
Introduction

Chondrogenesis is a multi-step cell differentiation pathway genetically
characterized by a complex cascade of specific genes, including
bone morphogenetic proteins, fibroblast growth factors (FGFs),
their signalling molecules and transcription factors, such as home-
box factors [1, 2]. Chondrocytes within articular cartilage are
responsible for the maintenance of the specialized extracellular

matrix and for its biomechanical properties. Extracellular matrix and
chondrocytes integrity are based on the expression of several matrix
genes, such as Col2a1, Col9a1, Col11a2, aggrecan and cartilage link
protein (CRTL1), which are under the control of anabolic and cata-
bolic transcription factors [3]. SOX-9 is an anabolic transcription
factor, which belongs to the SOX (Sry-related high mobility group
box) family and plays an important role during cartilage develop-
ment [4]. It is expressed in chondrocytes and other tissues includ-
ing central nervous system and urogenital systems [5–8]. SOX-9
has been shown to contribute to chondrogenesis by activating car-
tilage-specific genes such as Col2a1 [3, 9], Col11a2 [10] and aggre-
can [11]. Moreover, SOX-9 has been found down-regulated in
osteoarthritic cartilage compared to normal adult human articular
chondrocytes, suggesting that SOX-9 might be involved in main-
taining the chondrocytic phenotype in normal and osteoarthritic 
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Abstract

Chondrocytes’ hypertrophy includes metabolic changes, matrix remodelling, proliferation and apoptosis, characteristics associated with
the progression of osteoarthritis. We investigated a possible association among Runt-related transcription factor 2 (RUNX-2), SOX-9
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FGF-23 and SOX-9 were down-regulated using small interfering RNA technology and transfection with liposomes. The effect of human
recombinant FGF-23 (hrFGF-23) on SOX-9 and RUNX-2 expression was tested in normal chondrocytes. We found higher expression 
of RUNX-2 and FGF-23 and a decreased expression of SOX-9 mRNA in osteoarthritic chondrocytes compared to normal (P � 0.0001).
RUNX-2 down-regulation resulted in reduced MMP-13 expression in osteoarthritic chondrocytes and inhibition of SOX-9 in increased
RUNX-2 and MMP-13 mRNA expression in normal chondrocytes, whereas inhibition of FGF-23 resulted in reduced RUNX-2 mRNA
expression in osteoarthritic chondrocytes (all P � 0.0001). Silencing of RUNX-2 or FGF-23 did not affect SOX-9 mRNA levels in
osteoarthritic chondrocytes. Moreover simultaneous down-regulation of SOX-9 and up-regulation of FGF-23 mRNA expressions in normal
chondrocytes resulted in additive up-regulation of RUNX-2 mRNA expression. Treatment of normal chondrocytes with hrFGF-23 resulted
in increased RUNX-2 mRNA expression, whereas it had no effect on SOX-9 mRNA expression. We demonstrated convincing associa-
tions among RUNX-2, SOX-9 and FGF-23 in relation to MMP-13 expression in osteoarthritic chondrocytes, contributing to a better
understanding of the abnormal gene expression and cartilage degeneration processes associated with osteoarthritis.
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cartilage [12, 13]. In view of the importance of SOX-9 in the devel-
opment and maintenance of chondrocytes phenotype, its down-
regulation in OA is clearly likely to contribute to cartilage pathology.

Changes in chondrocyte behaviour, including matrix remodelling,
proliferation and apoptosis, are associated with OA progression
and these behaviours are characteristic of chondrocyte maturation
and hypertrophy in developing growth plates [14–16]. When chondro-
cytes acquire a hypertrophic osteoarthritic phenotype, they start to
express Col10a1 and not Col2a1 [3]. Runt-related transcription
factor 2 (RUNX-2), which was originally isolated for its ability to
activate transcription of the osteoblast-specific osteocalcin gene
[17–18], is known to induce chondrocyte hypertrophy [19–21].
Additionally several other transcription factors, such as Shox/Shox2,
Dlx5, MEF2C, have been identified as positive or negative regulators of
chondrocyte hypertrophy in mouse models [22–25]. Overexpression
of RUNX-2 in chondrocytes promotes collagen type X and alkaline
phosphatase expression, which are both up-regulated in OA carti-
lage [26–29]. As RUNX-2 activity is a key determinant of chondro-
cyte maturation in the growth plate and experimentally in permanent
cartilage, it might as well be a focal point of the abnormal signalling
mechanisms that promote the initiation and progression of OA
[30]. Recent studies have shown that SOX-9 acts as a transcrip-
tional repressor for osteoblasts differentiation and chondrocyte
hypertrophy partly via inhibition of RUNX-2 transactivation [31].

Furthermore, it has been shown that FGF signalling up-regu-
lates RUNX-2 expression and activity in osteoblasts [32, 33]. FGF-23
is a novel member of the FGF family and is an important regulator
of serum phosphorus, which is essential in chondrocyte differen-
tiation and mineralization [34]. FGF-23 acts as a negative regulator
of chondrogenesis and may induce premature exit of proliferating
chondrocytes into hypertrophy leading to shorter bone growth
[35]. Recently it was shown that FGF-23 is localized in the hyper-
trophic chondrocytes and may play a role in chondrocyte maturation
[36]. Moreover, in phosphorus-loaded rats overexpression of FGF-23
resulted in smaller growth plate with significant reduction in chon-
drocyte proliferation, which was maintained by down-regulating
the transcription factor RUNX-2 [37–39].

In order to advance our understanding regarding the pathways
involved in the catabolic and degenerative processes in osteoarthritic
articular cartilage, we investigated the possible associations among
RUNX-2, FGF-23 and SOX-9 in osteoarthritic cartilage.

Materials and methods

Patients and cartilage tissue samples

Articular cartilage samples were obtained from femoral heads, femoral
condyles and tibial plateaus of patients with primary osteoarthritis
undergoing knee replacement surgery at the Orthopaedics Department
of University Hospital of Larissa. A total of 33 patients were included in
this study (28 females and 5 males; mean age 68.91 � 6.97 years).
Normal cartilage was obtained from 10 individuals (six females and four
males; mean age 61.70 � 18.17, range 27–78; mean BMI 23.80 � 4.34).

Radiographs were obtained before surgery and graded according to the
Kellgren–Lawrence system. Twenty-six patients had score 4, six patients
had score 3 and one patient had score 2. The radiographs were
assessed by two independent observers who were blinded to all data of
the individuals. Patients with rheumatoid arthritis and other autoim-
mune disease as well as chondrodysplasias, infection-induced OA and
post-traumatic OA were excluded from the study. The study protocol
conformed to the ethical guidelines of the 1975 Declaration of Helsinki
as reflected in a priori approval by the Local Ethical Committee of the
University Hospital of Larissa.

Isolation of RNA from fresh human cartilage 
and cultured chondrocytes

Fresh tissue, within 1 hr from surgery, was dissected and total cellular RNA
was extracted using Trizol reagent (Invitrogen, Life Technologies, Paisley,
UK). Cultured chondrocytes were trypsinized and collected and total cellu-
lar RNA was extracted using Trizol reagent. Preservation of 28S and 18S
ribosomal RNA species was used to assess RNA integrity and only these
samples were included in the study.

Primary cultures of human articular 
chondrocytes, normal and osteoarthritic

Articular cartilage was transported from the surgical room in Hanks bal-
anced salt solution medium, was immediately dissected and subjected to
sequential digestion with 1 mg/ml pronase (Roche Applied Science, Roche
Diagnostics, GmbH, Penzberg, Germany) for 90 min. and 1 mg/ml collage-
nase P (Roche Applied Science) for 3 hrs at 37�C. Chondrocytes were
counted and checked for viability using trypan blue staining. More than 95%
of the cells were viable after isolation. Chondrocytes were seeded in six-well
plates with Dulbecco’s modified eagles medium/Ham’s F-12 (DMEM/F-12)
(GIBCO BRL, UK) plus 5% foetal bovine serum and were incubated at 37�C.

RUNX-2, FGF-23, SOX-9 and matrix 
metalloproteinase (MMP)-13 quantitative 
mRNA expression by real-time PCR

Transcription of 0.1 �g RNA to cDNA was performed with the AMV Kit
(Roche, Indianapolis, IN, USA). Retinoic acid receptor-� cDNA
sequences were amplified in separate reactions as positive cDNA con-
trols. Quantification of RUNX-2, FGF-23, SOX-9 and MMP-13 mRNA
expressions were performed by real-time PCR. The cDNA synthesized
was used as a template in 20 �l PCR reactions containing 10 �l SYBR
Green Master mix (FastStart Universal SYBR Green Master, Roche), 1 �l
primers, 2 �l cDNA synthesis reaction and 7 �l molecular grade water.
Reactions were run and analysed on a BioRad PCR detection system (MJ
Mini Opticon Thermal Cycler, BioRad, Hercules, CA, USA). PCR primers
were designed for each cDNA target using Primer3 software and cycling
parameters were optimized for each set of primers used. Data were
analysed using the comparative Ct method as means of relative quantita-
tion, normalized to an endogenous reference (GAPDH cDNA) and relative
to a calibrator (normalized Ct value obtained from vehicle-treated cells)
and expressed as 2�		Ct.
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Protein expression on chondrocytes

Osteoarthritic and normal cells were trypsinized and collected. The cell 
pellet was washed with PBS and lysed using Nonidet P-40 lysis buffer con-
taining 30 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Nonidet 
P-40 and a cocktail of protease inhibitors. Protein concentration was quan-
tified using the BioRad Bradford protein assay (BioRad Protein Assay,
BioRad) with bovine serum albumen as standard.

Western blot analysis

Cell lysates from normal and OA chondrocytes were electrophoresed and
separated on a 4–20% Tris-HCl gel (BioRad) and transferred to a Hybond-
ECL nitrocellulose membrane (Amersan Biosciences, Piscataway, NJ,
USA). The membrane was probed with anti-FGF-23 (1:1000 dilution,
Novus Biologicals, Inc., Littleton, CO, USA) and signals were detected
using anti-goat immunoglobulin IgG conjugated with horseradish peroxi-
dase (1:5000 dilution). The results were normalized using anti-actin mon-
oclonal antibody.

Protein levels of RUNX-2 (1:1000 dilution) and SOX-9 (1:500 dilution)
(Abcam, Cambrige, UK) were also evaluated 48 hrs after siRNA transfec-
tion against RUNX-2 and SOX-9, respectively. Moreover, SOX-9 protein
levels were evaluated after human recombinant FGF-23 (hrFGF-23) treat-
ment in normal chondrocytes. The results were normalized using anti-
GAPDH monoclonal antibody. The nitrocellulose membranes were exposed
to photographic film, which was scanned and the intensities of the protein
bands were expressed as arbitrary units and determined by computerized
densitometry.

Oligonucleotide transfections

Osteoarthritic and normal chondrocytes were seeded in six-well plates
and were transfected with 50 nM siRNA against RUNX-2 or FGF-23 and
SOX-9, respectively (Ambion, Applied Biosystems Inc., Austin, TX, USA)
using siPORT NeoFX transfection agent. We used two different siRNAs
against RUNX-2 and SOX-9 in order to exclude off-target effects.
Transfection with 50 nM scrambled siRNA was used as a control. No
cell toxicity was detected due to the transfection agent. Chondrocytes
were treated with varying concentrations (20, 50 and 100 ng/ml) of
hrFGF-23 (CYT-374, Biosupply, Bradford, UK). RNA was extracted 
24 and 48 hrs after siRNA transfection and real-time PCR analysis was
performed as described above. GAPDH levels were used as loading
control. In each experiment, the results from two wells of six-well
plates were averaged and considered as n 
 1. There was no signifi-
cant variance among the individual wells in each averaged group.

Immunofluorescence

Cells were seeded on fibronectin-coated cell culture slides (Becton
Dickinson, New Jersey, NJ, USA), fixed for 10 min. in 3.7% PBS-buffered
formaldehyde, blocked with 3% bovine serum albumin (BSA) and incu-
bated with primary antisera for MMP-13 (1:500 dilution) (H230, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), for 2 hrs in 1% BSA in PBS, and
with secondary antisera under the same conditions. Secondary sera used
were anti-rabbit FITC-conjugated anti-IgG (Santa Cruz Biotech, Inc.).

Statistical analysis

Statistical significance was determined using Student’s t-test using a con-
fidence level of 95% (P � 0.05).

Results

RUNX-2 mRNA expression in freshly isolated and
cultured osteoarthritic and normal chondrocytes

We evaluated RUNX-2 mRNA expression in freshly isolated ex vivo
osteoarthritic and normal chondrocytes using quantitative real-time
PCR. We found that RUNX-2 mRNA expression was significantly
higher in both freshly isolated (Fig. 1A) and cultured osteoarthritic
chondrocytes compared to normal (Fig. 1B) (P � 0.0001).

Association between RUNX-2 mRNA expression
and MMP-13 expression

RUNX-2 mRNA expression was blocked in osteoarthritic chondro-
cytes by transfection with two different siRNAs against RUNX-2 in
order to exclude off-target effects. The effectiveness of this
method was assessed by real-time PCR analysis of RUNX-2
mRNA expression levels normalized to GAPDH, a housekeeping
reference gene. We first examined the percentage of the chondro-
cytes that expressed RUNX-2 after transfection with two different
siRNAs in different time periods. We found that siRNAs against
RUNX-2 were able to inhibit successfully its expression in similar
levels and appear to have the same kinetics. Specifically, RUNX-2
was 60% and 74% down-regulated after 24 hrs with siRNA1 and
siRNA2 transfection, respectively, and 78% and 80% down-regu-
lated after 48 hrs with siRNA1 and siRNA2 transfection, respec-
tively (Fig. 2A). Moreover, both siRNAs inhibited RUNX-2 protein
expression in similar levels (Fig. 2B).

We next assessed MMP-13 mRNA expression levels after
RUNX-2 down-regulation in two independent experiments
(siRNA1-RUNX-2 and siRNA2-RUNX-2) and the results were eval-
uated 0, 24, 36 and 48 hrs siRNA after transfection. Our findings
suggest that inhibition of RUNX-2 is associated with reduced
MMP-13 mRNA expression more than 40% with the first siRNA,
more than 55% with the second siRNA at 36 hrs after transfection,
and more than 70% at 48 hrs after transfection with both siRNAs
(Fig. 2C). We then localized MMP-13 in OA chondrocytes using
immunofluorescence. Cultured osteoarthritic chondrocytes were
stained for MMP-13 protein expression before and after RUNX-2
inhibition. MMP-13 expression was reduced (reduced number of
green cells/field) after RUNX-2 inhibition with both siRNAs 48 hrs
after transfection in OA chondrocytes. Specifically, we found that
only 20% and 24% of chondrocytes expressed MMP-13 after
RUNX-2 inhibition with siRNA1 and siRNA2, respectively (Fig. 2D).
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Fig. 1 Quantitative RUNX-2 mRNA expres-
sion (A) freshly isolated (P � 0.0001) and
(B) cultured normal and osteoarthritic
chondrocytes (P � 0.0001).

Fig. 2 (A) RUNX-2 inhibition
with siRNA1 and siRNA2 (B)
RUNX-2 protein expression
after 48 hrs siRNA1 and
siRNA2 transfection (C)
MMP-13 mRNA expression
0, 24, 36 and 48 hrs after
RUNX-2 inhibition (P �

0.0001) (D) Assessment of
MMP-13 expression by
immunofluorescence after
48 hrs of RUNX-2 inhibition
with two different siRNAs.
All experiments were per-
formed in OA chondrocytes.
(A) and (B) were normalized
to GAPDH. siRNA-scram-
bled was used as a control.
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Association between SOX-9 mRNA expression,
RUNX-2 and MMP-13 expression

SOX-9 mRNA expression levels were evaluated in osteoarthritic
and normal chondrocytes from freshly isolated ex vivo cartilage by
real-time PCR. SOX-9 was highly down-regulated in osteoarthritic
chondrocytes and was highly expressed in normal chondrocytes
(P � 0.0001) (Fig. 3A).

Using real-time PCR we determined the relative expression levels
of both SOX-9 and RUNX-2, which were normalized to the same
reference gene, GAPDH and calculated the ratio of RUNX-2 to
SOX-9 transcripts (RUNX-2/SOX-9). Our results demonstrate that
the ratio RUNX-2/SOX-9 increases in osteoarthritic and decreases
in normal cartilage (P � 0.0001) (Fig. 3B).

Subsequently, SOX-9 mRNA expression levels were blocked
with two different siRNAs in normal chondrocytes and we con-
firmed its silencing by evaluating its protein levels (Fig. 4A).

We then tested RUNX-2 mRNA expression after silencing of SOX-
9 by siRNA in normal chondrocytes. Our results showed that inhibition
of SOX-9 mRNA expression by transfection with siRNA1 and siRNA2

against SOX-9 affects RUNX-2 mRNA expression leading to its up-reg-
ulation compared to the untransfected and the siRNA-scrambled 
48 hrs after siRNA1 and siRNA2 transfection. Subsequently, it seems
that SOX-9 mRNA expression is associated with reduced or absence
of RUNX-2 mRNA expression in normal chondrocytes (Fig. 4B).

Considering that RUNX-2 expression is associated with
increased MMP-13 expression, we proceeded to test, MMP-13

expression levels after inhibiting SOX-9 mRNA expression. Our results
revealed that inhibition of SOX-9 expression with two different
siRNAs, resulted in up-regulation of MMP-13 mRNA expression in
normal chondrocytes (Fig. 4C).

Association between FGF-23 mRNA expression
and RUNX-2 expression

We determined FGF-23 mRNA and protein expression in normal
and osteoarthritic cartilage by real-time PCR and Western blotting,
respectively. Our results indicated that FGF-23 is highly up-regu-
lated in osteoarthritic cartilage and has low expression levels in
normal cartilage (Fig. 5A P � 0.0001, Fig. 5B).

We next investigated whether the addition or inhibition of FGF-23
could modulate RUNX-2 expression. Normal chondrocytes were
treated with different concentrations of hrFGF-23 for 2 days and
subsequently RUNX-2 mRNA expression was determined.

We found that hrFGF-23 increases RUNX-2 mRNA levels in a
dose-dependent manner (20, 50, 100 ng/ml) in normal chondro-
cytes and the maximum increase of RUNX-2 mRNA expression
was observed after 100 ng/ml treatment with hrFGF-23 (Fig. 5C).

Moreover, we checked RUNX-2 expression after FGF-23 inhibi-
tion with siRNA against FGF-23 in OA chondrocytes (48 hrs after
transfection). We found that inhibition of FGF-23 blocked more
than 80% of RUNX-2 mRNA expression in OA chondrocytes com-
pared to a negative control (Fig. 5D).

Fig. 3 (A) Quantitative SOX-9 mRNA levels in
normal and osteoarthritic primary chondro-
cytes normalized to GAPDH (P � 0.0001)
(B) Ratio of RUNX-2 to SOX-9 transcripts in
OA and normal cartilage (P � 0.0001).
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Fig. 4 (A) SOX-9 protein expression after
siRNA1 and siRNA2 transfection (B)
RUNX-2 mRNA expression after SOX-9
inhibition by siRNA1 and siRNA2 (C)
MMP-13 mRNA expression after SOX-9
inhibition by siRNA1 and siRNA2. All
experiments were performed in normal
chondrocytes. All data were normalized
to GAPDH. siRNA-scrambled was used
as a control.

Fig. 5 (A) Quantitative FGF-23 mRNA levels in normal and OA cartilage (P � 0.0001) (B) FGF-23 protein expression in osteoarthritic and normal chon-
drocytes normalized to actin (C) RUNX-2 mRNA expression after treatment of normal chondrocytes with 0, 20, 50 and 100 ng/ml with hrFGF-23. (D)
RUNX-2 mRNA expression in OA chondrocytes after FGF-23 down-regulation. (E) Effect of SOX-9 and FGF-23 modulation on RUNX-2 expression in nor-
mal chondrocytes. (F) Effect of (100 ng/ml) hrFGF-23 on SOX-9 protein expression in normal chondrocytes.
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FGF-23 and SOX-9 activate RUNX-2 expression 
in normal chondrocytes

Normal chondrocytes express high levels of SOX-9 and low levels
of FGF-23. In order to investigate whether SOX-9 and FGF-23 act
in the same pathway to regulate RUNX-2 mRNA expression, we
inhibited SOX-9 expression with siRNA against SOX-9 and acti-
vated FGF-23 expression by treating normal chondrocytes with
hrFGF-23. We then determined RUNX-2 mRNA expression levels,
normalized to GAPDH reference gene. Detection of the same or
very similar RUNX-2 fold induction by hrFGF-23 or siRNA- SOX-9
would suggest that these two proteins exist in the same pathway.
However, in our case we detected a 6.5-fold increase in RUNX-2
expression levels when treated with siRNA against SOX-9 and a
12-fold increase in RUNX-2 expression levels when treated with
hrFGF-23 (Fig. 5E). The 5.5-fold difference in RUNX-2 induction
between hrFGF-23 and siRNA-SOX-9 stimuli does not suggest that
these two proteins act in the same pathway.

In order to identify if FGF-23 regulates SOX-9, we treated normal
chondrocytes with hrFGF-23 (100 ng/ml) and tested SOX-9 protein
expression (Fig. 5F). We did not find any changes in SOX-9 levels
suggesting that FGF-23 does not regulate SOX-9 expression.
Moreover inhibition of FGF-23 or RUNX-2 in osteoarthritic chondro-
cytes by siRNA did not affect SOX-9 mRNA levels (data not shown).
These findings suggest that SOX-9 is a suppressor, whereas FGF-23
is an activator of RUNX-2 expression in chondrocytes (Fig. 6).

Discussion

The onset and progression of osteoarthritis is associated with
changes in gene expression in chondrocytes resulting in an imbalance

between matrix production and matrix degradation. In the degrad-
ing cartilage, chondrocytes acquire a hypertrophic phenotype,
producing proteinases, which cause further cartilage degradation
at the centre of the joint and osteophyte formation at the periph-
ery [40]. RUNX-2 is implicated in this imbalance inducing chon-
drocytes’ hypertrophy and apoptosis under the influence of certain
transcription factors. In the present study we tested the possible
associations among SOX-9, FGF-23 and RUNX-2 in normal and
osteoarthritic chondrocytes.

We observed that osteoarthritic chondrocytes had significantly
higher RUNX-2 expression levels compared to normal chondro-
cytes in accordance with previous studies [30, 40, 41]. It has been
suggested that overexpression of RUNX-2 in cartilage of trans-
genic mice promotes chondrocyte hypertrophic maturation and
endochondral ossification, while inhibiting or eliminating RUNX-2
activity delays or blocks chondrocyte hypertrophic maturation [21,
30, 41]. Because this transcription factor functions as a rate-
limiting regulator of chondrocyte hypertrophic maturation, the
increased levels of RUNX-2 expression in osteoarthritic chondro-
cytes may contribute to similar changes leading to abnormal gene
expression and cartilage degeneration seen in osteoarthritis.
Additionally, it has been shown that RUNX-2 may contribute to
increased expression of its downstream catabolic target MMP-13
[30]. It is known that the proximal promoter of MMP-13 gene con-
tains one conserved osteoblasts specific site 2 site and binding of
RUNX-2 in this increases gene transcription [42, 43]. In accor-
dance with this observation, we found that RUNX-2 down-
 regulation by transfection with siRNA against RUNX-2 was
 associated with reduced MMP-13 mRNA and protein expression,
suggesting that chondrocytes’ hypertrophy and MMP-13 induc-
tion during osteoarthritis progression might be partly mediated
by RUNX-2.

As a key transcription activator for osteoblasts differentiation
and chondrocyte maturation, it is likely that RUNX-2 function is
regulated by diverse cofactors during different developmental
stages for proper bone and cartilage formation. It has been previ-
ously reported that SOX-9 can act as a transcriptional repressor
regulating negatively RUNX-2 expression in osteoblasts [31]. Both
SOX-9 and RUNX-2 act during chondrogenic cell fate commitment
and later during chondrogenesis. Due to this co-expression during
mesenchymal condensation, the previous findings suggest the
dominance of SOX-9 function over RUNX-2 during this early first
step in the progenitor cell fate decision between osteoblastic 
versus chondrogenic lineages [31]. In accordance with previous
reports, we found that SOX-9 mRNA expression was reduced in
osteoarthritic cartilage and was highly expressed in normal carti-
lage. Moreover, the increased RUNX-2 mRNA expression after
silencing of SOX-9 shows an inverse relationship between SOX-9
and RUNX-2 expressions. In addition, silencing of SOX-9 resulted
in increased MMP-13 mRNA expression. These findings suggest a
negative correlation between RUNX-2 and MMP-13 and SOX-9
mRNA expressions.

Furthermore, FGF-23 acts as a negative regulator of chondro-
genesis because its up-regulation may induce premature exit of
proliferating chondrocytes into hypertrophy leading to shorter bone

Fig. 6 Model of associations among RUNX-2, SOX-9 and FGF-23 in human
chondrocytes. SOX-9 is up-regulated in normal chondrocytes and acts as a
repressor of RUNX-2, which in turn suppresses the expression of MMP-13.
On the other hand, FGF-23 is highly expressed in OA chondrocytes and acti-
vates RUNX-2 expression which in turn up-regulates MMP-13 expression.
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growth [36]. We found that FGF-23 was highly expressed in
osteoarthritic chondrocytes and had low expression levels in normal
chondrocytes. We also showed that FGF-23 and RUNX-2 had similar
expression levels, and more importantly that FGF-23 is associated
with increased RUNX-2 expression in normal chondrocytes. It is
known that RUNX-2 expression and activity can be up-regulated
through FGF signalling in osteoblasts [32]. De Crombrugghe et al.
have shown that FGF2 activates SOX-9 expression through MAPK
signalling pathway [44]. However, different FGF family members
have diverse biological functions. FGF-23 belongs in the FGF19
subfamily, whose members have been correlated with SOX-9
activity [45]. In addition Bobick et al. demonstrated that treatment
with members of FGF family (FGF-8, -4, -2) decreased SOX-9
mRNA expression levels in chondrocyte cultures, while it elevated

MAPK activity through ERK phosphorylation [46]. All above
results suggest that each member of the FGF family exerts different
functions, thus positive, negative or no effects on SOX-9 activity.
Additionally, it was shown recently that FGF-23 transgenic mice
had increased RUNX-2 expression levels, whereas SOX-9 levels
were not reported to be affected [47]. These results coincide with
our hypothesis that FGF-23 does not affect SOX-9 expression,
whereas it is a strong inducer of RUNX-2 expression.

In conclusion in the present study, we demonstrated convincing
associations among RUNX-2, and SOX-9 and FGF-23 in relation to
MMP-13 expression in osteoarthritic chondrocytes, suggesting that
simultaneous FGF-23 up-regulation and SOX-9 down-regulation
could have a positive additive effect on RUNX-2 expression, contribut-
ing thus to a better understanding of osteoarthritis pathophysiology.
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