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Abstract
Hypertrophy and impaired mineralization are two processes closely associated with osteoarthritis (OA). 1,25-dihydroxyvitamin

D3 (1a,25(OH)2D3) and inorganic phosphate (Pi) are two important factors that are implicated in calcium and phosphate

homeostasis of bone metabolism and both can be regulated by the circulating phosphaturic factor fibroblast growth factor

23 (FGF23). The objective of this study was to investigate the role of 1a,25(OH)2D3 and Pi and the molecular mechanism

through which they contribute to hypertrophy and mineralization in human osteoarthritic chondrocytes. For this purpose,

primary human chondrocytes were obtained from articular cartilage which was collected after total knee replacement

surgery in OA patients. FGF23, fibroblast growth factor receptor 1c (FGFR1c), vitamin D3 receptor (VDR), and phosphate

inorganic transporter-1 and -2 (PiT-1 and PiT-2) expression levels were evaluated and found to be significantly higher in OA

chondrocytes compared with normal. In addition, we observed that the binding of FGF23 to FGFR1c was stronger in OA

chondrocytes compared with normal. Chromatin immunoprecipitation (ChIP) assay revealed, for the first time, the presence

of two vitamin D response elements (VDREs) in the FGF23 promoter. Treatment of normal chondrocytes with 1a,25(OH)2D3

or Pi resulted in significant up-regulation of VDR, FGF23, PiT-1, PiT-2 mRNA and protein levels, extracellular signal-regulated

kinases 1/2 (ERK1/2) phosphorylation and induction of hypertrophy markers collagen type X (COL10A1), osteopontin (OPN),

osteocalcin (OC), catabolic markers metalloproteinase-13 (MMP-13) and the apoptotic marker caspase-9. Furthermore, VDR

silencing in OA chondrocytes negatively regulated FGF23, COL10A1, OPN, OC, MMP-13 and caspase-9 expressions and

ERK1/2 phosphorylation. Finally, combined VDR silencing and PiT-1, PiT-2 inhibition in OA chondrocytes resulted in additive

down-regulation of FGF23 expression, ERK1/2 activation and COL10A1, OPN, OC, MMP-13 and caspase-9 expression

levels. We propose that 1a,25(OH)2D3 and Pi act synergistically through FGF23 signaling and ERK1/2 phosphorylation

contributing to late hypertrophic events and impaired mineralization in osteoarthritic chondrocytes.
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Introduction

Development and progression of osteoarthritis (OA) has
been associated with altered mineral-ion homeostasis and
chondrocyte hypertrophy.1 During osteoarthritic cartilage
development, chondrocytes resume the characteristics of
hypertrophic chondrocytes in the growth plate, including
fibrillation of cartilage surface, decreased proteoglycan
content of the matrix, increased expression of type X col-
lagen (COL10A1) and extracellular matrix (ECM)

mineralization through the release of matrix vesicles able
to accumulate calcium and phosphate.2 – 5

Vitamin D3 and its active metabolites like 1,25-dihydroxyvi-
tamin D3 (1a,25(OH)2D3) (1,25D) play an essential role in
the mineralization process in the growth plate, inhibiting
DNA synthesis of hypertrophic chondrocytes.6 Moreover,
1a,25(OH)2D3 acts directly on matrix vesicles causing loss of
their membrane integrity and release of metalloproteinases
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(MMPs) in the ECM, suggesting its role in modulating the
degree of matrix degradation during chondrocyte hypertro-
phy.7–10 In addition, 1a,25(OH)2D3 exerts other biological
functions, such as regulation of cell proliferation, differen-
tiation, immune function and apoptosis by binding to
vitamin D receptors (VDRs),11,12 which are expressed in differ-
ent cell types, including chondrocytes, modulating thus their
behavior within the different zones of the growth plate.8,11

Among ECM components, extracellular inorganic phos-
phate (ePi) concentrations are critical determinants of miner-
alization and depend on the extracellular hydrolysis of
pyrophosphate by nucleotide triphosphates and on sodium-
dependent phosphate (Na/Pi type III) cotransporters, the
phosphate inorganic transporter-1 and -2 (PiT-1 and
PiT-2), which allow ePi to enter into the cells.5,13 – 15 In situ
hybridization analysis has revealed PiT-1 expression in a
subpopulation of hypertrophic chondrocytes during endo-
chondral bone formation, suggesting a potential role for
this Pi carrier in primary events of extracellular matrix calci-
fication.16 Enhanced expression of PiT-1 has been found in
chondrocytes throughout OA cartilage including hyper-
trophic chondrocytes and the implication of Pi cotranspor-
ters has been suggested in pathological calcification.17 In
addition, it has been reported that increased extracellular
Pi triggers signal transduction and results in altered gene
expression in some cell types, as osteopontin (OPN) in the
mouse osteoblastic cell line MC3T3-E1.18,19 Pi homeostasis
has been also shown to be affected by 1a,25(OH)2D3 partici-
pating in a negative feedback loop with fibroblast growth
factor 23 (FGF23) in mineralized tissue cells.20 – 24

FGF23 is a circulating phosphaturic factor that plays a
central role in renal reabsorption of Pi and vitamin D3

metabolism.25 Premature-aging-like phenotype in fgf23– /–

mice has been correlated with elevated levels of active
vitamin D3.26 FGFs exert their biological actions by
binding to, dimerizing and activating FGF receptor (FGFR)
tyrosine kinases. Among FGFRs, FGFR1 is suggested to be
the biologically relevant receptor for FGF23.27,28 It has
been shown that FGF signalling induces extracellular signal-
regulated kinases 1 and 2 (ERK1/2) activation resulting in
the expression of target genes in order to inhibit phosphate
transport in the proximal tubules.29

In the present study, we investigated the role of extra-
cellular Pi and 1a,25(OH)2D3, as well as the molecular
pathway through which extracellular Pi and 1a,25(OH)2D3

contribute to hypertrophy and mineralization in osteoar-
thritic chondrocytes.

Materials and methods

Patients and articular cartilage samples

Articular cartilage samples were obtained from femoral con-
dyles and tibial plateaus of patients with end-stage primary
OA undergoing knee replacement surgery. A total of 40
patients were included in the study (30F/10M; mean age
64.18+ 14.24 years). Normal cartilage was obtained from
10 individuals (7F/3M; mean age 44.60+ 7.6), undergoing
fracture repair surgery. Radiographs were obtained before
surgery and graded according to the Kellgren–Lawrence

(K/L) and Mankin system. All osteoarthritic cartilage
samples had K/L score .3 and Mankin score 10–14,
while normal cartilage had 0 Mankin score. Moreover, all
osteoarthritic samples were characterized by the presence
of osteophytes. Patients with rheumatoid arthritis and
other autoimmune disease as well as chondrodysplasias,
infection-induced OA and post-traumatic OA were excluded
from the study. Both patients and healthy individuals’ car-
tilage samples were obtained upon the individuals’ verbal
informed consent. The method of obtaining verbal approval
by all individuals was approved by Institutional Review
Board of the University Hospital of Larissa. The protocol
was also approved by the local ethics committee of
University Hospital of Larissa. The study protocol con-
formed 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.

Primary cultures of human articular chondrocytes,
normal and osteoarthritic

Articular cartilage was dissected and subjected to sequential
digestion with 1 mg/mL pronase (Roche Applied Science,
Mannheim, Germany) and 1 mg/mL collagenase P (Roche).
Chondrocytes were counted and checked for viability using
trypan blue staining. More than 95% of the cells were viable
after isolation. Chondrocytes were then seeded in six-well
plates with Dulbecco’s modified Eagle’s medium/Ham’s
F-12 (DMEM/F-12; Gibco, BRL, Paisley, UK) supplemented
with 5% fetal bovine serum (FBS; Gibco) and 100 U/mL peni-
cillin–streptomycin (Gibco) and incubated at 378C under a
humidified 5% CO2 atmosphere until reaching confluence.

RNA extraction from articular cartilage and cultured
chondrocytes and realtime polymerase chain reaction

Total cellular RNA was extracted from fresh articular carti-
lage as well as from cultured chondrocytes using Trizol
reagent (Invitrogen, Life Technologies, Paisley, UK). RNA
was further purified using an RNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Preservation of 28S and 18S rRNA species was used
to assess RNA integrity. All samples included in the study
were with prominent 28S and 18S rRNA components. The
yield was quantified spectrophotometrically.

Transcription of 1 mg RNA to cDNA was performed
using the AMV Kit (Roche). Quantification of COL10A1,
MMP-13, OPN, osteocalcin (OC), FGF23, FGFR1c, VDR,
PiT-1 and PiT-2 mRNA expressions was performed by real-
time polymerase chain reaction (PCR; ABI 7300; Applied
Biosystems, Foster, CA, USA) using TaqMan Gene
Expression Master Mix (Applied Biosystems). Reactions
were done in triplicate using 2 mL of cDNA per reaction.
The oligonucleotide primers and their annealing tempera-
tures used are shown in Table 1. To quantify the relative
expression of each gene, Ct values were normalized against
the endogenous reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (DCt ¼ Ct target2Ct GAPDH)
and were compared with a calibrator using the DDCt
method (DDCt ¼ DCt sample2DCt calibrator).
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Protein expression evaluation by Western blot analysis

Osteoarthritic and normal articular chondrocytes were lysed
using Nonidet P-40 lysis buffer containing 30 mmol/L Tris
(pH 7.5; Sigma-Aldrich, St Louis, MO, USA), 150 mmol/L
NaCl (Sigma-Aldrich), 10% glycerol (Sigma-Aldrich), 1%
Nonidet P-40 (Sigma-Aldrich) and a cocktail of protease
inhibitors (Roche). Protein concentration was quantified
using the Bio-Rad Bradford protein assay (BioRad,
Hercules, CA, USA) with bovine serum albumen as standard.

Cell lysates were electrophoresed and separated on a
4–10% Tris-HCl gel (Bio-Rad) and transferred to a
Hybond-ECL nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ, USA), which was probed with
antibodies against FGF23 (1:1000 dilution; Novus
Biologicals Inc, Littleton, CO, USA), FGFR1c, total ERK1/2,
phosphor-ERK1/2, COL10A1, OPN, OC, PiT-1 and PiT-2
(1:1000 dilution; Abcam, Cambridge, UK), VDR (1:1000
dilution; R&D Systems, McKinley Place, NE, Mineapolis,
USA), caspase-9 (1:1000 dilution; Santa Cruz Biotechnology
Inc, Heidelberg, Germany), and signals were detected using
secondary antibody IgG conjugated with horseradish peroxi-
dase (1:5000 dilution; Santa Cruz Biotechnology). The results
were normalized using goat polyclonal beta-actin antibody
(Santa Cruz Biotechnology).

FGF23 measurement in cell culture media

In order to determine the secreted levels of FGF23 from
OA and normal samples, culture media from primary OA
and normal chondrocyte cultures were analyzed for
FGF23, using specific enzyme-linked immunosorbent
assay (Immunotopics, Inc, San Clemente, CA, USA) accord-
ing to the manufacturer’s instructions. FGF23 concentrations
were determined in duplicate. According to the manufac-
turers, the detection limit for FGF23 assay was �3 U/mL.
The intra- and inter-assay coefficient of variation were 5%
and 7.3%, respectively.

FGF23–FGFR1c immunoprecipitation assay

Sub-confluent cells of normal and OA chondrocytes
cultures were lysed in 20 mmol/L Tris-HCl buffer (pH 8)
(Sigma-Aldrich) containing protease inhibitors (Roche). In
separate aliquots of cell lysates, antibody against FGFR1c

(Abcam) or FGF23 (Novus Biologicals Inc) was added.
Protein A/G agarose beads (Thermo Scientific, Rockford,
IL, USA) were also added in every sample and they were
incubated overnight at 48C. Agarose beads were collected
and washed with lysis buffer (pH 8). Based-bound proteins
were resolved on 4–10% sodium dodecyl sulfate-
polyacrylamide gels (Invitrogen), and the gels were
blotted on nitrocellulose membranes (Amersham
Biosciences). The membranes were incubated with 5%
blocker and then with anti-FGF23 of FGFR1c antibody,
respectively. The membranes were then exposed to photo-
graphic film (Kodak, Rochester, NY, USA). IgG from the
same species as the antibody being used for the immuno-
precipitation was used as a negative control.

Treatment of normal or OA chondrocytes

Three days post-seeding, normal chondrocytes were treated
with varying concentrations (1027, 1026 mol/L) of
1a,25(OH)2D3 (Sigma-Aldrich) or DMEM/F-12 alone for
24, 48 and 72 h, at which time cells were harvested. In
each experiment, the results from three out of the six-well
plates were averaged and considered as n ¼ 1. No signifi-
cant variance was observed among the individual wells in
each averaged group.

We also treated normal chondrocytes with varying concen-
trations of phosphate or phosphate together with phospho-
noformic acid (PFA; Sigma-Aldrich), a Pi transporter
inhibitor. In order to prepare the treatment media enriched
with Pi, Pi (NaH2PO4; Sigma-Aldrich) was dissolved in
warm DMEM/F12 (378C). When phosphate salts were com-
pletely dissolved, pH was adjusted to 7.4, and the solution
was filter sterilized. The actual concentration of Pi in the
serum-free medium was 1 mmol/L and this value was set
as control. The concentrations of Pi which were tested were
3, 5 and 7 mmol/L at 48 h. PFA was used at a concentration
of 1 mmol/L in the presence of 1 (control) to 7 mmol/L Pi.

Vitamin D response element promoter analysis

Chromatin immunoprecipitation was performed in osteoar-
thritic chondrocytes using a chromatin immunoprecipita-
tion (ChIP) assay kit (Upstate USA, Inc, Charlottesville,
VA, USA). Cells were cross-linked by incubating them in
1% (vol/vol) formaldehyde-containing medium for 10 min

Table 1 Oligonucleotide primers used in realtime PCR assay

Gene Forward Reverse Tm (88888C)

COL10A1 50-CAGGCATAAAAGGCCCACTA-30 50-GTGGACCAGGAGTACCTTGC-30 59

MMP-13 50-TGGCATTGCTGACATCATGA-30 50-GCCAGAGGGCCCATCAA-30 56

OPN 50-TGAAACGAGTCAGCTGGATG-30 50 TGAAATTCATGGCTGTGGAA-30 60

OC 50-AGAGTCCAGCAAAGGTGCAG-30 50-TCAFCCAACTCGTCACAGTC-30 55

FGF23 50-TGCTGGCTTTGTGGTGATTA-30 50-TTCTCCGGGTCGAAATAGTG-30 60

FGFR1c 50-AACCTGCCTTATGTCCAGATCT-30 50-AGGGGCGAGGTCATCACTGC-30 65

Pit-1 50-AGCGTGGACTTGAAAGAGGA-30 50-TACAGGCCGGAATCCTTATG-30 60

Pit-2 50-GGGAGCTCACAAGTGCTTTC-30 50-AGGGTGGGAGACAGACAATG-30 60

VDR 50-GCCCACCATAAGACCTACGA-30 50-GATTGGAGAAGCTGGACGAG-30 60

GAPDH 50-ACCACTGTCCACGCCATCAC-30 50-TCCACCACCCTGTTGCTGTA-30 60

COL10A1, collagen type X alpha 1; MMP-13, metalloproteinase-13; OPN, osteopontin; OC, osteocalcin; FGF23, fibroblast growth factor 23; FGFR1c, fibroblast

growth factor receptor 1c; Pit-1, sodium-dependent phosphate transporter 1; Pit-2, sodium-dependent phosphate transporter 2; VDR, vitamin D receptor; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase
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at 378C and then sonicated to create soluble chromatin with
DNA fragments between 200 and 1000 bps. Samples of total
chromatin were taken at this point to be used as positive
control in the PCRs (input chromatin). The cell lysates
were precleared by incubation with G-Sepharose beads
and then incubated with monoclonal anti-human VDR anti-
body or human purified IgG (R&D Systems) overnight at
48C. DNA–protein complexes were collected with
G-Sepharose beads, washed, eluted and treated with
60 mL protein A agarose slurry, extraction with phenol–
chloroform and ethanol precipitation. The recovered DNA
was resuspended in TE buffer and used for the PCR ampli-
fication. Oligonucleotide primers used are shown in Table 2.
The PCR products were fractionated on 3% agarose gels and
were stained with ethidium bromide.

Oligonucleotide transfections

Osteoarthritic chondrocytes were seeded in six-well plates
with DMEM/F-12 containing 5% FBS. After overnight
incubation, cells were transfected with specific siRNA
against VDR (Invitrogen), scrambled siRNA (Invitrogen)
and control which contained only OPTI-MEM, using
LipofectamineTM 2000 (Invitrogen) as described by the man-
ufacturer. No cell toxicity was detected due to the transfec-
tion agent.

In five osteoarthritic cultures, after VDR silencing, the
medium was changed to DMEM/F-12 containing 1 mmol/L
PFA.

RNA and cell lysates were extracted 48 h after si-VDR
transfection or si-VDR together with PFA. Expression levels
of mRNA and protein of VDR, FGF23, FGFR1c, OPN, OC,
COL10A1 and MMP-13 were determined by realtime PCR
and Western blot, as described above. In addition, protein
levels of caspase-9, phosphor- and total ERK1/2 were also
determined by Western blot. In each experiment, the results
from three out of six-well plates were averaged and con-
sidered as n ¼ 1. No significant variance was observed
among the individual wells in each averaged group.

Study of apoptosis

The study of apoptosis was performed with the TACS
Annexin V-FITC Apoptosis Detection Kit (R&D Systems).
Cells were incubated for 15 min with annexin V-FITC and
propidium iodide and subsequently analyzed by flow cyto-
metry using the FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ, USA). Analysis was performed using the
WinMDI software (Salt Institute, La Jolla, CA, USA). At
least 10,000 events were collected for each sample.

Statistical analysis

Data were analysed by unpaired t-test, the paired t-test, as
well as analysis of variance (ANOVA) using a confidence
level of 95% (P , 0.05). Numerical data were expressed as
mean þ standard deviation (SD). Statistical significance for
mRNA expression analysis between OA and normal
samples and for FGF23 protein levels between OA and
normal culture media was determined with unpaired
t-test. Moreover, sex-related differences between male and
female in OA and normal samples were evaluated using
two-way ANOVA. Paired t-test was used in order to evalu-
ate statistical significance for mRNA expression analysis
after treatment with 1a,25(OH)2D3, Pi, Pi together with
PFA, VDR together with PFA. The effect of small interfering
RNA (siRNA) against VDR on mRNA expression was eval-
uated utilizing ANOVA. Statistical significance of apoptosis
percentages was evaluated with unpaired t-test. All exper-
iments were performed in triplicate. Statistical analysis
was performed using the SPSS software (version 17.0;
IBM, Somers, NY, USA).

Results

Evaluation of chondrocyte hypertrophy
by COL10A1 expression

All cartilage samples were evaluated for COL10A1 mRNA
and protein expression levels. We found that chondrocytes
from all OA cartilage samples had significantly higher
COL10A1 mRNA (Figure 1a) and protein expression
(Figure 1b) levels compared with normal ones (P , 0.0001).
Moreover, there was no significant difference between male
and female samples.

FGF23 and FGFR1c mRNA and protein expression
in normal and osteoarthritic chondrocytes

Realtime PCR and Western blot analysis showed that both
FGF23 and FGFR1c mRNA and protein levels were signifi-
cantly higher in OA chondrocytes compared with normal
(P , 0.0001) (Figures 2a and b). The statistical significance
between male and female samples was also evaluated and
there was no significant difference related to sex.

Detection of FGF23 in normal and osteoarthritic
culture media

FGF23 levels were evaluated in culture media samples
obtained from OA and normal primary chondrocyte cultures.
We found that secreted FGF23 levels were significantly higher

Table 2 Oligonucleotide primers used for amplification of DNA fragments isolated from ChiP assay

Gene Forward Reverse

FGF23 1 50-TTCGGGTGTGTGTTCCAGTA-30 50-ACAGGGTGTCCCCACATTTA-30

2 50-AGGCAGATGGCATCCTCTAA-30 50-TTGCCCTCGATAGTCCAAAC-30

3 50-TCTGCCTGATGGTGTCATGT-30 50-CACTCTGGGCTGTCTGTTGA-30

4 50-AGCGTTGGCTTGAAATTGAG-30 50-TGCAAGTAGCTGGTGTGAGG-30

OC 50-CCTTTCTCCTGTCCGGATG-30 50-GCGGGGATCAGAGACCTAA-30

FGF23, fibroblast growth factor 23; OC, osteocalcin
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in OA primary chondrocyte cultures (37–44.81 U/mL, mean
41.61+1.76 U/mL) compared with normal chondrocytes
(16.38–26.69 U/mL, mean 20.02+3.34 U/mL) (P , 0.002)
(Figure 2c), whereas there was no significant difference in
secreted FGF23 levels between male and female samples.

FGF23 and FGFR1c interactions in normal
and osteoarthritic chondrocytes

The differences in FGF23 and FGFR1c mRNA and protein
expression between OA and normal chondrocytes,
prompted us to investigate the interaction between FGF23

and FGFR1c using immunoprecipitation in cultured
normal and osteoarthritic chondrocytes. All cultured chon-
drocytes were at the same passage when harvested in
order to avoid altered expression pattern. We observed
that FGF23 exhibits stronger binding to FGFR1c in OA chon-
drocytes compared with normal (Figure 3).

VDR expression analysis in normal and
osteoarthritic chondrocytes

To test the possible implication of VDR signaling triggered
by 1a,25(OH)2D3 in normal and OA chondrocytes, we deter-
mined VDR protein expression levels and found that OA
chondrocytes exhibited significantly higher VDR protein
expression compared with normal (P , 0.0001) (Figure 4).

ChiP assay supports the binding of VDR to FGF23
promoter regulating its transcription

The concomitant increased expression of VDR and FGF23 in
osteoarthritic chondrocytes prompted us to explore VDR’s
ability to bind to FGF23 promoter via the possible existence
of vitamin D receptor elements (VDREs) and subsequently
up-regulate its mRNA expression. ChiP with specific
primers for FGF23 promoter revealed that VDR can bind
to at least two regions within the FGF23 promoter, situated
between 2589 and 2823 and between 2921 and 21094
from the initiator ATG codon. We confirmed that the
1a,25(OH)2D3–VDR complex in osteoarthritic chondrocytes
binds to VDRE at 2547 bp in the human osteocalcin gene
serving as positive control (Figure 5).

Figure 1 (a) Quantitative COL10A1 mRNA expression was higher in osteoarthritic compared with normal chondrocytes. GAPDH was used as a normalization

control gene for realtime PCR analysis. Data are presented as the mean+SD, �P , 0.0001. (b) COL10A1 protein expression was increased in osteoarthritic com-

pared with normal chondrocytes. b-Actin was used as a loading control in Western blot analysis. PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; COL10A1, collagen type X alpha 1; OA, osteoarthritis

Figure 2 FGF23 and FGFR1c expression in osteoarthritic compared with

normal chondrocytes. (a) FGF23 and FGFR1c had higher mRNA expression

levels in OA chondrocytes compared with normal. Data are presented as

the mean+SD, �P , 0.0001. (b) FGF23 and FGFR1c had higher protein

expression levels in OA chondrocytes compared with normal. b-Actin was

used as a loading control in Western blot analysis. (c) Secreted FGF23

levels from primary OA chondrocytes cultures were significantly higher com-

pared with its levels from normal chondrocytes cultures. Data are presented

as the mean+SD, �P , 0.002. FGF23, fibroblast growth factor 23; FGFR1c,

fibroblast growth factor receptor 1c; OA, osteoarthritis

Figure 3 Interactions between FGF23 and FGFR1c in normal and osteoar-

thritic chondrocytes. In the first row, immunoprecipitation (IP) was performed

with antibody against FGF23 and followed by immunoblot (IB) against

FGFR1c. In the second row, IP was performed using antibody against

FGFR1c and IB with FGF23. IgG is a non-specific human IgG used as a nega-

tive control. FGF23, fibroblast growth factor 23; FGFR1c, fibroblast growth

factor receptor 1c
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Type III sodium/phosphate cotransporters (PiT-1,
PiT-2) expression levels in OA and normal
chondrocytes

Driven by the knowledge that increased extracellular Pi
leads to PiT-1 up-regulation and Pi influx into chondrocytes,
we investigated PiT-1 and PiT-2 mRNA and protein
expression levels and found that they were significantly
increased in osteoarthritic chondrocytes compared with
normal (P , 0.0001) (Figure 6). The statistical significance
between male and female samples was also evaluated and
there was no significant difference related to sex.

Effect of 1a,25(OH)2D3 in normal chondrocytes

Treatment of normal chondrocytes with 1027 and 1026 mol/L
1a,25(OH)2D3 for 24, 48 and 72 h resulted in a time- and
dose-significant up-regulation of VDR, FGF23, FGFR1c,
OPN, OC, COL10A1 and MMP-13 mRNA and protein
levels (P , 0.0001 for all) and caspase-9 and phosphorylated
ERK1/2 protein levels (Figure 7).

VDR knockdown in osteoarthritic chondrocytes

We next successfully blocked VDR expression in OA chon-
drocytes using siRNA against VDR and transfection with
liposomes and found that VDR mRNA and protein
expressions were down-regulated by 97% and 38%, respect-
ively (P , 0.0001) (Figures 8a and b).

Furthermore, we observed that inhibition of VDR in
osteoarthritic chondrocytes resulted in significant down-
regulation of FGF23, FGFR1c, OPN, OC, COL10A1 and
MMP-13 mRNA and protein expression levels (P , 0.0001)
as well as caspase-9 and phosphorylated ERK1/2 protein
levels (Figures 8a and b).

Finally, we determined the apoptotic effect of VDR inhi-
bition in OA chondrocytes by annexin V staining and flow-
cytometry. Osteoarthritic chondrocytes demonstrated lower
apoptotic rates compared with untransfected cells after VDR
knock-down (P , 0.0001) (Figure 8c).

Effect of Pi in normal chondrocytes

Treatment of normal chondrocytes with 3, 5 and 7 mmol/L
Pi for 48 h resulted in a time- and dose-dependent
up-regulation of PiT-1, PiT-2, FGF23, OPN and MMP-13
mRNA and protein levels (P , 0.0001) (Figures 9a and f)
as well as caspase-9 and phosphorylated ERK1/2 protein
levels (P , 0.0001) (Figure 9f). However, 3, 5 and 7 mmol/L

Pi treatment of normal chondrocytes had no significant
effect on COL10A1 mRNA expression.

Addition of 1 mmol/L PFA, a synthetic inhibitor of Pi,
together with Pi resulted in significant inhibition of PiT-1,
PiT-2, FGF23, OPN and MMP-13 mRNA and protein
levels and reduced caspase-9 and phosphorylated ERK1/2
protein levels (P , 0.001) (Figures 9a and f).

Moreover, treatment of normal chondrocytes with
7 mmol/L Pi for 48 h resulted in significant increase of
apoptotic cells (P , 0.001), whereas the combined treatment
of 1 mmol/L PFA together with 7 mmol/L Pi resulted in
inhibition of the Pi effect (P , 0.001) (Figure 9g).

1a,25(OH)2D3 and Pi synergistic effect on FGF23
signaling

We proceeded with simultaneous inhibition of VDR and
treatment with 1 mmol/L PFA in OA chondrocytes, in
order to test the possible synergistic action of VDR silencing
and PiT-1, PiT-2 inhibition on FGF23 expression and the
subsequent effects on downstream targets. We observed
that the combined VDR silencing and PFA treatment had
a synergistic effect and resulted in higher FGF23, FGFR1c
mRNA and protein down-regulation (P , 0.001) than VDR
silencing and PFA treatment alone (Figures 10a and b). In
addition, the combined treatment also resulted in significant
down-regulation of mRNA and protein expression levels of
all target genes – COL10A1, OC, OPN and MMP-13
(Figure 10c).

Phosphorylated ERK1/2 protein expression levels showed
the strongest down-regulation after combined inhibition of
VDR and Na/Pi type III contransporters PiT-1, PiT-2
(Figure 10d).

Discussion

The link between chondrocyte hypertrophy and matrix
mineralization is well established in endochondral ossifica-
tion and in late-stage OA, where it has been associated
with disease progression.30 – 32 Vitamin D has a recognized
role in calcium and phosphorus homeostasis – promoting

Figure 4 Quantification of VDR expression levels in OA and normal chondro-

cytes. VDR protein levels were higher in OA chondrocytes compared with

normal. b-Actin was used as a loading control in Western blot analysis.

VDR, vitamin D3 receptor; OA, osteoarthritis Figure 5 Osteoarthritic chondrocytes were subjected to ChIP using antibody

against VDR. Amplification of input DNA is also shown. Binding of VDR to

osteocalcin gene promoter was used as a positive control. IgG is a non-

specific human IgG used as a negative control. DNA precipitates were isolated

and then subjected to PCR. Two possible VDREs are situated in FGF23 pro-

moter between -589 and -823 and between -921 and -1094, from the initiator

ATG codon. ChIP, chromatin immunoprecipitation; VDR, vitamin D3 receptor;

PCR, polymerase chain reaction; VDREs, vitamin D response elements;

FGF23, fibroblast growth factor 23; OC, osteocalcin
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degrading enzymes and regulating the expression of key
target genes such as FGF23.

In the present study, we investigated the role of
1a,25(OH)2D3 and Pi in hypertrophy and mineralization in
osteoarthritic chondrocytes mediated by FGF23 signaling
through the activation of mitogen-activated protein kinase
(MAPK) pathway.

At first, we tested the expression of COL10A1, a hypertro-
phy marker, in osteoarthritic and normal chondrocytes and
found that all osteoarthritic cartilage samples had signifi-
cantly higher COL10A1 expression levels compared with
normal, confirming that all osteoarthritic cartilage samples
were hypertrophic.

In order to test the possible implication of VDR, PiT-1 and
PiT-2 (Na/Pi type III cotransporters) in the mineralization
process in OA, we evaluated their expression levels and
found that VDR and PiT-1, PiT-2 had significantly higher
mRNA and protein levels in OA chondrocytes compared
with normal. Type III Naþ/Pi cotransporters, PiT-1 and
PiT-2, are widely distributed, as it has been shown that
they are expressed in various tissues such as bone and
hypertrophic chondrocytes of the growth plate, suggesting
that they play a housekeeping role in Pi homeostasis.17,33,34

In addition, VDR is expressed in the intestine, kidney, bone,
bone marrow and chondrocytes and plays critical roles in
calcium and phosphorus homeostasis, bone development
and mineralization, as well as in the control of cell growth
and differentiation.35 In this study, the observed VDR
up-regulation in OA chondrocytes could be attributed to
the local production of 1a,25(OH)2D3 within the impaired
joint, which influences the production of catabolic
enzymes such as MMP-13 and contributes to joint pathol-
ogy.36 All previous data together with our results support
the concept that VDR and 1a,25(OH)2D3 may play a regulat-
ory role in chondrocytes’ OA phenotype.

As our aim was to investigate the molecular pathway
through which 1a,25(OH)2D3 and Pi contribute to hypertro-
phy in OA chondrocytes, we evaluated FGF23 expression, a
circulating phosphaturic factor playing a key role in renal Pi

absorption and metabolism, as well as its receptor FGFR1c
in osteoarthritic and normal chondrocytes. We found that
osteoarthritic chondrocytes exhibited significantly higher
FGF23 and FGFR1c mRNA and protein levels compared
with normal. It has been shown that FGF23 induces a pre-
mature exit of proliferating chondrocytes into hypertrophy,
leading to shorter bone growth.37 Furthermore, we have
previously showed that FGF23 positively regulates
RUNX-2, a hypertrophy marker in OA chondrocytes.38

Knowing that FGF23 acts as a circulating phosphaturic
hormone, we evaluated its secreted levels in culture media
from OA and normal chondrocyte cultures and found that
they were significantly elevated in OA compared with
normal chondrocytes. The main regulator of FGF23 is
1,25(OH)2D3, which induces its production in osteoblasts
in a negative feedback loop. The observed elevated levels
of FGF23 in OA chondrocyte culture media could demon-
strate that 1,25(OH)2D3 induces its production in order to
suppress 1,25(OH)2D3 in OA patients.23,24,29,39 As FGFR1c
is suggested to be the biologically relevant receptor for
FGF23,28 we also tested for the binding of FGF23 to
FGFR1c. We observed for the first time, that FGF23 binds
to FGFR1c with greater ability in OA than in normal chon-
drocytes, confirming thus the enhanced activation of FGF23
signaling in OA.

In order to confirm whether FGF23 is a target gene of
1a,25(OH)2D3 in OA chondrocytes, we investigated for the
presence of possible VDREs on FGF23 promoter. We identified,
for the first time to our knowledge, the presence of two VDREs
situated from 2589 until 2823 and 2921 until 21094 in the
FGF23 promoter, providing evidence for the effect of
1a,25(OH)2D3 on FGF23 transcriptional regulation during
the impaired calcium homeostasis observed in OA.

We next treated normal chondrocytes with 1a,25(OH)2D3

or Pi and we observed increased VDR or PiT-1 and PiT-2
mRNA and protein expression levels, respectively. We also
found, for the first time in normal chondrocytes, that both
1a,25(OH)2D3 and Pi resulted in FGF23 up-regulation,
suggesting that VDR triggered by 1a,25(OH)2D3 is a

Figure 6 PiT-1 and PiT-2 expression levels in osteoarthritic and normal chondrocytes. (a) PiT-1 mRNA and protein expressions levels were higher in OA com-

pared with normal chondrocytes. (b) PiT-2 had higher mRNA and protein expression levels in OA chondrocytes compared with normal. GAPDH was used as a

normalization control gene for realtime PCR analysis and b-actin as a loading control in Western blot analysis. Data are presented as the mean+SD, �P , 0.0001.

PiT, phosphate inorganic transporter; OA, osteoarthritis; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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Figure 7 Treatment of normal chondrocytes with 0, 1027 and 1026 mol/L 1,25D at 24, 48 and 72 h. mRNA expressions of (a) VDR, (b) FGF23, (c) FGFR1c,

(d) COL10A1, MMP-13, OPN and OC was up-regulated after 1027 or 1026 mol/L 1,25D treatment of normal chondrocytes compared with untreated (0 mol/L)

at 24, 48 and 72 h. GAPDH was used as a normalization control gene. Data are presented as the mean+SD, �P , 0.0001 for 0 versus 1027 mol/L 1,25D at

24, 48 and 72 h, ��P , 0.0001 0 versus 1026 mol/L 1,25D at 24, 48 and 72 h, ���P , 0.0001 1027 versus 1026 mol/L 1,25D at 24, 48 and 72 h, ����P , 0.0001

1027 mol/L at 24 h versus 1027 mol/L 1,25D at 48 h, 1027 mol/L at 24 h versus 1027 mol/L 1,25D at 72 h and 1027 mol/L at 48 h versus 1027 mol/L 1,25D at

72 h, �����P , 0.0001 1026 mol/L at 24 h versus 1026 mol/L 1,25D at 48 h, 1026 mol/L at 24 h versus 1026 mol/L 1,25D at 72 h, 1026 mol/L at 48 h versus

1026 mol/L 1,25D at 72 h, NS for non-significant. (e) Increased VDR, FGF23, FGFR1c, OPN, OC, COL10A1, MMP-13 and caspase-9 protein levels after 0,

1027 and 1026 mol/L at 72 h treatment in normal chondrocytes normalized to b-actin. 1027 and 1026 mol/L 1,25D for 72 h treatment in normal chondrocytes

induced pERK1/2 phosphorylation compared with total levels of ERK. 1,25D, 1,25-dihydroxyvitamin D3; VDR, vitamin D3 receptor; OPN, osteopontin; OC, osteo-

calcin; MMP-13, metalloproteinase-13, ERK, extracellular signal-regulated kinase; FGF23, fibroblast growth factor 23; FGFR1c, fibroblast growth factor receptor

1c; COL10A1, collagen type X alpha 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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transcriptional regulator of FGF23 contributing in mineraliz-
ation and hypertrophy in OA. In addition, 1a,25(OH)2D3 or
Pi treatment in normal chondrocytes resulted in
up-regulation of FGFR1c mRNA and protein expression,
thus allowing binding with FGF23. Similar results were
observed by Kolek et al.,40 who showed that injection of
1a,25(OH)2D3 in mice markedly increased FGF23 expression

in several tissues, including the bone, acting as a negative
regulator of the active form of vitamin D and preventing
ectopic calcification.

Interestingly, we also observed that treatment of normal
chondrocytes with 1a,25(OH)2D3 or extracellular Pi resulted
in significant phosphorylation of ERK1/2, indicating a
central role of the MAPK pathway in signal transduction

Figure 8 Transfection of osteoarthritic chondrocytes with siRNA against VDR. (a) VDR, FGF23, FGFR1c, COL10A1, MMP-13, OPN and OC mRNA expression

levels were reduced after 48 h siRNA-VDR. SiRNA-scrambled was used as a control. GAPDH was used as a normalization control gene. �P , 0.0001 for untrans-

fected or siRNA-scrambled versus siRNA against VDR. (b) Reduced VDR, FGF23, FGFR1c, OPN, OC, COL10A1, MMP-13, caspase-9 protein levels after 48 h

siRNA-VDR transfection in osteoarthritic chondrocytes normalized to b-actin. siRNA-VDR transfection in osteoarthritic chondrocytes abolished pERK1/2 phos-

phorylation compared with total levels of ERK. (c) siRNA-VDR transfection for 48 h in OA chondrocytes reduced apoptosis by 4.3-fold compared with untrans-

fected ones or siRNA-scrambled �P , 0.0001. VDR, vitamin D3 receptor; OPN, osteopontin; OC, osteocalcin; MMP-13, metalloproteinase-13, ERK, extracellular

signal-regulated kinase; FGF23, fibroblast growth factor 23; FGFR1c, fibroblast growth factor receptor 1c; COL10A1, collagen type X alpha 1; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase
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by extracellular Pi or 1a,25(OH)2D3 in chondrocytes. Recent
studies have showed that ERK phosphorylation is associ-
ated with maturation of hypertrophic chondrocytes in
murine metatarsal cultures and that extracellular calcium
stimulates VDR expression in parathyroid glands through
the ERK1/2 pathway.41,42 Moreover, it was shown in osteo-
blastic MC3T3-E1 cells and in chondrocytic ATDC5 cells,
that increase in extracellular Pi induced the phosphorylation
of ERK1/2 in order to up-regulate mineralization-related
genes,13,43 suggesting that activation of the MAPK

pathway by extracellular Pi or 1a,25(OH)2D3 might regulate
different target genes among different cell types.

Furthermore, our observation that the MAPK pathway is
activated by extracellular Pi or 1a,25(OH)2D3, led us to
investigate the expression of several target genes that
could reflect the induced hypertrophy and impaired miner-
alization observed in OA. We found that hypertrophy
markers (COL10A1, OPN and OC), catabolic enzymes
(MMP-13) and apoptotic proteins (caspase-9) were signifi-
cantly up-regulated in a time- and dose-dependent

Figure 9 Effect of 3, 5 or 7 mmol/L extracellular Pi in normal chondrocytes. Quantitative mRNA expression of (a) PiT-1, (b) PiT-2, (c) FGF23, (d) OPN, (e) MMP-13

was up-regulated after 3, 5 or 7 mmol/L extracellular Pi treatment of normal chondrocytes compared with control (1 mmol/L Pi) for 48 h. 1 mmol/L PFA pretreat-

ment of normal chondrocytes abolished or reduced the Pi-induction of PiT-1, PiT-2, FGF23, OPN and MMP-13 mRNA expression. GAPDH was used as a normal-

ization control gene. Data are presented as the mean+SD, �P , 0.0001 for 1 mmol/L versus 3, 5 and 7 mmol/L Pi without PFA,��P , 0.0001 for 1 mmol/L

versus 3, 5 and 7 mmol/L Pi with 1 mM PFA, ���P , 0.0001 for 3, 5 and 7 mmol/L Pi without PFA versus 3, 5 and 7 mmol/L Pi with PFA, NS for non-significant.

(f ) PiT-1, PiT-2, FGF23, OPN, MMP-13 and caspase-9 protein expression levels were induced in the presence of 3, 5 and 7 mmol/L Pi at 48 h in normal chon-

drocytes compared with control (1 mmol/L Pi). b-Actin was used as a loading control. Phosphorylation of ERK1/2 was increased after 3, 5 and 7 mmol/L Pi

at 48 h in normal chondrocytes compared with total levels of ERK. Pi-induced effects were abolished by PFA in normal chondrocytes. (g) Apoptosis was

increased after 7 mmol/L Pi in normal chondrocytes compared with control (1 mmol/L Pi), but reduced in the presence of PFA, �P , 0.0001 for 1 mmol/L Pi

versus 7 mmol/L Pi, ��P , 0.0001 for 1 mmol/L Pi with 1 mmol/L PFA versus 7 mmol/L Pi with 1 mmol/L PFA, ���P , 0.0001 for 7 mmol/L Pi without PFA

versus 7 mmol/L Pi with 1 mmol/L PFA, NS for non-significant. Pi, inorganic phosphate; PiT, phosphate inorganic transporter; PFA, phosphonoformic acid;

VDR, vitamin D3 receptor; OPN, osteopontin; OC, osteocalcin; MMP-13, metalloproteinase-13, ERK, extracellular signal-regulated kinase; FGF23, fibroblast

growth factor 23; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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manner after Pi or 1a,25(OH)2D3 treatment. Moreover, we
observed that Pi treatment in normal chondrocytes resulted
in an increased number of apoptotic cells.

To confirm our previous findings, we knocked down VDR
expression in osteoarthritic chondrocytes using siRNA
against VDR. We found that silencing of VDR expression
resulted in significant down-regulation of FGF23 and
FGFR1c mRNA and protein expression levels and subsequent
reduction of phosphorylated ERK1/2, suggesting, for the first
time, a direct role of 1a,25(OH)2D3 on FGF23 signaling
through ERK1/2 phosphorylation in osteoarthritic chondro-
cytes. In addition, we observed that VDR silencing in OA
chondrocytes resulted in significant down-regulation of
COL10A1, OPN, OC, MMP-13 and caspase-9 protein levels,
as well as in reduced apoptotic rate, confirming the impli-
cation of 1a,25(OH)2D3 in the impaired mineralization and
hypertrophy in OA. Moreover, treatment of normal chondro-
cytes with Pi together with its synthetic inhibitor PFA
resulted in significant reduction of Pi-induced responses,
suggesting that the effects of Pi on chondrocytes were specific
and dependent on the active transport of the ion through the
Na/Pi type III cotransporters, PiT-1 and PiT-2.

Finally, we investigated the convergence point of the sig-
naling triggered by extracellular Pi and 1a,25(OH)2D3 and

found that inhibition of both signaling pathways using
PFA against Na/Pi type III cotransporters and siRNA
against VDR had a synergistic effect and resulted in additive
down-regulation of FGF23 and FGFR1c expression levels as
well as ERK1/2 phosphorylation. It has been previously
shown in growth-plate hypertrophic chondrocytes that
1a,25(OH)2D3 and Pi interact in a feedback loop in which
1a,25(OH)2D3 contributes to Pi release into the ECM and
its subsequent action on chondrocyte-inducing apoptosis.7

We finally observed that the combined treatment with
siRNA against VDR and PFA resulted in significant down-
regulation of late hypertrophic (COL10A1, OPN, OC) and
catabolic (MMP-13) markers, compared with each inhibitor
alone. It is interesting that OPN, a phosphoprotein, exhib-
ited the strongest down-regulation. OPN has been shown
to play a pivotal role in the differentiation of late hyper-
trophic murine chondrocytes requiring ERK1/2 activation
by Pi to regulate its expression.43

In conclusion, we provide evidence that Pi and
1a,25(OH)2D3 activate ERK1/2 through FGF23 signaling
and are implicated in hypertrophy and impaired mineraliz-
ation in osteoarthritic chondrocytes, suggesting that VDR/
Pi signaling may be potential targets for therapeutic inter-
vention in late-stage OA.

Figure 10 Synergistic action of siRNA against VDR and PFA in osteoarthritic chondrocytes. (a) FGF23, (b) PiT-1 and PiT-2, (c) FGFR1c, COL10A1, OC, OPN

and MMP-13 exhibited lower mRNA expression levels after siRNA-VDR transfection together with 1 mmol/L PFA treatment than siRNA-VDR transfection or

1 mmol/L PFA treatment alone in OA chondrocytes. GAPDH was used as a normalization control gene. Data are presented as the mean+SD, �P , 0.0001 for

untransfected versus siRNA-VDR, ��P , 0.0001 for untransfected versus 1 mmol/L PFA, ���P , 0.0001 for untransfected versus 1 mmol/L PFA together with

siRNA-VDR, ����P , 0.0001 for siRNA-VDR versus 1 mmol/L PFA together with siRNA-VDR, �����P , 0.0001 for 1 mmol/L PFA versus 1 mmol/L PFA together

with siRNA-VDR. (d) FGF23, FGFR1c, MMP-13, PiT-1, PiT-2, COL10A1, OC and OPN protein levels were down-regulated more by siRNA-VDR together with

1 mmol/L PFA treatment in OA chondrocytes than by siRNA-VDR or 1 mmol/L PFA alone. PiT-1 and PiT-2 protein levels were not affected by siRNA-VDR trans-

fection. b-Actin was used as a loading control. Phosphorylation of ERK1/2 was reduced at greater extent by the treatment with siRNA-VDR and 1 mmol/L PFA

than by the treatment with siRNA-VDR or 1 mmol/L PFA alone in OA chondrocytes compared with ERK total levels. PiT, phosphate inorganic transporter; PFA,

phosphonoformic acid; VDR, vitamin D3 receptor; OPN, osteopontin; OC, osteocalcin; MMP-13, metalloproteinase-13, ERK, extracellular signal-regulated kinase;

OA, osteoarthritis; FGF23, fibroblast growth factor 23; FGFR1c, fibroblast growth factor receptor 1c; COL10A1, collagen type X alpha 1; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase
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