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Figure 1 Transcriptional regulation of COL10A1 by

HIF-2a. (a) Luciferase assay for screening transcription factors that activate the COL10A1

promoter by the transfections of candidate genes into ATDC5 and Hela cells with a reporter construct containing a fragment (-1,028 to +127 bp)
of the COL10A1 gene. Data are shown as means = s.d. (b) Immunoprecipitation and immunoblotting analysis by co-transfections of Flag-tagged
HIF-2q or the control empty vector (EV) and hemagglutinin (HA)-tagged B-subunit members or the EV in ATDC5 cells. (c) Mammalian two-hybrid
assay by transfections of vectors expressing GAL4-HIF-2¢ and VP16-B-subunit fusion proteins with the luciferase reporter vector with GAL4 binding
sites into HeLa cells. Data are shown as means < s.d. of relative fold increase in luciferase activity as compared to EV + EV (which is arbitrarily

set to 1). (d) Site-directed mutagenesis analyses of the |uciferase assay; one in HRE1 and three in HRE2 (+87 and +88 for mutl, +91 and +92

for mut2, and both for mut3), in the two cell lines transfected with GFP,

HIF-2a, ARNTL or both HIF-2c and ARNTL. Data are shown as means + s.d.

(e) EMSA for specific binding (arrowhead) of the wild-type (WT) oligonucleotide probe containing HRE2 or the mutated probes described ind(ml,

m2 and m3) with in vitro-translated HIF-2a,

ARNT or both. Supershift by an antibody to HIF-20. (anti-HIF-2¢) and cold competition with a

50-fold excess of unlabeled WT or the mutated probe are presented. (f) ChIP assay with cell lysates of human chondrogenic SW1353 cells that
were amplified by a primer set spanning the HRE2 (+, +32 to +249 bp) or not spanning the HRE2 (-, =2,131 to =1,900 bp) before (input) and

after immunoprecipitation with anti-HIF-2c or nonimmune IgG (anti-1gG).

prepared expression vectors of more than 100 transcription factors that
are known to be expressed in chondrocytes, including HIF proteins,
runt-related transcription factor-2 (RUNX2)!22, myocyte enhancer
factor-2C (MEF2C)? and specificity protein-3 (SP3)%* (Fig. 1a).
Among them, HIE-20 showed the strongest activation in both cell
lines. Although all B-subunit members were physically associated with
HIE-20.in ATDCS cells (Fig. 1b), ARNTL showed the strongest bind-
ing affinity to HIF-2c (Fig. 1c), and HIF-20.-ARNTL was the most
potent combination for COL10AI transactivation (Fig. 1a).

In the COL10A1 promoter, we identified two HREs by the consensus
sequence [A/G]CGT (ref. 25), one in the 5"-end flanking region (HRE1)
and the other in intron 1 (HRE2) (Fig. 1d). We introduced mutations in
HREI and HRE2, but only the latter mutation resulted in suppression
of transactivation by HIE-20t and the HIF-20-ARNTL combination

(Fig. 1d). We then confirmed the specific binding of the HIF-2a
protein to HRE2 by electrophoretic mobility shift assay (EMSA) and
chromatin immunoprecipitation (ChIP) assay (Fig. le/f).

HIF protein expression during chondrocyte differentiation
Although the HIF a- and B-subunit members were widely expressed in
major tissues of adult mice, Epas] was most predominantly expressed
in the tracheal cartilage (Supplementary Fig. 1a). During differen-
tiation of ATDC5 cells, Epasl expression increased in accordance
with the three representative factors for central steps of endochondral
ossification: Col10al, Mmp13 and Vegfa, whereas Hifla expression
was strong at the early stage and decreased thereafter (Fig. 2a). Hif3a
expression was very low, and the B-subunit members were extensively
expressed in all differentiation stages (Fig. 2a).
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Figure 2 /n vitro and in vivo expression patterns
of the HIF o- and B-subunit members and
Coll0al, Mmp-13 and Vegf during chondrocyte
differentiation. (a) Time course of mMRNA levels
of the indicated genes during differentiation of
mouse chondrogenic ATDC5 cells cultured with
ITS (insulin, transferrin and sodium selenite)
for 3 weeks and for 2 d more with inorganic
phosphate (Pi). Data are expressed as means + s.d.
(b) H&E staining and immunofluorescence
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earlier differentiation stages in the prolif-
erative zone, and Hif-30t was hardly detect-
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Physiological role of HIF-2« in endochondral ossification

To determine the involvement of HIF-2a in skeletal growth, we
investigated the skeletal phenotype of EpasI-deficient mice. The
homozygous deficient mutants (Epas1~/~) were extraordinarily small
and died at the early embryonic stage, as reported previously?®2!
(Fig. 3a). Although the heterozygous deficient mutants (EpasI*/~)
developed and grew without abnormalities of major organs, they
showed mild but proportional dwarfism compared to wild-type lit-
termates from embryonic stages up to 1 week after birth (Fig. 3a,b
and Supplementary Fig. 1b). In the embryos, the limbs and vertebrae
were 7-16% shorter in Epas1*/~ mice than in the wild-type littermates
(Fig. 3¢). Although the actual length of the proliferative zone of the
Epas1*/~limb was comparable to that of wild-type, the percentage of
the proliferative zone relative to the total limb length was moderately
increased (Fig. 3d,e) with normal BrdU-positive proliferative cells
but suppressed Col10al expression (Fig. 3f,g), indicating impaired
hypertrophic differentiation without an effect on proliferation caused
by Hif-2a insufficiency. The percentage of the hypertrophic zone rela-
tive to the total limb length was also increased and that of the bone
area was considerably decreased in the EpasI*/~ limbs (Fig. 3d,e),
indicating that Hif-2a insufficiency impaired not only chondrocyte
hypertrophy but also subsequent steps such as matrix degradation
ion. This difference was gradually decreased with

and vasculariz
developmental compression of the hypertrophic zone after birth
(Supplementary Fig. 1¢). Immunohistochemistry confirmed that
Mmp-13 and Vegf, as well as Col10al, were suppressed by the Hif-20t
insufficiency, which may cause the decrease in cartilage calcification
shown by von Kossa staining (Fig. 3f).

Function of HIF-2« in cultured chondrocytes
In cultured ATDCS5 cells, Col10al, Mmp13 and Vegfa amounts,
as well as the activity of alkaline phosphatase and Alizarin red

20
10
Hif-20t was localized primarily in the hyper- 0 L_D_D_Dﬂ

Time of ITS treatment

At Arnt2

Col10at Mmp-13 Veg! Nonimmune

staining (both indicators of differentiation), were increased by
overexpression of HIF-20. or the HIF-20-ARNTL combination,
whereas none of the expression levels or staining was affected
by ARNTL alone (Fig. 4a). To examine the regulation of HIF-20
function by oxygen-dependent hydroxylation, we created ATDC5
lines overexpressing four kinds of HIF-20. mutants bearing muta-
tions at the oxygen-dependent hydroxylation residues, including
N847A and P531A (or both), which result in enhancement of the
transactivation activity of the protein even under normoxic condi-
tions, as well as P849A, which abrogates transactivation activity
even under hypoxic conditions'®. We found that none of these
mutations affected the HIF-2a action on endochondral ossifica-
tion parameters (Fig. 4b). All parameters were decreased, however,
by loss of function of HIF-2at in ATDCS cells achieved through
overexpression of a dominant-negative mutant or expression of an
siRNA specific for HIF-20 (Fig. 4¢). In addition to ATDC cells, pri-
mary chondrocytes derived from Epas1*/~ mice showed suppressed
expression of the three factors, and the suppression of each factor
was restored to wild-type levels by adenoviral overexpression of
HIF-20. (Fig. 4d).

We then examined the transcriptional regulation of MMP13 and
VEGFA by HIF-20.. Among the o- and B-subunit members of the
HIF proteins, HIF-20t most notably transactivated both MMP13 and
VEGFA, and the transactivation was further enhanced by ARNTL
(Supplementary Fig. 2a,b), as is true for COLI0AI (Fig. 1a).
Deletion and site-directed mutagenesis analyses of the luciferase
assay identified the core responsive elements to HIF-20. and the
HIF-20.-ARNTL combination at HRE3 (~106 to —=101) and HRE4
(-982 to —977) in the promoters of MMP13 and VEGFA, respec-
tively (Supplementary Fig. 2¢,d). Further EMSA and ChIP assays
confirmed the specific binding of the HIF-2a: protein to HRE3 and
HRE4 (Supplementary Fig. 2e-h).

12 3 ITS3weeks

+Pi2d
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Figure 3 Skeletal abnormality in EpasI-deficient mice. (a) Wild-type (WT), heterozygous-deficient (EpasI*-) and homozygous-deficient (Epas1~)

littermate embryos (E17.5). All Epas1-/- embryos died at mid-gestation. Scale bars,

1 mm. (b) Double staining with Alizarin red and Alcian blue of the

whole skeleton of WT and EpasI*/~ littermate embryos (E17.5). Scale bars, 1 mm. (c) Length of long bones and vertebra (first to fifth lumbar spines) of
WT and EpasI*- littermate embryos. Data are expressed as means + s.d. *P < 0.05 versus WT. (d) H&E staining of whole tibias of the WT and EpasI*'-
littermate embryos. Inset boxes indicate the regions of the bottom three rows representing proliferative zone, hypertrophic zone and bone area, shown

by red, blue and green bars, respectively. Scale bars, 100 um. (e)

bone area (green) over the total tibial length of the WT and EpasI*/- littermate embryos.

Percentage of the length of proliferative zone (red), hypertrophic zone (blue) and

(f) Immunofluorescence with antibodies to Hif-2a, Col10al,

Mmp-13 and Vegf, as well as bromodeoxyuridine (BrdU) labeling and von Kossa staining of the proximal tibias of WT and EpasI*/~ littermate embryos

(E17.5). Color bars indicate layers as indicated in
WT and Epas1*/- littermate embryos. Data are expressed as means * s.d.

Contribution of HIF-2« to osteoarthritis in mice and humans

We next compared osteoarthritis development between adult litter-
mates of wild-type and Epas1*/~ mice that had undergone comparable
skeletal growth after birth (Supplementary Fig. 1b) by creating a sur-
gical osteoarthritis model through induction of instability to the knee
joints®S. The expression of Hif-2a, as well as of Col10al, Mmp-13
and Vegf, increased in the joint cartilage with osteoarthritis develop-
ment for 8 weeks after surgery in the wild-type mice; however, in the
Epas1*/~ littermates, the cartilage degradation and the expression of
the three factors were notably suppressed (Fig. 5a). Quantification by
grading systems*2® confirmed that the Hif-2a insufficiency caused
significant resistance to cartilage degradation and osteophyte for-
mation (Fig. 5b). There was no difference in the subchondral bones
between the two genotypes under the sham operation, suggesting that
the Epas deficiency does not affect physiological bone homeostasis.
However, after surgical induction, subchondral bone sclerosis, an
osteoarthritic disorder secondary to cartilage destruction, was appar-
ent in the wild-type joints, whereas it was suppressed in the Epas1*~
joints (Supplementary Table 1).

In human knee joint samples, as well, the HIF-20 expression
increased with osteoarthritis development, reached a maximum
at the initial and progressive stages and decreased thereafter at
the terminal stage, although it was hardly detected in subchon-
dral bone or synovium (Fig. 5¢). To further investigate a possible

d. Scale bars, 200 um. (g) The number of BrdU-positive cellsin 1 x 10*

um? of the proximal tibia of

association of the human EPASI gene with knee osteoarthritis of
humans, we searched a Japanese population-based cohort of the
ROAD study? for sequence variations in exons and the 5"-end
flanking region up to —1,000 bp from the transcription start site
(TSS) of the human EPASI gene and identified only one common
SNP with a minor allele frequency >0.1, rs17039192 (+18C and
+18T for major and minor alleles, respectively, relative to the TSS;
minor allele frequency = 0.132) (Fig. 5d). A comparison of allelic
frequencies between 397 individuals with knee osteoarthritis and
437 controls showed significant association of the rs17039192 SNP
with knee osteoarthritis (P = 0.013, odds ratio = 1.44) (Fig. 5d).
Because this SNP was located close to the TSS, we further examined
the effects of the allelic difference (+18C/T) on EPASI promoter
activity in chondrogenic and nonchondrogenic cells transfected
with a luciferase reporter gene and the EPASI promoter fragment
(~1,000 bp to 488 bp) containing +18C or +18T. The susceptibil-
ity allele (18C) showed higher promoter activity in chondrogenic
cells, but not in nonchondrogenic cells (Fig. 5e), confirming that
enhanced transactivation of EPASI in chondrocytes is associated
with osteoarthritis in humans.

Molecular network around HIF-2c in endochondral ossification
Regarding downstream molecules of HIF-20,, we have focused on
COL10A1, MMP-13 and VEGF as representative factors for the
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Figure 4 Effects of gain and loss of function of a
HIF-20 on endochondral ossification parameters
in cultures of chondrogenic cells. (a) MRNA
levels of Col10al, Mmpl3 and Vegfa, alkaline
phosphatase (ALP) activity (relative to control)
and Alizarin red staining in stable lines of
ATDCS cells retrovirally transfected with GFP,
HIF-20, ARNTL or both HIF-2a and ARNTL

and in nontransfected parental cells (-) after
culture for 3 weeks with ITS and 2 d with Pi.
HIF-20. and ARNTL levels were confirmed by
western blotting, with the actin level as the
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of the same read-outs in a in stable ATDC5 lines
transfected with GFP or HA-tagged dominant-
negative HIF-2o (HA-dnHIF-2a) (left) or siRNA
specific for GFP or Epasl mRNA (right) under
the cultures conditions used in a. HA-dnHIF-2a
and Hif-2c. amounts were confirmed by western
blotting. (d) mRNA levels of Co/10al, Mmp13
and Vegfa and Epasl in the pellet cultures of
primary chondrocytes derived from wild-type
(WT) and EpasI*/~ littermate embryos for

2 weeks. For the rescue experiment, adenoviral
transfection with HIF-20. (Ax-HIF-2a) or the
control GFP (Ax-GFP) was performed before
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found that all were the direct transcriptional

targets. However, there are other factors related to endochondral
ossification, including in the earlier cartilage formation step and in
the later osteogenesis step, which might also be targets of HIF-20..
We therefore examined the expression patterns of the follow-
ing factors: type II collagen (COL2A1) and aggrecan (AGC1) as
cartilage matrix proteins; RUNX2, Indian hedgehog (IHH), and
type 1 PTH/PTHIrP receptor (PTHIR) as chondrocyte hypertrophy
markers; MMP-3, MMP-9, a disintegrin and metalloproteinase with
thrombospondin type 1 motif-4 (ADAMTS4) and ADAMTSS5 as
cartilage-degradable proteinases; and type I collagen (COL1A1),
bone sialoprotein (BSP), osteocalcin, alkaline phosphatase, bone
morphogenetic protein-2 (BMP-2), BMP-4 and BMP-7 as osteo-
genic markers. In cultured ATDCS5 cells, expression of chondrocyte
hypertrophy markers, cartilage degradable proteinases and osteo-
genic markers increased in accordance with the cell differentiation
and Epas1 expression (Supplementary Fig. 3a). The chondrocyte
hypertrophy markers and cartilage degradable proteinases were
localized mainly in the hypertrophic zone of the mouse limb car-
tilage, similarly to Hif-20: (Supplementary Fig. 3b). The mRNA
levels of cartilage matrix proteins, chondrocyte hypertrophy mark-
ers and most of the osteogenic markers were increased in ATDC5
cells overexpressing HIF-2o or HIF-20.-ARNTL (Supplementary

Fig. 4a). Among cartilage-degradable proteinases, expression of
Mmp3 and Mmp9 was increased, whereas neither Adamts4 nor
Adamts5 was affected (Supplementary Fig. 4a). In contrast, mRNA
levels of the chondrocyte hypertrophy markers Mmp3 and Mmp9
were decreased after overexpression of a dominant-negative mutant
form of HIF-2a and siRNA specific for Epas] mRNA in ATDC5
cells (Supplementary Fig. 4b,c); however, cartilage matrix pro-
teins, Adamts4, Adamts5 and most of osteogenic markers were little
affected. Primary chondrocytes derived from EpasI*/~ mice repro-
ducibly showed suppression of the chondrocyte hypertrophy mark-
ers, Mmp3 and Mmp9, but not cartilage matrix proteins, Adamts4,
Adamts5 or osteogenic factors, and the suppression was restored to
wild-type levels by HIF-20. overexpression (Supplementary Fig. 5).
Further in vivo analyses of embryonic limbs (Supplementary
Fig. 6a) and osteoarthritic knee joints (Supplementary Fig. 6b)
confirmed the decreases in expression of the chondrocyte hyper-
trophy markers, Mmp-3 and Mmp-9, but not cartilage matrix
proteins Adamts4 or Adamts5, by Hif-20 insufficiency. HIF-20
enhanced the promoter activities of the chondrocyte hypertrophy
markers MMP3 and MMP9, as well as Col10al, Mmp13, and Vegfa
mRNA levels, much more strongly than HIF-1a, and the stimulation
of the mRNA levels by HIF-20 was not altered by cotransfection of
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Figure 5 Contribution of HIF-2a to osteoarthritis development in mice and humans. (a) Cartilage degradation assessed by safranin 0 staining and
expression of Hif-2a, Col10al, Mmp-13 and Vegf by immunostaining (brown) and immunofluorescence (green) in mouse knee joints O and 8 weeks
after creating a surgical osteoarthritis model in 8-week-old wild-type (WT) and EpasI*/~ littermates. Boxed areas in each safranin O-stained or each
immunostained image indicate the regions shown in the enlarged safranin O-stained or immunofluorescent image immediately below. Scale bars,

100 pm. (b) Quantification of osteoarthritis development by our (two left graphs) and OARSI (two right graphs) grading systems. Data are expressed as
means + s.d. #P < 0.05, *P < 0.01 versus WT. (c) Safranin O staining, H&E staining and immunofluorescence with an antibody to HIF-20 in human
tibial cartilages of various degradation stages, subchondral bone (beneath the cartilage with Mankin score = 8) and synovium (around the cartilage
with Mankin score = 8), obtained as surgical specimens of total knee arthroplasty. Scale bars, 100 um. (d) Top, the identified SNP, rs17039192, and
primers used for genotyping (red lines) in the human EPASI gene. CDS, coding sequence. Bottom, association of the rs17039192 (+18C/T) SNP with
knee osteoarthritis (OA) diagnosed on radiographs using the Kellgren/Lawrence grade in a Japanese population. The odds ratio of the susceptibility
allele was 1.44 (95% confidence interval: 1.08-1.92) *p=0.05, **P=0.013. (e) Luciferase activities in chondrogenic SW1353, 0UMS27 and
ATDC5 cells and nonchondrogenic HeLa cells transfected with a luciferase reporter gene construct ligated to a fragment (1,000 bp to +488 bp)
containing +18C or +18T. Data are shown as means + s.d. *P < 0.05 versus 18C.

HIF-1a (Supplementary Fig. 7a,b). Furthermore, the endochon-
dral ossification parameters stimulated by HIF-20. overexpres-
sion in ATDCS5 cells were not inhibited by suppression of RUNX2
through overexpression of a dominant-negative mutant RUNX2
(Supplementary Fig. 7¢).

Finally, to identify the upstream mechanism that regulates
HIF-20a, we performed a screen of transcription factors with the
EPASI promoter fragment including the +18C SNP described above.
Among candidate molecules that are known to regulate chondrocyte
differentiation, such as sex-determining region Y box (SOX), RUNX,
CCAAT/enhancer binding protein (C/EBP), MEF2, SP/Kruppel-
like factor (KLF), activating transcription factor (ATF), cAMP
responsive element-binding protein (CREB), Notch and NF-«xB
family members, we found that v-rel reticuloendotheliosis viral
oncogene homolog A (RELA or NF-kB p65), an essential molecule

of the NF-B signal, showed the strongest activation in all cells
(Fig. 6a). In the EPAS] promoter we identified an NF-xB motif
and found that site-directed mutagenesis in the motif caused sup-
pression of transactivation by RELA (Fig. 6b). The allelic differ-
ence (+18C/T) of the rs17039192 SNP described above also altered
the activation of EPASI promoter by RELA but did not affect it
when the NE-B motif was mutated, suggesting the involvement
of this SNP in the EPASI transactivation and osteoarthritis develop-
ment caused by the NF-kB signal. We further confirmed that the
proinflammatory cytokines tumor necrosis factor-o. (TNF-o)
and interleukin-1B (IL-1pB), putative inducers of the NF-xB
signal?$, increased EPAST expression in cultured chondrogenic cells
(Fig. 6¢). In mouse knee joint cartilage, the expression of Rela was
increased during osteoarthritis development, similarly to Hif-20
expression (Fig. 6d).
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Figure 6 Upstream mechanism that regulates HIF-2c. (a) Luciferase activities after transfections of putative chondrocyte-related transcription factors
into chondrogenic SW1353, OUMS27 and ATDCS5 cells and nonchondrogenic Hela cells with a reporter construct containing a fragment (-1,000 bp

to +488 bp) of the EPASI gene. OSX, osterix; AP2, transcription factor AP-2a; Notch1-ICD, intercellular domain of Notchl; HES1, hairy and enhancer
of split 1. Data are shown as means = s.d. (b) Top, depiction of the NF-xB motif (-983 to —973) in the human EPAS1 gene. Bottom, site-directed
mutagenesis analyses of the luciferase assay in the three chondrogenic cell lines transfected with GFP or RELA. Luciferase activities were compared
with or without mutation in the NF-kB motif and with +18C or +18T of the rs17039192 SNP. Data are shown as means + s.d. *P < 0.05 versus wild-type
NF-xB and 18C with RELA. (c) mRNA levels of EPASI in the three chondrogenic cells cultured with or without TNF-c: or IL-1B (each 1 ng mI~!) for 2 d.
Data are expressed as means +s.d. *P < 0.05 versus control. (d) Time course of degradation in mouse knee joint cartilage, as shown by Safranin O

‘g staining and expression of Rela and Hif-2o by immunostaining and immunofluorescence, respectively, in a surgical osteoarthritis model in 8-week-old

mice. Boxed areas in each of the top images are enlarged in the bottom images directly beneath. Scale bar, 100 pm.

DISCUSSION

Among the sequential steps of endochondral ossification—cartilage
formation, chondrocyte hypertrophy, cartilage degradation, vasculari-
zation and osteogenesis—this study reveals that HIF-20. functions as
an extensive transcriptional regulator of the central three steps. HIF-20.
shares about 50% amino acid homology with HIF-10 (ref. 20), a potent
regulator of cartilage homeostasis'*~'%; however, accumulating evi-
dence has shown distinct expression patterns and functions between
the two HIF proteins'’~2!. HIF-1a is expressed mainly in hypovas-
cular and hypoxic tissues'®1%%°, whereas HIF-20. is expressed even in
vascularized tissues'?’, In cartilage as well, previous studies and our
current study show that HIF-1at is expressed from the early stage of
cartilage formation, and its activity is enhanced by hypoxia'3-163, In
contrast, HIF-20. is expressed mainly in highly differentiated chondro-
cytes, and its function is independent of oxygen-dependent hydroxy-
lation. Likewise, although cartilage-specific knockout of HIF-1a
leads to defects in the earlier stage of cartilage formation and the

later stage of chondrocyte survival and osteogenesis'*~'6, EpasI*/~
mice show growth retardation with defects in the central steps of
endochondral ossification. Hence, HIF-1a and HIF-20 may have
distinct roles via different mechanisms: hypoxia-dependent cartilage
formation and maintenance by HIF-10: and less hypoxia-dependent
endochondral ossification by HIF-20.. We have also confirmed that
neither gain nor loss of function of HIF-20: alters HIF-10: expression
during chondrocyte differentiation, nor does HIF-1a transfection
affect EPASI promoter activity. Furthermore, HIF-1o. hardly stim-
ulates the expression of markers of the central steps of endochon-
dral ossification in the presence or absence of HIF-2a, indicating
independent functions of HIF-10: and HIF-20. at least in the central
steps. However, we do not deny the possibility of interactions between
HIF-1ct and HIF-20 in earlier and later stages of endochondral ossi-
fication. The HIF-20 function may possibly be compensated by
HIF-1otin this earlier stage, as cartilage matrix proteins are not altered
by HIF-2a suppression. In the later or severe stage of osteoarthritic
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cartilage, expression of HIF-20. decreases after reaching a maximum
at the initiation of cartilage degradation in mice and humans, as was
reported in a previous study®!. In this terminal stage, the decreased
HIF-20. expression may enhance autophagy in mature chondrocytes
of osteoarthritic cartilage, as HIF-2a is known to antagonize the
autophagy-accelerator function of HIE-102,

Our study reveals that COL10A1, MMP13 and VEGFA are the direct
transcriptional targets of HIF-20.. The functional relationships in vivo
are supported by previous reports that a deficiency of Mmp13 or Vegfa
in mice causes a skeletal phenotype similar to that in Epasl /= mice,
with elongation of the hypertrophic zone and delay of ossification in
the limb cartilage®!?, although the skeletal phenotypes of Col10al-
knockout mice differs among the reports**-3°. Our further studies
identify RUNX2, IHH, PTHIR, MMP3 and MMP9 as possible tran-
scriptional targets of HIF-20.. We have recently reported that HIF-20:
enhances Runx2 promoter activity*® and that Runx2*'~ mice show
resistance to osteoarthritis development under mechanical instabil-
ity, similarly to Epas1*/~ mice®. However, HIF-20. and RUNX2 may
promote endochondral ossification via independent mechanisms.

There are two mechanisms of osteoarthritis protection: induction
of anabolism or inhibition of catabolism in joint cartilage. The protec-
tion in EpasI*/~ mice is not likely to be due to induction of anabolism,
as the anabolic markers COL2A1 and AGC1 are unaffected in joint
cartilage. Although recent studies have identified ADAMTS5 and
related molecules as key catabolic regulators of osteoarthritis develop-
ment?’-%, neither ADAMTS4 nor ADAMTSS5 is regulated by HIF-20,,
implicating another pathway. Because Mmp13~'~ mice are reported to
be protected from cartilage degradation despite considerable aggre-
can loss after surgical osteoarthritis induction®, similarly to Epas1*/~
mice, the osteoarthritis protection caused by the Hif-2c insufficiency
might occur principally through regulation of Mmp-13.

Suppression of osteoarthritis development was obvious in Epasi*!-
mice, whereas skeletal growth retardation was mild and transient, sug-
gesting that pathological endochondral ossification is more depend-
ent on HIF-20. than is physiological endochondral ossification. As a
trigger of osteoarthritis, mechanical stress may induce the upstream
NE-B signal and HIF-20. expression in joint cartilage, which causes
endochondral ossification by transactivation of COLI0A1, MMP13,
VEGFA and other factors. Recent comprehensive profiling analy
of not only genes and proteins, but also microRNAs, is unraveling
the molecular network underlying osteoarthtitis development®?;
however, we hereby propose that signals in the HIF-2c axis from
NE-«B signaling to endochondral ossification-related molecules may
represent a rational therapeutic target for osteoarthritis with minimal
effects on physiological skeletal homeostasis.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/ naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Cell cultures. We cultured HeLa (Riken BRC), OUMS27 (the Health Science
Research Resources Bank) and SW1353 (American Type Culture Collection)
cells in DMEM with 10% FBS and ATDCS cells (Riken BRC) in DMEM and
F12 (1:1) with 5% FBS, and we performed experiments using these cell lines
as previously described**. We used TNF-cand IL-1P (Peprotech) at final con-
centrations of 1 ng ml™! for 2d.

Construction of expression vectors. We prepared expression vectors for the
luciferase assay and for co-immunoprecipitation in pCMV-HA (Clontech)
and pCMV-3Tag-1A (Stratagene), respectively, and created the dnRUNX2,
dnHIF-20 and HIF-20. mutants at the oxygen-dependent hydroxylation resi-
dues as previously described!*#+4>. We constructed an siRNA vector for the
mouse Epas! gene (nucleotides 1,140-1,160) with pilGENEmU6 vector (iGENE
Therapeutics)*® and pMx vectors*’, retrovirus vectors using pMx vectors*4%,
adenovirus vectors by the AdenoX Expression system (Clontech), and we veri-
fied all vectors by DNA sequencing.

Luciferase assay. We prepared the COLI0A1 promoter region (from —1,028
to +127 bp relative to the TSS), MMPI13 (~1,000 to 0), VEGFA (-1,000 to 0),
RUNX2 (1,480 to 0), [HH (~1,488 to 0), PTHIR (~1,529 to 0), MMP3 (1,551
to +39), MMP9 (-1,775 to +17) and EPASI (-1,000 to +488) by PCR using
human genomic DNA as the template, and we cloned them into the pGL3-Basic
vector or the pGL4.10[luc2] vector (Promega). We created deletion and muta-
tion constructs by PCR, performed luciferase assays with the Dual-Luciferase
Reporter Assay System (Promega) and showed the data as the ratio of the firefly
activities to the Renilla activities.

Co-i ipitation and lian two-hybrid assays. We performed
€O lmmunopreapnatlon with EZ view Red Protein A and anti-FLAG M2
Affinity Gels (Sigma) and mammalian two-hybrid assays with the Checkmate
mammalian two-hybrid system (Promega).

Electrophoretic mobility shift assay. We prepared HIF-20. and ARNTL pro-
teins by in vitro translation with the TNT T7 Quick System (Promega) and the
pCITE4 vector (Novagen), and we performed the EMSA with the DIG Gel Shift
Kit (Roche). Regions of the oligonucleotide probe were as follows: COLI0AL,
from +70 to +111 bp relative to the TSS; MMP13, —125 to —81; VEGFA, -1,002
to —957.

Chromatin immunoprecipitation assay. We performed the ChIP assay in
SW1353 cells with a OneDay ChIP kit (Diagenode). Fori i
we used antibodies to HIF-20. (Santa Cruz Biotechnology) and the normal rab-
bit IgG (Invitrogen). Primer sets, one spanning and the other not spanning the
identified enhancer element, are as follows: COLI0A1, +32 to +249 and -2,131
to —1,900; MMP13, -214 to —29 and 4,797 to —4,551; VEGFA, ~1,000 to -795
and -4,685 to —4,507, respectively.

Mice. We purchased Hif-20.-mutant mice?® from the Jackson Laboratory. In
each experiment, we compared male EpasI*/~ and wild-type littermates. We
performed all experiments according to a protocol approved by the Animal Care
and Use Committee of the University of Tokyo. We isolated primary chondro-
cytes from the ribs of mouse embryos, cultured them in a monolayer for 2 d
and in a pellet for additional 2 weeks in DMEM with 10% FBS and transduced
adenoviruses at 100 multiplicities of infection 4 h before the pellet formation.

Osteoarthritis experiment. We performed the surgical procedure to cre-
ate an experimental osteoarthritis model on 8-week-old male mice as previ-
ously reported* ¢, and we analyzed them 8 weeks after surgery. We quantified

osteoarthritis severity by our original grading system® and by the OARSI system
(06 for grade and 0-24 for score)?, which was assessed by a single observer
who was blinded to the experimental group. We performed histomorphometric
measurements in eight optical fields of the subchondral bones, according to the
American Society for Bone and Mineral Research nomenclature report*.

Human samples. We obtained human samples from individuals undergoing
total knee arthroplasty after obtaining written informed consent as approved
by the Ethics Committee of the University of Tokyo. We histologically assessed
cartilage samples with the modified Mankin scoring system>®>!,

Case-control association study. We recruited individuals over 50 years of
age with (n = 397; mean age, 75.6; range, 53-89) and without (n = 437; mean
age, 73.6; range, 60-87) knee osteoarthritis in a population-based cohort of
the ROAD study?’. We diagnosed osteoarthritis on the basis of radiographic
findings by the Kellgren-Lawrence grading system™ the knee osteoarthritis
population included individuals with grades 3 and 4 and the control population
with grades 0 and 1. After obtaining written informed consent as approved by
the Ethics Committee of the University of Tokyo, we extracted genomic DNA
from peripheral blood leukocytes of individuals using standard protocols. We
searched SNPs around the EPAS1 gene using the dbSNP database, and we geno-
typed the identified SNP by PCR restriction fragment length polymorphism
(RFLP) using Banl as the enzyme. We confirmed that the P value of the Hardy-
‘Weinberg equilibrium test in the control population was higher than 0.01.

Other analyses. We performed real-time RT-PCR, western blotting and his-
tological analyses as previously reported®33, Primer sequences and antibody
information are available upon request.

Statistical analyses. We performed statistical analyses of experimental data with
the unpaired two-tailed Student’s ¢ test. In the case control association study, we
evaluated genotypic and allelic models by the x? test for the Hardy-Weinberg
equilibrium using spreadsheet software (Excel). P values less than 0.05 were
considered significant.
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Abstract

d. We are a multicenter survey on coxar-
thr051s and acetabular dysplasm in Japan. To collect reliable

ascending order, were as follows: acetabular angle, acetabular
head quotient, acetabular roof obliquity, center-edge angle,
approximate acetabular quotient.

lusi For the upcoming multicenter survey, clear

data, we performed a prel y study to elucid the
observer agreement on assessment items.

Methods. We collected radiographs of hip joints in eight
patients with various findings of coxarthrosis. Twelve regis-
tered orthopedic specialists evaluated them regarding the
roentgenographic stage of coxarthrosis and five indexes of
acetabular dysplasia (acetabular angle, center-edge angle,
acetabular roof obliquity, acetabular head quotient, approxi-
mate acetabular quotient). To assess observer agreement, we
calculated the value of the kappa statistic for stages and the
coefficient of variation for the indexes. The same 12 specialists
then assessed the coxarthritis stage on the same radiographs
1 month after the first evaluation based on our own descrip-
tions of the roentgenographic stages.

Results. For the first evaluation of the roentgenographic
stage, the value of the kappa statistic was 0.448; and for the
second evaluation it was 0.600. The results of the coefficient
of variation for the indexes of acetabular dysplasia, ranked in

Offprint requests to: S. Jingushi
Received: July 4, 2008/ Accepted: August 24, 2009

descriptions of the stages of coxarthrosis and selection of
appropriate indexes can be helpful for collecting dependable
results.

Introduction

Coxarthrosis is one of the major diseases that affect the
healthy life-span of a population. To take systematic
measures against it, we should know the actual situation
of patients. There are, however, no nationwide data on
this disorder in Japan. Hence, we are preparing a mul-
ticenter survey under the direction of one of the authors
of this article (S.J.). Because many cases of coxarthrosis
are considered to be secondary to acetabular dysplasia
in this country,’ we are including not only roentgeno-
graphic stages of coxarthrosis but also indexes of ace-
tabular dysplasia in the assessment. Before undertaking
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such a large study and owing to the need for reliable
data from the many institutions, it was necessary (o
examine the reproducibility of the roentgenographic
stage classification and the acetabular dysplasia indexes.
We therefore conducted this preliminary study of
observer agreement on these items because there
had been no such studies to investigate the issue
previously.

Materials and methods

Study 1

One of the authors collected radiographs of the hip
joints of eight patients with various radiological findings
of coxarthrosis. These films had been obtained in his
hospital with patients in a supine position. The target—
film distance was 100 cm, and the X-ray beam was
directed (o the proximal margin of the symphysis pubis.
Personal information was deleted, and a set of duplicate
films were sent to 12 institutions: one in the Hokkaido
region, one in the Tohoku region, two in the Kanto
region, four in the Chubu region, one in the Chugoku-
Shikoku region, and three in the Kyushu region. At
cach institution, one of the authors, a registered ortho-
pedic specialist, evaluated the stage of coxarthrosis” and
calculated five indexes of acetabular dysplasia: acetabu-
lar angle,’ center-edge (CE) angle,’ acctabular roof
obliquity,” acetabular head quotient (AHQ)," approxi-
mate acetabular quotient (AAQ).” Approval was given
by the institutional review board to use the radiographs
of hip osteoarthritis patients that had been obtained
previously.

To determine the stage of coxarthrosis, we employed
the classification proposed by the Japanese Orthopae-
dic Association’s (JOA) committee on evaluation crite-
ria for this condition (Table 1).” Tt defined five groups:
almost normal, prearthrosis, initial stage, advanced
stage, terminal stage. The committee focused on three

Table 1. JOA staging criteria for coxarthrosis

15

roentgenographic features: the width of the joint space,
the structure of the bony architecture, the shape of the
acetabular roof and the femoral head. There was,
however, no description of groups or an authorized
English translation.

Of the roentgenographic indexes of acetabular dys-
plasia, we used the line connecting bilateral teardrops
as the transverse baseline for measurement. To measure
the acetabular angle, the CE angle, the acetabular roof
obliquity, and the AAQ, we identified the edge of the
acetabular roof. When there was a spur at the lateral
margin of the acetabulum, we did not employ the tip of
the spur as a measuring point. Instead, we extended the
Jateral line of the ilium just proximal to the acctabulum
distally and defined the point at the intersection with
the sourcil as the lateral edge of the acetabulum.”

One of the authors, whose institution did not partici-
pate in film reading, performed the statistical analysis.
For the stage of coxarthrosis, he computed the value
of the kappa statistic’ and evaluated the strength of
observer agreement.” For the roentgenographic indexes,
he set up a mixed linear model to calculate the coeffi-
cient of variation. In this model, the observer was viewed
as a random effect, whereas the case, composite of the
film number and the side, and the stage were viewed as
fixed effects. Based on this premise, he calculated the
coefficient of variation using the analysis of variance
(ANOVA). When observers agreed well on the mea-
surement of a certain index, its value of the coefficient
of variation was small.

Study 2

To overcome the difficulty of staging coxarthrosis, we
defined the stages from our own point of view and
selected typical radiographs for reference (Table 2,
Fig. 1). On the basis of this arrangement, the same 12
authors assessed the roentgenographic stage on the
same radiographs again 1 month after Study 1.

Stage" Joint space

0 Almost normal Almost no change

1 Slight incongruity, no narrowing Changes in trabeculae

2 Incongruity, partial narrowing Sclerosis of the acetabulum
3 Incongruity, localized contact of

the subchondral bones
4 Incongruity, extensive
disappearance of the joint space

Bony architecture

Sclerosis of the acetabulum, bone cyst(s)
in the acetabulum or the femoral head
Extensive sclerosis, large bone cyst(s)

Shape of the acetabular roof
and the femoral head

Almost normal

Congenital or acquired
morphological change

Small osteophyte

Steophyte, bone formation on
the acetabular floor

Prominent osteophyte(s).
double floor, destruction of
the acetabulum

Translated by the authors from the original Japanese (ref. 2)
JOA, Japanese Orthopaedic Association
*0, almost normal; 1, prearthrosis:

_initial stage: 3, advanced stage: 4, terminal stage
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Fig. 1. Plain radiographs of the hip joint as references for hips. In: Sugioka Y, Iwamoto Y, editors. Jinnaka's textbook
staging coxarthrosis. a Prearthrosis. b Initial stage. ¢ Advanced of orthopaedic surgery. Tokyo: Nanzando: 2004. p. 809. With
stage. d Terminal stage. (From Jingushi S. Osteoarthritis of permission)
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Table 2. Roentgenographic stages of coxarthrosis defined by the authors

Stage Description

Prearthrosis
osteoarthrosis.”
Initial stage

No arthrotic changes." Morphological changes of the acetabulum and/or proximal femur

related to

One or more arthrotic changes. Possible narrowing of joint space.

The width of joint space is maintained 2 mm or more throughout the weight-bearing area.

Advanced stage Definite narrowing of joint spa

The width is less than 2 mm at the thinnest point. Loss of joint space’

is observed, and the width is less than 15 mm.

Terminal stage

Gross loss of joint space; the width is 15 mm or more.

* Arthrotic changes: joint space narrowing, sclerosis, cyst formation, and osteophytes
"Morphological changes related to osteoarthrosis: acctabular dysplasia, femoral head deformity such as coxa plana, subluxation, and

dislocation

©Loss of joint space: the subchondral bone of the acetabulum is in contact with that of the femoral head

Table 3. Number of answers to roentgenograhic stages (Study

D

Stage”
Film no. Side 0 Oorl 1 2 4
1 Rt 0 2 5 4 0 0
1 Lt 0 1 7 B 0 0
2 Rt 8 3 0 0 0 0
2 Lt 0 0 0 0 7 4
3 Rt 5 3 1 2 0 0
8 Lt 0 0 1 2 8 0
4 Rt 0 0 0 1 10 0
4 Lt 0 0 1 9 1 0
5 Rt 0 0 0 8 3 0
5 Lt 5 2 3 1 0 0
6 Rt 3 3 0 0 0
6 Lt 1 3 7 0 0 0
7 Rt 0 0 0 0 0 11
7 Lt 7 3 0 1 0 0
8 Rt 8 2 0 1 0 0
8 Lt 5 2 2 2 0 0

“See Table 1
Results

Study 1

Roentgenographic stages of coxarthrosis

Eleven researchers reported their first evaluations
(Table 3). Disagreement was most apparent among the
three groups of almost normal, prearthrosis, and the
initial stage. Moreover, two or three observers classified
nine hips as “almost normal or prearthrosis™ (Fig. 2).
Considering the power of statistical analysis, we dealt
with these two categories as one unit. Consequently, the
kappa statistic was calculated as 0.448, and the strength

of agreement was evaluated as “moderate.””’

Roentgenographic indexes of acetabular dysplasia

All 12 researchers reported their first evaluations (Table
4). The value of the coefficient of variation was smallest
for the acetabular angle and increased in the following
order: AHQ, acetabular roof obliquity, CE angle, AAQ
(Fig. 3). Thus, the observers had more agreement on the

Fig. 2. Film no. 1, right hip joint. Five researchers classified

this hip joint as prearthrosis, four as the initial stage, and two
as “almost normal or prearthrosis”

acetabular angle than on the CE angle, which are two
representative indexes.

Study 2

All 12 researchers reported their results (Table 5). In
this study, all rescarchers classified each hip as one of
the five groups. The value of the kappa statistic was
calculated as 0.600, and the strength of agreement was
evaluated as “moderate.”’

Discussion

We found that the kappa statistic for the roentgeno-
graphic stage was as small as 0.448 in Study 1. This may
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Table 4. Roentgenographic indexes of acetabular dysplasia

Indexes
Acetabular Center-edge Acetabular roof Acetabular head Approximate acetabular

Film no. Side angle angle obliquity quotient quotient
1 Rt 464 2.1 108 +3.8 268+ 1.4 0.65 = 0.04 0.19 + 0.04
1 Lt 432425 15.4+£37 202+18 0.69 = 0.06 0.21 £0.05
2 Rt 408 £ 1.1 29.7+£23 104+43 0.83 £0.03 0.26 £ 0.04
2 Lt 512433 -145£19.0 40939 043 £0.11 0.07 £0.02
3 Rt 393+22 27074 35£59 0.79 £0.04 0.30 £0.05
3 Lt 51.3+38 —0.75+8.2 0.51 £0.07 0.16 £0.03
4 Rt 496 +40 5573 0.58 + 0.08 0.21 £0.05
4 Lt 493133 9.6+5.1 0.60 + 0.05 0.22 £ 0.03
S Rt 405£15 15.7+6.1 0.69 +0.03 0.18 £ 0.04
5 Lt 412+26 246+5.7 0.82 +0.02

6 Rt 413+24 263+ 4.5 0.79 £0.02

6 Lt 465126 18.6+ 1.6 0.70 £ 0.02

7 Rt 459+ 14 28+52 0.53 £ 0.03

7 Lt 423+£29 30.6 £4.1 0.85 +0.02

8 Rt 388+23 249+43 0.81 +£0.04

8 Lt 38.5+£2.0 27.4+£39 0.81 £ 0.04

Results are the mean + standard deviation

Fig. 3. Film no. 2, left hip joint. The acetabular angle was
& 3.3%

reported to be 51.2° 145° =

19.0°

and the CE angle was

be attributed to two causes. First, the researchers were
trained in different centers. Fujii et al."’ performed a
similar study using orthopedic surgeons who were
trained in the same university hospital. They reported
the value of the kappa statistic as 0.541. Second, the
classification proposed by the JOA committee’ bears
the intrinsic ambiguity of the roentgenographic stage.

Table 5. Number of answers to roentgenograhic stages (Study
2)

Stage”
Film no. Side 0 Oorl 1 2 8 4
1 Rt 0 3 7 2 0 0
1 Lt 0 1 6 5 0 0
2 Rt 7 3 2 0 0 0
2 Lt 0 0 0 0 9 3
3 Rt 5 1 1 5 0 0
3 Lt 0 0 0 4 8 0
4 Rt 0 0 0 0 12 0
4 Lt 0 0 0 10 2 0
5 Rt 0 0 0 10 2 0
5 Lt 5 2 3 2 0 0
6 Rt 4 3 5 0 0 0
6 Lt 1 3 8 0 0 0
7 Rt 0 0 0 0 0 12
7 Lt 6 2 0 4 0 0
8 Rt 6 3 2 1 0 0
8 Lt 4 3 3 2 0 0

“See Table 1

In fact, several registered orthopedic specialists found
it difficult to distinguish the almost normal hip and the
hip with prearthrosis. To eliminate ambiguity over the
classification, we referred to preceding studies™' and
then defined the stages from our own point of view. For
example, we described the initial stage as the state in
which the reduced joint space is maintained >2 mm
throughout the weight-bearing area. Although the
setting of >2 mm is arbitrary, we regarded the virtual
existence of the articular cartilage as essential to draw
a distinction between the initial stage and the advanced
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stage. We also employed a width of 15 mm loss of joint
space as a provisional boundary value between the
advanced stage and the terminal stage. These refine-
ments substantially improved observer agreement in
Study 2. Our intention here is to define a modified clas-
sification so we can collect dependable results in our
own multiinstitutional study: it is not to propose a new
classification for general use.

Regarding the roentgenographic indexes of acetabu-
lar dysplasia, we obtained an unexpectedly large value
for the coefficient of variation for the CE angle, one of
the most popular indexes. This is probably due to the
fact that we should determine the center of the femoral
head to measure it. Whereas Wiberg showed radio-
graphs in which the femoral head was round,” several
radiographs in our study showed heads that were
severely deformed. According to the coefficient of vari-
ation values, the acetabular angle, AHQ, and acetabu-
lar oblique angle are more reliable for multicenter
surveys than the CE angle or AHQ.

Itis our belief that a clear description of the stages of
coxarthrosis and selection of appropriate indexes can be
helpful for collecting dependable results in our upcom-
ing multicenter survey.
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Abstract

Background. Osteoarthritis (OA) of the hip is a major disease
that affects the healthy lifespan of a population. It is necessary
to fully understand the patients’ conditions before a system-
atic treatment can be applied. However, a nationwide epide-
miological study regarding hip OA has not yet been conducted
in Japan. The present study examined the current status of
patients with hip OA, including the disease etiology.
Methods. This is a multiinstitutional study of new patients
presenting with hip OA at the orthopedic outpatient clinics of
15 institutions in five geographical areas of Japan. The col-
lected data from each patient included the sex, age, treatment
history for developmental dysplasia of the hip (DDH), the
clinical score of the hip joints based on the Japanese Ortho-
paedic Association (JOA) scoring system, and the pelvic incli-
nation according to anteroposterior radiographs. In addition,
the etiology was determined from the following 17 options:
primary OA, acetabular dysplasia, intragluteal dislocation,
osteonecrosis, trauma, Perthes disease, slipped capital femoral
epiphysis, infection, rheumatoid arthritis, ankylosing spondy-
litis, neuroarthropathy, endocrine diseases, metabolic diseases,

Offprint requests to: S. Jingushi
Received: January 13,2010 / Accepted: May 6, 2010

hereditary bone diseases, synovial chondromatosis, general-
ized OA, and others.

Results. There were a substantially larger number of female
patients than male patients. This difference regarding sex was
present in each generation. The mean age of the patients was
58 + 14 years. The peak age at presentation was approximately
50 years. Most patients had no history of therapy for DDH.
The older patients had lower gait and activities of daily living
scores. The etiology was assessed to be acetabular dysplasia in
most of the patients. A lower frequency of elderly patients
demonstrated acetabular dysplasia. The patients who had a
pelvic posterior inclination increased with increasing age.
Conclusions. The patients with hip OA in Japan were unique
in regard to age distribution, sexual heterogeneity, and disease
etiology.

Introduction

Osteoarthritis (OA) of the hip is a major disease that
affects the healthy lifespan of a population. It is neces-
sary to understand the patients’ condition before sys-
tematic treatment can be applied. However, a nationwide
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epidemiological study regarding OA of the hip has not
yet been conducted in Japan, based on the current lit-
erature. In addition, the etiology has been thought to be
unique in Japan, and most OA hips were thought to be
secondary to acetabular dysplasia. This was mainly due
to developmental dysplasia of the hips (DDH) during
infancy. Currently, there are few DDH patients because
prophylaxis, such as improved directions for putting on
diapers, have been carried out. This may result in a
change in the etiology of hip OA in Japan.

Therefore, we planned a study to investigate patients
with hip OA in many institutions located throughout
Japan. Many types of data were collected, including
information both about each patient and about each hip
joint such as the measurements and stage in the radio-
graph. In this report, we focused on the data regarding
each patient, and herein report the current status of
patients with hip OA in Japan, including an investiga-
tion of the disease etiology.

Patients and methods

The present study was a multiinstitutional examination
of the patients with hip OA. Data were collected from
the patients who were newly admitted to the orthopedic
outpatient clinic of each institution. The patients were
limited to those old enough to have hip joints that had
completed closure of the growth plate. The patients
were excluded if they had undergone an operation on
both hip joints after growth plate closure. Osteoarthritis
of the hip was dcfined as a symptomatic hip joint that
had radiological osteoarthritic changes, such as joint
space narrowing, sclerotic changes of the subchondral
bone, osteophyte formation, or a bone cyst. A symptom-
atic hip joint that had a deformity in the joint, such as
acetabular dysplasia or dislocation, but no osteoarthritic
changes was also included.

Data were collected for 9 months after the study had
received approval from the institutional review board
including the one of the first author’s institution. Fifteen
institutions in five areas of Japan participated in this study.
In the Kyushu and Okinawa areas, data from 158 patients
(33%) were collected from four institutions. In the
Shikoku, Chugoku, and Kinki areas, the data from 98
patients (20%) were collected at two institutions. In the
Chubu area, the data from101 patients (21%) in three
institutions were collected. In the Kanto area, the data
were collected from 109 patients (22%) in three institu-
tions. In the Tohoku and Hokkaido areas, data were col-
lected from19 patients (4%) in three institutions. Written
informed consent was obtained from each patient.

The collected data from each patient included the
sex, age, treatment history for DDH, body mass index
(BMI), and the clinical score of the hip joints based on
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the Japanese Orthopaedic Association (JOA) scoring
system. The score was based on pain (40 points), range
of motion (20), gait (20), and activities of daily living
(ADL) (20)." In addition, the etiology was assessed by
the hip surgeon at each institution from the following
17 potential etiologies: primary OA, acetabular dyspla-
sia, intragluteal dislocation, osteonecrosis, trauma,
Perthes discase, slipped capital femoral epiphysis, infec-
tion, rheumatoid arthritis, ankylosing spondylitis, neuro-
arthropathy, endocrine diseases, metabolic diseases,
hereditary bone diseases, synovial chondromatosis, gen-
eralized OA, and others.

The pelvic tilt was calculated based on measurements
from radiographs of the bilateral hip joints according
to a previous report.’ Bricfly, the sagittal pelvic tilt was
calculated from the radiological shape of the pelvic
cavity using the equation: A = —67.0° x L/T + 55.7° in
males and A = —69.0° x L/T + 61.6° in females accord-
ing to the longitudinal/transverse axis length (L/T) ratio
of the radiological shape of the pelvic cavity on the
anteroposterior (AP) radiograph. The equation was
developed by comparing the degree of the sagittal
pelvic tilt to the L/T ratio using human pelvic bones.
According to an original study using radiographs of
normal hip joints, the standard pelvic angle was 19.47°
+ 6.26° in males and 19.97° + 5.93° in females. When
the pelvic angle was >20°, the pelvis was defined as
having a posterior tilt.

The patient’s characteristics, including etiology, were
compared across age categories using a Kruskal-Wallis
test (continuous variables) and a Mantel-Haenszel chi-
squared test (categorical variables). For the compari-
sons across sexes, a Wilcoxon rank sum test and a
chi-squared test were performed. All analyses were per-
formed using a Statistical Analysis System, Version 9.1
software program (SAS Institute, Cary, NC, USA).
Differences with P < 0.05 were considered statistically
significant.

Results

A total of 485 patients were examined, with 433 (89%)
female and 52 (11%) male patients. The mean age was
58 + 14 years (median age 59 years, range 15-85 years).
The number of the patients in each generation peaked
when they were in their fifties. Most patients were in
their fifties (27%), sixties (23%), and seventies (21%)
at the time of presentation. Young patients (<50 years
old) were also included (24%) (Fig. 1).

The mean BMI was 23.4 + 3.7. The mean BMI of
female patients (23.3 +3.6) was lower than that of male
patients (24.8 + 3.9) (P = 0.003, Wilcoxon rank sum
test). The percentage of obesity (BMI = 25.0) among
female patients (26%) was significantly lower than that



628

among male patients (48%) (P = 0.002, chi-squared
test).

Many patients (72%) had no past history of treatment
for DDH. Only 19 patients (4%) had previously under-
gone operative treatment, whereas others (24%) had
received conservative treatment during their childhood.
During every decade of patient age, the patients who
had no past history of DDH treatments were present at
a larger proportion than those who had undergone
DDH treatments (Fig. 2). The older the patient was, the

Number of the cases

o Jo“b vQ'.p Jqdb 6«‘9 )Q%o *Qd.’p
Age (years old)

Fig. 1. Age distribution of the patients
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less the proportion of patients with a past history of
DDH (P < 0.001).

The proportion of patients who had bilateral hip OA
was 56%. The older the patient was, the lower this pro-
portion (P = 0.0002) (Table 1). The mean JOA scores
for patient gait and ADL were 12 + 5 and 14 * 4, respec-
tively. The correlation coefficients between the age and
the gait score and between the age and the ADL score
were —0.46 (P < 0.0001) and —0.50 (P < 0.0001), respec-
tively. The older patients tended to have lower gait and
ADL scores.

The etiology for hip OA was determined to be ace-
tabular dysplasia for most patients (Table 2). Primary
OA was secondary (9%), and the proportions of the
other etiology options were all <2%. This distribution in
etiology was significantly different in female patients
from that in male patients (P < 0.0001). In addition, the
proportion of acetabular dysplasia among female
patients was significantly higher than that in male
patients (P < 0.0001, chi-squared test). The older the
patients were, the lower the proportion of acetabular
dysplasia was (P < 0.0001) (Fig. 3). An etiology of
primary OA was present for 18% and 38% in the
patients who presented in their seventies and eighties,
respectively. The correlation coefficient between the age
and the pelvic inclination angle was 0.42 (P < 0.0001),
and the pelvic inclination angle increased with advanc-
ing age (P < 0.0001). The proportion of the patients who
had a posterior pelvic tilt also increased with increasing
age (P < 0.0001) (Table 3).

m operative treatment

= non-operative treatment

Fig.2. Proportion of patients
who had no history of treat-
ment for developmental
dysplasia of the hip. The
proportion decreased with
decreasing patient age (chi-
squared test: P < 0.001)
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Table 1. Involved side and the clinical scores, by the age of the patients

Parameter <30 Years 30-39 Years 40-49 Years 50-59 Years 60-69 Years 70-79 Years >80 Years P
No. of cases 21 30 68 131 114 100 21

Involved side (no.)

Hemilateral 8 (38%) 7 (23%) 24 (35%) 53 (40%) 57 (50%) 54 (54%) 13 (62%)  0.0002*
Bilateral 13 (62%) 23 (77%) 44 (65%) 78 (60%) 57 (50%) 46 (46%) 8(38%)

Clinical score

Gait" 172+34 17026 128+43 126 4.2 11.0£5.0 9.8+43 6.2+42 <0.0001%*
ADL* 188 £2.0 178 £3.0 152+£39 143 +£35 134 +£3.7 1.6 £34  10.0+28 <0.0001%**
ADL, activities of daily living

*Mean + SD

*Mantel-Haenszel chi-squared test

** Kruskal-Wallis test

#One case was unknown

Table 2. Etiology for osteoarthritis of the hip

Etiology* Total (n = 485) Male (n =52) Female® (n = 433)
Primary OA 44 (9%) 9 (17%) 35 (8%)
Acetabular dysplasia 390 (81%) 29 (56%) 361 (84%)
Others 48 (10%) 14 (27%) 34 (8%)
Bilateral OA of the hip withdifferent etiologies® 3(1%) 0 3(1%)

OA, osteoarthritis

“There were no cases of the following etiologies: slipped capital femoral epiphysis, neurological arthropathy, synovial chondromatosis
"All of the left hips had acetabular dysplasia. In the right hips, there were one and two cases of primary OA and intragluteal dislocation,

respectively

“The difference between the etiologies in male and female patients was significant (P = 0.0001, chi-squared test)

100% -

80% -

60%

40% -

20% -

0% -

D I B Iy 6, 2 &

9 2, 2, 2, a_ A, 9

TN e W % % W
Age (years old)

= except for

acetabular
dysplasia

m acetabular

dysplasia

Fig.3. Proportion of patients
in whom it was determined
that acetabular dysplasia
was the disease etiology. The
proportion decreased with
decreasing patient age (chi-
squared test: P < 0.0001)
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Table 3. Pelvic inclination, by the age of the patients

S. Jingushi et al.: Hip osteoarthritis in Japan

<30 Years 30-39 Years 40-49 Years 50-59 Years 60-69 Years 70-79 Years >80 Years
Pelvic inclination  (n =21) (n=30) (n=68) (n=131) (n=114) (n =100) (n=21) P
Mean + SD 127+60 146+6.1 135+6.7 172+ 6.4 19.8£9.3 228+77 266+73 <0.0001*
<20° 15 (94%) 18 (82%) 51 (85%) 83 (72%) 57 (54%) 34 (37%) 5(28%) <0.0001%*
>20° 1(6%) 4 (18%) 9 (15%) 33 (28%) 49 (46%) 58(63%) 13 (72%)
Unknown 5 8 8 15 8 8 3

*Kruskal-Wallis test
**Mantel-Haenszel chi-squared test

Discussion

The patients with hip OA in Japan cover a broad range
of ages. A peak was observed for patients presenting in
their fifties. Although there were some older patients
(i.e.,in their sixties and seventies and even in their eight-
ies), the number was relatively low compared with those
presenting in their fifties. Several previous reports
regarding the epidemiology of hip OA in Caucasians
have revealed that it is more prevalent for patients pre-
senting at older ages.*” Although the present study was
not intended to clarify the prevalence of hip OA, the
age distribution of hip OA in Japan may therefore be
quite different from that observed in primarily Cauca-
sian countries.

Most patients were female. The number of female
patients was substantially higher than that of male
patients for each age group. The prevalence of hip OA
in Britain is reported to be 11.0% and 4.8% in men and
women aged 60-79 years, respectively.” The prevalence
of female patients with hip OA is lower than that of
male patients in France, whereas the female prevalence
is two to three times higher than the male prevalence in
Japan in the same study.’ In other reports, no differences
were reported between the prevalence of male and
female patients with hip OA.*" This high proportion of
female patients appears to be unique to Japan. The
prevalence of hip OA is also much lower in China
than in the United States." Estrogen receptor genotype
is involved in the prevalence of hip OA.” The sex dis-
parity in this study may depend on either racial or
genetic differences.

The clinical conditions of gait and ADL were worse in
older patients than in younger patients. This is likely due
to the natural course of the OA disease especially in the
weight-bearing joints. In the elderly patients, OA in
the other joints (e.g., knee joints) may also be involved
in the deteriorating gait and ADL clinical scores.

Many patients had no past history of DDH. The pro-
portion of the patients without a DDH treatment history
was >70%. In the patients >60 years of age, the propor-
tion was approximately 80%. DDH often causes acetab-
ular dysplasia during pelvic bone development, which
later in life causes hip OA. The small proportion of

patients with a DDH history in this study suggested that
the acetabular dysplasia after DDH is not the main
etiology for hip OA in Japan.

One limitation of this study is that there may be
patients of hip OA who had been followed up since
their childhood in the institution where the DDH was
treated and who were excluded from this study, espe-
cially among the young patients. However, most of the
patients in this study were in their fifties to seventies. It
is rare that aged patients have been followed since their
childhood by a single institution.

The low prevalence of DDH in recent decades in
Japan appears to be one reason for the low proportion
of hip OA patients with a DDH treatment history espe-
cially among the young patients. Additionally, consider-
ing the high proportion of acetabular dysplasia, there
may be some adult patients with hip OA who unknow-
ingly had acetabular dysplasia that was not recognized
until the presentation of symptoms due to the hip OA.

Bilateral involvement was seen in more than half of
all the patients. It is relatively higher than the 35% and
42% of the previous reports described for European
patients.* The younger patients more frequently had
bilateral involvement. This tendency correlated with the
frequency of acetabular dysplasia, and a relatively high
proportion of bilateral involvement may be involved in
the high proportion of acetabular dysplasia.

In most patients, hip OA was assessed to be due to
acetabular dysplasia. In all the patients with bilateral
OA hips, except for four patients, the etiology in one
hip was the same as in the other. In all four patients
who had bilateral hip OA — but not the same etiology
— at least one hip was assessed to be due to acetabular
dysplasia. Including these patients, the proportion of
the patients whose hip had acetabular dysplasia was
81% in total. These data regarding the etiology of hip
OA were based on the assessment by hip surgeons in
each hospital to evaluate all possible options of the
ctiology for hip OA. In the same series of this study,
the measurements of acetabular dysplasia indexes in
the OA hip joints were carried out in the AP radio-
graphs of the patients. Those data showed similar pro-
portions of the OA hip joints with acetabular dysplasia
to those in this report (data not shown).”



