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Abstract

Chondrogenesis is a process involving stem-cell differentiation
through the coordinated effects of growth/differentiation factors
and extracellular matrix (ECM) components. Recently,
mesenchymal stem cells (MSCs) were found within the
cartilage, which constitutes a specific niche composed of ECM
proteins with unique features. Therefore, we hypothesized that
the induction of MSC differentiation towards chondrocytes
might be induced and/or influenced by molecules from the
microenvironment. Using microarray analysis, we previously
identified genes that are regulated during MSC differentiation
towards chondrocytes. In this study, we wanted to precisely
assess the differential expression of genes associated with the
microenvironment using a large-scale real-time PCR assay,
according to the simultaneous detection of up to 384 mRNAs in
one sample. Chondrogenesis of bone-marrow-derived human
MSCs was induced by culture in micropellet for various periods
of time. Total RNA was extracted and submitted to quantitative
RT-PCR. We identified molecules already known to be involved

in attachment and cell migration, including syndecans,
glypicans, gelsolin, decorin, fibronectin, and type II, IX and XI
collagens. Importantly, we detected the expression of molecules
that were not previously associated with MSCs or
chondrocytes, namely metalloproteases (MMP-7 and MMP-28),
molecules of the connective tissue growth factor (CTGF);
cef10/cyr61 and nov (CCN) family (CCN3 and CCN4),
chemokines and their receptors chemokine CXC motif ligand
(CXCL1), Fms-related tyrosine kinase 3 ligand (FlT3L),
chemokine CC motif receptor (CCR3 and CCR4), molecules
with A Disintegrin And Metalloproteinase domain (ADAM8,
ADAM9, ADAM19, ADAM23, A Disintegrin And
Metalloproteinase with thrombospondin type 1 motif ADAMTS-
4 and ADAMTS-5), cadherins (4 and 13) and integrins (α4, α7
and β5). Our data suggest that crosstalk between ECM
components of the microenvironment and MSCs within the
cartilage is responsible for the differentiation of MSCs into
chondrocytes.
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α-MEM = α-minimum essential medium; ADAM = A Disintegrin And Metalloproteinase molecule; ADAMTS = A Disintegrin And Metalloproteinase 
with thrombospondin type 1 motif; ALCAM = Activated leukocyte cell adhesion molecule; b-FGF = basic fibroblast growth factor; BSA = bovine 
serum albumin; CAM = cell-adhesion molecule; CCL = chemokine CC motif ligand; CCN = CTGF; cef10/cyr61 and nov; CCR = chemokine CC 
motif receptor; COMP = cartilage oligomeric matrix protein; Ct = threshold cycle; CTGF = connective tissue growth factor; CXCL = chemokine CXC 
motif ligand; CXCR = chemokine CXC motif receptor; CYR = cysteine-rich angiogenic inducer; DMEM = Dulbecco's modified Eagle's medium; ECM 
= extracellular matrix; EDTA = ethylene diamine tetracetic acid; FACS = fluorescence-activated cell sorter; FBS = fetal bovine serum; FlT3L = Fms-
related tyrosine kinase 3 ligand; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; hBMP = human bone morphogenetic protein; Hg = Hedge-
hog; ICAM = intercellular cell adhesion molecule; ITS = insulin-transferrin-selenic acid; LEF = lymphoid enhancer binding factor; mAb = monoclonal 
antibody; MCAM = melanoma cell adhesion molecules; MMP = metalloprotease; MSC = mesenchymal stem cell; NOV = nephroblastoma overex-
pressed; NRCAM = neuronal cell adhesion molecule; OA = osteoarthritis; PBS = phosphate-buffered saline; PG = proteoglycan; PTH = parathyroid 
hormone; RA = rheumatoid arthritis; RT-PCR = reverse transcriptase polymerase chain reaction; SEM = standard error of the mean; TGF = trans-
forming growth factor; TLDA = Taqman® low-density assay; VCAM = vascular cell adhesion molecule; WISP = Wnt1-inducible signalling pathway 
protein; Wnt = wingless.
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Introduction
In articular cartilage, chondrocytes were thought to represent
a unique cell type, but with a phenotype differing in the super-
ficial, mid, deep and calcified zones [1]. However, mesenchy-
mal stem cells (MSCs) have been recently identified in
articular cartilage and are thought to represent up to 3.5% of
the constituent cells [2]. The number of MSCs might even
increase in the cartilage of patients with osteoarthritis (OA),
compared with healthy cartilage, raising the possibility that
these progenitor cells would be involved in the pathogenesis
of arthritis, differentiating abnormally in response to the inflam-
matory milieu of the joint and signals from the extracellular
matrix (ECM). The role of MSCs present in the cartilage is
unknown.

Adult MSCs are pluripotent progenitor/stem cells; their prog-
eny includes chondrocytes, tendon cells, haematopoiesis-sup-
port stromal cells, adipocytes and osteoblasts [3,4]. MSCs,
similar to other stem cells, have an essential role in the regen-
eration/maintenance of the adult tissues submitted to physio-
logical modelling/turnover or following injury. The fundamental
property shared by all stem cells is their ability to balance the
cell-fate decision between self-renewal and differentiation.
The microenvironment regulates the maintenance of the stem-
cell pool and commitment towards specific lineages through
intrinsic and extrinsic factors, creating niches. For this regula-
tion, adhesion of stem cells to the ECM is crucial. Cells and
ECM adhesion molecules that enable cell communication are
the prerequisite for tissue formation and maintenance.

The mechanisms that regulate chondrogenic differentiation
include both autonomous (stem-cell intrinsic) and non-cell-
autonomous (microenvironmental) components. Chondrogen-
esis is driven by a coordinated effect of hormones (such as
parathyroid hormone (PTH)), morphogens (such as Hedgehog
(Hg) or wingless (Wnt) proteins) and cytokines (such as mem-
bers of the bone morphogenetic protein (BMP) and transform-
ing growth factor (TGF)-β family) through their respective
receptors [5]. However, many other factors drive the differen-
tiation of MSCs towards cartilage, including ECM molecules,
such as proteoglycans (PGs; syndecans and glypicans) or
fibulins [6,7]. Members of the connective tissue growth factor
(CTGF); cef10/cyr61 and nov (CCN) family, in addition to mol-
ecules with A Disintegrin And Metalloprotease domain
(ADAM), and integrins have also been shown to have a crucial
role in chondrogenesis [8]. These ECM molecules might inter-
act with growth factors, chemokines or members of the Wnt
family, or their receptors, to modulate their signalling [9]. Stud-
ies have demonstrated that normal chondrocytes adhere to
various amounts of type I and IV collagens, thrombospondin,
vitronectin, fibronectin, laminin and fibrinogen through the
RGD (Arg-Gly-Asp) sequence and integrin-mediated interac-
tions [10]. Indeed, there is a vast range of cellular responses
to cell–matrix interactions, depending on the integrin recep-

tors expressed by the cell and the composition of the sur-
rounding ECM.

Because the cartilaginous microenvironment is composed of
ECM proteins, closely associated to stem cells and chondro-
cytes, we hypothesized that the molecules of the ECM might
create a niche specifying chondrocytic differentiation of MSCs
in situ and, therefore, that the corresponding receptors would
be differentially expressed in the undifferentiated MSCs com-
pared with fully differentiated chondrocytes. We previously
established a genomic profile of human MSCs before and
after their differentiation into chondrocytes, using the cDNA
chip technology (F Djouad, D Noël, unpublished data). How-
ever, this technology is currently limited by the relative lack of
reproducibility, absence of quantitative results and amounts of
required RNA. To elucidate the microenvironmental signals
involved in the chondrogenic differentiation of MSCs, we
designed a large-scale Taqman® low-density array (TLDA)
(Applied Biosystems, Courtaboeuf, France) using real-time
RT-PCR, enabling the simultaneous quantitative analysis of
384 mRNA transcripts. The data have been assembled into a
biological process-oriented database, serving as a model for
the cartilage MSC niche.

Materials and methods
Cell culture
Human MSC cultures were established from bone-marrow
aspirates of two healthy donors (aged 36 and 40 years) after
informed consent. Mononuclear cells were plated at a density
of 5 × 104 cells/cm2 in α-minimum essential medium (α-MEM),
supplemented with 10% fetal bovine serum (FBS; Perbio Sci-
ence France SAS, Brebières, France), 1 ng/ml basic fibroblast
growth factor (b-FGF), 100 U/ml penicillin and 100 μg/ml
streptomycin. When cultures reached near confluence, cells
were detached with 0.05% trypsin and 0.53 mM ethylene
diamine tetracetic acid (EDTA) and subsequently re-plated at
a density of 1,000 cells/cm2. MSCs were used at passage 3
to 4 and shown to be positive for CD44, CD73, CD90 and
CD105 and negative for CD14, CD34 and CD45, as previ-
ously described [11].

In vitro chondrogenic differentiation
Chondrogenic differentiation of MSCs was induced by 21-day
culture in micropellet [12]. Briefly, MSCs (2.5 × 105 cells)
were pelleted by centrifugation in 15 ml conical tubes and cul-
tured in BMP-2-conditioned chondrogenic medium. Condi-
tioned medium consisted of the supernatant of C9 cells
cultured for 48 hours in DMEM supplemented with 0.1 μM
dexamethasone, 0.17 mM ascorbic acid and 1% insulin-trans-
ferrin-selenic acid (ITS) supplement (Sigma, l'Isle d'Abeau,
France) [12]. C9 cells derived from the C3H10T1/2 murine
MSC line expressing human BMP-2 (1,231 ng/24 h/106 cells)
under control of a TetOff promoter [13]. As a control, condi-
tioned media from C3H10T1/2 cells were unable to induce
any cell differentiation, at least for the chondrogenic- and oste-
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ogenic-specific markers tested with semiquantitative RT-PCR
(data not shown).

RNA preparation
At day 0, MSCs cultured in monolayer were harvested by treat-
ment with 0.05% trypsin and 0.53 mM EDTA, washed with
PBS and pelleted at 300 g for 5 minutes at 4°C. At day 2, 7
and 21 of chondrogenesis, micropellets (15 to 20) were
recovered, washed in PBS and mechanically dissociated.
Total RNA (3 μg) was extracted using the RNeasy (Quiagen
S.A., Courtaboeuf, France) kit, according to the recommenda-
tions of the manufacturer.

TaqMan® real-time RT-PCR
TLDAs (microfluidic cards; Applied Biosystems) were used in
a two-step RT-PCR process [14]. First-strand cDNA was syn-
thesized from 3 μg total RNA using the high-capacity cDNA
archive kit (Applied Biosystems). Quantitative PCR reactions
were then carried out using the microfluidic cards and the ABI
PRISM 7900HT Sequence Detection System (Applied Bio-
systems). The 384 wells of each card were preloaded with
predesigned fluorogenic TaqMan® probes and primers. cDNA
(800 ng) combined with 1X TaqMan® Universal Master Mix
(Applied Biosystems) were loaded into each well (2 ng/well).
The microfluidic cards were thermal cycled at 50°C for 2 min-
utes and 94.5°C for 10 minutes, followed by 40 cycles at
97°C for 30 seconds and 59.7°C for 1 minute. Data were col-
lected using instrument spectral compensations by the SDS
2.1 software (Applied Biosystems) and analysed using the
threshold-cycle (Ct) relative-quantification method. The con-
tent of the cDNA samples was normalized by subtracting the
number of copies of the endogenous glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) reference gene from the Ct of
the target gene (ΔCt = Ct of target gene - Ct of GAPDH). The
results for the complete list of the tested transcripts are
expressed as the mean of 2-ΔCt ± the standard error of the
mean (SEM) at the different time points and shown as supple-
mentary data (Additional file 1).

Fluorescence-activated cell sorter analysis
MSCs were plated in tissue-culture flasks in chondrogenic
medium, with or without 10 ng/ml hBMP-2 (R&D Systems,
Lille, France), and cultured for 48 hours. Cells were harvested
by treatment with 0.05% trypsin and 0.53 mM EDTA. After
chondrogenic induction, micropellets were dissociated by
treatment with 2 mg/ml collagenase type IA-S (Sigma). After a
wash with PBS, isolated cells were suspended in PBS con-
taining 0.1% BSA and 0.01% sodium azide and incubated on
ice with primary mAbs for 30 minutes. The mouse mAbs used
were specific for human CD29 (integrin β1, cloned March 4),
CD49a (integrin α1), CD49d (integrin α4), CD49e (integrin
α5), CD49f (integrin α6), CD106 (vascular cell adhesion mol-
ecule; VCAM1), CD146 (melanoma cell adhesion molecule;
MCAM), chemokine CC motif receptor (CCR)3, CCR4, chem-
okine CXC motif receptor (CXCR)4 or isotypic controls (R&D

Systems). Flow cytometry was performed on a fluorescence-
activated cell sorter (FACS) scan and data were analysed with
the Cellquest software (BD Pharmingen, Le Pont de Claix,
France). Data are expressed as the percentage of cells posi-
tive for the marker analysed ± SEM.

Results and discussion
Chondrogenesis is tightly regulated by growth and differentia-
tion factors, involving prominently the FGF, TGF-β, BMP, Wnt
and Hg pathways [14]. This process is controlled by cellular
interactions with the surrounding matrix and other environmen-
tal factors that initiate or suppress cellular signalling in a spa-
tiotemporal manner, including the level of oxygen, mechanical
tension and cellular contact with the components of the carti-
laginous matrix, which are essential for the maintenance of the
adult tissue homeostasis [5]. Using the microarray technology,
we previously investigated the gene-expression profile of
human bone-marrow-derived MSCs for 21 days, before and
after their differentiation into chondrocytes, using the micro-
pellet culture system and hBMP-2 as the inducing factor (F
Djouad, D Noël, unpublished data). Of the genes upregulated
during chondrogenesis, numerous genes corresponding to
constituents of the ECM or membrane-bound proteins were
identified. We thus investigated whether such genes might be
modulated during the time-course of chondrogenesis and take
part in the differentiation process. We took advantage of using
the TLDA, which enables precise and simultaneous quantifica-
tion of the expression of 384 different mRNAs in a single
experiment. We designed a card with primer sets correspond-
ing to genes belonging to the stem cell, osteoblast, chondro-
cyte, adipocyte and myocyte signatures. Of the 384 mRNAs
tested, 16% were not expressed at any time and 21% are pre-
sented below (Additional file 1).

Time-course expression of chondrocyte-specific markers 
during the differentiation of mesenchymal stem cells
First, we confirmed that MSCs underwent chondrogenesis by
determining the expression of the mRNA specific for aggrecan
and type II collagen at day 21 by quantitative RT-PCR (data
not shown). Second, we performed the TLDA on RNA
extracted at different time points during chondrogenesis. In
cartilage, there are several different types of collagens and
PGs. PGs can be divided into the following types: ECM-asso-
ciated components, such as aggrecan, the major chondroitin
sulphate PG, in addition to small leucin-rich PGs, such as
decorin and biglycan; and cell-surface components, the glypi-
cans and syndecans. Of the cell-surface components, synde-
can-4 is more abundant than syndecan-2, whereas syndecan-
3 is briefly expressed during the early stages of chondrogene-
sis [15]. Through their heparin and chondroitin sulfate PGs,
both glypicans and syndecans interact with growth factors,
such as FGF, Hg and Wnt, and their receptors, affecting their
biological effects by modulation of their signalling. Although
their role has been controversial, the binding of ligands to the
heparan sulfate PGs might protect the ligand from the recep-
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tor, giving it a change to diffuse over a longer period of time
[16] and participate in the regulation of the cellular phenotype
within the cartilage. In this study, the expression kinetic of var-
ious ECM transcripts shows that, at the early stage of the dif-
ferentiation process (day 2 and 7), most of the transcripts
were downregulated, whereas they were upregulated by more
than threefold on day 21. Of these transcripts, only type II col-
lagen and glypican 3 were absent in MSCs, whereas all of the
other transcripts were expressed at various levels on day 0
(Figure 1a,b). The data confirmed the upregulation of PGs and
collagens known to be overexpressed and/or specific to the
articular cartilage, such as aggrecan, biglycan, glypicans,
mimecan, syndecans, decorin, and type II, III, X and XI colla-
gens (Figure 1a,b). The cartilage also contains numerous pro-

teins that are neither collagens nor PGs and have a structural
role in the matrix, such as cartilage oligomeric matrix protein
(COMP), dermatopontin and fibronectin, or are part of the
cytoskeleton, such as filamin [17]. Other proteins, such as
osteonectin and osteopontin, are involved in the mineralization
of cartilage. The corresponding mRNAs were increased on
day 21, except for filamin (Figure 1a,b).

Gelsolin is involved in the cytoskeletal organization and
induced by integrin signalling. The expression of gelsolin and
mimecan was recently described in OA chondrocytes, in addi-
tion to the upregulation of gelsolin in hypertrophic
chondrocytes [18,19], but, to our knowledge, the expression
of gelsolin in MSCs has not been previously reported. Of the

Figure 1

Time-course expression of major components of the chondrocyte-associated extracellular matrix (ECM)Time-course expression of major components of the chondrocyte-associated extracellular matrix (ECM). The gene-expression profile of mesenchy-
mal stem cells (MSCs; n = 2) was analysed by real-time PCR during their differentiation towards chondrocytes in micropellets. (a) and (b) Change 
in the expression levels of various proteoglycans (PGs), collagens and proteins of the ECM. Genes were arbitrarily distributed. COMP, cartilage oli-
gomeric matrix protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PCR, polymerase chain reaction.
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proteins that have not been reported to have a role in cartilage,
corin and necdin are of interest. The expression of corin in
MSCs and its upregulation in chondrocytes was unexpected
because this protein has been associated with hypertrophic
cardiomyocyte and myocardium failure [20]. Necdin is an
inductor of myogenesis [21] and inhibitor of brown adipogen-
esis [22]. However, the increased expression of these two pro-
teins during chondrogenesis (1,370- and 6.5-fold,
respectively) might reflect an important role during MSC
differentiation.

In summary, the upregulation of these various molecules
known to be associated with the chondrocyte phenotype con-
firms that chondrogenic differentiation occurs under our exper-
imental conditions and validates the use of the quantitative
PCR assay for the detection of various ECM or membrane-
associated components and the analysis of their potential role
in chondrogenesis.

Modulation of the expression of secreted proteins 
during chondrogenic differentiation
The members of the CCN family are secreted, cysteine-rich,
regulatory proteins that interact with growth factors and have
important functions in cell proliferation and differentiation in
bone and cartilage, in particular [23]. The family includes
CCN1/cysteine-rich, angiogenic inducer (CYR)61, CCN2/
CTGF, CCN3/nephroblastoma overexpressed (NOV) and the
Wnt1-inducible signalling pathway (WISP) proteins (WISP 1
to 3 (CCN4 to 6)). The transcriptional profile of MSCs
revealed the expression of CCN1, CCN2, CCN3 and CCN5
(data not shown); these results were validated by quantitative
PCR for CCN3, CCN4 and CCN5 (Figure 2a). Our data partly
confirm a recent study reporting the mRNA expression of
CCN1, CCN2, CCN5 and CCN6 in MSCs, with a decrease in
CCN1 and CCN6 expression during the chondrogenic differ-
entiation of MSCs, suggesting that these proteins might be
important regulators in the maintenance of the stem-cell phe-
notype [24]. However, we also observed the expression of
CCN3 and CCN4 in MSCs by quantitative PCR and the
mRNA levels increased twofold to threefold after chondrogen-
esis (Figure 2a). To our knowledge, the possibility that CCN3
and CCN4 are expressed in MSCs and expression of CCN3,
CCN4 and CCN5 is upregulated after chondrogenesis has
not been previously raised. In the study of Schutze and co-
workers, the use of semiquantitative RT-PCR instead of real-
time PCR might explain the lower degree of sensitivity of the
detection [24]. The role of these CCN members in chondro-
genesis remains to be elucidated. However, evidence that
CCN5 can inhibit the proliferation, invasiveness and motility of
vascular smooth muscle cells as a growth-arrest-specific gene
has been provided [25]. This suggests that CCN5 might mod-
ulate the proliferation of MSCs during the course of the differ-
entiation process.

The timely degradation of the ECM is an important feature of
development, morphogenesis and remodelling and mainly
mediated by matrix MMPs or matrixins. MMPs are grouped into
collagenases, gelatinases, stromelysins, matrilysins, mem-
brane-type MMPs, mainly according to their substrate prefer-
ence [26]. MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-12
and MMP-28 are expressed in cartilage [27-29] and, with the
exception of MMP-9, we also observed increased levels of
expression of the corresponding mRNA after chondrogenic
differentiation of MSCs. However, little is known about the
expression of these MMPs in MSCs, although the presence of
MMP-2 and MMP-3 and absence of MMP-1 and MMP-9 have
been reported [30]. We confirmed these data and also
showed the expression of MMP-28 and absence of MMP-7 in
MSCs and the upregulation during chondrogenesis of all the
MMPs tested, except for MMP-9 (Figure 2b). Recently, MMP-
9 was shown to be involved in regulating pericellular proteoly-
sis for correct endochondral bone formation during the in vitro
differentiation pathway and in vivo cartilage repair process
[31]. Indeed, the absence of MMP-9 in both MSCs and

Figure 2

Change in the expression levels of proteins secreted by the chondro-cyte-associated extracellular matrix (ECM)Change in the expression levels of proteins secreted by the chondro-
cyte-associated extracellular matrix (ECM). The gene-expression profile 
of mesenchymal stem cells (MSCs; n = 2) was analysed by real-time 
PCR during their differentiation towards chondrocytes in micropellets. 
(a) Time-course expression of the members of the CCN family of 
genes. (b) Time-course expression of various MMPs. CCN, connective 
tissue growth factor (CTGF); cef10/cyr61 and nov; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; MMP, metalloprotease; PCR, 
polymerase chain reaction.
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chondrocytes is probably owing to a weak number of cells
undergoing terminal differentiation in our culture conditions, as
suggested by low (1.75-fold) upregulation of type X collagen
in MSCs after differentiation.

Modulation of the expression of chemokines and their 
receptors during chondrogenic differentiation
Chemokines are small, heparin-binding proteins that direct the
movement of circulating leukocytes to sites of inflammation or
injury [32]. Different chemokines have also been demon-
strated to influence bone-cell functions, bone-tissue remodel-
ling and stem-cell engraftment [33]. A number of chemokines
(chemokine CC motif ligand (CCL)2, CCL4, CCL5, CCL20,
CXCL12, CX3CL1, CXCL8, CXCL13 and CXCL16) and
chemokine receptors (CCR1, CCR7, CCR9, CXCR4,
CXCR5, CXCR6 and CX3CR1) have been detected in MSCs
[34,35]. Here, we confirm the expression of these chemokines
by MSCs, when tested and report CXCL1 and Fms-related
tyrosine kinase 3 ligand (Flt3L) expression (Figure 3a). One
study has already reported the expression of Flt3L in placenta-
derived MSCs [36], but, to our knowledge, this is the first
report of CXCL1 expression in bone marrow-derived MSCs, at
least at the mRNA level. By contrast, most of the chemokine
receptors previously described in MSCs were not found,
except CX3CR1 (Figure 3b). This discrepancy is probably
owing to the conditions of cell isolation and/or in vitro culture
or the fact that only a minority of cells express these receptors
[35]. CX3CR1 is the only receptor that showed total inhibition
of its mRNA during chondrogenesis (from day 2). Interestingly,
we detected the expression of CCR3 at the mRNA level, in
addition to CCR3, CCR4 and CXCR4 at the protein level (Fig-
ure 4a). To our knowledge, the expression of CCR3 was not
previously reported in MSCs. Moreover, the levels of all of
these receptors increased during chondrogenesis.

Chondrocytes are known to express CCR1, CCR2, CCR3,
CCR5, CCR6, CXCR1, CXCR2, CXCR3, CXCR4 and
CXCR5 [37,38]. Only CCR1, CCR3 and CXCR4 mRNAs
were detected in MSC-derived chondrocytes, and we report
the expression of CCR4 in these cells (Figure 3b). Interest-
ingly, a huge increase (122- to 2,152-fold) in the levels of
these mRNAs was observed after cell differentiation. Their
respective cytokines (CCL3, CCL5 and CXCL12) were also
expressed in MSC-derived chondrocytes (Figure 3a).
Whereas most of the chemokines and their receptors were
concomitantly modulated, an inverse correlation between the
expression of the CX3CR1 and CXCR4 receptors and the
expression of their ligands (CX3CL1 and CXCL12, respec-
tively) was observed during the course of chondrogenesis.
This inversely proportional expression of CXCL12/CXCR4
was recently observed in MSCs cultured on a hyaluronic acid-
based scaffold [39]. The authors suggest that the scaffold
probably helps to mobilize the internalized receptor, increasing
its functional expression and improving engraftment. Accord-
ing to our data, it might also be assumed that the expression

of some receptors, notably CXCR4, might reflect progression
through chondrogenesis and/or be implicated in the differenti-
ation process. Because interactions between chemokine
receptors, syndecans and PGs are known to facilitate the
binding of chemokines to their ligands [40], the modulation of
the expression of these receptors is probably a crucial event in
the migration, attachment or differentiation of MSCs in the
specific environment of the joint. In this environment, both
immune cells and synoviocytes are other potential sources of
chemokines that might influence the migration and homing of
MSCs to the cartilage.

Modulation of the expression of cell-surface markers 
during chondrogenic differentiation
Expression of members of A Disintegrin And 
Metalloprotease family
ADAM proteins contain a disintegrin and MMP domain, which
has the dual function of cleavage/release of cell-surface pro-
teins and remodelling of the ECM [41]. These proteins interact
with various partners, such as integrins, syndecans and ECM
proteins and are involved in developmental events, including
myogenesis, neurogenesis, adipogenesis and morphogene-
sis. In this study, we report the expression of ADAM8, ADAM9,
ADAM19, ADAM23, A Disintegrin-like And Metalloproteinase
with thrombospondin type 1 motif (ADAMTS)-4 and ADAM-
TS5 in MSCs and their upregulation at the late stage of chon-
drogenesis, in particular ADAMTS-4 and ADAMTS-5 (Figure
5a). Moreover, we show the presence of ADAM19 and
ADAM23, which have not been previously associated with
chondrocytes. The involvement of ADAMTS-4 and ADAMTS-
5 has already been reported in aggrecan breakdown during
endochondral ossification [42]. Expression of the ADAMTS-5
is also increased by Wnt/β-catenin signalling, which was
shown to regulate chondrocyte phenotype, maturation and
function in a developmentally regulated manner and to be
crucial for growth-plate organization and endochondral ossifi-
cation [43]. These molecules are also implicated in diseases,
such as OA and rheumatoid arthritis (RA), in which the
ADAMTS-5, expressed in joint tissue, was shown to be the
major aggrecanase involved in cartilage destruction [44,45].
Moreover, to our knowledge, this is the first report of the
expression of several ADAM proteins, at least at the mRNA
level, in MSCs and their upregulation during chondrogenic dif-
ferentiation. The upregulation of the two ADAMTS molecules
at the late stage of chondrogenesis might be related to hyper-
trophic terminal differentiation. Although the role of the ADAM
molecules during the chondrogenic process remains to be elu-
cidated, they might interact with integrins, PGs and ECM pro-
teins to build a microenvironment favouring the appearance of
the chondrocytic phenotype.

Expression of adhesion molecules
Some adhesion molecules, such as cadherins or CAMs, have
important functions in development and tissue morphogene-
sis, in particular cadherin 11 and N-cadherin, which have a
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crucial role during MSC condensation [5,46]. The corre-
sponding mRNAs, in addition to mRNAs for cadherins 4 and
13, were expressed in MSCs, and their level of expression was
increased on day 21 (Figure 5b). The appearance of tran-
scripts for cadherin 11, as early as day 2, confirms its role dur-
ing early chondrogenesis and in differentiation. The expression
of cadherin 4 and 13 in MSCs has not been previously
reported. Because cadherin 4 has been associated with neu-
ral retina differentiation [47,48], its role in cartilage develop-
ment needs further investigation.

Of the adhesion molecules, we present evidence for the
expression of all of the CAM molecules tested in MSCs and an
increase in their mRNA levels during chondrogenesis, by more
than 30-fold for MCAM and neuronal cell adhesion molecule
(NRCAM) (Figure 5b). A subset of MSCs is known to express
activated leukocyte cell adhesion molecule (ALCAM)
(CD166), MCAM (CD146), VCAM1 (CD106) and
intercellular cell adhesion molecule (ICAM)2 (CD102) [34],
whereas chondrocytes express only ALCAM and VCAM1
[49]. However, NRCAM has not been previously described in
MSCs and chondrocytes, and ICAM2 has not been previously

Figure 3

Time-course expression of chemokines and their receptors during chondrogenic differentiation of mesenchymal stem cells (MSCs)Time-course expression of chemokines and their receptors during chondrogenic differentiation of mesenchymal stem cells (MSCs). The gene-
expression profile of MSCs (n = 2) was analysed by real-time PCR during their differentiation towards chondrocytes in micropellets. (a) Change in 
the expression levels of various chemokines. (b) Change in the expression levels of various chemokine receptors. CCL, chemokine CC motif ligand; 
CCR, chemokine CC motif receptor; CXCL, chemokine CXC motif ligand; CXCR, chemokine CXC motif receptor; FlT3L, Fms-related tyrosine 
kinase 3 ligand; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PCR, polymerase chain reaction.
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described in chondrocytes. NRCAM is involved in the devel-
opment of the cerebellar system [50] and is a target gene of
the β-catenin/lymphoid enhancer binding factor (LEF)-1
pathway in melanoma and colon cancer [51]. Because the
Wnt/β-catenin pathway is active in chondrogenesis, it might
be speculated that β-catenin induces the upregulation of
NRCAM in the micropellet culture. Whether its expression
might be involved in cartilage formation, as seen in the cere-
bellar system, remains to be demonstrated.

Expression of members of the integrin family
The integrin family of CAMs are transmembrane glycoproteins,
composed of α and β subunits and their combination deter-
mines ligand specificity. The patterns of integrin expression
determine the adhesive properties of cells by modulating their
interactions with specific ECM proteins, suggesting they
might be involved in differentiation and migration [52]. MSCs
exhibit the expression of integrins α1, α2, α3, α5, α6, αv, β1,
β3 and β4 [53]. Here, we confirm these data and show the
expression of integrins α4, α7 and β5, whereas integrin β7 is
not expressed (Figure 5c). Expression of integrins α1, α4, α5

and β1 was confirmed by FACS analysis (Figure 4b,c). With
the exception of integrin α4, which was previously shown to be
absent using FACS analysis, integrins α7 and β5 have not
been demonstrated to be expressed by MSCs. The lack of
detection of the integrin α4 protein by other authors might be
attributed to the weak expression of this marker or conditions
used for cell isolation/culture.

In chondrocytes, we detected the expression of all of the
integrins tested. This confirms previous data reporting expres-
sion of integrins α1, α2, α3, α5, α6, α10, αv, β1, β3 and β5
[52]. Integrin α5β1 is the most prominently expressed integrin
in chondrocytes and integrin α10β1 is the dominant collagen-
binding integrin during mouse cartilage development [52,54].
Although the mRNA levels of the various integrins slightly
increase during chondrogenic differentiation (Figure 5c), the
protein levels tend to decrease with time (Figure 4b). These
data suggest that the subunits of integrins are regulated dur-
ing the differentiation process. This has already been shown
for integrin β1, in addition to a switch from α1 to α3 integrins
during chondrogenesis [52]. However, no information is avail-
able on the role of integrins α4, α7, β5 and β7 during chondro-
genesis. Integrins containing the α4 or α7 subunit bind to
RGD-containing components, namely fibronectin and vit-
ronectin or laminin, respectively. Because these components
are localized in the cartilaginous ECM, they are probably
involved in cellular responses, depending on their interaction
with the various integrin receptors expressed by the MSCs.

Role of bone morphogenetic protein 2 in the modulation 
of adhesion molecules at the surface of mesenchymal 
stem cells
Because chondrogenic differentiation was performed by cul-
ture in micropellets in the presence of BMP-2, we investigated
whether the modulation of expression of some molecules
might be induced by BMP-2 and not by the differentiation
process. To this aim, we checked the expression of several
integrins and two adhesion proteins at the surface of MSC that
had been cultured for 2 days in monolayer in proliferative
medium with/without BMP-2. We observed the low, but signif-
icant, expression of the integrins α1, α4 and α6 and VCAM1
at the protein level, whereas the integrins α5 and β1 and
MCAM were highly expressed (Figure 4c). However, no signif-
icant increase in integrin expression was measured after stim-
ulation with BMP-2 for 48 hours. These results suggest that
BMP-2 does not modulate the expression levels of adhesion
molecules, at least for the proteins and time point tested.

Conclusion
In summary, our study shows that the TLDA could be a useful
tool for monitoring the modulation of mRNA profiles during dif-
ferentiation processes. This assay relies on the use of minor
quantities of material (2 ng of total RNA/gene) and quantifica-
tion of up to 384 genes in the same sample in one experiment.
We found that most of the ECM or membrane-associated mol-

Figure 4

Modulation of the expression of cell-surface proteins on mesenchymal stem cells (MSCs)Modulation of the expression of cell-surface proteins on mesenchymal 
stem cells (MSCs). (a) and (b) Change in the protein levels of various 
surface markers during chondrogenic differentiation of MSCs (n = 2) in 
the micropellet. (c) Change in the protein levels at the surface of MSCs 
cultured in monolayer with human BMP-2 for 48 hours. CCR, chemok-
ine CC motif receptor; CXCR, chemokine CXC motif receptor; MCAM, 
melanoma cell adhesion molecule; SEM, standard error of the mean; 
VCAM, vascular cell adhesion molecule.
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Figure 5

Expression levels of ADAM and adhesion molecules during chondrogenic differentiation of mesenchymal stem cells (MSCs)Expression levels of ADAM and adhesion molecules during chondrogenic differentiation of mesenchymal stem cells (MSCs). The gene-expression 
profile of mesenchymal stem cells (MSCs; n = 2) was analysed by real-time PCR during their differentiation towards chondrocytes in micropellets. 
Change in the expression levels of various ADAM family members (a), several cadherins and CAMs (b) and a number of integrins (c). ADAM, A Dis-
integrin And Metalloproteinase molecule; ALCAM, activated leukocyte CAM; CAM, cell-adhesion molecule; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; ICAM, intercellular CAM; MCAM, melanoma CAM; NRCAM, neuronal CAM; PCR, polymerase chain reaction; ADAMTS, A Disin-
tegrin And Metalloproteinase with thrombospondin type 1 motif; VCAM, vascular cell adhesion molecule.
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ecules known to be expressed by MSCs and chondrocytes
that are involved in attachment and cell migration, such as
PGs, collagens, MMPs, CCN proteins, chemokines and their
receptors, ADAM proteins, cadherins and integrins, were
reproducibly detected. Indeed, although the study has been
performed on few samples, these results are encouraging pre-
liminary data. We suggest that these components are involved
in crosstalk between the ECM and the MSCs, which might
constitute the direct microenvironment of MSCs within the
cartilage tissue, and the chondrogenic process (Figure 6).
Moreover, a number of components that were not previously
reported to be expressed in MSCs and/or chondrocytes have
been identified. Although their expression will have to be con-
firmed on a statistically relevant number of donors at the pro-
tein level, this sets up the basis for a more accurate work on
their role in chondrogenesis.

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

Authors' contributions
FD performed the majority of the experimental work and partic-
ipated in the analysis of the data. BD performed the FACS
analysis on MSCs. MM performed the FACS analysis on cells
isolated from the micropellet. CB participated in the cell-cul-
ture work. FA helped in the analysis of the data. PL-P helped
in the analysis of the data. FC procured the samples for the
isolation of MSCs. PC participated in the analysis of the data.
CJ participated in the design of the study and the analysis of
the data. DN participated in the design of the study, analysis

of data and wrote the manuscript. All authors read and
approved the final manuscript. DN and CJ contributed equally.

Additional files

Acknowledgements
We are grateful to Adriana Lopez (Inserm ESPRI EA3855, Tours, 
France) for her help with the analysis of replicate variability in TLDA-
based experiments. This work was supported, in part, by the European 
Community (Key action LSH 1.2.4-3, Integrated project: 'Adult mesen-
chymal stem cells engineering for connective tissue disorders. From the 
bench to the bed side', Contract no. 503161) and the 'Programme 
National de Recherches sur les Maladies ostéo-articulaires (PRO-A)' 
(Contract no. A04069FS).

References
1. Hughes LC, Archer CW, ap Gwynn I: The ultrastructure of

mouse articular cartilage: collagen orientation and implica-
tions for tissue functionality. A polarised light and scanning
electron microscope study and review.  Eur Cell Mater 2005,
9:68-84.

2. Alsalameh S, Amin R, Gemba T, Lotz M: Identification of mesen-
chymal progenitor cells in normal and osteoarthritic human
articular cartilage.  Arthritis Rheum 2004, 50:1522-1532.

3. Baksh D, Song L, Tuan RS: Adult mesenchymal stem cells:
characterization, differentiation, and application in cell and
gene therapy.  J Cell Mol Med 2004, 8:301-316.

4. Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop DJ:
Adult stem cells from bone marrow (MSCs) isolated from dif-
ferent strains of inbred mice vary in surface epitopes, rates of
proliferation, and differentiation potential.  Blood 2004,
103:1662-1668.

5. Goldring MB, Tsuchimochi K, Ijiri K: The control of
chondrogenesis.  J Cell Biochem 2006, 97:33-44.

6. Coimbra IB, Jimenez SA, Hawkins DF, Piera-Velazquez S, Stokes
DG: Hypoxia inducible factor-1 alpha expression in human
normal and osteoarthritic chondrocytes.  Osteoarthritis
Cartilage 2004, 12:336-345.

7. Onodera K, Takahashi I, Sasano Y, Bae JW, Mitani H, Kagayama
M, Mitani H: Stepwise mechanical stretching inhibits chondro-
genesis through cell-matrix adhesion mediated by integrins in
embryonic rat limb-bud mesenchymal cells.  Eur J Cell Biol
2005, 84:45-58.

8. Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE, Stephenson
RC, Daluiski A, Lyons KM: Connective tissue growth factor coor-
dinates chondrogenesis and angiogenesis during skeletal
development.  Development 2003, 130:2779-2791.

9. Molteni A, Modrowski D, Hott M, Marie PJ: Differential expres-
sion of fibroblast growth factor receptor-1, -2, and -3 and syn-
decan-1, -2, and -4 in neonatal rat mandibular condyle and
calvaria during osteogenic differentiation in vitro.  Bone 1999,
24:337-347.

10. Kortesmaa J, Yurchenco P, Tryggvason K: Recombinant laminin-
8 (alpha(4)beta(1)gamma(1)). Production, purification, and
interactions with integrins.  J Biol Chem 2000,
275:14853-14859.

Figure 6

Major changes in the expression of various components of the extracel-lular matrix (ECM) during the differentiation of MSCs into chondrocytesMajor changes in the expression of various components of the extracel-
lular matrix (ECM) during the differentiation of MSCs into chondro-
cytes. CCL, chemokine CC motif ligand; CCR, chemokine CC motif 
receptor; Col, collagen; CXCR, chemokine CXC motif receptor; ITG, 
insulin-transferrin-selenic acid; MMP, metalloprotease; MSC, mesen-
chymal stem cell.

The following Additional files are available online:

Additional File 1
An XLS file containing mean 2-ΔCt ± SEM results for the 
complete list of tested transcripts at the different time 
points.
See http://www.biomedcentral.com/content/
supplementary/ar2153-S1.xls
Page 10 of 12
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/ar2153-S1.xls
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15968593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15968593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15968593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15146422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15146422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15146422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15491506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15491506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15491506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14592819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14592819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14592819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16215986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16215986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15023385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15023385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15724815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15724815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15724815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12736220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12736220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12736220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10221546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10221546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10221546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10809728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10809728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10809728


Available online http://arthritis-research.com/content/9/2/R33
11. Djouad F, Bony C, Haupl T, Uze G, Lahlou N, Louis-Plence P,
Apparailly F, Canovas F, Reme T, Sany J, et al.: Transcriptional
profiles discriminate bone marrow-derived and synovium-
derived mesenchymal stem cells.  Arthritis Res Ther 2005,
7:R1304-1315.

12. Noel D, Gazit D, Bouquet C, Apparailly F, Bony C, Plence P, Millet
V, Turgeman G, Perricaudet M, Sany J, Jorgensen C: Short-term
BMP-2 expression is sufficient for in vivo osteochondral differ-
entiation of mesenchymal stem cells.  Stem Cells 2004,
22:74-85.

13. Moutsatsos IK, Turgeman G, Zhou S, Kurkalli BG, Pelled G, Tzur
L, Kelley P, Stumm N, Mi S, Müller R, et al.: Exogenously regu-
lated stem cell-mediated gene therapy for bone regeneration.
Mol Ther 2001, 3:449-461.

14. Jorgensen C, Gordeladze J, Noel D: Tissue engineering through
autologous mesenchymal stem cells.  Curr Opin Biotechnol
2004, 15:406-410.

15. Knudson CB, Knudson W: Cartilage proteoglycans.  Semin Cell
Dev Biol 2001, 12:69-78.

16. Blair SS: Cell signaling: wingless and glypicans together again.
Curr Biol 2005, 15:R92-94.

17. Roughley PJ: Articular cartilage and changes in arthritis: non-
collagenous proteins and proteoglycans in the extracellular
matrix of cartilage.  Arthritis Res 2001, 3:342-347.

18. Nurminskaya M, Linsenmayer TF: Identification and characteriza-
tion of up-regulated genes during chondrocyte hypertrophy.
Dev Dyn 1996, 206:260-271.

19. De Ceuninck F, Marcheteau E, Berger S, Caliez A, Dumont V, Raes
M, Anract P, Leclerc G, Boutin JA, Ferry G: Assessment of some
tools for the characterization of the human osteoarthritic car-
tilage proteome.  J Biomol Tech 2005, 16:256-265.

20. Tran KL, Lu X, Lei M, Feng Q, Wu Q: Upregulation of corin gene
expression in hypertrophic cardiomyocytes and failing myo-
cardium.  Am J Physiol Heart Circ Physiol 2004,
287:H1625-1631.

21. Brunelli S, Cossu G: A role for MSX2 and necdin in smooth
muscle differentiation of mesoangioblasts and other meso-
derm progenitor cells.  Trends Cardiovasc Med 2005,
15:96-100.

22. Tseng YH, Butte AJ, Kokkotou E, Yechoor VK, Taniguchi CM, Kri-
auciunas KM, Cypess AM, Niinobe M, Yoshikawa K, Patti ME,
Kahn CR: Prediction of preadipocyte differentiation by gene
expression reveals role of insulin receptor substrates and
necdin.  Nat Cell Biol 2005, 7:601-611.

23. Parisi MS, Gazzerro E, Rydziel S, Canalis E: Expression and reg-
ulation of CCN genes in murine osteoblasts.  Bone 2006,
38:671-677.

24. Schutze N, Noth U, Schneidereit J, Hendrich C, Jakob F: Differen-
tial expression of CCN-family members in primary human
bone marrow-derived mesenchymal stem cells during osteo-
genic, chondrogenic and adipogenic differentiation.  Cell Com-
mun Signal 2005, 3:5.

25. Lake AC, Bialik A, Walsh K, Castellot JJ Jr: CCN5 is a growth
arrest-specific gene that regulates smooth muscle cell prolif-
eration and motility.  Am J Pathol 2003, 162:219-231.

26. Nagase H, Visse R, Murphy G: Structure and function of matrix
metalloproteinases and TIMPs.  Cardiovasc Res 2006,
69:562-573.

27. Flannelly J, Chambers MG, Dudhia J, Hembry RM, Murphy G,
Mason RM, Bayliss MT: Metalloproteinase and tissue inhibitor
of metalloproteinase expression in the murine STR/ort model
of osteoarthritis.  Osteoarthritis Cartilage 2002, 10:722-733.

28. Momohara S, Okamoto H, Komiya K, Ikari K, Takeuchi M, Tomatsu
T, Kamatani N: Matrix metalloproteinase 28/epilysin expres-
sion in cartilage from patients with rheumatoid arthritis and
osteoarthritis: comment on the article by Kevorkian et al.
Arthritis Rheum 2004, 50:4074-4075. [author reply] 4075.

29. Kevorkian L, Young DA, Darrah C, Donell ST, Shepstone L, Porter
S, Brockbank SM, Edwards DR, Parker AE, Clark IM: Expression
profiling of metalloproteinases and their inhibitors in cartilage.
Arthritis Rheum 2004, 50:131-141.

30. Parikka V, Vaananen A, Risteli J, Salo T, Sorsa T, Vaananen HK,
Lehenkari P: Human mesenchymal stem cell derived osteob-
lasts degrade organic bone matrix in vitro by matrix
metalloproteinases.  Matrix Biol 2005, 24:438-447.

31. Mannello F, Tonti GA, Bagnara GP, Papa S: Role and function of
matrix metalloproteinases in the differentiation and biological

characterization of mesenchymal stem cells.  Stem Cells 2006,
24:475-481.

32. Charo IF, Ransohoff RM: The many roles of chemokines and
chemokine receptors in inflammation.  N Engl J Med 2006,
354:610-621.

33. Ji JF, He BP, Dheen ST, Tay SS: Interactions of chemokines and
chemokine receptors mediate the migration of mesenchymal
stem cells to the impaired site in the brain after hypoglossal
nerve injury.  Stem Cells 2004, 22:415-427.

34. Honczarenko M, Le Y, Swierkowski M, Ghiran I, Glodek AM, Silber-
stein LE: Human Bone Marrow Stromal Cells Express a Distinct
Set of Biologically Functional Chemokine Receptors.  Stem
Cells 2006, 24:1030-1041.

35. Sordi V, Malosio ML, Marchesi F, Mercalli A, Melzi R, Giordano T,
Belmonte N, Ferrari G, Leone BE, Bertuzzi F, et al.: Bone marrow
mesenchymal stem cells express a restricted set of function-
ally active chemokine receptors capable of promoting migra-
tion to pancreatic islets.  Blood 2005, 106:419-427.

36. Zhang Y, Li CD, Jiang XX, Li HL, Tang PH, Mao N: Comparison of
mesenchymal stem cells from human placenta and bone
marrow.  Chin Med J (Engl) 2004, 117:882-887.

37. Borzi RM, Mazzetti I, Cattini L, Uguccioni M, Baggiolini M, Facchini
A: Human chondrocytes express functional chemokine recep-
tors and release matrix-degrading enzymes in response to C-
X-C and C-C chemokines.  Arthritis Rheum 2000,
43:1734-1741.

38. Mazzetti I, Magagnoli G, Paoletti S, Uguccioni M, Olivotto E, Vitel-
lozzi R, Cattini L, Facchini A, Borzi RM: A role for chemokines in
the induction of chondrocyte phenotype modulation.  Arthritis
Rheum 2004, 50:112-122.

39. Lisignoli G, Cristino S, Piacentini A, Cavallo C, Caplan AI, Facchini
A: Hyaluronan-based polymer scaffold modulates the expres-
sion of inflammatory and degradative factors in mesenchymal
stem cells: Involvement of Cd44 and Cd54.  J Cell Physiol
2006, 207:364-373.

40. Slimani H, Charnaux N, Mbemba E, Saffar L, Vassy R, Vita C, Gat-
tegno L: Binding of the CC-chemokine RANTES to syndecan-1
and syndecan-4 expressed on HeLa cells.  Glycobiology 2003,
13:623-634.

41. White JM: ADAMs: modulators of cell-cell and cell-matrix
interactions.  Curr Opin Cell Biol 2003, 15:598-606.

42. Makihira S, Yan W, Murakami H, Furukawa M, Kawai T, Nikawa H,
Yoshida E, Hamada T, Okada Y, Kato Y: Thyroid hormone
enhances aggrecanase-2/ADAM-TS5 expression and prote-
oglycan degradation in growth plate cartilage.  Endocrinology
2003, 144:2480-2488.

43. Tamamura Y, Otani T, Kanatani N, Koyama E, Kitagaki J, Komori T,
Yamada Y, Costantini F, Wakisaka S, Pacifici M, et al.: Develop-
mental regulation of Wnt/beta-catenin signals is required for
growth plate assembly, cartilage integrity, and endochondral
ossification.  J Biol Chem 2005, 280:19185-19195.

44. Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL,
Flannery CR, Peluso D, Kanki K, Yang Z, et al.: Deletion of active
ADAMTS5 prevents cartilage degradation in a murine model of
osteoarthritis.  Nature 2005, 434:644-648.

45. Stanton H, Rogerson FM, East CJ, Golub SB, Lawlor KE, Meeker
CT, Little CB, Last K, Farmer PJ, Campbell IK, et al.: ADAMTS5 is
the major aggrecanase in mouse cartilage in vivo and in vitro.
Nature 2005, 434:648-652.

46. Kii I, Amizuka N, Shimomura J, Saga Y, Kudo A: Cell-cell interac-
tion mediated by cadherin-11 directly regulates the differenti-
ation of mesenchymal cells into the cells of the osteo-lineage
and the chondro-lineage.  J Bone Miner Res 2004,
19:1840-1849.

47. Babb SG, Kotradi SM, Shah B, Chiappini-Williamson C, Bell LN,
Schmeiser G, Chen E, Liu Q, Marrs JA: Zebrafish R-cadherin
(Cdh4) controls visual system development and
differentiation.  Dev Dyn 2005, 233:930-945.

48. Liu Q, Marrs JA, Azodi E, Kerstetter AE, Babb SG, Hashmi L: Dif-
ferential expression of cadherins in the developing and adult
zebrafish olfactory system.  J Comp Neurol 2004, 478:269-281.

49. Diaz-Romero J, Gaillard JP, Grogan SP, Nesic D, Trub T, Mainil-
Varlet P: Immunophenotypic analysis of human articular
chondrocytes: changes in surface markers associated with
cell expansion in monolayer culture.  J Cell Physiol 2005,
202:731-742.
Page 11 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16277684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16277684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16277684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14688393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11319905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11319905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15464369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15464369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11292372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15694298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8896982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8896982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16461950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16461950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16461950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15191894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15191894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15191894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16039969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16039969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16039969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15895078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16311085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16311085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15773998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15773998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15773998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12507905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12507905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12507905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12202125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12202125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12202125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15593191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16098718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16098718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16098718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16150919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16150919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16150919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16467548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16467548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16253981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16253981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15198892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15198892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15198892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10943863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10943863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10943863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16331675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16331675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16331675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12773479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12773479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12746310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15760903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15760903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15760903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15476585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15476585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15476585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15918170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15918170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15918170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15389573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15389573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15389573


Arthritis Research & Therapy    Vol 9 No 2    Djouad et al.
50. Backer S, Sakurai T, Grumet M, Sotelo C, Bloch-Gallego E: Nr-
CAM and TAG-1 are expressed in distinct populations of
developing precerebellar and cerebellar neurons.  Neuro-
science 2002, 113:743-748.

51. Conacci-Sorrell ME, Ben-Yedidia T, Shtutman M, Feinstein E, Einat
P, Ben-Ze'ev A: Nr-CAM is a target gene of the beta-catenin/
LEF-1 pathway in melanoma and colon cancer and its expres-
sion enhances motility and confers tumorigenesis.  Genes Dev
2002, 16:2058-2072.

52. Egerbacher M, Haeusler G: Integrins in growth plate cartilage.
Pediatr Endocrinol Rev 2003, 1:2-8.

53. Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, Moorman
MA, McIntosh KR, Mosca JD: Characterization and functionality
of cell surface molecules on human mesenchymal stem cells.
J Biomed Sci 2003, 10:228-241.

54. Goessler UR, Bugert P, Bieback K, Huber K, Fleischer LI, Hormann
K, Riedel F: Differential modulation of integrin expression in
chondrocytes during expansion for tissue engineering.  In Vivo
2005, 19:501-507.
Page 12 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12182881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12182881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12182881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12183361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12183361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12183361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16437008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12595759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12595759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15875768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15875768

	Abstract
	Introduction
	Materials and methods
	Cell culture
	In vitro chondrogenic differentiation
	RNA preparation
	TaqMan® real-time RT-PCR
	Fluorescence-activated cell sorter analysis

	Results and discussion
	Time-course expression of chondrocyte-specific markers during the differentiation of mesenchymal stem cells
	Modulation of the expression of secreted proteins during chondrogenic differentiation
	Modulation of the expression of chemokines and their receptors during chondrogenic differentiation
	Modulation of the expression of cell-surface markers during chondrogenic differentiation
	Expression of members of A Disintegrin And Metalloprotease family
	Expression of adhesion molecules
	Expression of members of the integrin family

	Role of bone morphogenetic protein 2 in the modulation of adhesion molecules at the surface of mesenchymal stem cells

	Conclusion
	Competing interests
	Authors' contributions
	Additional files
	Acknowledgements
	References

