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in paraffin. Tissue samples from adult mice were decalcified in
20% EDTA for 2 weeks after fixation before being embedded
in paraffin. Sections were stained with 0.1% Safranin O
(orange stain) to evaluate cartilage matrices, and 0.03% fast
green to evaluate morphologic features, as previously de-
scribed (13). In situ hybridization was performed using **S-
labeled riboprobes according to the standard protocol as
described previously (7). Hybridizations were performed at 55°C.

Autoradiography and Hoechst 33528 staining were
performed as previously described (7). For staining with LacZ,
tails from Runx2-heterozygote mice were fixed in 0.2% para-
formaldehyde at room temperature for 30 minutes, and then
stained overnight in X-Gal solution as previously described (7).
The following day, samples were decalcified and processed for
histologic examination.

Immunohistochemistry was performed according to a
standard protocol (7). Anti-Runx1 antibody (14) and anti-
al(X) collagen antibody were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and Cosmo Bio (Tokyo, Japan),
respectively. The anti-Runx2 and anti-Runx3 antibodies have
been described previously (7,15). Six mice per group were
analyzed, and identical phenotypes were observed.

Disc compression of mouse vertebrae and analysis of
IVDs in human patients. The vertebrae of 8-week-old female
WT mice were compressed as described, with minor
maodifications (16). Briefly, the ninth and tenth caudal verte-
brae were percutancously punctured by 0.4-mm stainless steel
pins and transfixed. Subsequently, the pins were instrumented
using elastic springs. After 1-4 weeks, the mice were dissected
and the vertebrae were examined histologically. Four mice per
group were analyzed, and identical phenotypes were observed.

The study protocol involving human patients was ap-
proved by a local ethics committee. Patients with VD degen-
cration were classified according to an established grading
system (17). Patients with moderate disc degeneration (grade 3
to grade 4) (17) gave written informed consent for the collec-
tion of their RNA from the degenerated disc at the time of
surgery. As a control, we used patients with spinal cord injury
whose 1VDs had no detectable damage. RNA was extracted
from the TVD samples and reverse-transcribed. Exprus:on of
Runx2 was quantitatively analyzed by real-time quantitative
PCR.

RESULTS

Comparison of Runxl, Runx2, and Runx3 expres-
sion during mouse skeletal development. As an initial
way lo assess the respective contribution of each of the
3 Runx genes to chondrocyte differentiation, we used in
situ hybridization to study their pattern of expression in
the developing mouse skeletons between embryonic day
12.5 and birth. The identity of the cells expressing each
Runx gene was determined on adjacent tissue sections
using different probes, as follows: al(l) collagen as a
marker of fibroblasts and osteoblasts, al1(II) collagen as
a marker of proliferating and prehypertrophic chondro-
cytes, al(X) collagen as a marker of hypertrophic chon-
drocytes, and Indian hedgehog as a marker of prehyper-
trophic chondrocytes (18). This analysis was performed
in vertebrae and in long bones, since chondrocyte dif-
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ferentiation has been extensively studied on a molecular
level in both of these sites.

At embryonic day 12.5, Runx2 was expressed in
mesenchymal cells of the perichondrium of the verte-
brae (Figure 1A, arrow), but not in cells located in the
vertebral body. Expression of Runx2 was also observed
in cells of Meckel’s cartilage (results not shown). These
results indicate that at this stage of development, Run2
was expressed in prechondrogenic cells. Runx1, at em-
bryonic day 12.5, was expressed in al(IT) collagen—
positive cells of the perichondrium of the vertebrae
(Figure 1A, arrow), as well as in the dorsal root ganglia.
In contrast, Runx3 expression was observed in chondro-
cytes in vertebral bodies (Figure 1A, arrowhead).

The chondrocytes of vertebral bodies strongly
expressed Indian hedgehog (Figure 1A), suggesting that
these chondrocytes were destined to become prehyper-
trophic. At embryonic day 14.5 and at later stages of
embryonic development, Runxl expression in chondro-
cytes was low, whereas Runx2 was expressed in the
prehypertrophic and hypertrophic chondrocytes, and
Runx3 was expressed in the prehypertrophic chondro-
cytes (Figures 1B and C and results not shown).

Results of these analyses demonstrate that all
Runx penes are expressed at some developmental point
in cells of the chondrocyte lineage. However, they have
a complex and dynamic pattern of expression during
chondrogenesis. These observations led us to examine
the role of each of the Runx proteins in chondrogenesis.

Generation of transgenic mice expressing Runxl
or Runx3 in nonhypertrophic chondrocytes throughout
development. We have previously shown that constitu-
tive expression -of Runx2 in nonhypertrophic chondro-
cytes resulted in premature differentiation of hypertro-
phic chondrocytes in long bones and in ectopic
differentiation of hypertrophic chondrocytes in chondro-
costal cartilage (7). The high structural similarity of the
Runx proteins (Figure 2A) and their overlapping ex
pression in chondrocytes (Figure 1) prompted us to
examine the roles of Runxl and Runx3 in chondrocyte
differentiation. To accomplish this, we generated trans-
genic mice expressing either Rumxl or Rumx3 cDNA
under the control of a 3-kb-long fragment of the mouse
al(IT) collagen promoter and its 3-kb-long chondrocyte-
specific enhancer (19) (Figure 2A); these transgenic
mice were termed al(IT)-Ruwnxl and a1(IT)-Runx3 mice,
respectively.

The expression of the transgene in al(lI)-
Runxl or al(IT)-Runx3 mice was confirmed by real-
time quantitative PCR using RNA extracted from
transgenic embryos. Transgene expression was re-
stricted to the cartilage, and the expression level was
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Ectopic hypertrophic chondrocyte differentiation
and endochondral ossification in el(IT)-Runx3 em-
bryos, but not in a1(I1)-Runxl mice. In order to study
skeletal cell differentiation, we first used Alcian blue
alizarin red to stain skeletal preparations (20). Alcian
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cartilaginous matrices, while alizarin red stains showed

mineralization of cartilaginous and bony matric
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Figure 2. A and B, G of ol (IT)-Re ic mice. A, Left, Comp of the st of the Runx proteins, which share a highly
homologous runt domain. Right, Schematic representation of the construct used. Transgenic mice containing Runxl, Runx2AQA (lacking the QA
domain of Runx2), or Runx3 ¢cDNA were generaled under the control of a chondrocyte-specific al (TT) collagen promoter/enhancer (Chond-Enh)
cassette, B, Left, Carrilage-specific expression of each in the al(M)-Runrl and ol (T1)-Runx3 mice. Hypmnthine guanine phosphoribo-
syliransferase (Hpri) amplification was used as an internal control. Right, Quantitari lysis of g gpression by real-time polymerase chain
reaction. Bars show the mean and SD relative ﬁpremnn. C and D, Ectopic and accelerated mineralization of cartilage in al(IT)-Runx mice as
compared with wild-type (WT) mice. C, Alcian t lizarin red ing of sk | prep ns at birth, ling cctopically mincralized arcas in
chondrocostal carrilage (arrow) and accelerated dsondmcrnmtlm mineralization (ar f) in el (ITT)Runx2 and al(1T)-Runx3 mice, both of which
were lacking in WT and a1(IT)-Runx1 mice. D, Left, Histologic analysis of o1(IT}-Runx mice by Safranin O staining of sections through chondrocostal
cariilage, revealing the displacement of cartilage with bone marrow cavity in al (IT)-Runx24QA mice, but not in al(II)-Runxl mice. Right, Alcian
blue/alizarin red staining of skelctal preparations from el (II)}-Runx2A0A mice at 1 month of age, revealing the restricied appearance of ectopic
mineralization (arrow).

The most striking phenotypic abnormality in the
al(I1)-Runx3 embryos prebirth was ectopic calcification
of the rib cage. In WT embryos, the frontal part of the
rib cage, also called chondrocostal cartilage, never min-
eralized during development or throughout life, since
chondroeyte hypertrophy does not occur in this carti-
lage. As a result, chondrocostal cartilage always stained
blue in WT embryos (Figure 2C) and in adult mice. In
contrast, the chondrocostal cartilage of al(IT)-Runx3

embryos stained red, indicating the existence of ectopic
mineralization (Figure 2C, arrow). This phenotypic ab-
normality was identical to that observed in the al(IT)-
Runx2 mice (Figure 2C, arrow), and reflected the pres-
ence of hypertrophic chondrocytes (7). However, the
onset and extent of this phenotype was earlier and more
severe in the al(IT)-Runx3 mice.

In contrast, neither the chondrocostal cartilage
nor the chondrocranium ever stained red in al(Il)-
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Runx] mice at birth (Figure 2C). Consistent with the
absence of ectopic red staining in the Runx1 mice at
birth, histologic examination of the chondrocostal carti-
lage of these mutant mice failed to reveal any evidence
of ectopic chondrocyte hypertrophy (Figure 2D). There-
fore, these results indicate that the different Runx
proteins each possess a distinct potential to induce
ectopic chondrocyte hypertrophy, in which Runx2 and
Runx3 can induce ectopic chondrocyte hypertrophy,
whereas Runx! cannot.

In addition to the ectopic endochondral mineral-
ization observed, there was also premature endochon-
dral ossification in other areas of the skeleton, such as
the chondrocranium, in al(1I)-Runx3 and al (I1)-Runx2
mice (Figure 2C, arrowheads). In the al(IT)-Runx3 mice
at birth, the chondrocranium stained red and the head
circumferences were smaller, whereas the chondrocra-
nium of the WT mice stained blue. In contrast, in the
al(IT)-Runx1 mice at birth, the chondrocranium was
never observed to be mineralized (Figure 2C).

The histologic findings in the growth plate of
al (I)-Runx1 mice were indistinguishable from those in
the growth plate of WT mice at all stages analyzed, in
the embryo and after birth (results not shown). Thus,
Runx3 and Runx2, but not Runxl, possess the ability to
accelerate the normal program of chondrocyte differen-
tiation,

Potentiation of the ability of Runx2 to induce
hypertrophic chondrocyte differentiation via the Runx2
QA domain. A unique glutamine-alanine (QA) motif
is present in the amino-terminus of the runt domain of
Runx2, but not in Runxl or Rum3 (Figure 2A). In
order to address the role of the OA domain in
chondrocyte differentiation, we generated transgenic
mice by inducing expression of a mutant form of
Runx2 (11) in which the QA domain was lacking
(comprising the al(IT)-Runx2AQA group of mice)
(Figure 2A). Surprisingly, these mice also developed
ectopic mineralization, similar to that observed in the
a1 (IT)-Runx2 mice, at 1 month of age (Figure 2D), indi-
cating that the chondrocyte differentiation ability of Runx2
does not lie solely in this domain.

Histologically, the mineralized cartilage in
al(IT)-Runx2AQA mice was ectopically invaded by the
bone marrow cavity (Figure 2D). However, whereas
most of the male al(1T)-Runx2 mice died perinatally (13
of 14 transgenic mice) due to ectopic mineralization of
the rib cage, none of the e1(IT)-Runx2AQA mice (0 of 14
transgenic mice) died before the age of 1 month. More-
over, the extent of ectopic mineralization was signifi-
cantly less severe in al(ll)}-Rwn2AQA mice than in
al(I1)-Runx2 mice. These results suggest that, although

the QA domain of Runx2 is not essential, it does potentiate
the ability of Runx2 to differentiate chondrocytes.

Evidence of IVD degeneration in «1(II)-Runx1
and al(IT)-Runx2 mice. Since al1(1l)-Runx1 mice had a
normal lifespan, we investigated whether Runx1 plays
other roles in the chondrocyte later in life. Surprisingly,
starting at 3 months of age, 52% of the al(II)-Runxl
mice (12 of 23 mice) developed kyphosis and scoliosis
(P < 0.01 versus WT mice); by 6 months of age, all of the
male and female al(Il)-Runxl mice exhibited these
features. In contrast, no such abnormalities were ob-
served in WT mice. Radiographic evaluation revealed
deformities of the vertebrae and IVD degeneration in
the al(IT)-Runxl mice (Figure 3A). This phenotype led
us to analyze the integrity of the TVDs in these trans-
genic mice.

Histologic analysis showed that the IVDs of the
WT mice were composed of 3 different tissue types:
cartilaginous endplate of adjacent vertebrae bodies,
outer annulus fibrosus, which is composed of dense,
spatially oriented al(I) collagen fibrils, and inner
nucleus pulposus, a notochord remnant (21) that is
mostly (80-90%) composed of water (Figure 3B). In
the al(Il)-Runxl mice, there was ectopic accumula-
tion of extracellular matrix in the IVDs at ~3 months
of age (Figure 3B), although the mice had not shown
any abnormalities at 1 month of age (results not
shown). In addition, Schmorl's node, an abnormal
herniation of fibrocartilaginous tissue through the
endplate and, thus, a hallmark of endplate degenera-
tion, was also observed in al(II)-Runxl mice at 3
months of age (Figure 3D, arrow). At 6 months of age,
the organized structure of the annulus fibrosus was
lost, and the inner nucleus was totally replaced by
extracellular matrices and had become dehydrated
(Figure 3B, arrow). Also, clusters of hypertrophic
chondrocytes stained positive by immunohistochemis-
try for a1(X) collagen (Figure 3C, arrow), although
this had never been observed in the WT mice.

To determine whether this was a specific feature
of Runxl or whether other Runx proteins could also
affect the integrity of the IVD later in life, we analyzed
adult a1(1I)-Runx2 mice. Similar to that observed in the
al(IT)-Runx1 mice, the al(IT)-Runx2 mice that survived
perinatally also developed IVD degeneration by 3 months
of age (Figures 3A and B, arrow). Histologically, there
was ectopic differentiation of hypertrophic chondrocytes
in the TVDs of the al(IT)-Runx2 mice (Figure 3C, arrow),
as was observed in the al(I)}-Runxl mice. Collectively,
these results indicate that when the Runx proteins are
overexpressed, they can affect IVD integrity.
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Figure 3. Intervertebral disc (TVD) degeneration in al(IT}-Riwnx] and el (I1)-Rune2 mice. A, Radiographic analysis of the vertebrae at 3 months revealed
marked scoliosis in the T'VDs of al(IT)-Runx mice as compared with wild-type (WT) mice. B-D, Coronally cut sections of the IVDs, along with adjacent
vertebral bodies, were assessed histologically by Safranin O siaining (B and D), and by immunchistochemistry (C), which showed ectopic al(X) collagen
cxpression. Note the progressive degeneration of the IVDs and displacement by extracellular matrix in the ol (IT)-Runxl and al (I1-Rirec2 mice {arrow)
(B and C), and the protrusion of the TVD (arrow) through the endplate into the columnar growth plate (bracket) in al(IT)-Runx] mice (D).

Induction of Runx gene expression in the carti-
laginous endplate following weight loading. The fact
that there were phenotypic abnormalities in adult
al(Il)-Runx! and al(I)-Runx2 mice suggested that the
Runx proteins may have an as yet unappreciated func-
tion in the TVD. To address this question, we first
analyzed the expression of Runx genes in 1VDs during
embryonic development. At embryonic day 16.5, all of
the Runx genes were expressed in specific regions of the

vertebral body and/or the IVD (Figure 4A), Runx! was
mainly expressed in the primary ossification center.
Runx2 was also expressed in the ossification center, in
chondrocytes and cells surrounding the prospective
IVD. Runx3 was specifically expressed in prehypertro-
phic chondrocytes.

We also analyzed the expression of each Runx
protein by immunohistochemistry, which revealed iden-

tical patterns of expression between the 3 proteins
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Figure 4. Expression of Runx? in intervertebral discs (TVDs). Adjacent sections of wild-type mouse embryos at embronic day 16.5 were assessed
by in sinu hybridization using the indicated probes (A), and by immunohistochemical analysis (B and C). Note the expression of Runx2 in the
prospective IVD (bracket) (A and B). Immunohistochemical analysis of the IVDs after birth revealed that Runx2 was not expressed in the wild-1ype

mice at 3 months of age, but was cxpressed at | year (arrow) (C).

(Figure 4B). These analyses showed that Runx2 was the
only member of the family that was physiologically
expressed in the prospective IVD.

We next analyzed Runx2 expression in the IVDs
of WT mice after birth. Whereas the expression of
Runx2 in the IVDs was close to background values at 1

month and 3 months of age (results not shown and

Figure 4C), it had increased in the endplate of the IVDs
of WT mice at | year (Figure 4C, arrow).

Since the overexpression of Runxl or Runx2 led
to degeneration of the VD, and Runx2 protein was
detected in the IVD, we tested whether Runx1 or Runx2
induces IVD degradation in pathologic conditions. To
test this possibility, we analyzed the biomechanical func-
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ion of Runx2 expression by hanical compression

in a mouse model of IVD degeneration. Caudal vertebrae from 2-month-old wild-type mice were compressed by an elastic spring, and then assessed

hy radingraphy (left), histology (middle), and i hi

N b

ychemistry (with Safrunin O staining) (right). The comy d IVDs sh d degy ation

lysis of the expression of Runx proteins in adjacent sections of the

and ectopic al(X) collagen expression (right). B, 1 schemi ical

compressed veriebrae. Note the specific induction of Runx2 in the
collagen. C, Induction of Runr2 mRNA expression by P

of the i vertebrae (; ), with af al(X)

Veriebrae from Runx2 - mice were compressed and analyred by LacZ staining.

Note the specific induction of Runx2 mRNA in the endplate (arrow). D, Up-regulation of Runx2 in human paticnts with IVD degencration.
Quantitative polymerase chain reaction showed that Runx2 expression was significantly up-regulated in patients with VD degeneration compared

with unaffected control subjects.

tion of the TVDs of WT mice in a model of mechanical
stress—induced compression, the most frequent cause of
IVD degeneration. For this test, we transfixed the
vertebral body with steel wire and instrumenting elastics
for 4 weeks (Figure 5A), and compared Runx protein
accumulation before and after compression.

After compression of the TVDs, typical disc degen-
eration was observed, in the form of a damaged endplate
and massive induction of cells positive for type X collagen,
which indicated the appearance of hypertrophic chondro-

cytes (Figure 5A). Runxl expression was undetectable
before and after compression (Figure 5B), suggesting that
Runx1 does not contribute to IVD degeneration under
these conditions. Runx3 expression was observed after
compression, albeit at a very low level (Figure 5B). In sharp
contrast, there was strong induction of Runx2 protein
expression in the endplate after compression (Figure 5B,
arrow). Moreover, cells expressing Runx2 also expressed
a1(X) collagen, indicative of the appearance of hypertro-
phic chondrocytes (Figure 5B).
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We took advantage of the LacZ allele that was
inserted in the Runx2 locus in Runx2*'~ mice. Runx2
messenger RNA (mRNA) expression can be monitored
by LacZ staining in these mice. Before compression, we
were able to observe Runy2 mRNA expression in osteo-
blasts on bone trabeculae and growth-plate chondrocytes,
but not in the endplate, demonstrating that expression of
Runx2 was minimal. Surprisingly, after compression,
numerous LacZ-positive cells were observed in the
cartilaginous endplate (Figure 5C), thus demonstrating
that compression induced Runx2 expression.

Up-regulation of Runx2 in human IVD degener-
ation. Finally, to determine if the induction of Runx2 is
also involved in the development of IVD degeneration
in humans, we analyzed Runx2 mRNA expression in
patients wilth moderate disc degeneration. We collected
RNA from the affected IVDs of these patients, and
compared the RNA levels with those in intact IVDs as a
control. Similar to that observed in the mouse model,
expression of Runx2 mRNA was up-regulated in all
patients with IVD degeneration examined (Figure 5D).
Taken together, these results clearly demonstrate that in
both mice and humans, TVD degeneration is accompa-
nied by induction of Runx2.

DISCUSSION

On the basis of previous findings showing that
Runx2 is an important regulator of chondrocyte hyper-
trophy, we examined the role of other Runx family
members, Runxl and Runx3, in chondrocytes, par-
ticularly in chondrocyte differentiation in vivo, and
compared these results with those obtained for Runx2.
Overexpression of Runxl, Runx2 or Rumx3 in non-
hypertrophic chondrocytes led to skeletal abnormalities,
indicating that the expression of these genes at precise
times during skeletal development and chondrocyte
differentiation is important, and that each gene must
have a distinct role in the differentiation of chondro-
cytes.

In addition to the ectopic mineralization ob-
served, overexpression of Runx1 or Runx2 led to TVD
degeneration. We showed that Runx2 is the only family
member normally expressed in the IVD, and that Runx2
expression, along with chondrocyte hypertrophy, were
induced in a mouse model of IVD degeneration. Finally,
we demonstrated that in human patients with VD
degeneration, Runx2 expression was significantly up-
regulated, thus suggesting that Runx2 contributes to the
pathogenesis of IVD degeneration through the induc-
tion of chondrocyte hypertrophy.

In the present study, Runx1 expression in WT
mice was restricted mostly to progenitor cells that were
not yet committed to either the chondrocyte or the osteo-
blast lineage, a finding consistent with that described in
other reports (22,23). Overexpression of Runx1 in chon-
drocytes does not induce any phenotypic abnormalities
in the growth-plate chondrocyte, suggesting that Runx1
does not play a major role in the differentiation of
these chondrocytes. Interestingly, it has been reported
that forced expression of Rumxl in mesenchymal cells
induced chondrocyte differentiation in vitro (24). This
indicates that the function of Runx1 is possibly required
only in the very early stages of chondrocyte differentia-
tion. However, because the present study used an al(1l)
collagen promoter to drive Runxl expression, and this
promoter is active only in cells that have differentiated
into chondrocytes, we were precluded from testing this
possibility.

Our results also showed that in WT mice, Run3
was expressed in prehypertrophic chondrocytes and, in
contrast to Runx2, its expression did not decrease through-
out embryonic development, suggesting that Riww3 may
play a role in chondrocyte differentiation after birth
(8,9). Previously, Runx3, in conjunction with Runx2, was
shown to regulate chondrocyte differentiation, but the
neonatal mortality of Runx3-deficient mice hampered
any further study of the role of Runx3 in the postnatal
period (9). We recently observed that Runx3-deficient
mice that survived perinatally exhibited impaired longi-
tudinal growth postnatally (Takeda S, et al: unpublished
observations). This observation, together with the ec-
topic mineralization in al(Il)-Runx3 mice, substantiates
the physiologic importance of Runx3 in chondrocyte
differentiation.

The results from the present study also showed
that each member of the Runx family has a distinct
ability to drive chondrocyte differentiation in vivo. No-
tably, only the al(IT)-Runx2 mice developed the pheno-
types of both ectopic mineralization and IVD degener-
ation. This ability of Runx2 to induce both intervertebral
degeneration and growth-plate chondrocyte differen-
tiation could be attributable to its unique expression
pattern or to its ability to recruit specific coregulators.
The latter explanation is more likely, since the Runx-
transgenic mice had distinct phenotypes despite compa-
rable patterns of expression and comparable levels of
each transgene driven by the same promoter cassette in
each mouse. Since the rant DNA binding domain was
observed o be highly homologous with that in other
Runx proteins (Figure 2A), and yet the al(I1)-Run2AQA
mice still exhibited ectopic chondrocyte differentiation
(Figure 2D), it is conceivable that the carboxyl domain
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of Runx2 may interact with specific coregulators to induce
chondrocyte differentiation.

Indeed, many transcriptional regulators have been
found to be associated with the C-terminus of Runx2
(25-29). Of these regulators, Smad3 is the most prom-
ising, since Runx2, but not Runx!l or Runx3, has been
shown to induce osteocalein promoter activity, and this
was inhibited by activation of transforming growth factor
B (TGFg) or Smad3 (30,31). Moreover, mice that either
expressed a dominant-negative form of the TGFgBII
receptor or were deficient in Smad3 developed acceler-
ated chondrocyte differentiation as well as kyphosis
(32,33), which is reminiscent of the phenotype observed
in el (II)-Runx2 mice, Therefore, TGFB/Smad3 signal-
ing and Runx2 may cooperatively regulate chondrocyte
differentiation. This hypothesis would be supported if
Runx2 activity were shown to be increased either in mice
expressing a dominant-negative form of the TGFpII
receptor or in mice deficient in Smad3.

The most interesting and unexpected finding in
the present study was the observation of IVD degener-
ation in both al(IT)-Rwx! and a1(1T)-Runx2 mice. IVD
degeneration is one of the most common degenerative
disorders of the joints (34). Although matrix metallo-
proteinase 3 and a number of matrix genes, such as
type 11 collagen, type IX collagen, and aggrecan, have
been shown to be involved in the pathogenesis of IVD
degeneration, the molecular mechanism is still largely
unknown.

In this study, we demonstrated that Runx2 is
involved in the development of IVD degeneration.
There was substantial evidence to support this conclu-
sion. First, overexpression of Runx2 or Runxl in carti-
laginous endplates induced TVD destruction. Second,
weight loading, which is clinically a major cause of [IVD
degradation, induced expression of Ruwnx2, but not that
of Runxl, in the endplate of WT mice. Third, Runx2
expression coincided with the region of degradation of
extracellular matrices in WT mice. We showed that
Runx2 protein was expressed in older WT mice, but not
in young mice; this coincided with the timeframe over
which some of the WT mice developed IVD degrada-
tion. Finally, Runx2 expression was clearly induced in the
degraded IVD in human patients. «

Notably, the phenotypic abnormalities observed
in cel (IT)-Runxl- or al(IT}-Runx2—transgenic mice did
not completely recapitulate the phenotype observed in
human patients with IVD degeneration. Nevertheless,
although the phenotype was much milder in mice with
mechanical stress—induced IVD degeneration, it still led
to concurrent expression of Runx2 in the mice. In fact,
histologically, these mice exhibited degenerated nucleus
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pulposus without IVD height abnormalities, equivalent
lo the grade 3 to grade 4 TVD degeneration (17)
observed in human patients. Collectively, our observa-
tions in mice and humans strongly support the hypothe-
sis that Runx2 is intimately involved in IVD degradation
and may even physiologically initiate the process.

The molecular mechanism by which mechanical
loading induces expression of Runx2 in the IVD is
unknown. However, it has been reported that mechani-
cal loading induces Runx2 expression in osteoblasts
through the MAP kinase pathway (35), and this same
pathway may also be involved in the Runx2 expression
observed in IVD degeneration. Given the prevalence of
IVD degeneration in humans, an approach involving
manipulation of the activity or expression of Runx2 or its
downstream genes may be an attractive proposition as a
novel therapy for these types of conditions.
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Prevention of Cartilage Destruction With
Intraarticular Osteoclastogenesis Inhibitory Factor/Osteoprotegerin
in a Murine Model of Osteoarthritis

Sadanori Shimizu,' Yoshinori Asou,’ Soichiro Itoh,' Ung-il Chung,” Hiroshi Kawaguchi,’
Kenichi Shinomiya,' and Takeshi Muneta’

Objective. To investigate the effect of osteoclasto-
genesis inhibitory factor/osteoprotegerin (OPG) on
chondrocytes in the development of osteoarthritis (OA)
in vivo.

Methods. To determine the role of endogenous
OPG in the progression of OA, OA was surgically
induced in OPG*'~ mice and their wild-type (WT)
littermates. To determine the role of exogenous OPG,
knee joints of C57BL/6] mice with surgically induced
OA were injected intraarticularly with recombinant
human OPG (rHuOPG) or vehicle 5 times a week. All
mice were enthanized 4 weeks after OA induction; joints
were harvested and evaluated immunohistochemically.

Results. Although OA changes were induced in
both WT and OPG™'~ mice, the degenerative changes in
the articular cartilage were significantly enhanced in
OPG*'~ mice. In CSTBL/6] mice with surgically in-
duced OA, intraarticular OPG administration protected
the articular cartilage from the progression of OA. The
Mankin and cartilage destruction scores in OPG-
treated animals were —50% of those seen in the control
group. Furthermore, OPG administration significantly
protected articular cartilage thickness. Findings of the
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TUNEL assay indicated that rHuOPG prevented chon-
drocyte apoptosis in joints with surgically induced OA.
Results of immunostaining indicated that OPG protein
was detected in the synovinom and in resident chondro-
cytes at higher levels in the OPG-treated group than in
the control group.

Conclusion. These data indicate that endogenous
OPG had a protective effect against the cartilage de-
struction that occurs during OA progression. Further-
more, direct administration of rHuOPG to articular
chondrocytes prevented cartilage destruction in an ex-
perimental murine model of OA via prevention of chon-
drocyte apoptosis.

Osteoarthritis (OA), a chronic degenerative joint
disorder characterized by articular cartilage destruction
and osteophyte formation, is a major cause of disability
worldwide (1). OA risk factors identified by previous
epidemiologic studies are age, history of trauma, occu-
pation, and sex. Since these factors are closely related to
the mechanical load placed on joints, OA is thought to
be induced primarily by accumulated mechanical stress
(2). Although several symptomatic therapies have been
attempted for OA, no radical treatment methods have
been established, with the exception of arthroplasty. In
OA, articular chondrocytes appear to be eliminated by
apoptosis (2,3). The number of apoptotic cells in the
articular cartilage of OA patients was found to be
significantly higher than the number in healthy subjects
(4). In addirion, chondrocyte apoptosis has been repro-
duced in animals with experimentally induced OA (5).

Osteoclastogenesis inhibitory factor/osteo-
protegerin (OPG) is a heparin-binding basic glycopro-
tein that was originally purified from the conditioned
medium of the human embryonic lung fibroblast line
IMR-90 (6). OPG is a secreted member of the tumor
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necrosis factor (TNF) receptor family that functions as a
decoy receptor for RANKL (6-8), serving to inhibit
osteoclastogenesis and accelerate osteoclast apoptosis
(9,10). OPG deficiency in mice causes severe bone loss
and destruction of internal bone structures through an
unbalanced shift in favor of osteoclast differentiation,
but without other abnormalities (11-13). Homozygous
OPG knockout (OPG™") mice also exhibit unusual bone
formations associated with severe destruction of growth
plate cartilage (14,15). The proximal epiphyses of the
femurs and humeri in OPG™ mice exhibit resorption of
subchondral bone and collapse of the joint surface
resulting from mechanical damage at the end of the
bone (13). Inactivating mutations in TNFRSF11B, the
gene that encodes OPG, result in juvenile Paget’s dis-
ease (16). Polymorphisms in OPG also increase the risk
of developing Paget's disease (16). Patients with Paget's
disease exhibit a wide range of clinical manifestations,
including bone pain, fracture, hearing loss, syndromes of
neurologic compression, and secondary OA (17).

RANK, RANKL, and OPG messenger RNA
(mRNA) and proteins are expressed in normal cartilage.
Cartilage from patients with OA contains increased
levels of OPG mRNA, and the expression of these 3
proteins extends into the midzone of the cartilage
(18,19). OPG is expressed in the synovial tissues of
patients with rheumatoid arthritis, spondylarthropathies,
and OA (19). OPG expression by chondrocytes is in-
creased in response to in vitro stimulation with
interleukin-18, the proinflammatory cytokine expressed
in OA joints (18), implying the existence of OPG targets
within the joint space, in addition to the subchondral
area.

The function of OPG that is expressed during OA
pathogenesis is poorly understood. In this study, we
investigated the effects of OPG on chondrocytes during
OA development in vivo. We demonstrated that endog-
enous OPG functions in the prevention of articular
cartilage degradation in a mechanical stress-induced
animal model of OA. Furthermore, we found that direct
administration of exogenous OPG to articular chondro-
cytes effectively retarded the progression of OA via
suppression of chondrocyte apoptosis.

MATERIALS AND METHODS

Animals. C5TBL/6] mice (8-10 weeks old) were pur-
chased from Sankyo Labo (Tokyo, Japan). Mice heterozygous
for the OPG gene mutation, OPG/Jcl, on a CSTBLJG] back-
ground were purchased from Japan Clea (Tokyo, Japan).

Surgical induction of OA. All experiments were per-
formed according to a protocol approved by the Animal Care

and Use Committee of Tokyo Medical and Dental University.
With the mice under general anesthesia, the right knee joint
was surgically exposed. The medial collateral ligament was
transected, and the medial meniscus was removed using a
surgical microscope with microsurgical technique, as previ-
ously reported (1). The left knee joint was sham-operated,
without ligament transection or meniscectomy.

Reagents. Recombinant human OPG (rHuOPG) was
kindly provided by Biological Research Laboratories, Daiichi
Sankyo (Tokyo, Japan).

Experimental design. Surgical induction of OA in
OPG"'~ mice. OPG*'~ mice (n = 7) and their wild-type (WT)
litermates (n = 7) (ages 8-12 weeks) were surgically induced
to develop OA by medial collateral ligament transection and
medial meniscectomy. Four weeks after surgery, the mice were
euthanized.

Intraarticular administration of rHuOPG. After surgical
induction of OA, C57BL/6J mice (n = 14) were divided into 2
groups, The OPG-treated group (n = 7) was administered 100
ng of rHUOPG in 10 ul of phosphate buffered saline (PBS)
intraarticularly 5 days a week beginning on postoperative day 1
and conlinuing for 4 weeks after the operation, The control
group (n = 7) received 10 pl of PBS intraarticularly according
to the same schedule as in the OPG-treated group. Four weeks
after surgery, the animals were euthanized.

Assessment of the severity of OA. Whole knee joints
were removed by dissection, fixed in 4% paraformaldehyde,
and decalcified in EDTA. After dehydration and paraffin
embedding, we cut serial 5-pum sagittal sections from the whole
medial compartment of the joint. Two sections obtained at
100-pm intervals from the weight-bearing region of each knee
joint were stained with Safranin O-fast green. OA severity in
the tibial plateau was evaluated according to Mankin's histo-
logic grading system (20,21), and a cartilage destruction score
was also assigned (1). The thickness of the articular cartilage
layer was measured as the average distance from the superfi-
cial layer to the osteochondral junction of the tibia. Quantita-
tive determination of the articular cartilage thickness and bone
volume in subchondral bone was made using Image-Pro Plus
4.1 soltware (Media Cybernetics, Carlsbad, CA).

Immunohistochemical analysis. Expression of OPG
and TRAIL at the protein level was examined by immunohis-
tochemistry using an anti-mouse OPG antibody (N-20; catalog
no. sc-8468) or an anti-mouse TRAIL antibody (K-18; catalog
no. 5c-6079) according to the manufacturcr’s instructions
(Santa Cruz Biotechnology, Santa Cruz, CA). Briefly, sections
were blocked with 5% normal rabbit serum for 30 minutes,
then incubated overnight with anti-mouse OPG antibody (1:
100 dilution) or with anti-mouse TRAIL antibody (1:20 dilu-
tion) at 4°C in a humidified chamber. Sections were incubated
for 30 minutes at room temperature with a biotinylated rabbit
anti-goat IgG and visualized by peroxidase-conjugated avidin
and diaminobenzidine using a Vectastain kit (Vector, Burlin-
game, CA).

TUNEL assay. The TUNEL assay was performed using
a TUNEL detection kit according to the manufacturer’s in-
structions (Takara Shuzo, Kyoto, Japan). Briefly, sections were
incubated with 15 pg/ml of proteinase K [or 15 minutes al
room temperature, then washed with PBS. Endogenous per-
oxidase was inactivated with 3% H,0. for 5 minutes at room
temperature. After washing with PBS, sections were immersed
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in buffer containing deoxynucleotidyl transferase and biotinyl-
ated dUTP and incubated for 90 minutes at 37°C in & humid
atmosphere. After washing in PBS, signals were examined by
fluorescence microscopy.

Statistical analysis. Data are expressed as the mean =
SD, Statistical analysis was performed with the Mann-Whitney
U test. P values less than 0.05 were considered significant.

RESULTS

Enhancement of cartilage destruction by OPG
heterozygous deficiency in an experimental OA model.
To determine the role of endogenous OPG in the
progression of OA, we compared histologic features in
the knee joints of OPG-deficient mice with those in their
WT littermates. Histologic sections of the knee joints of
young adult homozygous OPG-knockout (OPG™) mice
(8 weeks old) exhibited significantly thinned articular
cartilage layers, active infiltration of vessels into sub-
chondral bone, and irregularity of the osteochondral
junction as compared with knee joints from OPG''~
mice and WT littermates (Figures 1A-C). With aging,
cartilage degradation was found to be enhanced in
OPG™ mice and even in OPG"'~ mice (Figures 1D-F),
which suggests that sufficient levels of OPG expression
are essential for the prevention of age-dependent carti-
lage degradation. However, it was unclear whether OPG
affected chondrocyte metabolism directly or whether it
was affected indirectly through osteoclastic erosion of
subchondral bone via RANK signaling, since subchon-
dral bone was apparently reduced in OPG™ mice.

WT OPG * OPG +
Young
adult
. ——
Oid
(6 months)

Figure 1. Histologic findings in the knee joints of young aduit (8-
week-0ld) znd old (6-month-old) osteoprotegerin (OPG )-deficient
mice and their wild-type (WT) littermates. Compared with the
OPG™ (B) and WT (A) littermates at 8 weeks of age, the OPG™
mice (C) exhibited thinning of the articular cartilage layers, active
infiltration of vessels inlo subchondral bone (arrows), and irregularily
of the ostcochondral junction. At 6 monihs of age, signs of enhanced
cartilage degradation were observed in the OPG-deficient mice, such
as superficial fibrillation (E) (arvowhead) and proteoglycan defects (F)
(arrows). as compared with their WT littermates (D).
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Therefore, we used young adult OPG™~ mice in our
experimental model of OA to avoid the effect of the
subchondral bone defect and to examine the effects of
OPG insufficiency on cartilage.

We compared the rates of progression and the
severity of OA in OPG"'~ mice subjected to medial
collateral ligament transection and medial meniscec-
tomy to induce OA (1) with those in their WT litter-
mates. Both the structure of the articular cartilage and
the total bone volume were similar in OPG*/~ mice and
WT littermates at the ages examined (8-12 weeks old).
Mice were euthanized 4 weeks after the operation, and
the knee joints were harvested and evaluated histologi-
cally.

Destruction of the medial tibial cartilage was
observed in WT littermates, as reported previously (1)
(Figure 2A, parts a and c). Histologic evaluation re-
vealed that degenerative changes of the articular carti-
lage were enhanced in OPG™'™ mice as compared with
WT littermates (Figure 2A, parts b and d). Both the
Mankin scores (Figure 2B) and the cartilage destruction
scores (Figure 2C) in OPG*'~ mice were 25% higher
than those in the WT littermates (P < 0.05). The
morphology of subchondral bone structures was not
affected by OPG haploinsufficiency (Figure 2A, parts c
and d). Cartilage thickness, however, was significantly
reduced (P < 0.05) in OPG"'~ mice (Figure 2D),
indicating that endogenous OPG plays an important role
in the maintenance of articular cartilage during the
development of mechanical stress—induced OA.

Prevention of cartilage destruction in an experi-
mental OA model by exogenous OPG administration.
To examine whether exogenous OPG prevents cartilage
destruction independently of the protection of subchon-
dral bone structures, we administered rHuOPG by in-
traarticular injection to induce OA surgically in
C57BL/6] mice. We chose this method because systemic
administration of OPG may affect subchondral bone
metabolism via the suppression of osteoclastogenesis.
Medial collateral ligament transection and medial me-
niscectomy to induce OA were performed on the right
knees of all mice; sham operations were performed on
the left knees. OPG or vehicle alone was injected
intraarticularly 5 days a week beginning the day after the
operation, and all mice were euthanized 4 weeks after
the operation,

Histologic investigation indicated that OPG ad-
ministration protected the articular cartilage from pro-
teoglycan depletion, alterations of surface structure, and



PREVENTION OF CARTILAGE DESTRUCTION WITH OPG IN MURINE OA 3361

WT OPG *

wT oPG *+

Figure 1. Histologic analysis of surgically induced osteoarthritis (OA)
in the knee joinis of young adull usicoprotegerin (OPG)-deflicient
mice and their wild-type (WT) littermates. OA was surgically induced
in mice ages 8-12 weeks, and knee joints were harvested 4 weeks later,
A, Sections of articular cartilage from WT (a and ¢) and OPG'/

(b and d) mice were stained with Safranin O Lo detect proteoglycans
Degenerative changes in the articular cartilage were enhanced in
OPG*’" mice (b) as compared with their WT littermates (a). Mor-
phologic [eatures of the subchondral bone were similar in the WT
(¢) and OPG''~ (d) mice. Boxed and labeled arcas in a and b are
shown at higher magnification in ¢ and d, respectively. B and C,
Histologic changes in the OA joints were assigned Mankin scores
(B) and cartilage destruction scores (C). Scores in the OPG*"
mice were 25% higher than those in their WT littermates. D, Mean
cartilage thickness in OA joints was measured as the average distance
from the superficial layer to the osteachondral junction of the tihia
The mean cartilage thickness was significantly reduced in OPG*™
mice as compared with their WT littermates. Values in B-D are the
mean and 5D of 7 mice per group. » = P < (.05 by Mann-Whitney
U test.
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Control rhOPG

Figure 3, Histologic analysis of surgically induced osteoarthritis (OA)
in the knee joints of mice after administration of recombinant human
osteoprotegerin  (fHuOPG) or vehicle. Intraarticular injection of
rHuOPG (thOPG) or vehicle alone (control) into mouse knee joints
was performed 5 limes a week beginning the day afler surgery and
continuing for 4 weeks thereafter. A, Sections of articular cartilage
from the knee joints of control (a and ¢) or OPG-treated (b and d)
mice were stained with Safranin O to detect proteoglycans, Degener-
ative changes in the articular cartilage were reduced in OPG-treated
mice as compared with the controls (a~d). Morphologic features of the
subchondral hone were similar in the control (¢) and OPG-treated (d)
mice. Boxed and labeled areas in m and b are shown at higher

agnification in ¢ and d, respectively. B and C, Histologic changes in
the OA joints were assigned Mankin scores (B) and cartilage destruc-
tion scores (C). Scores in the OPG-treated mice were less than 505 of
those in the controls. D, Mean cartilage thickness in OA joints was
measured as the average distance from the superficial layer to the
osteochondral junction of the tibia. The mean cartilage thickness was
significantly reduced in the OPG-treated group as compared with the
controls. Values in B-D are the mean and SD of 7 mice per group
# = P < 005 by Mann-Whitney U test.
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clustering of chondrocytes (Figure 3A, parts a-d). At
this time point, Mankin scores (Figure 3B) and cartilage
destruction scores (Figure 3C) in OPG-treated animals
were ~50% of those seen in the control group (P <
0.05). Thus, OPG administration significantly protected
the articular cartilage thickness (Figure 3D). The struc-
ture and bone volume (mean £ SD bone volume/total
volume 56.79 % 12% in the control group versus 59.18 +
22% in the OPG-treated group) of subchondral bone
were not affected by intraarticular administration of
OPG, as was expected (Figure 3A, parts ¢ and d). The
number of osteoclasts in the subchondral region
(mean = SD 4.4 = 1.1/mm in the control group versus
44 = 1.2/mm in the OPG-treated group) was also
similar between these groups, indicating that exogenous
OPG protected the articular cartilage from degradation
in a manner that was independent of the protection of
subchondral bone.

Prevention of chondrocyte apoptosis in an exper-
imental OA model by exogenous OPG administration.
Chondrocyte apoptosis is increased in OA cartilage and
is anatomically linked to proteoglycan depletion (2,3).
These observations prompted us to investigate the effect
of OPG administration on chondrocyte apoptosis. We
injected rHuOPG or vehicle alone into the knee joints of
C57BL/6] mice with surgically induced OA for 5 days a
week beginning on postoperative day 1 and continuing
for 4 weeks. Knee joints were then examined after
TUNEL staining. TUNEL-positive cells were abundant
among the chondrocytes present in control mice with
surgically induced OA that had received only PBS
injection (Figure 4A, part a). In contrast, TUNEL-
positive cells were rare in joints injected with rHuOPG
(Figure 4A, part b). The number of TUNEL-positive
chondrocytes in the joints of the OPG-treated group
was almost one-third of that in the control group (P <
0.05) (Figure 4B). These data indicated that the anti-
apoptotic effect of OPG functions to protect the articular
cartilage,

Expression of OPG and TRAIL in chondrocytes
of mice with experimentally induced OA. Immunohisto-
chemical analysis indicated that while OPG could be
detected in synovial cells and chondrocytes, OPG pro-
tein was observed at higher levels in the peripheral
layers of OA joint cartilage and synovial tissue following
OPG administration (Figure 5A). One of the OPG
ligands, TRAIL, has also been observed in chondrocytes
and synovial tissues from OA joints (18,19,22). More-
over, TRAIL is known to induce chondrocyte apoptosis
in vitro (22,23). Our immunochistochemical analysis also

SHIMIZU ET AL

TUNEL positive cells

rhOPG
Figure 4. Analysis of apoptosis in TUNEL-stained sections of carti-
lage from mice with surgically induced osteoarthritis (OA) after
intraarticular administration of recombinant human osteoprotegerin
(rHuOPG) or vehicle. Intraarticular injection of tHuOPG (rhOPG) or
vehicle slone (control) into mouse knee joints was performed 5 times
a week beginning the day after surgery and continuing for 4 weeks
thereafter. A, TUNEL staining of OA cartilage sections was examined
by darkfield (a and b) and brightfield (¢ and d) microscopy. The
number of TUNEL-positive cells was increased in knee joint cartilage
from control mice (a) but was significantly reduced in knee joint
cartilage from mice injected with rHuOPG (b). B, The number of
TUNEL-positive cells per section of OA cartilage was determined

under fluorescence microscopy. Values are the mean and SD of 5 mice
per group, + = P < .05 by Mann-Whitney U test

Control

indicated that TRAIL was expressed in chondrocytes.
TRAIL-positive chondrocytes were primarily detected
in the periphery of the joint cartilage in OPG-treated
animals (Figure 5B, part b), whereas they were present
in the middle and deep zones of the joint cartilage, with
hypertrophic differentiation, in control animals (Figure
5B, part a). The expression patterns of OPG and TRAIL
overlapped significantly in the OPG-treated group (Fig-
urc 5A, part f, and Figure 5B, part b). These results
suggest that exogenous OPG protected the articular chon-
drocytes by inhibiting TRAIL-induced apoptosis in vivo.
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Figure 5. Expression of osteoprotegerin (OPG) and TRATL in chon-
drocytes from mice with surgically induced osteoarthritis (OA) after
intraarticular administration of recombinant human osteoprotegerin
(rHuOPG) or vehicle. Intraarticular injection of rHuOPG (rhOPG) or
vehicle alone (control) into mouse knee joints was performed § times
a week beginning the day after surgery and continuing for 4 weeks
thereafter. A, OPG protein was present at high levels in synovial cells
(d) and cartilage chondrocytes () in sections from rHuOPG-treated
mice, whereas only trace amounts of OPG protein were observed in
control animals (a, ¢, and ¢). Control chondrocytes (e) showed
hypertrophic changes as a result of OA progression, as compared with
chondrocytes from rHuOPG-treated mice (). Boxed and labeled areas
in a and b are shown at higher magnification in ¢ and € and in d and
[, respectively. B, TRAIL expression was also ohserved in the cartilage
chondrocytes of control (a) and OPG-treated (b) mice with surgically
induced OA.

DISCUSSION

This study revealed the effects of reductions of
endogenous OPG activity on the progression of
instability-induced cartilage destruction in mice het-
erozygous for an OPG gene mutation. Previous studies
have indicated that OPG™ mice demonstrate severe

destruction of growth plate cartilage and growth plate
cartilage loss-induced epiphyseal and metaphyseal tra-
becular bone formation (14,15). Histologic examination
revealed that at 8 weeks of age, OPG™ mice exhibited
irregular articular cartilage, including markedly thinned
cartilage layers and invasion of the vasculature into the
calcified layer (Figure 1C); in contrast, the articular
cartilage of young adult OPG '/~ mice was intact at this
age (Figure 1B). Although OPG*'~ mice exhibit a
significant loss of total bone density compared with their
WT littermates hx the age of 6 months (mean = SD
487.6 = 27 mg/em” versus 521.2 + 29 mg/em™; P < 0.05),
bone volume is comparable in young adult OPG*/~ and
WT mice at the ages evaluated in these experiments
(13).

Since subchondral bone metabolism is important
for the maintenance of articular cartilage (24), we chose
young adult OPG*/~ mice as our experimental OA
model in which to examine the effects of OPG haplo-
insufficiency in chondrocytes on cartilage metabolism.
After induction of OA in OPG™'~ mice and their WT
littermates, the OPG™~ mice exhibited severe articular
cartilage degeneration as compared with the WT mice.
This observation indicated that adequate OPG was
required for the maintenance of cartilage and the pre-
vention of mechanical stress-induced cartilage degener-
ation, The observation that the subchondral bone struc-
tures in OPG*'~ mice and their WT littermates were
histologically indistinguishable suggested that endoge-
nous OPG likely plays only a minimal role in subchon-
dral bone tumnover in the acute phase of OA progression,

We also demonstrated that intraarticular admin-
istration of exogenous OPG effectively protected the
articular cartilage from degradation. Although previous
reports suggested a protective effect of OPG on cartilage
in arthritis models, systemically administered OPG pro-
tected both the articular cartilage and articular bone
(25-28). Therefore, it was unclear whether in arthritis,
OPG affected chondrocyte metabolism directly or indi-
rectly through osteoclastic bone erosion of subchondral
hone via RANK signaling (27). To study this, we admin-
istered rHuOPG intraarticularly, which revealed the
direct effect of this substance on articular chondrocyte
metabolism.

TRAIL, one of the ligands for OPG, was also
expressed in chondrocytes, as reported previously (22),
regardless of OPG administration. OPG binds to
TRAIL, a death domain—containing type II transmem-
brane protein member of the TNF superfamily (29,30).
TRAIL constitutes a family of ligands that transduces
death signals through a death domain-containing recep-
tor (31). OPG inhibits TRAIL-induced apoptosis in
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Jurkat cells (29) and endothelial cells (32). TRAIL also
induces chondrocyte apoptosis in vitro; its expression is
increased in the chondrocytes of rats with experimen-
tally induced OA (22). In this study, OPG was observed
in TRAIL-expressing chondrocytes and synovium in
OPG-treated animals. These findings are consistent with
the hypothesis that exogenously administered OPG pre-
vents chondrocyte apoptosis in our model of surgically
induced OA. Although inhibition of the TRAIL pathway
by OPG may be one of the potent mechanisms of OA
prevention of OPG, the target of OPG is still to be
elucidated.

The concentration of OPG we used was deter-
mined according to previous observations in endothelial
cells (32), where endothelial cell apoptosis induced by
serum deprivation was blocked by OPG concentrations
=05 pg/ml. The appropriate concentration of OPG will
need to be determined for any future clinical applica-
tions.

TUNEL staining revealed that OPG administra-
tion significantly suppressed chondrocyte apoptosis. Ex-
ogenous OPG was confined to the cartilage and syno-
vium; the subchondral bone volume and wvascular
invasion were not affected by intraarticular OPG admin-
istration. These observations indicated that the chondro-
protective effect of OPG was independent of the sub-
chondral bone protection.

To investigate the function of OPG in articular
chondrocyte metabolism, we used an experimental
stress-induced murine model of OA that is reproducible
and closely resembles OA in humans (1). The combina-
tion of medial collateral ligament transection and medial
meniscectomy induced medial tibial cartilage destruc-
tion within 4 weeks. The early changes in the articular
cartilage after surgery resulted from a defect in the
superficial zone and corresponded to a decrease in
Safranin O staining. These initial findings were followed
by progressive cartilage destruction in a manner identi-
cal to that reported for OA pathology in humans as
determined by arthroscopic and histologic analyses
(33,34). Along with the catabolic changes, the anabolic
reactions of chondrocyte proliferation and subchondral
sclerosis were also observed in our model.

The findings of this study cannot rule out the
importance of subchondral bone metabolism in articular
cartilage protection. Although articular chondrocytes do
not have an intact RANK signaling apparatus, RANKL-
deficient mice have been shown to be protected from
bone erosion in a serum-transfer model of arthritis (35),
indicating that OPG protects articular cartilage via
maintenance of subchondral bone. In the rat inflamma-

SHIMIZU ET AL

tory arthritis model, systemic administration of OPG
preserved articular cartilage (25,27). While significant
chondroprotection was observed in mildly inflamed
joints following administration of Fc-OPG, no signifi-
cant protection was seen in the more severely inflamed
joints of rats treated with OPG. Similarly, in a serum-
transfer model of arthritis, RANKIL-deficient mice ex-
hibited cartilage loss despite protection from bone ero-
sion and despile partial inhibition of cartilage
destruction (35). In these experiments, OPG was admin-
istered systemically; intraarticular OPG levels were not
affected (27). Administration of OPG both systemically
and intraarticularly may have an additive effect on
chondrocyte protection in arthritis.

Bone resorption inhibitors, including bisphos-
phonates and calcitonin, have been shown to reduce
cartilage degradation in experimental arthritis models
(36,37). In a rat model of stress-induced OA, alendro-
nate was shown to have a partial chondroprotective
effect during the early stages of disease (36). Although
the direct target of bisphosphonates is not known,
bisphosphonale inhibition of subchondral bone turnover
may be a candidate mechanism that would explain this
phenomenon. Bisphosphonates may indirectly reduce
cartilage breakdown by altering the distribution of me-
chanical stress. Bisphosphonate inhibition of osteoclastic
bone resorption may also reduce the release of inflam-
matory cytokines and growth factors (36),

In conclusion, we have demonstrated that
rHuOPG prevents cartilage destruction in an experi-
mental murine model of OA and that endogenous OPG
protects against cartilage destruction during the progres-
sion of OA. Our results provide clues that OPG prevents
chondrocyte apoptosis via a direct effect on chondro-
cytes in vivo. These results support a potential therapeu-
tic application of rHuOPG in human OA.
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Abstract

Background. The Japanese Orthopaedic Association decided
to revise the JOA score for low back pain and to develop a
new outcome measure. In February 2002, the first survey was
performed with a preliminary questionnaire consisting of 60
evaluation items, Based on findings of that survey, 25 items
were selected for a draft of the JOA Back Pain Evaluation
Questionnaire (JOABPEQ). The second survey was per-
formed to confirm the reliability of the draft questionnaire.
This article further evaluates the validity of this questionnaire
and establishes a measurement scale.

Methods. The subjects of this study consisted of 355 patients
with low back disorders of any type (201 men. 154 women;
mean age 50.7 years). Each patient was asked to fill in a self-
administered questionnaire. Superficial validity was checked
in terms of the completion rate for filling out the entire ques-
tionnaire. Factor analysis was then performed to cvaluate the
validity of the guestionnaire and establish 3 measurement
scale,

Results. As a resull of the factor analysis, 25 ilems were cal-
egorized into five factors. The factors were named based on

Offprint requests (o: M. Miyamolo
Received: September 25, 2007 / Accepted: Junuary 10, 2008

the commonality of the items: social function, mental health,
lumbar function, walking ability, and low back pain. To estab-
lish a measurement scale for each factor, we determined the
coefficient for each item so the difference between the
maximuom factor scores and minimum faclor scores was
approximately 100. We adjusted the formula so the maximum
for each factor score was 100 and the minimum was 0.
Conclusions. We confirmed the validity of the JOA Back
Pain Evaluation Questionnaire and ¢st  ablished a measure-
ment scale.

Introduction

The evaluation criteria were based on physiological,
biological, and anatomical outcome measure results of
the Japanese Orthopaedic Association (JOA) score for
low back pain.' The criteria include laboratory values,
physiological findings, and imaging findings. These find-
ings are significant for doctors but have little meaning
for patients. From a patient’s perspective, Lhe presence
of a symptom or its degree and functional condition
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must have real meaning. This means that outcome mea-
sures need to be translatable from an objective evalua-
tion to a subjective one, or from the doctor’s perspective
to the patient’s perspective. The JOA decided to revise
the JOA score for low back pain and develop a new
scientific, patient-oriented outcome measure.

The first commiltee meeting was held in June 2000,
and the first survey was initiated in February 2002 using
a preliminary questionnaire consisting of 60 items. It
was a self-administered, disease-specific measure devel-
oped with reference to the Japanese editions of SF-36™
and the Roland-Morris Disability Questionnaire
(RDQ)*" to assess health-related quality of life. Based
on findings of the survey, 25 items were selected for a
draft of the JOA Back Pain Evaluation Questionnaire
(JOABPEQ) (see Appendix 1).

The second survey was started in January 2004
to evaluate the reliability of the 25 items selected for
the draft JOABPEQ. We successfully confirmed the
reliability, and these details have been described in
previous reports of Part 1° and Part 2.” Part 3 of this
study involves further development of the new JOA
questionnaire, evaluation of the validity of the draft
JOABPEQ, and establishment of a measurement
scale.

Materials and methods

Recruitment of patients

A total of 369 of the 829 Japanese board-certified spine
surgeons were randomly selected and asked to recruit
at least three patients each to participate in evaluating
the JOABPEQ during February 2004. The inclusion
criterion was any type of lumbar spine disorder. Exclu-
sion criteria were patients who had:

* Other musculoskeletal diseases requiring medical
treatment

= Psychiatric disease, potentially leading to inappropri-
ate answers

= Postoperative condition

* Participation in previous surveys related to this
study

Testing the questionnaire

Each patient was asked to fill in the self-administered
questionnaire. The attending surgeon filled out infor-
mation on the diagnosis, presence or absence of con-
comitant diseases, and a judgment regarding the severity
of symptoms using a three-step rating scale (mild,
moderate, severe). The severily of the symptoms was
determined subjectively by the attending surgeon, who
was asked nol to select a similar patient based only on

M. Fukui et al.: JOABPEQ Part 3

the severity. This study was approved by the Ethics
Committee of the Japanese Society for Spine Surgery
and Related Research, and informed consent was
obtained from each patient.

Factor analysis was used to check the statistical valid-
ity of the questionnaire and establish the measurement
scale. All statistics were calculated using SPSS software
(version 12; SPSS, Chicago, TL, USA).

Results

Patient characteristics

Of the 452 patients selected for participation in this
survey, 1 patient who was judged inappropriate by the
attending doctor and 60 patients with other musculo-
skeletal diseases requiring medical treatment were
excluded. The responses from 36 patients who answered
incompletely were also excluded, leaving 355 patients
available for analysis: 201 men and 154 women, with a
mean + SD age of 50.7 + 18.0 (Table 1). The diagnosis
was lumbar disc herniation in 167, lumbar spinal canal
stenosis in 103, and spondylolisthesis in 37.

According to the judgment of the attending doctor,
there were 115 mild, 142 moderate, and 98 severe cases.
Table 2 summarizes the severity of low back pain evalu-
ated by the current JOA scoring system and shows that
the characteristics of the recruited patients were not

Table L Distribution of age and severity of symptoms
(n = 355)

Severity of symptoms

Age (years) Mild Moderate Severe Total
Males
10-19 3 4 7
20-29 8 4 9 21
30-39 12 14 fi 32
40-49 12 14 8 34
50-59 12. 9 1 2
60-69 10 12 12 34
70-79 11 16 8 35
80+ 4 2 6
Total 72 75 54 2m
Females
10-19 0 1 3 4
20-29 9 5 5 19
30-39 7 13 10 30
4049 5 14 7 26
50-59 4 9 5 18
60-69 7 12 7 26
70-79 11 10 4 25
80+ 3 3 (]
Tatal 43 67 A 154
Total no. 115 142 98 355




