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Abstract

Osteoarthritis (OA) is the most prevalent degenerative joint disease. The highly regulated balance
of matrix synthesis and degradation is disrupted in OA, leading to progressive breakdown of ar-
ticular cartilage. The molecular events and pathways involved in chondrocyte disfunction of car-
tilage in OA are not fully understood. It is known that |,25-dihydroxyvitamin D3 (1,25-(OH),D,) is
synthesized by macrophages derived from synovial fluid of patients with inflammatory arthritis.
Vitmain D receptor is expressed in chondrocytes within osteoarthritic cartilage, suggesting a
contributory role of 1,25-(OH),D; in the aberrant behavior of chondrocytes in OA. However, the
physiological function of 1,25-(OH),D; on chondrocytes in OA remains obscure. Effect of
[,25-(OH),D; on gene expression in chondrocytes was investigated in this study. We found that
[,25-(OH),D; activated MMPI3 expression in a dose-dependent and time-dependent manner, a
major enzyme that targets cartilage for degradation. Interestingly, a specific mitogen-activated
protein kinase p38 inhibitor SB203580, but not JNK kinase inhibitor SP600125, abrogated
[,25-(OH)2D3 activation of MMP13 expression. 1,25-(OH),D;-induced increase in MMPI3 pro-
tein level was in parallel with the phosphorylation of p38 in chondrocytes. To further address the
effect of 1,25-(OH),D; on MMPI3 expression, transfection assays were used to show that
[,25-(OH),D; activated the MMPI13 promoter reporter expression. MMP13 is known to target
type |l collagen and aggrecan for degradation, two major components of cartilage matrix. We
observed that the treatment of 1,25-(OH),D; in chondrocytes results in downregulation of both
type |l collagen and aggrecan while MMP13 was upregulated. Taken together, we provide the first
evidence to demonstrate that 1,25-(OH),D; activates MMP13 expression through p38 pathway in
chondrocytes. Since MMP13 plays a major role in cartilage degradation in OA, we speculate that
the ability of 1,25-(OH),D; to potentiate MMPI3 expression might facilitate cartilage erosion at
the site of inflammatory arthritis.
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Introduction

Osteoarthritis (OA) is the most prevalent disease ~ tenderness, movement limitation, crepitus, and a
of the articulating joints associated with extracellular ~ variable degree of inflammation without systemic
matrix degradation and is characterized by pain, effects (1). The pathogenesis of OA is complicated and
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involves different factors ranging from genetic pre-
disposition to altered mechanical stress and changes
in the gene expression repertoire of the articular
chondrocytes (2). The highly regulated balance of
matrix synthesis and degradation is disrupted in OA,
leading to progressive breakdown of articular carti-
lage. The molecular events and pathways involved in
this progressive loss of articular cartilage and chon-
drocyte disfunction in OA are not fully understood.
Chondrocytes are the sole producers of cartilage ex-
tracellular matrix synthesis. Proteolytic degradation
of cartilage is a hallmark of OA, and activated chon-
drocytes can produce matrix-degrading enzymes such
as matrix metalloproteinase 13 (MMP13, also known
as collagenase 3) in OA joints (3). Mmp13 is able to
cleave types I, II, III, IV, X, and XIV collagen, aggre-
can, with the highest activity to type II collagen (4).
Presence of MMP13 expression in the site of cartilage
degradation in OA joints provides evidence of its key
role in the pathogenesis of OA (5). Clinical observa-
tion revealed that MMP13 expression is significantly
higher in chondrocytes of OA patients with articular
cartilage destruction (6). Moreover, a transgenic
mouse model has demonstrated the role of MMP13 in
OA in which induced expression of MMP13 resulted
in pathologic changes in the joints, similar to human
OA (7).

Vitamin D as a steroid hormone plays an im-
portant role in the maintenance of proper calcium and
phosphorus metabolism to ensure that the serum
concentration of these ions is optimal for normal
mineralization of the collagen matrix. The bioactive
form of vitamin D is 1,25-dihydroxyvitamin Ds
(1,25-(OH)2D3), which has a recognized role in a vari-
ety of bone and mineral disorders such as osteoporo-
sis and rickets. The vitamin D receptor (VDR) is a
member of the nuclear hormone receptor superfamily
that regulates target gene transcription in response to
1,25-(OH)2Ds (8, 9). 1,25-(OH)2Ds; has multiple bio-
logical functions including directs mineral homeosta-
sis, protects skeletal integrity, and modulates cell
growth and differentiation in a diverse array of tis-
sues (10). It has been reported that 1,25-(OH):Ds
stimulates osteoblast differentiation and the calcified
matrix deposition. Conversely, 1,25-(OH).D; may
stimulate calcium mobilization from the bone by
promoting the differentiation of precursor cells into
mature osteoclasts. On the other hand, 1,25-(OH):Ds
inhibits chondrocyte proliferation in growth plate
cartilage (11).

It has been demonstrated that 1,25-(OH),D3 was
synthesized by macrophages derived from the syno-
vial fluid of patients with inflammatory arthritis (12,
13). Interestingly, macrophages themselves possess
1,a-hydroxylase, which is the decisive enzyme re-

sponsible for the production of the active metabolite
of vitamin D, 1,25-(OH):Ds. One study has demon-
strated VDR expression by chondrocytes within os-
teoarthritic cartilage, particularly near to the articular
surface and fibrillations (14). This up-regulation of
VDR expression in OA cartilage was also mirrored in
the cartilage derived from rheumatoid joints (15). The
report that chondrocytes express VDR has suggested
a contributory role for 1,25-(OH).Ds in the aberrant
behavior of chondrocytes in OA. However, the phys-
iological function of 1,25-(OH):D3 on chondrocytes in
OA remains obscure.

In this study, we explore the effect of
1,25-(OH)2D3 on MMP13 expression in chondrocytes
as well as its mechanism. We provide evidence to
show for the first time that 1,25-(OH),D; activates
MMP13 expression through the mitogen-activated
protein kinase p38 pathway.

Materials and Methods

Chondrocyte cultures

ATDC5 chondrocytes (ATCC) were cultured and
maintained in DMEM supplemented with 10% fetal
bovine  serumand 100 units/ml penicillin plus
100 pg/ml streptomycin at 95 % air / 5 % CO» hu-
midified incubator. Rat chondrosarcoma (RCS) chon-
drocytes were used and cultured as previously de-
scribed (16). Chondrocytes were treated with
1,25-(OH)2D; (Sigma-Aldrich) at the indicated
amounts. Specific kinase inhibitors SB203580 and
SP600125 were purchased from Sigma-Aldrich, and
added as indicated.

RNA isolation and Quantitative Real-time
Reverse Transcription-PCR

Total RNA from chondrocytes was isolated di-
rectly using an RNeasy Mini Kit according to the
manufacturer's protocols (Qiagen). RNA was sub-
jected to quantitative RT-PCR using the TagMan
One-Step RT-PCR Master Mix reagent (Applied Bio-
systems) as previously described (17). RT-qPCR was
performed on a Thermal Cycler (iCycler, Bio-Rad) for
40 cycles at 95 °C for 15 s and at 48 to 58 °C, depend-
ing on the melting temperatures of the primers, for 30
seconds. Relative transcriptlevels were measured by
real-time PCR in a 50 pl reaction volume on 96-well
plates using an ABI PRISM 7000 sequence detection
system (Applied Biosystems). Transcript levels were
normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) levels. All reactions were done in
duplicate and all experiments were repeated at least
three times. The relative mRNA expression levels
were calculated according to the comparative Cr
(AACt) method as described by the manufacturer

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

651

(Applied Biosystems). Target quantity is normalized
to endogenous control and relative to a calibrator, and
is calculated using formula: Target amount = 2-44C,

Protein purification and Western blot

Protein was isolated by acetone precipitation
from the RNeasy cell lysates according to the manu-
facturer's protocol (QIAGEN). The protein pellet was
dissolved in 1% SDS buffer, warmed for 15 min at
55°C, and centrifuged for 5min at 14000 rpm. Protein
concentrations in the supernatant were determined
using a BCA Protein Assay Kit (Pierce). Proteins were
separated on 10% SDS-PAGE gels and transferred to a
PVDF membrane followed by Western blot analysis
as previously described (18, 19). Briefly, 3% milk in
TBS containing 0.1% Tween-20 was used to block
non-specific binding. The blot was subsequently in-
cubated with an anti-MMP13 rabbit polyclonal anti-
body (1:200, Abcam), an anti-phospho-p38 rabbit
polyclonal antibody (1:200, Cell Signaling) or an an-
ti-B-actin rabbit polyclonal antibody (1:2000, Santa
Cruz) followed by a secondary antibody (peroxi-
dase-conjugated anti-rabbit IgG 1:2000, Sigma). After
each antibody incubation, blots were extensively
washed in TBS containing 0.1% Tween-20. For detec-
tion, the ECL kit (Amersham Life Sciences) was used
according to the directions of the manufacturer.

Plasmid constructs and subcloning

Subcloning was performed as previously de-
scribed with modifications (8, 20). Briefly, the frag-
ment of the 1kb MMP13 promoter region was gener-
ated by PCR using mouse genomic DNA as a template
and subcloned into the Xhol and Mlul sites of the
pGL-3 vector. Primers were obtained from Integrated
DNA Technologies (IDT) (Coralville, IA). The primer
sequences were as follows: 1) MMP13-Xho-3 5'GCG
CCT CGA GTC TCT CCT TCC CAG GGC AAG CAT,
2) MMP13-Mlu-1K 5 GCG CAC GCG TTG ACC ATG
GGG CTA GAA AGT. All constructs were verified by
DNA sequencing,.

Transient transfection assay

ATDC5 chondrocytes were cultured in Dulbec-
co’s modified Eagle’s medium (GIBCO). Cells were
plated in 12-well plates, cultured to 60-80% conflu-
ence and transfected with FuGENE 6 (Roche) as pre-
viously described (21). Cells were cotransfected with
300ng of MMP13 promoter luciferase reporter and
25 ng of pSV2-beta-gal. 1,25-(OH).D3; was added as
indicated. Cells were incubated for 24 h before har-
vest. The reporter assays were analyzed with a BD
Monolight system (BD Biosciences). Luciferase activ-
ity was normalized to B-galactosidase activity.

Statistical Analysis

All experiments were repeated a minimum of
three times. Data was reported as the mean + standard
deviation (S.D.). Comparisons were made between
groups by Student’s t test. A p<0.05 was considered as
statistically significant.

Results

1,25-(OH);D; activates MMP 13 expression in
chondrocytes in a dose-dependent manner

To investigated the effect of 1,25-(OH):D; on
MMP13 expression, we performed quantitative re-
al-time RT-PCR on RNA of chondrocytes. ATDC5
chondrocytes were treated with different amounts
of 1,25-(OH)2Ds. RNA was isolated for RT-PCR anal-
ysis. Figure 1A showed that 0.1 nM of 1,25-(OH).Ds
was able to activate MMP13 expression by 31.7 fold.
Increasing amounts of 1,25-(OH):Dj3 led to higher lev-
els of MMP13 expression. 10 nM of 1,25-(OH),Ds was
able to activate MMP13 expression by 364.3 fold, and
100 nM of 1,25-(OH).Ds was able to activate MMP13
expression by 436.3 fold. This demonstrated
that 1,25-(OH).D; activated MMP13 expression in a
dose-dependent manner. To confirm this observation,
another chondrocyte cell line Rat chondrosarcoma
(RCS) were used to examine the effect of 1,25-(OH)2Ds
on MMP13 expression. Likewise, MMP13 expression
was upregulated by 5.2 fold, 8.5 fold, and 12.9 fold
respectively in the presence of 1,25-(OH):D; with
concentrations of 1nM, 10nM and 100nM as shown
in Figure 1B. These data indicate that 1,25-(OH).Ds
activates MMP13 expression. Compared with RCS
chondrocytes, ATDC5 chondrocytes are much more
sensitive to 1,25-(OH),Ds stimulation. Therefore, we
focused on ATDC5 chondrocytes to investigate effect
of 1,25-(OH)2D3 on MMP13 expression in the follow-
ing studies.

1,25-(OH),D; activates MMP 13 expression in
chondrocytes in a time-dependent manner

Next, we examined effect of 1,25-(OH):D3 on
MMP13 expression in different time points. ATDC5
chondrocytes  were treated with 10 nM
of 1,25-(OH),D;. Figure 2 showed that 4 hr after
1,25-(OH).D; treatment MMP13 expression increased
by 36 fold. Longer time of 1,25-(OH).Ds treatment
resulted in higher expression of MMP13 expression
with the peak at 24 hr after 1,25-(OH),D; treatment, at
which MMP13 expression was upregulated by 375.8
fold. At 48 hr after 1,25-(OH);D3 treatment, MMP13
expression activation was down to 362.4 fold. This
demonstrated that 1,25-(OH).Ds activated MMP13
expression in a time-dependent manner.
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Fig 1. 1,25-(OH),D; activates MMP 13 expression in chondrocytes
in a dose-dependent manner. Two different chondrocytes were used
in these experiments: ATDC5 chondrocyte (A) and RCS chondrocyte (B).
Chondrocytes were cultured in DMEM and treated with different amounts
of 1,25-(OH),D; as indicated for 24 hr. RNA was isolated and measured by
quantitative real-time RT-PCR. Level of RNA from control group was
normalized to a value of |. Values are presented as the mean +S.D. *: A star
indicates statistical significance compared to control group.
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Fig 2. 1,25-(OH),D; activates MMPI3 expression in a
time-dependent manner. ATDCS5 chondrocytes were cultured in
DMEM and treated with 10 nM of 1,25-(OH),D; for different time points
as indicated. RNA was isolated and measured by quantitative real-time
RT-PCR. Level of RNA from control group was normalized to a value of |.
Values are presented as the mean #S.D. *: A star indicates statistical
significance compared to control group.

1,25-(OH):D; activates MMP I3 through the
mitogen-activated protein kinase p38 pathway

To explore molecular mechanisms of
1,25-(OH)2Ds effect on MMP13 expression in chon-
drocytes, we used a loss-of-function approach to ex-
plore possible pathways involved. The following se-
lective inhibitors were used: SB203580 is a specific p38
inhibitor in mitogen-activated protein kinase path-
way, and SP600125 is a specific inhibitor for JNK ki-
nase pathway. ATDC5 chondrocytes were treated
with 10 nM of 1,25-(OH)2Ds. Different inhibitors were
added in the culture medium as indicated. As shown
in Figure 3A, 1,25-(OH);Ds treatment led to MMP13
expression increase by 316 fold. Addition of 10uM
5B203580 almost abolished the increment of MMP13
expression induced by 1,25-(OH).Ds;. We observed
that 1,25-(OH);Ds-induced MMP13 activation was
unchanged by treatment with SP600125 as shown in
Figure 3A. These data suggest that 1,25-(OH).Ds-
induced MMP13 activation is mediated through the
mitogen-activated protein kinase p38 pathway.

1,25-(OH);D; activates MMP 13 expression in
protein level

We then sought to examine 1,25-(OH),Ds regu-
lation of MMP13 expression in protein level. ATDC5
chondrocytes  were treated with 10 nM

of 1,25-(OH).;Ds for 24 hr. Protein was isolated and
analyzed by western blotting. As shown in upper
panel of Figure 3B, 1,25-(OH).:D; treatment led to an
increase of MMP13 expression in protein level, and
1,25-(OH)2Ds-induced MMP13  expression increase
was inhibited by the specific p38 kinase inhibitor
5B203580. To address whether increased MMP13
protein levels by 1,25-(OH);Ds is in parallel with the
phosphorylation of p38 in chondrocytes, we exam-
ined p38 phosphorylation after addition of
1,25-(OH)2Ds using antibody against phosphorylated
p38. As shown in the middle panel of Figure 3B,
1,25-(OH)2D5 treatment resulted in the phosphoryla-
tion of p38, and importantly, the p38 inhibitor
SB203580 markedly inhibited both the effects of
1,25-(OH)2Ds on the levels of MMP13 protein and the
phosphorylation of p38. Either 1,25-(OH).Ds group or
1,25-(OH).Ds plus SB203580 group did not affect the
protein expression level of control f-actin as indicated
in the lower panel of Figure 3B. These results support
the observation that the increase in MMP13 expres-
sion caused by 1,25-(OH):Ds3 is mediated through the
p38 pathway.
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Fig 3. 1,25-(OH),D; activates MMPI3 through the mito-
gen-activated protein kinase p38 pathway. (A) Fold change in RNA
levels of MMPI3. ATDC5 chondrocytes were cultured in DMEM and
treated with 10 nM of 1,25-(OH),D; for 24 hr. SB203580 (10 pM) and
SP600125 (20 pM) were added to the culture medium 2 hr before
1,25-(OH),D; treatment. RNA expression level of MMPI3 was deter-
mined by quantitative real-time RT-PCR. Level of RNA from control group
was normalized to a value of |. (B) Inhibition by the p38 inhibitor SB203580
of 1,25-(OH),D;-induced increase in MMP13 protein and phosphorylation
of p38 in ATDC5 chondrocytes. Confluent chondrocytes were cultured
and incubated with or without SB203580 for 2 hr before addition of 10 nM
1,25-(OH),D; for 24 hr. Total cell lysates were prepared and analyzed by
Western blot using antibodies that recognize MMPI3, phosphor-p38 and
B-actin.

a 3.2-fold increase of MMP13 promoter activity. These
observations demonstrated that 1,25-(OH),Ds stimu-
lated 1kb MMP13 promoter luciferase reporter in a
dose-dependent manner, supporting that
1,25-(OH)2D5 activated the expression of MMP13
gene.
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Fig 4. 1,25-(OH),D; activates the MMPI3 promoter in a

dose-dependent manner. ATDC5 chondrocytes were transfected with
a |kb MMPI3 promoter-luciferase reporter plasmid without or with
increasing amounts of 1,25-(OH),D; as indicated. Twenty-four hours
post-transfection, cell extracts were prepared and analyzed for luciferase
activity. Luciferase activity was normalized by B-galactosidase activity.
Values are presented as the mean +S.D.

1,25-(OH);D; activates the MMPI3 promoter
activity in a dose-dependent manner

To determine the direct effect of 1,25-(OH)2Ds on
the MMP13 promoter activity, we did subcloning to
generate a luciferase reporter construct driven by
1kb MMP13 native promoter. ATDC5 chondrocytes
were transiently transfected with the MMP13 pro-
moter-luciferase reporter. 1,25-(OH).D3; was added as
the indicated amount. As shown in Figure 4, the acti-
vation of MMP13 promoter reporter by 1,25-(OH).Ds
was detected when 10 nM of 1,25-(OH),D; was added.
The transfection with 100 nM 1,25-(OH);D3 resulted in

1,25-(OH):D; inhibits expressions of type Il
collagen and aggrecan while MMP 13 was up-
regulated

MMP13 is known to target type II collagen and
aggrecan for degradation, two major components of
cartilage matrix (4). Our data have shown that
1,25-(OH)2D5 activated the MMP13 expression. It is
logic to hypothesize that 1,25-(OH);D; may inhibit
expression of type II collagen and aggrecan in our
current cell conditions. To test this hypothesis, we
performed quantitative real-time RT-PCR on RNA of
chondrocytes. ATDC5 chondrocytes were treated
with 10nM of 1,25-(OH),D; for 24 hr. RNA was iso-
lated for RT-PCR analysis. As shown in Figure 5,
treatment of 1,25-(OH)2Dj5 resulted in MMP13 activa-
tion by 348.6 fold (Figure 5A), while in the presence of
1,25-(OH)2Ds, the expression of type II collagen
(Col2al) was inhibited by 74% (Figure 5B) and the
expression of aggrecan (Acan) was inhibited by 73%
(Fig. 5C). These data indicated that 1,25-(OH):Ds in-
hibits expression of type II collagen and aggrecan
while 1,25-(OH);D3 activates MMP13 expression in
ATDCS5 chondrocytes.
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Fig 5. 1,25-(OH),D; inhibits expressions of type Il collagen and aggrecan while MMP 13 was upregulated. ATDC5 chondrocytes were
cultured in DMEM and treated with 10nM of 1,25-(OH),D; for 24 hr. RNA was isolated and measured by quantitative real-time RT-PCR. RNA expression
levels for MMPI3 (A), type Il collagen (Col2al) (B), aggrecan (Acan) (C) were analyzed. Level of RNA from control group was normalized to a value of |.
Values are presented as the mean +S.D. *: A star indicates statistical significance compared to control group.

Discussion

Production of 1,25-(OH),Ds within synovial flu-
ids of arthritic joints has been known and increase of
VDR expression has been found at sites of cartilage
erosion in OA (14). The physiological function of
1,25-(OH)2D:s at these sites remains unclear. MMPs are
important regulators of tissue remodeling and repair,
but MMP overexpression or expression for too long in
a joint can cause pathologic manifestations in chronic
joint diseases such as OA. Thus, chondrocytes that
produce MMPs must employ a multilayered mecha-
nism to keep the production of MMPs under control.
MMPs collectively degrade all components of the ex-
tracellular matrix and are believed to be involved in
progressive cartilage destruction in arthritis. Among
the MMPs, enhanced MMP-13 activity has been im-
plicated as playing a central role in cartilage degener-
ation in OA (22). Here, we report for the first time that
1,25-(OH)2D3 activates MMP13 expression through
mitogen-activated protein kinase p38 pathway in
chondrocytes.

We identified MMP13 as a 1,25-(OH):Ds regu-
lating target gene. This is supported by our gene ex-
pression regulation studies in chondrocytes. ATDC5
chondrocytes had markedly increased MMP13 gene
expression after 1,25-(OH);Ds treatment. Moreover,
1,25-(OH)2D5 activated MMP13 promoter reporter
expression transcriptionally. It is also confirmed that
1,25-(OH)2Ds inhibits expressions of type II collagen
and aggrecan, two MMP13 downstream targets for
degradation in chondrocytes. We have observed in
this study that MMP13 mRNA is increased 300-400
fold after 1,25-(OH).Ds stimulation in Figures 1A, 2
and 3, while MMP13 protein and promoter are only
increased a few fold. The possible explanation is as
follows. The production of mRNA of the DNA is me-
diated by transcription. The mRNA level itself is
useful for the understanding of gene expression reg-

ulation. The relationship between RNA expression
level and protein product level is quite complicated.
Because of various levels of post-transcriptional and
post-translational regulation, the amount of transcript
does not always correlate with the amount of protein
produced in the end. Therefore, mRNA levels may
not always be proportional to protein levels. In this
study, we further found that the regulation of MMP13
gene transcription by 1,25-(OH),D; was almost abol-
ished when the specific p38 inhibitor SB203580 in
mitogen-activated protein kinase pathway was added
in chondrocyte cultures, thus indicating that
1,25-(OH):Ds activates MMP13 gene expression
through the mitogen-activated protein kinase p38
pathway. However, it does not rule out other possible
mechanisms besides p38 pathway through which
1,25-(OH)2D3 controls MMP13 expression, for exam-
ple, NF-kB pathway or cytokines.

In osteoblasts, it has been reported that MMP13
expression is regulated in part by Runx2 (23), a
runt-domain transcription factor that plays a pivotal
role in the induction of osteoblast differentiation.
Runx2-null mice mutants lack MMP-13 expression
and do not develop mature osteoblasts (23). Trans-
genic mice overexpressing Runx2 show enhanced
MMP-13 and surprisingly develop osteopenia, per-
haps due to osteoclastogenesis being stimulated by
increased RANKL (24). Recently, it has been found
that MMP13 expression is controlled by Osx directly
(20), which is an osteoblast-specific transcription fac-
tor required for bone formation and osteoblast dif-
ferentiation (25, 26). Effect of 1,25-(OH).D3 on osteo-
blast differentiation is complex in that 1,25-(OH).Ds
promotes early stages but inhibits late stages of mouse
osteoblast development (27). In osteoblasts, the effect
of 1,25-(OH),D; on MMP13 is cell type-specific:
1,25-(OH).Ds controlled MMP13 expression in MC3T3
cells, but did not regulate MMP13 expression in either
NIH3T3 or C3H10T1/2 cells (28). In this study, we
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have provided evidence to show that 1,25-(OH).Ds
activates MMP13 expression in ATDC5 chondrocytes.
We have also addressed possible mechanisms, and
found the mechanism that 1,25-(OH).Ds-regulated
MMP13 expression is mediated by mitogen-activated
protein kinase p38 pathway. However, the mecha-
nism underlying the cell type specificity of
1,25-(OH)2Ds-regulated MMP13 expression remains
unclear. One possible explanation is that differentially
involved cofactors may be recruited to VDR com-
plexes to coordinate in MMP13 regulation with dis-
tinct differentiation states in different cell types.

In summary, our data have indicated that
1,25-(OH)2D5 activates MMP13 expression through
the mitogen-activated protein kinase p38 pathway in
chondrocytes. Since MMP13 plays a major role in car-
tilage degradation in OA, we speculate that the ability
of 1,25-(OH).Ds; to potentiate MMP13 expression
might facilitate cartilage erosion at the site of in-
flammatory arthritis. We recognize that this study is
somewhat restricted to the 1,25-(OH);D3 effect on
MMP13 activation in chondrocytes. Although as a
prominent well characterized MMP member, MMP13
plays a key role in the pathogenesis of OA, there are
many other MMP members in this family, together
with plasminogen activators, other proteinases and
cytokines, which have not been examined in current
chondrocyte conditions. Effect of 1,25-(OH):Ds on
those factors in chondrocytes deserve further inves-
tigation in future studies.

Acknowledgments

This work is supported by National Natural
Science Foundation of China (Grant Number
81171682) and National Basic Research Program of
China (973 Program, No. 2012CB619105). This work is
also in part supported by Beijing Municipal Science &
Technology Commission (NO. D121100004212002).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Pun YL, Moskowitz RW, Lie S, et al. Clinical correlations of osteoarthritis
associated with a single-base mutation (arginine519 to cysteine) in type II
procollagen gene. A newly defined pathogenesis. Arthritis Rheum
1994;37:264-9.

2. Malemud CJ, Islam N, Haqqi TM. Pathophysiological mechanisms in
osteoarthritis lead to novel therapeutic strategies. Cells Tissues Organs
2003;174:34-48.

3. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an inflam-
matory disease: potential implication for the selection of new therapeutic
targets. Arthritis Rheum 2001;44:1237-47.

4. Knauper V, Lopez-Otin C, Smith B, Knight G, Murphy G. Biochemical
characterization of human collagenase-3. ] Biol Chem 1996,271:1544-50.

5. Tetlow LC, Adlam DJ, Woolley DE. Matrix metalloproteinase and pro-
inflammatory cytokine production by chondrocytes of human osteoar-

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

thritic cartilage: associations with degenerative changes. Arthritis
Rheum 2001;44:585-94.

Roach HI, Yamada N, Cheung KS, et al. Association between the ab-
normal expression of matrix-degrading enzymes by human osteoar-
thritic chondrocytes and demethylation of specific CpG sites in the
promoter regions. Arthritis Rheum 2005;52:3110-24.

Neuhold LA, Killar L, Zhao W, et al. Postnatal expression in hyaline
cartilage of constitutively active human collagenase-3 (MMP-13) induces
osteoarthritis in mice. ] Clin Invest 2001;107:35-44.

Zhang C, Baudino TA, Dowd DR, Tokumaru H, Wang W, MacDonald
PN. Ternary complexes and cooperative interplay between
NCoA-62/Ski-interacting protein and steroid receptor coactivators in
vitamin D  receptor-mediated transcription. ] Biol Chem
2001;276:40614-20.

MacDonald PN, Baudino TA, Tokumaru H, Dowd DR, Zhang C. Vita-
min D receptor and nuclear receptor coactivators: crucial interactions in
vitamin D-mediated transcription. Steroids 2001,66:171-6.

Sutton AL, MacDonald PN. Vitamin D: more than a "bone-a-fide" hor-
mone. Mol Endocrinol 2003;17:777-91.

Boyan BD, Sylvia VL, Dean DD, Del Toro F, Schwartz Z. Differential
regulation of growth plate chondrocytes by lalpha,25-(OH)2D3 and
24R,25-(OH)2D3 involves cell-maturation-specific mem-
brane-receptor-activated phospholipid metabolism. Crit Rev Oral Biol
Med 2002;13:143-54.

Mawer EB, Hayes ME, Still PE, et al. Evidence for nonrenal synthesis of
1,25-dihydroxyvitamin D in patients with inflammatory arthritis. ] Bone
Miner Res 1991;6:733-9.

Hayes ME, Denton ], Freemont AJ, Mawer EB. Synthesis of the active
metabolite of vitamin D, 1,25(OH)2D3, by synovial fluid macrophages in
arthritic diseases. Ann Rheum Dis 1989;48:723-9.

Tetlow LC, Woolley DE. Expression of vitamin D receptors and matrix
metalloproteinases in osteoarthritic cartilage and human articular chon-
drocytes in vitro. Osteoarthritis Cartilage 2001,9:423-31.

Tetlow LC, Smith SJ, Mawer EB, Woolley DE. Vitamin D receptors in the
rheumatoid lesion: expression by chondrocytes, macrophages, and
synoviocytes. Ann Rheum Dis 1999;58:118-21.

Zhang C, Yang F, Cornelia R, Tang W, Swisher S, Kim H. Hypox-
ia-inducible factor-1 is a positive regulator of Sox9 activity in femoral
head osteonecrosis. Bone 2011;48:507-13.

Tang W, Li Y, Osimiri L, Zhang C. Osteoblast-specific transcription
factor Osterix (Osx) is an upstream regulator of Satb2 during bone for-
mation. ] Biol Chem 2011;286:32995-3002.

Zhang C, Tang W, Li Y, Yang F, Dowd DR, MacDonald PN. Osteo-
blast-specific transcription factor Osterix increases vitamin D receptor
gene expression in osteoblasts. PLoS One 2011;6:e26504.

Zhang C, Dowd DR, Staal A, et al. Nuclear coactivator-62
kDa/Ski-interacting protein is a nuclear matrix-associated coactivator
that may couple vitamin D receptor-mediated transcription and RNA
splicing. ] Biol Chem 2003;278:35325-36.

Zhang C, Tang W, Li Y. Matrix Metalloproteinase 13 (MMP13) Is a Direct
Target of Osteoblast-Specific Transcription Factor Osterix (Osx) in Os-
teoblasts. PLoS One 2012;7:€50525.

Tang W, Yang F, Li Y, et al. Transcriptional Regulation of Vascular
Endothelial Growth Factor (VEGF) by Osteoblast-specific Transcription
Factor Osterix (Osx) in Osteoblasts. ] Biol Chem 2012;287:1671-8.
Moldovan F, Pelletier JP, Hambor J, Cloutier JM, Martel-Pelletier J.
Collagenase-3 (matrix metalloprotease 13) is preferentially localized in
the deep layer of human arthritic cartilage in situ: in vitro mimicking
effect by transforming growth factor beta. Arthritis Rheum
1997;40:1653-61.

Jimenez MJ, Balbin M, Lopez JM, Alvarez J, Komori T, Lopez-Otin C.
Collagenase 3 is a target of Cbfal, a transcription factor of the runt gene
family involved in bone formation. Mol Cell Biol 1999;19:4431-42.
Geoffroy V, Kneissel M, Fournier B, Boyde A, Matthias P. High bone
resorption in adult aging transgenic mice overexpressing cbfal /runx2 in
cells of the osteoblastic lineage. Mol Cell Biol 2002;22:6222-33.

Zhang C, Cho K, Huang Y, et al. Inhibition of Wnt signaling by the
osteoblast-specific transcription factor Osterix. Proc Natl Acad Sci U S A
2008;105:6936-41.

Nakashima K, Zhou X, Kunkel G, et al. The novel zinc finger-containing
transcription factor osterix is required for osteoblast differentiation and
bone formation. Cell 2002;108:17-29.

Ecarot B, Desbarats M. 1,25-(OH)2D3 down-regulates expression of
Phex, a marker of the mature osteoblast. Endocrinology 1999,140:1192-9.
Fratzl-Zelman N, Glantschnig H, Rumpler M, Nader A, Ellinger A,
Varga F. The expression of matrix metalloproteinase-13 and osteocalcin
in mouse osteoblasts is related to osteoblastic differentiation and is
modulated by 1,25-dihydroxyvitamin D3 and thyroid hormones. Cell
Biol Int 2003;27:459-68.

http://www.ijbs.com




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



