Papathanasiou et al. Arthritis Research & Therapy 2012, 14:R82 [ ] [
http://arthritis-research.com/content/14/2/R82 . a r t M!I t I S
researc erapy
RESEARCH ARTICLE Open Access

Bone morphogenetic protein-2-induced Wnt/3-
catenin signaling pathway activation through
enhanced low-density-lipoprotein receptor-
related protein 5 catabolic activity contributes to
hypertrophy in osteoarthritic chondrocytes

loanna Papathanasiou'?, Konstantinos N Malizos** and Aspasia Tsezou'**"

Abstract

Introduction: Events normally taking place in the terminal chondrocyte differentiation in the growth plate are also
observed during osteoarthritis (OA) development, suggesting that molecules, such as Wnts and bone
morphogenetic proteins (BMPs) regulating chondrocyte activity in the growth plate, may play a key role in
osteoarthritis pathogenesis. The aim of the study was to investigate the possible cross-talk between BMP-2 and
Wnt/B-catenin pathways in OA progression.

Methods: Low-density-lipoprotein receptor-related protein 5 (LRP-5) and 6, BMP-2, -4, and -7, bone morphogenetic
protein receptor-lA and IB (BMPR-IA and BMPR-IA), lymphoid enhancer factor-1 (LEF-1), and transcription factor 4
(TCF-4) expression levels were investigated in normal and osteoarthritic chondrocytes. LRP-5, B-catenin (phospho
and active form), matrix metalloproteinases (MMPs) 7, 9, 13, 14, ADAMTS-4, 5, as well as collagen X (COL10AT1)
expression levels were evaluated after LRP-5 silencing in BMP-2-treated chondrocytes. The investigation of Smad1/
5/8 binding to LRP-5 promoter was assessed with chromatin immunoprecipitation (ChIP). Furthermore, we
evaluated the effect of experimental activation of the Wnt/B-catenin pathway with LiCl and LEF-1 silencing, in LiCl-
treated chondrocytes, on matrix metalloproteinases (MMPs) 7, 9, 13, 14, ADAMTS-4, 5, and collagen X (COL10A1)
expression, as well as possible interactions between LEF-1 and MMPs and COL10AT promoters by using a ChIP
assay.

Results: LRP-5, BMP-2, BMP-4, BMPR-IA, and LEF-1 mRNA and protein expression levels were found to be
significantly upregulated in osteoarthritic chondrocytes compared with normal. We showed that treatment of
cultured chondrocytes with BMP-2 resulted in increased B-catenin nuclear translocation and LRP-5 expression and
that the BMP-2-induced LRP-5 upregulation is mediated through Smad1/5/8 binding on LRP-5 promoter. LRP-5
silencing reduced nuclear B-catenin protein levels, MMPs and collagen X expression, whereas increased phospho-3-
catenin protein levels in BMP-2-treated chondrocyte. Furthermore, we demonstrated that activation of the Wnt/B-
catenin signaling pathway by LiCl and LEF-1 downregulation by using siRNA regulates MMP-9, 13, 14, ADAMTS-5,
and COL10A1 expression, evidenced by the observed strong binding of LEF-1 to MMP-9, 13, 14, ADAMTS-5 and
COL10A promoters.

Conclusions: Our findings suggest, for the first time to our knowledge, that BMP-2-induced Wnt/B-catenin
signaling activation through LRP-5 may contribute to chondrocyte hypertrophy and cartilage degradation in
osteoarthritis.
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Introduction

Osteoarthritis (OA) is a progressively degenerative joint
disorder characterized by extracellular matrix degrada-
tion, articular cartilage loss, and osteophyte formation
[1]. It is considered a major health problem worldwide,
causing chronic disability in elderly people [2]. However,
the molecular mechanisms underlying OA pathogenesis
are poorly understood, and no disease-modifying ther-
apy is currently available [1,2].

Osteoarthritis involves mainly the dysfunction of articu-
lar chondrocytes, which leads to cartilage degradation
through chondrocyte maturation and MMPs production
[3,4]. In growth-plate chondrogenesis, chondrocytes
become hypertrophic, expressing collagen X, remove the
collagen matrix through the production of MMP-13, and
finally die by apoptosis and are replaced by bone [5,6].
Alternatively, chondrocytes of permanent cartilage reside
at the ends of the long bones and do not mature into the
hypertrophic state, preventing terminal differentiation by
an unknown mechanism [7]. However, during osteoarthri-
tis, chondrocytes lose the stable phenotype and undergo
changes that occur in terminal differentiated growth-plate
chondrocytes, such as high expression of MMP-13 and
collagen X [8-10].

The function of articular chondrocytes is regulated by
different growth factors, including Wnt ligands and
BMPs, which have been shown to play a critical role in
chondrocyte proliferation, differentiation, and apoptosis
[11-13]. The canonic or Wnt/B-catenin pathway signals
through Frizzled family receptors and coreceptors LRP-
5/LRP-6 and leads to stabilization of -catenin, which in
turn interacts with transcription factors, such as LEF-1/
TCF-4 proteins, and activates specific genes, as c-myc
and cyclin DI [14]. The role of Wnt/B-catenin signaling
pathway in OA development has been previously sug-
gested, as an association has been reported between hip
OA susceptibility in women and two functional genetic
variants in FRZB, which encode frizzled-related protein,
a soluble antagonist of the Wnt canonic signaling path-
way [15-17]. Additional evidence for the involvement of
Wnt/B-catenin signaling in OA comes from the observa-
tion that frzd knockout mice are more susceptible to
chemically induced OA [18]. Besides FRZB, another
antagonist of the pathway, dickkopf-related protein 1
(Dkk-1), has been also shown to be associated with
reduced progression of OA in elderly women when it is
present in elevated levels in the serum [19]. A recent
study showed the implication of SOST, a potent inhibi-
tor of canonic Wnt signaling by binding to LRP5/6 in
OA disease processes with opposing effects by promot-
ing disease-associated subchondral bone sclerosis and
inhibiting degradation of cartilage [20]. Recently, we
showed that coreceptor of the Wnt/p-catenin signaling
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pathway, LRP-5, may have a catabolic role in osteoar-
thritis, as we observed significant upregulation of LRP-5
expression in osteoarthritic chondrocytes [21]. More-
over, the involvement of the Wnt/B-catenin signaling
pathway in the regulation of cartilage development and
homeostasis has been confirmed, as increased expression
levels of several Wnt proteins and Frizzled receptors
have been found in the synovial tissue of arthritic carti-
lage [22], and the conditional activation of the B-catenin
gene in articular chondrocytes in adult mice leads to
premature chondrocytes differentiation and the develop-
ment of an OA-like phenotype [23]. Increased levels of
B-catenin have been reported in chondrocytes within
areas of degenerative cartilage, and its accumulation and
transcriptional activity has been shown to stimulate
chondrocyte matrix catabolic action, to induce the
expression of different MMPs in articular chondrocytes,
and to promote hypertrophic differentiation of chondro-
cytes, evidenced by increased expression of collagen X
[24-26].

Besides the Wnt/p-catenin pathway, BMPs also play a
significant role in chondrocyte differentiation. BMP sig-
naling is initiated by BMPs binding to their receptor
(BMPR-I and II), resulting in increased phosphorylation
of downstream signaling molecules, including Smadl,
Smad5, and Smad8 (R-Smads). The R-Smads form com-
plexes with Smad-4 and translocate into the nucleus,
where they bind to regulatory regions of target genes reg-
ulating their expression [27]. Although BMPs are consid-
ered to have a protective effect in articular cartilage, it
has been proposed that they are also involved in chon-
drocyte hypertrophy and matrix degradation [28-31].
Chen et al. [32] reported BMP-2, 4-6, and 11 mRNA
expression in normal and osteoarthritic adult human car-
tilage, whereas Steinert et al. [33] showed that BMP-2
and BMP-4 induce hypertrophy during the in vitro chon-
drogenic differentiation of human mesenchymal stem
cells. Moreover, in preosteoblastic cells, BMP-2 was
found to increase nuclear B-catenin protein levels and
induce the expression of different Wnts, suggesting the
interaction between Wnt and BMP-2 signaling during
osteoblastic differentiation [34].

As activation of Wnt/B-catenin and BMP-2 signaling
pathways may signify a causal relation to chondrocyte
differentiation and matrix degradation, we sought to
investigate the possible cross-talk between BMP-2 and
Wnt/B-catenin pathways in the catabolic action and
hypertrophy of osteoarthritic chondrocytes.

Materials and methods

Bioinformatic analysis

Promoter sequences of MMP-7, 9, 13, 14, ADAMTS-5,
4, and COLIOAI genes were obtained from CHIP
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Bioinformatics Tools [35]. For each of these genes, we
scanned the region from 1,500 base pairs upstream of
the transcript start to 100 base pairs downstream of the
coding-sequence start to find putative LEF-1 binding
elements (5-CTTTGWW-3’). In addition, LRP-5 pro-
moter was tested for Smad binding sites (SBEs, 5’-
GCCGnGCG-3).

Patients and cartilage samples

Articular cartilage samples were obtained from femoral
condyles and tibial plateaus of patients with primary
osteoarthritis undergoing knee-replacement surgery at
the Orthopaedics Department of University Hospital of
Larissa. In total, 18 patients were included in this study
(15 women/three men; mean age, 64.7 + 9.7 years). All
osteoarthritic specimens had Mankin scores of 10 to 14.
Radiographs were obtained before surgery and graded
according to the Kellgren-Lawrence system. All patients
had K/L scores > 2. The radiographs were assessed by
two independent observers who were blinded to all data
of the individuals. Normal articular cartilage was
obtained from nine individuals (four women/five men;
mean age, 44.6 + 7.6 years) with 0 Mankin score, under-
going fracture-repair surgery, with no history of joint dis-
ease. Patients with rheumatoid arthritis and other
autoimmune diseases, as well as chondrodysplasias, infec-
tion-induced OA, and posttraumatic OA, were excluded
from the study. Written informed consent was obtained
from all individuals in the study. 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 normal and osteoarthritic human
articular chondrocytes

Articular cartilage was dissected and subjected to sequen-
tial digestion with 1 mg/ml proteinase mixture (Pronase;
Roche Applied Science, Mannheim, Germany) and 1 mg/
ml collagenase P (Roche Applied Science, Mannheim,
Germany). Chondrocytes were counted and checked for
viability by using trypan blue staining. More than 95% of
the cells were viable after isolation. Isolated chondrocytes
from individual specimens were separately cultured with
Dulbecco Modified Eagle Medium/Ham F-12 (DMEM/F-
12) (GIBCO BRL, Paisley, UK) plus 5% fetal bovine
serum (FBS; Invitrogen, Life Technologies, Paisley, UK)
at 37°C under a humidified 5% CO, atmosphere until
reaching confluence for 4 to 6 days.

RNA extraction and quantification of mRNA expression

Total cellular RNA was extracted from cultured chon-
drocytes by using Trizol reagent (Invitrogen, Life Tech-
nologies, Paisley, UK). Preservation of 28S and 18S
ribosomal RNA (rRNA) species was used to assess RNA
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integrity. All the samples included the study had promi-
nent 28S and 18S rRNA components. The yield was quan-
tified spectrophotometrically. Transcription of 0.1 ug RNA
to cDNA was performed by using SuperScript III reverse
transcriptase (Invitrogen, Life Technologies, Paisley, UK)
and random primers (Invitrogen, Life Technologies, Pais-
ley, UK). Quantification of COL2A1, COL10A1, aggrecan,
MMP-13, LRP-5, LRP-6, BMP-2, BMP-4, BMP-7, BMPR-
IA, BMPR-IB, LEF-1, and TCF-4 mRNA expression was
performed with real-time PCR (ABI 7300; Applied Bio-
systems, Foster City, CA, USA). Reactions were done in
triplicate by using 2 ul of cDNA per reaction. All primers
used are shown in Table 1. Real-time PCR validation
was carried out by using the 22T method. Normalized
gene-expression values for each gene based on cycle
threshold (Cr) values for each of the genes and the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were generated.

Protein extraction and Western blot analysis
Chondrocytes were lysed by using RIPA buffer and a
cocktail of protease and phosphatase inhibitors. Protein
concentration was quantified by using the Bio-Rad Brad-
ford protein assay (Bio-Rad Protein Assay; BioRad, Her-
cules, CA, USA) with bovine serum albumin as standard.
Cell lysates from normal and OA chondrocytes were
electrophoresed and separated on a 4% to 20% Tris-HCl
gel (Bio-Rad, Hercules, CA, USA) and transferred to a
Hybond-ECL nitrocellulose membrane (Amersan Bios-
ciences, Piscataway, NJ, USA). The membrane was
probed with anti-LRP-5 (sc-21389; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), BMP-2 (sc-57040; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), BMP-4
(AF757, R&D Systems, Minneapolis, MN, USA) BMPR-
IA (sc-134285; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), LEF-1 antibody (sc-8591; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), and phospho-B-catenin
(9561; Cell Signaling Technology, Boston, MA, USA),
and signals were detected by using immunoglobulin
(IgG) conjugated with horseradish peroxidase (1:10,000
dilution). The results were normalized by using anti-f3-
actin polyclonal antibody (Sigma-Aldrich, St. Louis, MO,
USA). The nitrocellulose membranes were then exposed
to photographic film, which was scanned, and the inten-
sities of the protein bands were determined with compu-
terized densitometry.

Immunohistochemistry

Cartilage specimens were fixed in 10% formalin overnight
and decalcified in 13% EDTA (Sigma-Aldrich, St. Louis,
MO, USA) for 3 weeks. Paraffin-embedded sections were
deparaffinized in xylene, dehydrated through graded alco-
hols, and placed in 3% H,O, to block endogenous peroxi-
dase. Nonspecific staining was blocked with TBS
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Table 1 Oligonucleotide primers used in real-time PCR assay
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Gene Forward primer sequence Reverse primer sequence
BMP-2 CCCAGCGTGAAAAGAGAGAC GGAAGCAGCAACGCTAGAAG
BMPR-IA TTTATGGCACCCAAGGAAAG TGGTATTCAAGGGCACATCA
LEF-1 CCCTTCCAACTCTCCTTTCC TTGAAGGGGATCATCTCGTC
Osteocalcin AGAGTCCAGCAAAGGTGCAG TCAGCCAACTCGTCACAGTC
LRP-5 GTGCCTGGGTGAGATTCTTC CACGAAGACTGCGAAACAGA
MMP-7 TGCTCACTTCGATGAGGATG TGGGGATCTCCATTTCCATA
MMP-13 TGGCATTGCTGACATCATGA GCCAGAGGGCCCATCAA
MMP-14 GAGCTCAGGGCAGTGGATAG GGTAGCCCGGTTCTACCTTC
MMP-9 TTGACAGCGACAAGAAGTGG GCCATTCACGTCGTCCTTAT
BMP-4 ATGAAGCCCCCAGCAGAAGT TCACATTGTGGTGGACCAGTC
ADAMTS-4 TCCTGCAACACTGAGGACTG GGTGAGTTTGCACTGGTCCT
ADAMTS-5 CAGCAGTGCAACCTGACATT CAGATTCTCCCCTTTCCACA
COL10A1 CAGGCATAAAAGGCCCAC GTGGACCAGGAGTACCTTGC
COL2A1 ATGACAATCTGGCTCCCAACACTGC GACCGGCCCTATGTCCACACCGAAT
Aggrecan TGAGGAGGGCTGGAACAAGTACC GGAGGTGGTAATTGCAGGGAACA
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

containing 2% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO, USA) for 1 hour at room tempera-
ture, followed by incubation with primary antibody BMP-
2 (c-57040; Santa Cruz Biotechnology, Santa Cruz, CA,
USA; 1:20 dilution with TBS containing 2% BSA) over-
night at room temperature. Normal serum of the same
species as the primary antibody was used as a control for
the primary antibody. After extensive washing with TBS,
the sections were incubated with horseradish peroxidase-
conjugated secondary antibody (Goat anti-Mouse; Invitro-
gen, Life Technologies, Paisley, UK; 1:250 dilution with
TBS containing 2% BSA) for 1 hour at room temperature
in a humid chamber. Finally, color reaction was performed
by using the substrate reagent 3,3’-diaminobenzidine tetra-
hydrochloride (DAB; Thermo Scientific, Rockford, IL,
USA). After being washed, the sections were incubated
with DAB and coverslipped with mounting medium.

Chondrocyte treatment with BMPs

Normal and osteoarthritic chondrocytes were seeded on
six-well plates at 3 x 10° cells/well, and 3 days after
seeding, cells were treated with 50 ng/ml of BMP-2 or
BMP-4 for 12, 24, and 48 hours; each experiment was
conducted in triplicate wells. RNA was extracted, and
real-time PCR analysis for osteocalcin, LRP-5, and LRP-
6 was performed, as described earlier. All primers used
are shown in Table 1. Cell lysates were extracted, and
LRP-5 (sc-21389; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phospho-B-catenin (9561; Cell Signaling
Technology, Boston, MA, USA), and total B-catenin
protein levels (9582; Cell Signaling Technology, Boston,

MA, USA) were evaluated by using Western blot analy-
sis, as described earlier.

Chondrocyte treatment with LiCl

Normal and osteoarthritic chondrocytes were seeded on
six-well plates at 3 x 10° cells/well, and 3 days after
seeding, cells were treated with 20 mAM LiCl (Sigma-
Aldrich, St. Louis, MO, USA) for 12, 24, and 48 hours;
each experiment was conducted in triplicate wells. RNA
was extracted, and real-time PCR analysis for MMP-7,
9, 13, 14, ADAMTS-4, 5, and collagen X was performed
as described earlier. All primers used are shown in
Table 1. Cell lysates were extracted, and phospho-f3-
catenin protein levels were evaluated by using Western
blot analysis, as described earlier.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed by using a ChIP assay kit (Upstate
USA, Inc., Charlottesville, VA, USA) on BMP-2-treated,
LiCl-treated, and untreated normal chondrocytes, as
previously described [21]. The cell lysates after treat-
ment with BMP-2 or LiCl were precleared by incubation
with G-Sepharose beads and were incubated with mono-
clonal antibody Smad-1/5/8 (Cell signaling Technology,
Boston, MA, USA) or polyclonal antibody LEF-1 over-
night at 4°C, respectively. Antibody to human purified
IgG was used as control (R&D Systems, Minneapolis,
MN, USA). The immunoprecipitated DNAs were used
for PCR amplification. All primers were designed
according to the nucleotide sequence of the gene pro-
moters, and each PCR fragment covered 250 to 400 bp



Papathanasiou et al. Arthritis Research & Therapy 2012, 14:R82
http://arthritis-research.com/content/14/2/R82

Table 2 Oligonucleotide primers used for ChIP assay

Gene Forward primer Reverse primer

MMP-13 GGACGGTGGTCAAGAACATT  GGCTAGCACAAACAGGGATT
MMP-9 TAAGACATTTGCCCGAGGTC  CTCCCTGACAGCCTTCTTTG
MMP-14 TCTCCCACACTTTTCCTGCT AAGAAGGGATTGGGAGTTGG
ADAMTS-5  TTTCTTCCCTTCCTCCTGGT TCAGCAAATACGGGAAAAGG
COL10AT ~ GGAATTGTCCTCCTCAACCA  CACTTTCCCTCAAAGGTGGA
LRP-5 GTTCCAGAGCCCCTTCTGT CCGGACACTTGTTCTCACCT

of the promoter. Table 2 shows only the primer sets
that amplify the promoter region containing putative
sites, as observed after ChIP assay. The PCR products
were fractionated on 3% agarose gels and were stained
with ethidium bromide.

Oligonucleotide transfections

Normal and osteoarthritic chondrocytes were seeded in
six-well plates in DMEM/F-12 containing 5% FBS. After
overnight incubation, cells were transfected with specific
siRNA against LRP-5 (Ambion, Life Technologies, Paisley,
UK), LEF-1 (Invitrogen, Life Technologies, Paisley, UK),
and scrambled siRNA (used as a control; Invitrogen, Life
Technologies, Paisley, UK) by using Lipofect AMINE 2000
(Invitrogen, Life Technologies, Paisley, UK), as described
by the manufacturer. No cell toxicity was detected from
the transfection agent. Four hours after siRNA transfec-
tion, the medium was changed, and cells were treated with
50 ng/ml BMP-2 (cultures with siRNA against LRP-5) or
20 mM LiCl (cultures with siRNA against LEF-1) for 48
hours. In each experiment, the results from three of the
six-well plates were averaged and considered as # = 1. No
significant variance was observed among the individual
wells in each averaged group. RNA was extracted, and
real-time PCR analysis for MMP-7, 9, 13, 14, ADAMTS-4,
5, and collagen X was performed, as described earlier.
Moreover, cell lysates were extracted, and phospho- as
well as total B-catenin protein levels were evaluated in
BMP-2-treated chondrocytes after LRP-5 siRNA transfec-
tion by using Western blot analysis, as described earlier.

Statistical analysis
Statistical significance was determined by using the Stu-
dent ¢ test with a confidence level of 95% (P < 0.05).

Results

COL2A1, COL10A1, aggrecan, and MMP-13 expression in
normal and osteoarthritic chondrocytes

To evaluate differences in chondrocyte differentiation-
related genes, we evaluated COL2A1, COL10A1, aggrecan,
and MMP-13 mRNA expression levels in normal and
osteoarthritic chondrocytes. We found that COL2A1 and
aggrecan were significantly upregulated in normal

Page 5 of 14

chondrocytes (P < 0.05; Figure 1), whereas COL10A1 and
MMP-13 were significantly upregulated in osteoarthritic
chondrocytes (P < 0.05; Figure 1).

LRP-5, BMP-2, BMP-4, BMP-7, BMPR-IA, BMPR-IB, LRP-6,
phospho-B-catenin, LEF-1, and TCF-4 expression in

normal and osteoarthritic chondrocytes

To investigate the involvement of BMP-2 and Wnt/§3-
catenin signaling pathway in osteoarthritis, we evaluated
BMP-2, BMP-4, BMP-7, BMPR-IA, BMPR-IB, LRP-5,
LRP-6, phospho-f3-catenin, LEF-1, and TCF-4, the major
transcription factors of the Wnt canonic signaling path-
way expression levels in normal and osteoarthritic chon-
drocytes. We found that osteoarthritic chondrocytes had
significantly higher LRP-5, BMP-2, BMP-4, BMPR-IA,
LEF-1 mRNA, and protein expression compared with
normal (P < 0.05; Figure 2a, b, c). Moreover, BMP-2 was
found to be upregulated in osteoarthritic compared with
normal cartilage after immunohistochemistry (Figure 2d).
Western blot analysis showed a significant reduction of
phospho-B-catenin protein levels in osteoarthritic chon-
drocytes compared with normal (P < 0.05; Figure le and
1f). No significant difference was found in LRP-6, BMP-
7, BMPR-IB, and TCF-4 mRNA levels between normal
and osteoarthritic chondrocytes (Figure 2a).

BMP-2 modulates Wnt/B-catenin signaling pathway
through stimulation of LRP-5 mRNA and protein
expression in chondrocytes

BMP-2 and Wnt/B-catenin signaling pathways have been
reported to play a significant role in the control of chon-
drocyte differentiation in the growth plate. We examined
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Figure 1 COL2A1, COL10A1, aggrecan, and matrix
metalloproteinase (MMP)-13 expression in normal and
osteoarthritic chondrocytes. Quantitative COL2A1, COL10AT,
aggrecan, and MMP-13 expression in normal and osteoarthritic
chondrocytes. The results showed that COL2AT and aggrecan were
significantly upregulated in normal chondrocytes, whereas COL10A1
and MMP-13 were significantly upregulated in osteoarthritic
chondrocytes. (Error bars, SEM; *P < 0.05).
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Figure 2 Low-density-lipoprotein receptor-related protein (LRP)-5, BMP-2, BMP-4, BMP-7, BMPR-IA, BMPR-IB, LRP-6, phospho-B-
catenin, LEF-1, and TCF-4 expression in normal and osteoarthritic chondrocytes. (a) Quantitative LRP-5, BMP-2, BMP-4, BMP-7, BMPR-IA,
BMPR-IB, LRP-6, LEF-1, and TCF-4 expression in normal and osteoarthritic chondrocytes. The results showed that LRP-5 (fourfold), BMP-2 (fourfold),
BMP-4 (threefold), BMPR-IA (twofold), and LEF-1 (4.5-fold) mRNA expression was significantly increased in osteoarthritic chondrocytes compared
with normal. (Error bars, SEM; standard errors, *P < 0.05). (b) LRP-5, BMP-2, BMP-4, BMPR-IA, and LEF-1 protein expression in normal and
osteoarthritic chondrocytes after Western blot analysis. The results showed that LRP-5, BMP-2, BMP-4, BMPR-IA, and LEF-1 protein expression was
significantly increased in osteoarthritic chondrocytes compared with normal. B-actin was used as internal control. (c) Bar graph showing the LRP-
5, BMP-2, BMP-4, BMPR-IA, and LEF-1 protein levels in normal (n = 5) and osteoarthritic chondrocytes (n = 11). (Error bars, SEM; standard errors,
*P < 0.05). (d) Expression of BMP-2 in normal and osteoarthritic cartilage after immunohistochemistry experiments. (e) Western blot analysis
showed a significant reduction of phospho-B-catenin protein levels in osteoarthritic chondrocytes compared with normal. (f) Bar graph showing
the phospho-f-catenin protein levels in normal (n = 5) and osteoarthritic chondrocytes (n = 11). (Error bars, SEM; *P < 0.05).
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the effect of BMP-2 on Wnt/B-catenin signaling-pathway
activation after treatment with BMP-2 in normal and
osteoarthritic chondrocytes. We found that BMP-2 treat-
ment at 12, 24, and 48 hours increased the active form of
nuclear -catenin protein levels (Figure 3b), decreased
phospho-B-catenin protein levels (Figure 3b), and signifi-
cantly upregulated LRP-5 mRNA and protein expression,
but not LRP-6 (P < 0.05; Figure 3a and 3c). However, no
difference was noted in the active form of nuclear f3-cate-
nin protein levels after treatment with BMP-4 (Figure 3d).
Further to investigate the intracellular signaling pathway
involved in BMP-2-induced LRP-5 expression, we sub-
jected BMP-2-treated chondrocytes to chromatin immu-
noprecipitation by using an antibody against Smad-1/5/8
and tested whether Smads bind to LRP-5 promoter via
Smad-binding elements and subsequently LRP-5 expres-
sion. We observed that LRP-5 promoter contains con-
served a Smad-binding site in -280 to -270 from the ATG
initiation codon, and Smad1/5/8 binding was enhanced
after treatment with BMP-2. Smads binding to osteocalcin
promoter served as positive control (Figure 3e).

LRP-5 upregulation by BMP-2 contributed to catabolic
activity and hypertrophy of osteoarthritic chondrocytes
To provide evidence that BMP-2 stimulates catabolic
enzymes and hypertrophic markers through Wnt/p-cate-
nin signaling in osteoarthritic chondrocytes, we blocked
LRP-5 mRNA expression by using siRNA against LRP-5 in
BMP-2-treated normal and osteoarthritic chondrocytes
and evaluated different MMPs (MMP-7, 9, 13, and 14),
ADAMTSs (ADAMTS-4 and 5), and collagen X expres-
sion levels. siRNA against LRP-5 effectively inhibited LRP-
5 expression, as we observed a downregulation of LRP-5
mRNA and protein expression in si-RNA-transfected
chondrocytes compared with the untransfected and the
scrambled siRNA-transfected chondrocytes 24 hours after
siRNA transfection (P < 0.05; Figure 4a). Moreover, we
found that LRP-5 silencing in BMP-2-treated normal and
osteoarthritic chondrocytes resulted in downregulation of
B-catenin protein levels (Figure 4b) and MMPs (MMP-9,
13, and 14), ADAMTS-5, and collagen X mRNA levels
(Figure 4d). In addition, phospho-$-catenin protein levels
were upregulated after LRP-5 siRNA transfection in BMP-
2-treated normal and osteoarthritic chondrocytes (Figure
4c), suggesting that LRP-5 upregulation by BMP-2 con-
tributed to Wnt/B-catenin signaling activation and chon-
drocyte catabolic activity and hypertrophy.

Effect of activation of the Wnt/B-catenin signaling
pathway by LiCl on the expression of genes implicated in
catabolic action and hypertrophy of chondrocytes
To obtain direct evidence that the Wnt/B-catenin signaling
pathway can trigger extracellular matrix degradation and
hypertrophic chondrocyte differentiation in osteoarthritis,
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we activated the pathway in vitro by using LiCl in normal
and osteoarthritic chondrocytes and evaluated the expres-
sion levels of basic catabolic (MMP-7, 9, 13, 14, ADAMTS-
5, and 4) and hypertrophic markers (collagen X). We found
that normal and osteoarthritic chondrocyte treatment with
LiCl reduced phospho-f3-catenin levels (Figure 5), suggest-
ing the stabilization of -catenin and the activation of Wnt
canonic signaling. We then investigated the expression of
different MMPs, ADAMTSs, and collagen X in treated and
untreated-LiCl normal and osteoarthritic chondrocytes.
We found that MMP-13 and MMP-9 mRNA levels were
significantly upregulated after LiCl treatment in normal
and osteoarthritic chondrocytes (P < 0.05), whereas MMP-
14, ADAMTS-5, and collagen X expression was signifi-
cantly upregulated in normal chondrocytes (P < 0.05) and
showed a trend to increase in osteoarthritic chondrocytes
(Figure 6a). siRNA against LEF-1 decreased MMP-13, 9,
and 14 mRNA levels in LiCl-treated normal and osteoar-
thritic chondrocytes (P < 0.05), whereas ADAMTS-5 and
collagen X mRNA expression was significantly downregu-
lated in LiCl-treated osteoarthritic chondrocytes (P < 0.05)
and showed a trend to decrease in LiCl-treated normal
chondrocytes (Figure 6a). However, MMP-7 and
ADAMTS-4 mRNA levels remained at the same levels
after LiCl treatment and LEF-1 silencing (Figure 6a). To
investigate whether LEF-1 binds to MMP-9, 13, 14,
ADAMTS-5, and COLI0A1 promoters through conserved
LEF-1 binding sites and upregulates their expression, we
performed a ChIP assay in chondrocytes after treatment
with LiCl for 24 and 48 hours. ChIP assay revealed LEF-1
binding sites on MMP-9 (-737 to -733 from the ATG
initiation codon), MMP-13 (from -1142 to -1138), MMP-
14 (from -575 to -571), ADAMTS-5 (from -755 to -751),
and COLI0A1 (from -784 to -781) promoters, and the
binding was stronger in treated-LiCl chondrocytes, as LiCl
stabilizes 3-catenin active form and increases nuclear 3-
catenin protein levels, enhancing thus the complex
between -catenin and LEF-1 and the subsequent binding
on gene promoters, suggesting that these genes are Wnt
targets in adult articular cartilage (Figure 6b). No LEF-1
binding sites were observed in MMP-7 and ADAMTS-4
promoter in the region from 1,500 base pairs upstream of
the transcript start to 100 base pairs downstream of the
coding-sequence start (Figure 6b). LEF-1 binding to AXIN-
2 promoter served as positive control.

Discussion

Articular chondrocyte proliferation, expression of hyper-
trophy markers, and remodeling of the cartilage matrix
by proteases are among the main characteristics of
osteoarthritis [1]. Recent studies have shown that events
normally taking place in terminal chondrocyte differen-
tiation in the growth plate are also observed during OA
development, suggesting that signaling molecules, such
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Figure 3 Effect of BMP-2 treatment on B-catenin and LRP-5 expression. (a) Real-time PCR of LRP-5 and LRP-6 mRNA levels in the presence
and absence of BMP-2 (50 ng/ml) for 12, 24, and 48 hours in normal and osteoarthritic chondrocytes. Osteocalcin expression used as positive
control. (Error bars, SEM; *P < 0.05 versus control). (b) and (c) Representative Western blots of 3-catenin, phospho-3-catenin, and LRP-5 protein
levels after treatment with 50 ng/ml BMP-2 for 12, 24, and 48 hours in normal and osteoarthritic chondrocytes. B-Actin was used as internal
control. (d) ChIP assay was performed by using anti-Smad1/5/8 antibody or irrelevant anti-immunoglobin G antibody as negative control in
untreated and BMP-2-treated chondrocytes for 48 hours. Input samples are total genomic DNAs used as control for the PCR. ChiIP assay shows
binding of transcription factor Smad1/5/8 to the LRP-5 promoter in BMP-2-treated chondrocytes. Osteocalcin promoter used as positive control.
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(@) The effects of siRNA against LRP5 on LRP5 mRNA and protein expression levels. (Error bars, SEM; *P < 0.05 siRNA-transfected cells versus
untransfected. (b) Detection of B-catenin protein expression levels by Western blot analysis after LRP-5 siRNA transfection in BMP-2-treated
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as Wnts and BMPs, regulating chondrocytes activity in
the growth plate may play a key role in osteoarthritis
pathogenesis [7,8].

In the present study, we provide for the first time, to
our knowledge, evidence for a cross-talk between BMP-
2 and Wnt/B-catenin signaling pathways in osteoar-
thritic chondrocytes. Although BMPs are involved in all
phases of chondrogenesis affecting chondrocyte differen-
tiation and cartilage anabolism [28-30], recent studies
have shown that BMPs can also have harmful effects on
articular cartilage [31]. However, their role in osteoar-
thritis is not completely elucidated. We evaluated BMP-
2, 4, and 7, as well as their receptors, BMPR-IA and
BMPR-IA expression levels in osteoarthritic and normal
chondrocytes and found that osteoarthritic chondrocytes
exhibited significantly higher BMP-2, 4, and BMPR-IA
mRNA and protein levels, suggesting the involvement of
BMP signaling in osteoarthritis progression. Previous
studies have shown that BMP-2 can be activated by IL-1
and TNF-a in normal and osteoarthritic chondrocytes
[36] and that it can stimulate the synthesis of matrix
molecules and MMPs expression by modulation of
chondrocyte differentiation [37,38]. In addition, mice
deficient in type 1 receptors Bmprla or Bmprlb in carti-
lage develop severe generalized chondrodysplasia,
demonstrating that BMP signaling is required for chon-
drocyte proliferation, survival, and differentiation [39].

It has been suggested that BMP-2 modulates 3-catenin
signaling through stimulation of Wnts, LRPs, and
Frizzled receptors expression in mesenchymal cells and
osteoblasts [34,40]. To investigate the role of BMP-2 on
the Wnt/p-catenin signaling-pathway activation in
osteoarthritic chondrocytes, we evaluated -catenin and
LRP-5 levels after treatment of normal and osteoar-
thritic chondrocytes with BMP-2. We observed that
BMP-2 enhances the nuclear-active form of B-catenin
protein levels, decreases phospho-f-catenin protein

levels, and increases LRP-5 mRNA and protein levels,
which were found significantly upregulated in osteoar-
thritic chondrocytes compared with normal. In addition,
blocking LRP-5 expression in osteoarthritic chondro-
cytes resulted in a significant decrease in MMP-13
expression, the basic catabolic enzyme of osteoarthritis
[21]. All of these findings suggest LRP-5 involvement in
the increased activation of Wnt/p-catenin signaling and
cartilage degradation in osteoarthritis. No difference was
observed in the nuclear-active form of B-catenin levels
in BMP-4-treated chondrocytes, providing evidence on
the Wnt/B-catenin signaling-pathway activation by
BMP-2 and not by BMP-4.

To investigate further the molecular mechanism
involved in the BMP-2-induced LRP-5 upregulation, we
examined the effect of BMP-2 through Smads binding
on LRP-5 promoter activity in chondrocytes. Chromatin
immunoprecipitation indicated that BMP-2 directly
modulates LRP-5 expression, as we found, for the first
time, that Smads complexes bind to SBEs on the LRP-5
promoter, suggesting the BMP-2 induced-Wnt/p-catenin
signaling-pathway activation through direct modulation
of LRP-5 expression. Previous studies have shown that
osteoblast differentiation and new-bone formation
require the interaction of BMP-2 and the Wnt/B-catenin
signaling pathway [41,42]. BMP-2-enhanced LRP-5
expression has a strong catabolic activity in chondro-
cytes, as LRP-5 silencing inhibited BMP-2-induced-f3-
catenin protein levels, MMPs, and collagen X expres-
sion, whereas increased phospho-f-catenin protein
levels, providing evidence on the involvement of BMP-
2-modulated B-catenin signaling in OA progression.

The Wnt/B-catenin signaling pathway participates in
normal adult bone and cartilage biology and seems to
be involved in cartilage degeneration and subsequent
OA progression [43,44]. To determine whether changes
in the Wnt-signaling pathway are associated with
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Figure 6 Effect of LiCl treatment and LEF-1 silencing on matrix metalloproteinases (MMP)s, ADAMTSs, and collagen X expression. (a)
Detection of MMPs, ADAMTSs, and collagen X expression levels with real-time PCR after LEF-1 siRNA transfection in LiCl-treated normal and
osteoarthritic chondrocytes. (Error bars, SEM; *P < 0.05 LiCl-treated cells versus control; **P < 0.05 LiCl and LEF-1 siRNA-treated cells versus LiCl-
treated cells). (d) Occupancy of MMPs, ADAMTSs, and COL10AT promoters in LiCl-treated and -untreated chondrocytes by LEF-1 with ChIP
analysis. Input chromatin used as positive control, and IgG, as negative control.

osteoarthritis, we evaluated the expression levels of Wnt
transcription factors, LEF-1 and TCF-4, and phospho-f3-
catenin in osteoarthritic and normal articular chondro-
cytes. We observed that LEF-1 mRNA and protein-
expression levels were significantly increased in osteoar-
thritic chondrocytes, whereas phospho-f3-catenin protein
levels were significantly decreased in osteoarthritic

chondrocytes, suggesting the excessive activation of
canonic the Wnt-signaling pathway in osteoarthritis.

To test for a possible association between the LEF-1
transcription factor of the Wnt/B-catenin signaling path-
way and catabolic action, as well as hypertrophy in
osteoarthritic chondrocytes, we activated Wnt/B-catenin
signaling by using LiCl in cultured chondrocytes. LiCl is
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often used to mimic canonic Wnt signaling, as it inhi-
bits GSK-3p, therefore stimulating downstream compo-
nents of the Wnt-signaling pathway in an LRP-5-
independent manner [45]. The activation of the canonic
Wnt-B-catenin signaling by LiCl is not modulated by
LRP-5 phosphorylation, and until now, differences in
phospho-LRP-5 protein levels between OA and normal
cartilage have not been reported. We observed that
experimental activation of Wnt/B-catenin signaling
induced significant upregulation of catabolic enzymes
such as MMP-9, 13, 14, aggregenases, as ADAMTS-5
and hypertrophic marker, collagen X. The upregulation
of the above genes takes place in a direct manner, as we
demonstrated, conserved LEF-binding sites in MMP-9,
13, 14, ADAMTS-5, and COL10AI promoters, responsi-
ble for their promoter activity and is associated directly
with the B-catenin/LEF-1 complex. Moreover, LEF-1
downregulation using siRNA reduced MMPs,
ADAMTS-5, and collagen X mRNA expression, whose
levels increased after treatment with LiCl, providing
strong evidence of gene-expression regulation of cata-
bolic factors by LEF-1. No upregulation was observed in
MMP-7 and ADAMTS-4 levels, as no conserved LEF-
binding sites were found on their promoters. It has been
shown that Lef-1 binding to the 3’ region of mmp-13 is
involved in the transcriptional regulation of the mmp-13
gene in mouse chondrocytes [46]. It can be suggested
that the Wnt/p-catenin signaling pathway promotes
chondrocytes catabolic activity, degrading not only col-
lagen 1II, as evidenced by the observed increased expres-
sion of MMP-13 and 14, but also other extracellular
matrix molecules, such as fibronectin and aggrecan,
through enhancement of MMP-9 and ADAMTS-5
expression, respectively. It has been shown that MMP-9,
a gelatinase with broad substrate specificity, contributes
to fibronectin degradation and increases the fibronectin
fragments, which have been shown to be elevated in OA
[47,48], whereas ADAMTS-5, one of the most efficient
aggrecanases, degrades aggrecan, the major proteoglycan
in cartilage [49]. In additional studies in a murine model
of osteoarthritis, deletion of ADAMTS-5 provided sig-
nificant protection against proteoglycan degradation ex
vivo and decreased the severity of osteoarthritis [50].
We also found that the Wnt/B-catenin signaling path-
way contributes to the hypertrophic differentiation of
chondrocytes, increasing collagen X expression, the
basic hypertrophic marker of chondrocytes. We there-
fore showed that the Wnt/B-catenin signaling pathway
plays a major role in OA progression, as articular chon-
drocytes, after experimental activation of the Wnt/p-
catenin signaling pathway, cannot maintain the charac-
teristics of the permanent cartilage but instead enhance
extracellular matrix degradation, evidenced by increased
MMPs and ADAMTS-5 expression, and mature to
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hypertrophic through stimulation of collagen X
expression.

Conclusion

In conclusion, we demonstrated, for the first time to our
knowledge, that the BMP-2-induced Wnt/p-catenin sig-
naling pathway activation through LRP-5 induces chon-
drocyte catabolic action and hypertrophy, providing thus
novel and direct evidence on the role of BMP-2
mediated by Wnt/B-catenin signaling in osteoarthritis
progression.

Abbreviations

BMPs: bone morphogenetic proteins; BMPR-IA: bone morphogenetic protein
receptor-IA; BSA: bovine serum albumin; ChIP: chromatin
immunoprecipitation; COLT10A1: collagen X; Dkk-1: Dickkopf-related protein
1; DMEM/F-12: Dulbecco Modified Eagles Medium/Ham F-12; FBS: fetal
bovine serum; FRZB: Frizzled-related protein; GAPDH: glyceraldehyde 3-
phosphate dehydrogenase; LEF-1: lymphoid enhancer factor-1; LRP-5: low-
density-lipoprotein receptor-related protein 5; MMPs: matrix
metalloproteinases; OA: osteoarthritis; SBEs: Smad-binding elements.

Acknowledgements

The authors thank Prof. GK Koukoulis and Assist. Prof. M loannou from the
Department of Pathology, University Hospital of Larissa, for the kind
provision of histologic analysis of articular cartilage tissues, and Assist. Prof.
of Pharmacology, A Vassilaki for her valuable assistance with ICH
experiments. The present work was supported by the research-financed
project, “Inhibition of gene’s expression involved in hypertrophy and
calcification of osteoarthritic cartilage,” from the Hellenic Society of
Orthopaedic Surgery and Traumatology.

Author details

"Laboratory of Cytogenetics and Molecular Genetics, University of Thessaly,
School of Medicine, Mezourlo, Larissa, 41100, Greece. 2Departmem of
Orthopaedics, University of Thessaly, School of Medicine, Mezourlo, Larissa,
41100, Greece. >Institute for Biomedical Research and Technology,
Papanastasiou 51, Larissa, 41222, Greece. 4Department of Biology, University
of Thessaly, School of Medicine, Mezourlo, Larissa, 41100, Greece.

Authors’ contributions

IP performed the experiments and drafted the manuscript, KNM provided
cartilage samples, clinical evaluation of patients, and helped in data
interpretation, and AT conducted data analysis, results interpretation, and
finalized the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 14 November 2011 Revised: 31 January 2012
Accepted: 18 April 2012 Published: 18 April 2012

References

1. Hunter DJ, Felson DT: Osteoarthritis. BM.J 2006, 332:639-642.

2. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA,
Gabriel S, Hirsch R, Hochberg MC, Hunder GG, Jordan JM, Katz JN,
Kremers HM, Wolfe F: Estimates of the prevalence of arthritis and other
rheumatic conditions in the United States: Part Il. Arthritis Rheum 2008,
58:26-35.

3. Kamekura S, Hoshi K, Shimoaka T, Chung U, Chikuda H, Yamada T,
Uchida M, Ogata N, Seichi A, Nakamura K, Kawaguchi H: Osteoarthritis
development in novel experimental mouse models induced by knee
joint instability. Osteoarthritis Cartilage 2005, 13:632-641.

4. Kamekura S, Kawasaki Y, Hoshi K, Shimoaka T, Chikuda H, Maruyama Z,
Komori T, Sato S, Takeda S, Karsenty G, Nakamura K, Chung U,
Kawaguchi H: Runx2 contributes to pathogenesis of osteoarthritis in



Papathanasiou et al. Arthritis Research & Therapy 2012, 14:R82
http://arthritis-research.com/content/14/2/R82

20.

21.

22.

23.

mice after induction of knee joint instability. Arthritis Rheum 2006,
54:2462-2470.

Wang Y, Middleton F, Horton JA, Reichel L, Farnum CE, Damron TA:
Microarray analysis of proliferative and hypertrophic growth plate zones
identifies differentiation markers and signal pathways. Bone 2004,
35:1273-1293.

Inada M, Wang Y, Byrne MH, Rahman MU, Miyaura C, Lépez-Otin C,
Krane SM: Critical roles for collagenase-3 (Mmp13) in development of
growth plate cartilage and in endochondral ossification. Proc Natl Acad
Sci USA 2004, 101:17192-17197.

Pacifici M, Koyama E, lwamoto M: Mechanisms of synovial joint and
articular cartilage formation: recent advances, but many lingering
mysteries. Birth Defects Res C Embryo Today 2005, 75:237-248.

Wu W, Billinghurst RC, Pidoux I, Antoniou J, Zukor D, Tanzer M, Poole AR:
Sites of collagenase cleavage and denaturation of type Il collagen in
aging and osteoarthritic articular cartilage and their relationship to the
distribution of matrix metalloproteinase 1 and matrix metalloproteinase
13. Arthritis Rheum 2002, 46:2087-2094.

Kirsch T, Swoboda B, Nah H: Activation of annexin Il and V expression,
terminal differentiation, mineralization and apoptosis in human
osteoarthritic cartilage. Osteoarthritis Cartilage 2000, 8:294-302.

Pfander D, Swoboda B, Kirsch T: Expression of early and late
differentiation markers (proliferating cell nuclear antigen, syndecan-3,
annexin VI, and alkaline phosphatase) by human osteoarthritic
chondrocytes. Am J Pathol 2001, 159:1777-1783.

Chimal-Monroy J, Rodriguez-Leon J, Montero JA, Gafan Y, Macias D,
Merino R, Hurle JM: Analysis of the molecular cascade responsible for
mesodermal limb chondrogenesis: Sox genes and BMP signaling. Dev
Biol 2003, 257:292-301.

Pan Q, Yu Y, Chen Q, Li C, Wu H, Wan Y, Ma J, Sun F: Sox9, a key
transcription factor of bone morphogenetic protein-2-induced
chondrogenesis, is activated through BMP pathway and a CCAAT box in
the proximal promoter. J Cell Physiol 2008, 217:228-241.

Pan Q, Wu Y, Lin T, Yao H, Yang Z, Gao G, Song E, Shen H: Bone
morphogenetic protein-2 induces chromatin remodeling and
modification at the proximal promoter of Sox9 gene. Biochem Biophys
Res Commun 2009, 379:356-361.

Willert K, Nusse R: Beta-catenin: a key mediator of Wnt signaling. Curr
Opin Genet Dev 1998, 8:95-102.

Lane NE, Lian K, Nevitt MC, Zmuda JM, Lui L, Li J, Wang J, Fontecha M,
Umblas N, Rosenbach M, de Leon P, Corr M: Frizzled-related protein
variants are risk factors for hip osteoarthritis. Arthritis Rheum 2006,
54:1246-1254.

Lories RJ, Boonen S, Peeters J, de Vlam K, Luyten FP: Evidence for a
differential association of the Arg200Trp single-nucleotide
polymorphism in FRZB with hip osteoarthritis and osteoporosis.
Rheumatology 2006, 45:113-114.

Loughlin J, Dowling B, Chapman K, Marcelline L, Mustafa Z, Southam L,
Ferreira A, Ciesielski C, Carson DA, Corr M: Functional variants within the
secreted frizzled-related protein 3 gene are associated with hip
osteoarthritis in females. Proc Natl Acad Sci USA 2004, 101:9757-9762.
Lories RJ, Peeters J, Bakker A, Tylzanowski P, Derese |, Schrooten J,
Thomas JT, Luyten FP: Articular cartilage and biomechanical properties of
the long bones in Frzb-knockout mice. Arthritis Rheum 2007,
56:4095-4103.

Lane NE, Nevitt MC, Lui LY: Wnt signalling antagonists are potential
prognostic biomarkers for the progression of radiographic hip
osteoarthritis in elderly Caucasian women. Arthritis Rheum 2007,
50:3319-3325.

Chan BY, Fuller ES, Russell A, Smith SS, Smith MM, Jackson MT, Cake MA,
Read RA, Bateman JF, Sambrook PN, Little CB: Increased chondrocyte
sclerostin may protect against cartilage degradation in osteoarthritis.
Osteoarthritis Cartilage 2011, 19:874-885.

Papathanasiou I, Malizos KN, Tsezou A: Low-density lipoprotein receptor-
related protein 5 (LRP5) expression in human osteoarthritic
chondrocytes. J Orthop Res 2010, 28:348-53.

Sen M, Lauterbach K, El-Gabalawy H, Firestein GS, Corr M, Carson DA:
Expression and function of wingless and frizzled homologs in
rheumatoid arthritis. Proc Natl Acad Sci USA 2000, 97:2791-2796.

Zhu M, Tang D, Wu Q, Hao S, Chen M, Xie C, Rosier RN, O'Keefe R,
Zuscik M, Chen DL: Activation of B-catenin signaling in articular

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 14

chondrocytes leads to osteoarthritis-like phenotype in adult B-catenin
conditional activation mice. J Bone Miner Res 2009, 23:12-21.

Hwang SG, Yu SS, Ryu JH, Jeon HB, Yoo YJ, Eom SH, Chun JS: Regulation
of beta-catenin signaling and maintenance of chondrocyte
differentiation by ubiquitin-independent proteasomal degradation of
alpha-catenin. J Biol Chem 2005, 280:12758-12765.

Yuasa T, Otani T, Koike T, Iwamoto M, Enomoto-lwamoto M: Wnt/B-catenin
signaling stimulates matrix catabolic genes and activity in articular
chondrocytes: its possible role in joint degeneration. Lab Invest 2008,
88:264-274.

Ryu JH, Kim SJ, Kim SH, Oh CD, Hwang SG, Chun CH, Oh SH, Seong J,
Huh TL, Chun JS: Regulation of the chondrocyte phenotype by -catenin.
Development 2009, 129:5541-5550.

Miyazawa K, Shinozaki M, Hara T, Furuya T, Miyazono K: Two major Smad
pathways in TGF-beta superfamily signalling. Genes Cells 2002,
7:1191-1204.

Retting KN, Song B, Yoon BS, Lyons KM: BMP canonical Smad signaling
through Smad1 and Smad5 is required for endochondral bone
formation. Development 2009, 136:1093-1104.

Miyazono K, Maeda S, Imamura T:. Coordinate regulation of cell growth
and differentiation by TGF-beta superfamily and Runx proteins.
Oncogene 2004, 23:4232-4237.

Leboy P, Grasso-Knight G, D'’Angelo M, Volk SW, Lian JV, Drissi H, Stein GS,
Adams SL: Smad-Runx interactions during chondrocytes maturation. J
Bone Joint Surg Am 2001, 83:15-22.

Hou CH, Hsiao YC, Fong YC, Tang CH: Bone morphogenetic protein-2
enhances the motility of chondrosarcoma cells via activation of matrix
metalloproteinase-13. Bone 2009, 44:233-242.

Chen AL, Fang C, Liu C, Leslie MP, Chang E, Di Cesare PE: Expression of
bone morphogenetic proteins, receptors, and tissue inhibitors in human
fetal, adult, and osteoarthritic articular cartilage. J Orthop Res 2004,
22:1188-1192.

Steinert AF, Proffen B, Kunz M, Hendrich C, Ghivizzani SC, Noth U,
Rethwilm A, Eulert J, Evans CH: Hypertrophy is induced during the in vitro
chondrogenic differentiation of human mesenchymal stem cells by
bone morphogenetic protein-2 and bone morphogenetic protein-4
gene transfer. Arthritis Res Ther 2009, 11:148-153.

Zhang M, Yan Y, Lim Y, Tang D, Xie R, Chen A, Tai P, Harris SE, Xing L,

Qin YX, Chen D: BMP-2 modulates B-catenin signaling through
stimulation of Lrp5 expression and inhibition of B-TrCP expression in
osteoblasts. J Cell Biochem 2009, 108:896-905.

CHIP Bioinformatics Tools. [http://snpper.chip.org/l.

Fukui N, Zhu Y, Maloney WJ, Clohisy J, Sandell LJ: Stimulation of BMP-2
expression by pro-Inflammatory cytokines IL-1 and TNF-a in normal and
osteoarthritic chondrocytes. J Bone Joint Surg Am 2003, 85(Suppl 3):59-66.
Erickson DM, Harris SE, Dean DD, Harris MA, Wozney JM, Boyan BD,
Schwartz Z: Recombinant bone morphogenetic protein (BMP)-2 regulates
costochondral growth plate chondrocytes and induces expression of
BMP-2 and BMP-4 in a cell maturation- dependent manner. J Orthop Res
1997, 15:371-380.

Minina E, Wenzel HM, Kreschel C, Karp S, Gaffield W, McMahon AP,
Vortkamp A: BMP and |hh/PTHrP signaling interact to coordinate
chondrocyte proliferation and differentiation. Development 2001,
128:4523-4534.

Yoon BS, Ovchinnikov DA, Yoshii |, Mishina Y, Behringer RR, Lyons KM:
Bmpr1a and Bmprib have overlapping functions and are essential for
chondrogenesis in vivo. Proc Natl Acad Sci USA 2005, 102:5062-5067.
Chen Y, Whetstone HC, Youn A, Nadesan P, Chow EC, Lin AC, Alman BA:
Beta-catenin signaling pathway is crucial for bone morphogenetic
protein 2 to induce new bone formation. J Biol Chem 2007, 282:526-533.
Mbalaviele G, Sheikh S, Stains JP, Salazar VS, Cheng SL, Chen D, Civitelli R:
Beta-catenin and BMP-2 synergize to promote osteoblast differentiation
and new bone formation. J Cell Biochem 2005, 94:403-418.

Bain G, Muller T, Wang X, Papkoff J: Activated B-catenin induces
osteoblast differentiation of C3H10T1/2 cells and participates in BMP2
mediated signal transduction. Biochem Biophys Res Commun 2003,
301:84-91.

Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, Reginato AM,

Wang H, Cundy T, Glorieux FH, Lev D, Zacharin M, Oexle K, Marcelino J,
Suwairi W, Heeger S, Sabatakos G, Apte S, Adkins WN, Allgrove J, Arslan-
Kirchner M, Batch JA, Beighton P, Black GC, Boles RG, Boon LM, Borrone C,


http://snpper.chip.org/

Papathanasiou et al. Arthritis Research & Therapy 2012, 14:R82
http://arthritis-research.com/content/14/2/R82

44,

45.

46.

47.

48.

49.

50.

Brunner HG, Carle GF, Dallapiccola B, De Paepe A, et al: LDL receptor-
related protein 5 (LRP5) affects bone accrual and eye development. Cell
2001, 107:513-523.

Little R, Carulli JP, Del Mastro RG, Dupuis J, Osborne M, Folz C, Manning SP,
Swain PM, Zhao SC, Eustace B, Lappe MM, Spitzer L, Zweier S,
Braunschweiger K, Benchekroun Y, Hu X, Adair R, Chee L, FitzGerald MG,
Tulig C, Caruso A, Tzellas N, Bawa A, Franklin B, McGuire S, Nogues X,
Gong G, Allen KM, Anisowicz A, Morales AJ, et al: A mutation in the LDL
receptor-related protein 5 gene results in the autosomal dominant high-
bone-mass trait. Am J Hum Genet 2002, 70:11-19.

Clément-Lacroix P, Ai M, Morvan F, Roman-Roman S, Vayssiére B,

Belleville C, Estrera K, Warman ML, Baron R, Rawadi G: Lrp5-independent
activation of Wnt signaling by lithium chloride increases bone formation
and bone mass in mice. Proc Natl Acad Sci USA 2005, 102:17406-17411.
Yun K, Im SH: Transcriptional regulation of MMP13 by Lef1 in
chondrocytes. Biochem Biophys Res Commun 2007, 364:1009-1014.

Mohtai M, Smith RL, Schurman DJ, Tsuji Y, Torti FM, Hutchinson NI, Stetler-
Stevenson WG, Goldberg Gl: Expression of 92-kD type IV collagenase/
gelatinase (gelatinase B) in osteoarthritic cartilage and its induction in
normal human articular cartilage by interleukin 1. J Clin Invest 1993,
92:179-185.

Homandberg GA, Wen C, Hui F: Cartilage damaging activities of
fibronectin fragments derived from cartilage and synovial fluid.
Osteoarthritis Cartilage 1998, 6:231-244.

Tortorella MD, Burn TC, Pratta MC, Abbaszade |, Hollis JM, Liu R,

Rosenfeld SA, Copeland RA, Decicco CP, Wynn R, Rockwell A, Yang F,
Duke JL, Solomon K, George H, Bruckner R, Nagase H, ltoh Y, Ellis DM,
Ross H, Wiswall BH, Murphy K, Hillman MC Jr, Hollis GF, Newton RC,
Magolda RL, Trzaskos JM, Arer EC: Purification and cloning of
aggrecanase-1: a member of the ADAMTS family of proteins. Science
1999, 284:1664-1666.

Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL, Flannery CR,
Peluso D, Kanki K, Yang Z, Majumdar MK, Morris EA: Deletion of active
ADAMTSS5 prevents cartilage degradation in a murine model of
osteoarthritis. Nature 2005, 434:644-648.

doi:10.1186/ar3805

Cite this article as: Papathanasiou et al: Bone morphogenetic protein-2-
induced Wnt/B-catenin signaling pathway activation through enhanced
low-density-lipoprotein receptor-related protein 5 catabolic activity
contributes to hypertrophy in osteoarthritic chondrocytes. Arthritis
Research & Therapy 2012 14:R82.

Page 14 of 14

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Bioinformatic analysis
	Patients and cartilage samples
	Primary cultures of normal and osteoarthritic human articular chondrocytes
	RNA extraction and quantification of mRNA expression
	Protein extraction and Western blot analysis
	Immunohistochemistry
	Chondrocyte treatment with BMPs
	Chondrocyte treatment with LiCl
	Chromatin immunoprecipitation (ChIP) assay
	Oligonucleotide transfections
	Statistical analysis

	Results
	COL2A1, COL10A1, aggrecan, and MMP-13 expression in normal and osteoarthritic chondrocytes
	LRP-5, BMP-2, BMP-4, BMP-7, BMPR-IA, BMPR-IB, LRP-6, phospho-β-catenin, LEF-1, and TCF-4 expression in normal and osteoarthritic chondrocytes
	BMP-2 modulates Wnt/β-catenin signaling pathway through stimulation of LRP-5 mRNA and protein expression in chondrocytes
	LRP-5 upregulation by BMP-2 contributed to catabolic activity and hypertrophy of osteoarthritic chondrocytes
	Effect of activation of the Wnt/β-catenin signaling pathway by LiCl on the expression of genes implicated in catabolic action and hypertrophy of chondrocytes

	Discussion
	Conclusion
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

