. BMP-2 and -4
mRNAs were upregulated just after the osteotomy, as they
are in fracture repair. Flowever, after the beginning of the
distraction, the gene expressions of BMP-2 and BMP-4
were shown Lo have increased up to tenfold by
upregulation. In contrast, the level of GDF-5 and BMP-6
mRNA did not scem to be aflected by the distraction siress
(Fig. 7) {35]. These findings indicate the positive effect of
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Fig. 5. A Localization of cartilage-derived
morphogenctic  protein-l - (COMP-1)
mRNA and protein in i rotator cuff.
CDMP-1 is predominantly localized in
cells at the torn edge and bursa side, 7,
Torn cdge side; BS, bursa side: /S, joint
side: OS. opposite side to torn edge. B Cell
count analysis revealed a marked increase
in CDMP-1-positive cells in the torn edge
and bursa side

(A)

(B)

The number of

cells per area

v

Fig. 6. Radiographic tindings showing gradual distraction ostecogen-
esis. Regenerative bone formation is scen in the distraction gap
(ustcrisk)

Bmp-2
BMP-4 A}
GDF-5 =>
BMP-6 =>

Fig. 7. Schematic Hlustration, showing lengtheming callus formed in the
distraction gap. During the distraction phase, BMP-2 and -4 mRNAs
are nduced, whereas the expression of growth and differentiation
factor-3 (GDF-5) and BAMP-6 mRNAs is not aftected by distraction
IS

e ..»-\. ey BS "
g - 08
T CDMP-1
o mRNA and protein

s BS s (01

mechanical tension stress on the induction of gene the
expression of BMP-2 and BMP-4.

Mechanical overload-induced spondylosis

Mcchanical overload sometimes induces bone regenera-
tion. This phenomenon often oceurs al the bone-cartilage-
tendon junction. One example of this phenomenon occurs
at the disco-vertebral junction in some spinal regions {36]
{Fig. 8). In a mouse model of spondylosis induced by resee-
tion of the posterior components of the cervical spine,
prominent and rapid growth of an osscous spur in the ante-
rior portion of the affected spine was seen {37). Such a
phenomenon is similar to that observed in human spondylo-
sis, in which chronological histological observations show a
process of bone regenceration resembling endochondral os-
sttication. Molecular mechanisms anderlying the sequential
process of spondylosis in the mouse model have been inves-
tigated by in situ hybridization. using specific cDNAs for
BMP-related lactors [38] In the carly stage, cells in the
anterior margin ol the dise beside the attachment of (he
spinal igament (annulus-igament complex; ALC) prolifer-
ale, showing metaplasia, into round chondrocyte-like cells.
BMP-4 mRNA is localized predominantly in cells in the
anterior murgin of the dise (ALC), together with ALK-6
(BMPR TB and TI) mRNA. GDF-5 and BMP-6 mRNAs are
not detected at this stage. In the late stage. fibroblastic cells
are almost totally replaced by mature chondrocytes. En-
fargement of cartilaginous tissues. together with osteophyte
tisstie, is observed in the anterior margin of the disc. Cells
positive for BM -4 decrease, whereas GDF 5 and BMP-6
mRNAS are localized in cells undergoing chondrogenesis.
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Fig. 8. A Radiographic lindings showing
osteophyte tormation (urrowd in llaman
cervical  spondylosis. B [Histological
lindings showing round chondrocvie-like
cells in the anterior margins of the disco-
vertebral junction in human spondylosis.
Hematoxylin and Eosin Staining, <100

Fig. 9. Proposed scheme of the
involvemcent of BMP sigonals un-
derlying spondylosis produced in
a mouse mudel. BMP-4 mRNA i
induced at the anterior annulus-
ligament complex, and ALK-6
(BMPR IB) and BMPR 1 medi-
ate BMP-tdependent inidal
chondrogenesis. [n the late phase,
BMP-d regulates late chondro-
genesis via ALK-3 (BMPR TAY
BMPR H, and GDF-3 promotes
chondrogenesis vin - ALK-0/
BMPR 1. BMP-6 mRNA is acti-
vitted and BMP-6 passibly stimu-

Early phase

Lig

429

Late phase

lates  chondroeyte  maturation. e
(Lig, ligament; Vb, vertebral initial
body: An, annulus librosus . . Late
+ 0 ==y Cartilage _
BMP-4  ALK-6 Formation BMP-4 ALK-3 Chondrogenesis

BMPRI

ALK-3 (BMPR [A) mRNA begins to appear at this stage.
together with the ALK-6 and BMPR [I mRNA that is ul-
ready present [38].

Together with the reported roles of these molecules in
endochondral ossification, the molecular mechanisms un-
derlying the above mouse model [38] are thought to be as
follows (Fig. Y): BMP-4/ALK-6 is activated. most likely by
the mechanical stimuli. and regulates initial chondrogenesis
at the ALC., BMP-4/ALK3 and GDF-5/ALK-6 promolc
carlilage formation and cnlargement of the cartilaginous
matrix [38]. Such BMP signaling may act as a mediator
in the process of mechanical overload-induced  bone
regencration.

BMPRH
Promotion

: +
GD«S ALK-6 of Chondrogenesis
BMPRI
' Chondrocye
BiP-6 Maturation

Pathological skeletal disorders

Skeletal regeneration sometimes leads to pathological con-
ditions in orthopedic medicine. Newly generated osscous
tissues cause problematic phenomcena. such as neurovascu-
lar compressionfirritation, joint contractures and pain.
Current reports suggest the involvement of BMPs in such
conditions and possible roles of BMPs as therapeutic targets
in skeletal disorders.

Ossilication of the spinul ligament

Ossification of the spinal ligament or ligamentum flavam is
a pathologic condition leading to compression of the spinal
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