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Cartilage injuries and osteoarthritis are leading causes of disability in developed countries. The regeneration of
damaged articular cartilage using cell transplantation or tissue engineering holds much promise but requires the
identification of an appropriate cell source with a high proliferative propensity and consistent chondrogenic
capacity. Human fetal mesenchymal stem cells (MSCs) have been isolated from a range of perinatal tissues,
including first-trimester bone marrow, and have demonstrated enhanced expansion and differentiation poten-
tial. However, their ability to form mature chondrocytes for use in cartilage tissue engineering has not been
clearly established. Here, we compare the chondrogenic potential of human MSCs isolated from fetal and adult
bone marrow and show distinct differences in their responsiveness to specific growth factors. Transforming
growth factor beta 3 (TGFb3) induced chondrogenesis in adult but not fetal MSCs. In contrast, bone morpho-
genetic protein 2 (BMP2) induced chondrogenesis in fetal but not adult MSCs. When fetal MSCs co-stimulated
with BMP2 and TGFb3 were used for cartilage tissue engineering, they generated tissue with type II collagen and
proteoglycan content comparable to adult MSCs treated with TGFb3 alone. Investigation of the TGFb/BMP
signaling pathway showed that TGFb3 induced phosphorylation of SMAD3 in adult but not fetal MSCs. These
findings demonstrate that the initiation of chondrogenesis is modulated by distinct signaling mechanisms in fetal
and adult MSCs. This study establishes the feasibility of using fetal MSCs in cartilage repair applications and
proposes their potential as an in vitro system for modeling chondrogenic differentiation and skeletal develop-
ment studies.

Introduction

Mesenchymal stem cells (MSCs) are readily accessible,
easily expandable, and possess the potential to differ-

entiate into mesoderm-derived lineages, making these cells
particularly suited for use in skeletal tissue engineering
strategies [1,2]. Human bone marrow-derived MSCs have
been shown to have the ability to differentiate into chon-
drocytes in vitro [3,4], and they can be used to tissue engineer
cartilage [5]. We have shown their potential in clinical appli-
cations by using them for the production of a segment of
trachea that was successfully implanted into a patient with
bronchomalacia [6,7]. However, MSCs exhibit significant
heterogeneity and variation in potency both within and be-
tween patients [8]. In addition, adult MSCs undergo replica-
tive senescence, resulting in a decrease in their prevalence,
proliferation rate, and differentiation capacity [9,10]. This

variability and tendency to senesce is severely limiting and
poses significant implications for advancements in the use of
MSC-based therapies for cartilage repair.

The ability to tissue engineer cartilage with biomechanical
and structural integrity similar to native tissue relies on a
suitable model for differentiation studies and the identifica-
tion of a cell source with consistent chondrogenic capacity.
For these reasons, there has been much interest in exploring
MSC subpopulations [11] and in the identification of alter-
native sources of MSCs to provide a cell population opti-
mized for in vitro chondrogenesis even after a high number
of population doublings. Fetal MSCs have enhanced plas-
ticity, proliferation propensity, and expansion potential
compared with adult MSCs [12]. They appear to form an
intermediate cell type between adult MSCs and embryonic
stem cells (ESCs), as they have active telomerase and express
pluripotency markers, albeit at a considerably lower level
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than ESCs [12], and, therefore, their use is not limited by the
risk of teratoma formation or tumorigenicity associated with
ESCs [13,14]. Fetal MSCs also lack intracellular HLA class II
and have lower HLA class I expression compared with adult
MSCs, which suggests that these cells may be immunologi-
cally inert [15]. In addition, MSCs derived from first-
trimester fetal bone have greater osteogenic potency [16] and
undergo accelerated osteogenesis in vitro and bone forma-
tion in vivo [17] compared with adult MSCs, suggesting that
the anatomical locus and developmental role of these cells
may contribute to lineage commitment and potency associ-
ated with skeletal tissue differentiation. For these reasons,
fetal stem cells warrant further investigation for use in car-
tilage regeneration.

Human perinatal fetal stem cells harvested from prenatal
and extraembryonic tissues, including fetal bone marrow,
blood, liver, amniotic fluid, and umbilical cord blood, have
shown trilineage differentiation potential along adipogenic,
osteogenic, and chondrogenic lineages [12,17–21]. However,
their potential to generate mature chondrocytes suitable for
cartilage tissue engineering has not yet been fully estab-
lished. Transforming growth factor beta 3 (TGFb3) is the
growth factor that is most widely used to initiate in vitro
chondrogenic differentiation of MSCs [4,22]. Alternative
members of the TGFb superfamily, the bone morphogenetic
proteins (BMPs) have been shown to have the ability to in-
duce de novo ectopic cartilage formation in a system that
recapitulates endochondral ossification during skeletogen-
esis [23,24]. Specifically, BMP2 has been shown to promote
condensation of the mesenchymal cells in the developing
limb [25,26]. In addition, BMPs have also been used to in-
duce chondrogenesis of MSCs in vitro both alone [27–30] and
in combination with TGFb3 [27,30–32].

Considering the ability of BMPs to stimulate synthesis of
cartilage extracellular matrix proteins in human articu-
lar chondrocytes in vitro [33] and their important role in
cartilage formation and development in vivo [34–36], we
hypothesized that they may preferentially stimulate the ini-
tiation and regulation of chondrogenic differentiation in fetal
MSCs. The objective of this study was to investigate the
chondrogenic capacity of human first-trimester fetal MSCs
compared with adult bone marrow MSCs using micromass
pellet cultures and cartilage tissue engineering.

Materials and Methods

Collection of bone marrow

Adult bone marrow samples were collected from patients
with osteoarthritis undergoing total hip replacement surgery,
in full accordance with Southmead Hospital Research Ethics
Committee guidelines. Human first-trimester bone marrow
samples were obtained from patients after elective termina-
tion of pregnancy. The Research Ethics Committee of Ham-
mersmith and Queen Charlottes’s Hospitals (London, United
Kingdom) approved the collection of fetal tissue for research
purposes. Patients and pregnant women provided written
consent for the clinical procedure and the use of cells for
research. Adult bone marrow samples were obtained from a
total of 20 patients ranging from 45 to 81 years old. Bone
marrow samples were collected from four fetuses with ges-
tational ages of 8 + 4, 9 + 4, 11 + 0, and 11 + 1 (weeks + days).

Isolation and culture of bone marrow-derived MSCs

Adult bone marrow aspirates were seeded into tissue
culture flasks containing expansion medium consisting of
Dulbecco’s-modified Eagle’s Medium (DMEM) supple-
mented with 1000 mg/L glucose, 10% (v/v) fetal bovine se-
rum (FBS, from a selected batch), 100 units/mL penicillin,
100 mg/mL streptomycin (all from Sigma), and 2 mM gluta-
max (Invitrogen). Nonadherent cells were washed away
with medium changes, and MSCs were isolated by plastic
adherence. First-trimester fetal bone marrow derived MSCs
were isolated as previously described [19]. Fetal MSCs were
cultured in the same expansion medium except DMEM was
supplemented with 4500 mg/L glucose, 50 units/mL peni-
cillin, and 50mg/mL streptomycin. Both fetal and adult
MSCs were expanded in the presence of 5 ng/mL fibroblast
growth factor (FGF-2; Peprotech) until they reached *80%
confluency and were then harvested and stored in a liquid
nitrogen facility until further use.

Immunophenotyping of MSCs

Fetal and adult MSCs were trypsinised and washed in
a buffer consisting of PBS containing 0.5% (w/v) bovine
serum albumin (BSA) and stained with the following anti-
human antibodies: CD105-fluorescein isothiocyanate (FITC),
CD90-phycoerythrin (PE), CD73-PE, CD146-PE, CD271-PE,
VCAM-FITC, STRO-1, CD45-PE, (all from R&D Systems),
and CD34-FITC (BD Bioscience). The appropriate mouse iso-
type antibodies were used as controls. Samples were pro-
cessed using an FACSCanto II flow cytometer (BD Bioscience)
and analyzed with FlowJo Software (Treestar).

Adipogenic differentiation

Confluent control MSCs were incubated in a-MEM basal
medium containing 10% FBS, 100 units/mL penicillin,
100 mg/mL streptomycin (all from Sigma), and 2 mM gluta-
max (Invitrogen). Cells stimulated to undergo differentiation
were cultured in basal medium supplemented with Adipo-
genic Supplement (R&D Systems). After 21 days of differ-
entiation, cells were fixed in 4% paraformaldehyde for
30 min, then washed in 60% isopropanol, and stained with
0.3% oil red O (Sigma) for 30 min to visualize lipid vacuoles.

Osteogenic differentiation

Sub-confluent control MSCs were maintained in a-MEM
basal medium supplemented with 10% FBS, 100 units/mL
penicillin, 100mg/mL streptomycin (all from Sigma), and
2 mM glutamax (Invitrogen). For osteogenic differentiation,
MSCs were cultured in basal medium containing Osteogenic
Supplement (R&D Systems). After 14 days of differentiation,
cells were fixed in 70% ethanol for 1 h, washed with PBS and
the mineralized deposits in the matrix were visualized by
40 mM alizarin red (Sigma) after 5 min of staining.

Chondrogenic differentiation

For differentiation in monolayer culture, 3 · 105 MSCs
were seeded into a T25 cm2 tissue culture flask. The cells
were maintained in DMEM basal medium supplemented
with 4500 mg/L glucose, 100 units/mL penicillin, 100 mg/
mL streptomycin, 1 mM sodium pyruvate, 80mM ascorbic
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acid-2-phosphate, 100 nM dexamethasone (all from Sigma),
2 mM glutamax, and 1% insulin transferrin selenium (ITS;
both from Invitrogen). MSCs stimulated to undergo differ-
entiation were cultured in chondrogenic medium consisting
of basal medium supplemented with 10 ng/mL recombinant
human TGF b3 (rhTGFb3). The medium was changed every
3 days for a total of 14 days. Micromass pellet cultures
were prepared by centrifuging 4 · 105 MSCs into a pellet at
1500 rpm for 5 min. The pellets were cultured in the same
basal medium described earlier that was supplemented with
either 10 ng/mL rhTGFb3 or rhTGFb1 and/or 100 ng/mL
recombinant human BMP 2 (rhBMP2) (CHO-derived) or
rhBMP6 (NSO-derived) or rhBMP7 (CHO-derived) (all from
R&D Systems). Undifferentiated controls were maintained in
basal medium. The medium was changed every 3 days for a
total of 21 days. Three replicate pellets were prepared for
each condition, pooled, and manually homogenized in lysis
solution after differentiation.

RNA was isolated from the cells using a Total RNA Pur-
ification Kit (Norgen Biotek), and cDNA was synthesized
using a PrimeScript RT Reagent Kit (Takara), as per the
manufacturer’s instructions. The relative expression of
chondrogenic and hypertrophic marker genes (Table 1) was
measured by a real-time quantitative polymerase chain re-
action (qRT-PCR) on a Rotor-Gene 6000 using SYBR Green I
(Qiagen). Data were analyzed with REST 2009 gene quanti-
fication software (Qiagen) and normalized to beta actin.

Cartilage tissue engineering

Cartilage tissue engineering with fetal and adult MSCs
was performed as previously described [5]. Briefly, 3 · 105

MSCs were seeded onto fibronectin (Sigma)-coated sterile
polyglycolic acid scaffold discs (5 · 2 mm) (Biomedical
Structures). The constructs were cultured in chondrogenic
medium (detailed in Chondrogenic Differentiation), which
was further supplemented with 10 mg/mL human pancreatic
insulin (Sigma) after 7 days until the end of culture to pro-
mote extracellular matrix formation by the differentiated
cells [37]. Constructs were incubated at 37�C on a rotating
platform for a total of 35 days, which has previously been
shown to be the minimum timeframe for effective quantifi-

cation of the extracellular matrix using our biochemical an-
alyses [5]. The constructs were then harvested, freeze dried,
and weighed. The extracellular matrix was solubilized by
2 mg/mL bovine pancreatic trypsin digestion overnight,
followed by 15 min of boiling to inhibit further enzyme ac-
tivity [38]. The remaining undigested scaffold was freeze
dried, weighed, and subtracted from the original weight to
provide the dry weight of the extracellular matrix. Specific
assays were used to measure the amounts of type I and II
collagen and proteoglycan. The quantity of type II collagen
was determined using inhibition ELISA with a mouse IgG
monoclonal antibody to denatured type II collagen [39].
Type I collagen was measured by inhibition ELISA using a
rabbit anti-peptide antibody to type I collagen [38]. The
proteoglycan content was quantified by using a di-
methylmethylene blue (Sigma) colorimetric assay for sul-
fated glycosaminoglycan (GAG) [40].

Histological staining

Frozen constructs of engineered cartilage prepared from
fetal and adult MSCs were cut into 7mm sections, stained
with hematoxylin and eosin (H&E) to assess cellularity and
with 0.1% safranin-O (Sigma), and counterstained with
0.02% Fast Green F to indicate the GAG deposition. Addi-
tional sections were pretreated with hyaluronidase (Sigma)
and pronase (from Streptomyces griseus; Roche Applied Sci-
ence) and then incubated with antibodies against collagen
type I (1:100 dilution) and II (1:20 dilution; both from Cam-
bridge Biosciences) as previously described [41]. Antibodies
were detected using biotinylated secondary antibodies and
diaminobenzidine substrate (Vector Laboratories). Sections
were counterstained with hematoxylin, and normal goat IgG
(Santa Cruz Biotechnology) was used as a negative control.

Phosphorylated-SMAD protein detection

Fetal and adult MSCs grown in a monolayer culture were
treated with 1 ng/mL rhTGFb3 or 25 ng/mL rhBMP2 (both
from R&D Systems) alone and in combination for 60 min.
Cells maintained in basal medium described earlier were
used as untreated controls. The cells were lysed in lysis

Table 1. Real-Time Quantitative Polymerase Chain Reaction Primer Sequences

Gene Forward (5¢-3¢) Reverse (5¢-3¢)

Type II collagen (COL2A1) GGTCTTGGTGGAAACTTTGCT GGTCTTGCATTACTCCCAAC
Aggrecan (ACAN) CTGCTTCCGAGGCATTTCAG CTTGGGTCACGATCCACTCC
Type I collagen (COL1A2) TCTGGATGGATTGAAGGGACA CCAACACGTCCTCTCTCACC
Sox9 (SOX9) CTTTGGTTTGTGTTCGTGTTTTC AGAGAAAGAAAAAGGGAAAGGTAAGTTTT
Type X collagen (COL10A1) ATGCTGCCACAAATACCCTTT GGAATGAAGAACTGTGTCTTGGT
Alkaline phosphatase (ALP) CGGAACTCCTGACCCTTGAC TGTTCAGCTCGTACTGCATGTC
Indian hedgehog (IHH) CCTCAGTTGATGCTGCTAATTC AACAGTCTCTGGATGTGTCTTG
Matrix metalloproteinase 13

(MMP13)
TCTGAACTGGGTCTTCCAAAA GCATCTACTTTATCACCAATTCCT

Runt-related transcription
factor 2 (RUNX2)

GCCTTCAAGGTGGTAGCCC CGTTACCCGCCATGACAGTA

Bone morphogenetic protein
receptor type II (BMPR2)

CACTCAGTCCACCTCATTCATTT TTGTTTACGGTCTCCTGTCAAC

Transforming growth factor
beta receptor II (TGFBR2)

AAGATGACCGCTCTGACATCA CTTATAGACCTCAGCAAAGCGAC

Beta actin GACAGGATGCAGAAGGAGATTACT TGATCCACATCTGCTGGAAGGT
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buffer containing 50 nM Tris-HCl pH6.8, 1% sodium dodecyl
sulfate, and 10% glycerol to extract protein. Total protein
concentration was determined using a bicinchoninic acid
colorimetric assay (Pierce). For each sample, 25 mg of protein
was loaded onto 4%–12% Novex Tris/Glycine gels (Invitro-
gen) and transferred onto a 0.2 mM nitrocellulose membrane.
Membranes were blocked with 5% BSA in tris-buffered
saline (TBS; 20 mM Tris pH7.6, 137 mM NaCl) with 0.1%
Tween-20 at 20�C for 1 h followed by an overnight incuba-
tion at 4�C with antibodies against SMAD family member 3
(SMAD3), phosphorylated-SMAD3 (pSMAD3), SMAD1,
SMAD5, pSMAD1/5 (pSMAD1 and pSMAD5), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (1:000 di-
lution; all from Cell Signaling) in TBS supplemented with
5% BSA and 0.1% Tween-20. Bound monoclonal antibo-
dies were detected with a goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:2000 dilution;
Cell Signaling) and enhanced chemiluminescence (Santa
Cruz Biotechnology). Densitometry was used to quantify the
detected bands using ImageJ software, and the optical den-
sity of each band (OD · mm2) was expressed as a fold change
of phosphorylation induction.

TGFb and BMP receptor expression

Fetal and adult MSCs grown in monolayer culture were
treated with 10 ng/mL rhTGFb3 or 100 ng/mL rhBMP2
(both from R&D Systems) alone and in combination for 48 h.
Cells maintained in basal medium described earlier were
used as untreated controls. RNA was isolated from the cells
using a Total RNA Purification Kit (Norgen Biotek), and
cDNA was synthesized using a PrimeScript RT Reagent Kit
(Takara), as per the manufacturer’s instructions. The relative
expression of BMP receptor II (BMPR2) and TGF beta re-
ceptor II (TGFBR2) (Table 1) was measured by qRT-PCR on a
Rotor-Gene 6000 using SYBR Green I (Qiagen). Data were
analyzed with REST 2009 gene quantification software
(Qiagen) and normalized to beta actin.

Statistical analysis

A comparison of differences between individual groups
was performed using the Mann–Whitney U test, or analysis
of variance using the nonparametric Kruskal–Wallis test
with a Dunn’s post-hoc correction was used for a comparison
of multiple groups. In all analyses, P < 0.05 was considered
significant.

Results

Immunophenotypic comparison of human fetal
and adult MSCs

MSCs derived from fetal and adult bone marrow were
characterized by flow cytometry for the expression of a range
of surface MSC-marker proteins that have been traditionally
used to characterize mesenchymal populations (Fig. 1). Fetal
MSCs from passages 3 and 4 and adult MSCs from passages
1 to 3 were used for analyses. Both fetal and adult cell
populations expressed very high levels (in excess of 90%) of
the MSC marker proteins CD105, CD90, and CD73 and rel-
atively low levels (*15%) of CD271, without any significant
differences between the two populations. There was a sig-

nificantly higher expression of the pericyte marker CD146 on
MSCs from fetal MSCs compared with adult bone marrow
MSCs; however, they were equally negative for hematopoi-
etic stem cell markers CD34 and CD45. STRO-1 expression
was variable and significantly more highly expressed on
adult than fetal MSCs while VCAM levels, although low in
both populations, showed a significant 10% increase on adult
MSCs (Fig. 1). These data indicate that both the fetal and
adult bone marrow-derived adherent cell populations share
similar cell surface marker protein profiles, which are rep-
resentative of MSCs.

Multilineage differentiation potential of fetal
and adult MSCs

To investigate whether fetal MSCs possess a similar mul-
tilineage potential to adult MSCs, their capacity for in vitro
adipogenic, osteogenic, and chondrogenic differentiation
was determined. Their adipogenic ability was indicated by
the presence of lipid vacuoles identified by oil red O stain.
After 21 days of differentiation, there was some evidence of
lipid droplet accumulation that could only be detected in
three out of the four fetal MSC samples tested, compared
with the prominent presence of fat vacuoles in all four of the
adult MSC samples (Fig. 2A–D). Osteogenic potential was
determined by alizarin red stain to identify calcified mineral
deposits in the extracellular matrix after 14 days of differ-
entiation. All fetal MSC samples demonstrated clear osteo-
genic induction, exhibiting a mineralized matrix that was
more strongly stained compared with the differentiated
adult MSCs (Fig. 2E–H). The chondrogenic capacity of fetal
and adult MSCs was investigated by inducing differentiation
driven by TGFb3 in monolayer culture. After 14 days, the
expression of cartilage-specific marker genes was determined
using real-time qPCR. Fetal and adult MSCs showed distinct
differences in their responsiveness to TGFb3. Type II colla-
gen and Sox 9 mRNA was significantly up-regulated in adult
MSCs compared with fetal MSCs (Fig. 2I, K). Adult MSCs
stimulated with TGFb3 also showed higher (four-fold) ag-
grecan expression compared with fetal MSCs (Fig. 2J). In
contrast, the expression of type I collagen expression was
significantly greater in fetal than adult MSCs (Fig. 2L).

Taken together, our data show that the fetal bone marrow-
derived cell populations express surface marker proteins
related to MSCs and demonstrate potent osteogenic and
some adipogenic potential; however, the chondrogenic ca-
pacity of these cells in response to TGFb3 stimulation was
markedly reduced compared with adult MSCs.

TGFb superfamily induced chondrogenic
differentiation

In view of the lack of response of fetal MSCs to TGFb3 and
the knowledge that BMPs are critical for cartilage formation
in development in vivo, we went on to determine whether
fetal MSCs can be stimulated to undergo chondrogenesis in
response to BMPs. As a first screen, micromass pellet cul-
tures were stimulated with TGFb3 or TGFb1 and BMP2,
BMP6, or BMP7, alone or in combination with each other.
After 21 days of differentiation, the expression of cartilage-
specific genes as well as a range of markers of hypertrophic
terminal differentiation was determined by real-time qPCR.
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Both TGFb3 and TGFb1 had a negligible chondrogenic effect
on fetal MSC pellets (data not shown). Fetal MSCs showed
significant up-regulation of aggrecan mRNA after stimula-
tion with BMP2 compared with BMP6. Type II collagen and
sox 9 were also more highly expressed in fetal MSCs treated
with BMP2 than either BMP6 or BMP7 (Fig. 3). The combi-
nation of TGFb3 with BMP2 had no significant advantage
compared with BMP2 alone, and both showed similar
chondrogenic marker gene expression. Adult MSCs under-
went up-regulation of chondrogenic marker genes when
stimulated with either TGFb3 or BMP2 alone or the two in
combination. Type I collagen is a marker of the unwanted
fibrocartilage phenotype. Interestingly, for fetal cells, there
was minimal type I collagen gene expression under all con-
ditions, whereas for adult cells cultured with TGFb3 (with or
without BMP2) there was an approximate five-fold increase
in type I collagen gene expression (Fig. 4).

Terminal differentiation of MSCs to the hypertrophic
phenotype is undesirable in hyaline cartilage tissue engi-

neering, and the ideal chondrogenic stimulus would avoid
activating this pathway. We measured the expression of five
markers of hypertrophy, including type X collagen (the ar-
chetypal marker) as well as alkaline phosphatase, Indian
hedgehog, matrix metalloproteinase 13 (MMP13), and
RUNX2. The majority of markers were similarly activated in
both fetal and adult MSCs. However, the expression of
MMP13 was considerably higher in fetal MSCs treated with
TGFb alone or in combination with BMP2 compared with the
significantly negligible expression detected in adult MSCs
treated with BMP2. In addition, lower expression levels of
type X collagen, alkaline phosphatase, and Indian hedgehog
were observed in fetal MSCs differentiated with BMP2 alone
compared with adult MSCs under all conditions (Fig. 4).

These data show that fetal MSCs show greater chondro-
genic potency when stimulated by BMP2, compared with
TGFb3, whether used on its own or in combination with
BMP2. On the other hand, adult MSCs can be induced to
undergo chondrogenesis by either TGFb3 or BMP2.

FIG. 1. Immunophenotypic
analyses of mesenchymal
stem cell (MSC) Marker Pro-
teins. The expression of cell
surface markers used to
characterize MSCs isolated
from human first-trimester
fetal and adult bone marrow
was determined using flow
cytometry. Representative
plots of a fetal MSC sample is
shown, with isotype controls
in gray. Population frequen-
cies for each marker are
shown on the plots (mean –
SEM; n = 4).

CHONDROGENIC CAPACITY OF FETAL COMPARED WITH ADULT MSCS 545



FIG. 2. Multilineage differential potential of fetal and adult MSCs. The adipogenic potential of fetal (B) and adult (D) MSCs
is shown by oil red O staining. Osteogenesis is shown by alizarin red staining in fetal (F) and adult (H) MSCs. Un-
differentiated controls (A, C, E, G). Representative samples are shown at 10 · magnification (scale bar is 100mm). Chon-
drogenic marker gene types II collagen (I), aggrecan ( J), Sox 9 (K), and type I collagen (L) were measured by real-time qPCR
analyses in fetal and adult MSCs and are expressed relative to an undifferentiated control and normalized to beta actin. Each
bar is the mean – SEM (n = 4), *P < 0.05 by Mann-Whitney U-test.

FIG. 3. Bone morphogenetic
protein (BMP)-mediated
chondrogenic potential of fetal
MSCs. Fetal MSCs were stim-
ulated with BMP2, BMP6, and
BMP7 for 21 days. The relative
expression of chondrogenic
marker genes was determined
by real-time qPCR analyses
and are expressed relative to
an undifferentiated control
and normalized to beta actin.
*P < 0.05, by Kruskal–Wallis
with a Dunn’s post-hoc cor-
rection for multiple compari-
sons.
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Cartilage tissue engineering

To further investigate the chondrogenic capacity of fetal
MSCs, we considered it important to determine whether the
observed increase in chondrogenic marker gene expression
stimulated by BMP2 could be translated into ECM protein
production by tissue engineering three-dimensional carti-
lage. There was an extensive variation in the macroscopic
appearance of tissue engineered constructs depending on the
conditions used. For fetal cells, there was limited growth of

tissue with TGFb3 on its own, improved but still variable
tissue formation with BMP2, and a more consistent appear-
ance of tissue production with a combination of TGFb3 and
BMP2 (Fig. 5A). These observations correlated well with
measurement of the dry weight of each construct for fetal
cells (Fig. 5B). For adult cells, there was apparently good
tissue formation as judged by macroscopic appearance when
using TGFb3 alone or in combination with BMP2, whereas
negligible tissue formation was observed when using BMP2
on its own (Fig. 5A). The dry weight analysis showed more

FIG. 4. Chondrogenic capacity of fetal and adult MSCs. Micromass pellet cultures were treated with transforming growth
factor beta 3 (TGFb3) and BMP2, alone and in combination for 21 days. The relative expression of chondrogenic marker genes
and hypertrophic marker genes were measured using real-time qPCR analyses and are expressed relative to an undiffer-
entiated control and normalized to beta actin. Each line is the mean – SEM (n = 4), *P < 0.05, **P < 0.01 by Kruskal–Wallis with
a Dunn’s post-hoc correction for multiple comparisons.
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matrix formation using the combination of cytokines com-
pared with TGFb3 alone (Fig. 5B). The constructs made from
adult MSCs stimulated with BMP2 only were not large en-
ough to obtain an accurate dry weight or to perform bio-
chemical measurements, and so, no data are shown in Fig. 4B
for this combination.

The quality of tissue engineered cartilage was determined
by specific assays for proteoglycan and for collagen proteins.
Hyaline cartilage is rich in proteoglycans and type II collagen
and lacks type I collagen. Therefore, a high ratio of collagen II
to collagen I is indicative of good chondrogenic differentiation.
There was an additive effect in type II collagen production in
fetal MSCs stimulated with BMP2 alone or in combination
with TGFb3, and this was comparable to adult MSCs under all
conditions. The type I collagen content was comparably
minimal in fetal MSCS stimulated with BMP2 alone or in
combination with TGFb3 and in adult MSCs treated with
TGFb3 alone. The amount of proteoglycan produced com-
prised 40% of the constructs engineered from fetal MSCs co-
stimulated with BMP2 and TGFb3 compared with 30% in
constructs generated by either BMP2-induced fetal MSCs or
adult MSCs with TGFb3 alone or in combination with BMP2.

Therefore, for fetal MSCs, the best cartilage quality was
observed when using a combination of TGFb3 and BMP2,
whereas TGFb3 alone generated the best engineered tissue in
adult MSCs (Fig. 5B).

Histological analyses of tissue engineered cartilage

In order to further determine the quality of tissue en-
gineered cartilage, we investigated tissue structure using

immunohistochemical analysis. The apparent size of the tis-
sue engineered from fetal MSCs treated with a combination
of TGFb3 and BMP2 was larger and showed more uniform
extracellular matrix production across the constructs com-
pared with those incubated with either BMP2 or TGFb3
alone (Fig. 6A). In line with our biochemical findings, tissue
engineered from fetal MSCs stimulated with both TGFb3 and
BMP2 demonstrated an even deposition of proteoglycan,
type II and type I collagen across the construct (Fig. 6B–F). In
contrast, remnant scaffold fibers can be observed in the un-
stained control sections and in combination with a reduction
in cellularity, abundant hollow voids spanning the circum-
ference and weaker detectable staining are indicative of re-
duced matrix protein deposition in constructs generated
from fetal MSCs stimulated with either TGFb3 or BMP2
alone (Fig. 6A–F). The tissue engineered from adult MSCs
with TGFb3 alone or in combination with BMP2 was char-
acterized by a substantial and uniform extracellular matrix
for all proteins studied, with consistent cellularity (Fig. 6A–
F). No histology was possible with adult MSCs stimulated
with BMP2 alone because of the lack of tissue formation.

TGFb/BMP SMAD signaling in chondrogenesis
of MSCs

The differences in chondrogenic response of fetal and
adult MSCs stimulated with TGFb3 or BMP2 suggest that
these cells may undergo distinct activation of the pathways
associated with regulating chondrogenesis. To investigate
this possibility, we sought to determine whether we could
detect differences in TGFb/BMP signaling through receptor

FIG. 5. Tissue engineered cartilage. Fetal and adult MSCs stimulated with TGFb3 and BMP2, alone and in combination,
were used to tissue engineer cartilage on polyglycolic acid scaffolds for 35 days. The macroscopic appearance of duplicate
constructs of the engineered cartilage is shown (A). The production of cartilage by tissue engineering was measured as dry
weight of the extracellular matrix, the biochemical content of type II and type I collagen by specific ELISAs, and proteoglycan
measured as glycosaminoglycan by colorimetric assay (B). Each line is the mean – SEM (n = 4), *P < 0.05, **P < 0.01 by Kruskal–
Wallis with a Dunn’s post-hoc correction for multiple comparisons.
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activation and the phosphorylation of specific SMADs in
response to BMP or TGFb-driven chondrogenesis. The
binding of TGFb3 to TGFb receptor II (TGFBR2) triggers the
phosphorylation of SMAD2 and SMAD3, while the activa-
tion of BMP receptor II (BMPR2) by BMP2 induces SMAD1
and SMAD5 phosphorylation.

Fetal MSCs treated with TGFb3 resulted in negligible
phosphorylation of the TGFb-specific SMAD3 (Fig. 7A),
whereas a 30-fold increase in phosphorylated SMAD3 was
observed in adult MSCs stimulated with TGFb3 or in com-
bination with BMP2 (Fig. 7A, B). Total SMAD3 is unchanged
in both fetal and adult MSCs under all conditions (Fig. 7A).
In addition, fetal MSCs induce significant down-regulation
of TGFBR2 expression in response to TGFb3 treatment,
whereas expression levels remain unchanged in adult MSCs
stimulated with TGFb3 (Fig. 7C). We did not observe any
significant differences in SMAD2 phosphorylation between
fetal and adult MSCs stimulated with TGFb3 alone (data not
shown).

The BMP-specific SMAD1/5 was strongly phosphorylated
in both fetal and adult MSCs treated with either BMP2 alone
or in combination with TGFb3 (Fig. 7A). A significant 45-fold
increase in phosphorylated-SMAD1/5 was observed in fetal
MSCs co-stimulated with BMP2 and TGFb3 compared with
TGFb3 alone (Fig. 7B). Fetal MSCs stimulated with BMP2
induced SMAD1/5 phosphorylation that was comparable to
the pSMAD1/5 detected in adult MSCs under all conditions,
including TGFb3 alone (Fig. 7A, B). Total SMAD1 and SMAD5
were unchanged in fetal and adult MSCs under all conditions

(Fig. 7A). While BMPR2 expression was unchanged in fetal
MSCs treated with BMP2, significant up-regulation of BMPR2
was observed in adult MSCs stimulated with either BMP2 or
TGFb3 (Fig. 7D).

These findings correlate with the negligible chondrogenic
response observed in fetal MSCs stimulated with TGFb3 in
contrast to the positive induction of chondrogenesis in adult
MSCs. Furthermore, the chondrogenic effect of BMP2 alone
and in combination with TGFb3 in fetal MSCs is confirmed
by SMAD1/5 phosphorylation. Taken together, these data
demonstrate that fetal and adult MSCs have distinct mech-
anisms controlling the activation of signaling pathways
which are required to induce chondrogenesis.

Discussion

This study has demonstrated that chondrogenesis is
modulated through distinct signaling mechanisms in human
fetal and adult MSCs. While the initiation of chondrogenic
differentiation is preferentially regulated by BMP2 in fetal
MSCs, co-stimulation with TGFb3 generates tissue en-
gineered cartilage of comparable quality to adult MSCs
stimulated with TGFb3 alone. These findings establish the
feasibility of using fetal MSCs in cartilage tissue engineering
both as a therapy and as a three-dimensional model for
studying chondrogenic differentiation.

Fetal and adult bone marrow-derived MSCs share a sim-
ilar immunophenotype. Our findings are consistent with
other reports of MSCs isolated from fetal liver, blood, bone

FIG. 6. Histological analyses of tissue engineered cartilage. The structure and extracellular matrix (ECM) deposition of
engineered cartilage tissue is shown at 2.5 · magnification (scale bar is 1000 mm) (A). High-magnification images showing the
ECM of unstained sections (B), immunostained type II collagen (C) and type I collagen (D), safranin-O staining for pro-
teoglycan (E), and hematoxylin and eosin (H&E) for overall cellularity (F) of representative samples are shown at 10 · (scale
bar is 100 mm). Color images available online at www.liebertpub.com/scd
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marrow, lung, and spleen [12,18,19,42]. Interestingly, the
expression of a pericyte marker CD146 is significantly higher
in fetal than adult MSCs. Pericytes have similar expression
profiles and functional characteristics to MSCs and are
thought to be the ancestral precursor of MSCs [43,44]. This
suggests that fetal MSCs may be an immature MSC popu-
lation which is more closely related to the pericyte. In line
with our observations, Maijenburg et al. (2012) reported a
decrease in the proportion of CD271-positive MSCs expres-
sing CD146 with an increase in donor age. Furthermore, they
identified a unique subset of CD146-positive and CD271-
negative MSCs that was only present within fetal cell pop-
ulations and capable of trilineage differentiation potential.
These findings indicate that the mesenchymal cell compart-
ment comprises distinct subpopulations during different

phases of life, and the changes in its constituency may reflect
specific functions associated with bone marrow development
and maintenance [45].

We identified differences in the multilineage potential of
fetal and adult MSCs. Although both demonstrated adipo-
genic ability, fewer lipid vacuoles were observed in fetal
MSCs. Interestingly, the osteogenic differentiation potential
of fetal MSCs was greater than adult MSCs, which agrees
with the findings of Guillot et al. (2008). However, they also
report that fibroblast growth factor 2 (FGF2) induced spon-
taneous osteogenesis in fetal bone marrow-derived MSCs
[12,46], whereas we did not observe this phenotype in pro-
liferating fetal MSCs, even though FGF2 was used during the
MSC expansion phase to enhance chondrogenic potential
[47]. Fetal MSCs have previously been stimulated to undergo

FIG. 7. Activation of TGFb/BMP signaling. Fetal and adult MSCs were treated with TGFb3 and BMP2. The phosphory-
lation of BMP-specific SMAD1 and SMAD5 and TGFb-specific SMAD3 was measured by western blotting (A) and quantified
using densitometry as fold change normalized to GAPDH (B). TGFb receptor II (TGFBR2) (C) and BMP receptor II (BMPR2)
(D) expression was measured by qPCR. Each line is the mean – SEM (n = 4). In (B) *P < 0.05 by Kruskal–Wallis with a Dunn’s
post-hoc correction for multiple comparisons; in (C, D) *P < 0.05 by Mann–Whitney U-test.
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adipogenic and osteogenic differentiation [19,31]; however,
variations in the differentiation potential of MSCs isolated
from second-trimester fetal bone marrow, liver, lung, and
spleen were observed [42]. This may suggest that the plas-
ticity of fetal MSCs is, in part, determined by or dependent
on the tissue of origin or the gestational age of the fetus.

We have shown here that fetal and adult MSCs have
distinct differences in their ability to undergo chondrogenic
differentiation. Fetal MSCs demonstrated negligible chon-
drogenic induction when treated with TGFb3, a widely used
stimulant to induce chondrogenesis in adult MSCs [3,4,22].
However, BMP2 caused significant up-regulation of chon-
drogenic marker genes type II collagen and aggrecan in fetal
MSCs. The expression levels of these genes were similar,
whether fetal MSCs were incubated with BMP2 alone or in
combination with TGFb3, and comparable to adult MSCs
treated with either TGFb3 or BMP2. Therefore, chon-
drogenesis in fetal MSCs is dependent on BMP2 induction,
whereas in adult MSCs, either BMP2 or TGFb3 can be used
as the initiating stimulus. The use of BMP2 to enhance
TGFb3-stimulated chondrogenesis in adult MSCs has been
previously reported [27,48]. Similarly, in a comparative
study of chondrogenic potential, TGFb3 was unable to
stimulate chondrogenesis in MSCs isolated from adipose
tissue, whereas the addition of BMP6 to TGFb3 up-regulated
the expression of the TGFb receptor I gene in adipose tissue
and thereby induced a chondrogenic phenotype [49].

Cartilage tissue engineering is a more complex process
than chondrogenic induction, as it requires the differentiated
cells to synthesize and organize an extracellular matrix that
is rich in type II collagen and aggrecan. We show for the first
time that human first-trimester fetal bone marrow-derived
MSCs can be used to tissue engineer cartilage which is
similar in biochemical content to constructs generated from
adult MSCs. Chondrogenesis in fetal MSCs measured as up-
regulation of specific genes was greatest when using BMP2
alone, with no additional benefit from TGFb3, whereas in
our three-dimensional tissue engineering model, the greatest
cartilage formation was seen when using a combination of
BMP2 and TGFb3. This observation suggests that BMP2
alone is sufficient for the initiation of fetal MSC differentia-
tion along the chondrogenic lineage, whereas TGFb3 sup-
plementation is required in addition to BMP2 for optimal
synthesis of extracellular matrix by the fetal MSC-derived
chondrocytes. This contrasts with adult MSCs for which ei-
ther TGFb3 or BMP2 alone can be used to up-regulate
chondrogenic genes, but only TGFb3 can produce tissue
engineered cartilage. Similar to our findings with fetal MSCs,
human ESCs stimulated with TGFb1 failed to demonstrate
cartilage formation [50]; however, when co-stimulated with
TGFb3 and BMP2, these cells engineered cartilage-like tissue
with a ECM rich in aggrecan and type II collagen with evi-
dent lacunae [51]. This suggests that immature MSCs asso-
ciated with cartilage formation during development may
require a BMP-mediated initiation of chondrogenesis, while
TGFb3 is necessary for optimal synthesis and maintenance of
cartilage ECM by both fetal and adult MSCs.

The distinct differences in the initiation of chondrogenesis
between fetal and adult MSCs are reflected by differences in
the TGFb signaling pathway, which depends on ligand-
induced activation of serine/threonine kinase receptors to
modulate chondrogenic differentiation. TGFb ligands bind to

TGFBR2 and BMP ligands bind to BMPR2 to induce activa-
tion of type I receptors, which stimulate phosphorylation of
SMAD2/3 and SMAD1/5/8, respectively. The heteromeric
receptor complex then associates with SMAD4, which facil-
itates translocation to the nucleus in order to regulate the
transcription of downstream genes that are involved in
chondrogenesis (reviewed in [52,53]).

The TGFb-specific SMAD3 was phosphorylated by TGFb3
treatment in adult MSCs, while only negligible induction
was observed in fetal MSCs. Furamatsu and colleagues
showed that overexpression of SMAD3 resulted in up-
regulation of type II collagen gene expression and induced
proteoglycan synthesis, indicating its critical involvement in
chondrogenesis. While SMAD2 is able to interact with SOX9,
SMAD3 appears to dominate the regulation of SOX9 tran-
scription and its association with the COL2A1 enhancer,
which collectively encourages the onset of chondrogenesis
[54,55]. This suggests that SMAD2 is not directly implicated
in chondrogenesis and may explain why we did not observe
any differences in SMAD2 phosphorylation between fetal
and adult MSCs stimulated with TGFb3. In addition,
SMAD3-mediated TGFb signals are important in ECM
maintenance and preventing terminal differentiation of
chondrocytes [56], which supports our hypothesis that
TGFb3 is essential for optimal synthesis and homeostasis
of matrix molecules during chondrogenesis of fetal and
adult MSCs.

Both fetal and adult MSCs induced strong phosphoryla-
tion of BMP-specific SMAD1 and SMAD5 with BMP2 treat-
ment alone or in combination with TGFb3. However,
strikingly, we detected TGFb3-mediated phosphorylation of
SMAD1/5 in adult MSCs as well as a marginal level in fetal
MSCs. TGFb-induced signaling is predominantly activated
through TGFBR1 and TGFBR2 to phosphorylate SMAD2/3.
However, TGFb has also been shown to activate SMAD1/5
phosphorylation, traditionally activated by BMP signals in
numerous cell types [57]. By signaling through TGFBR1,
activin A receptor type II-like 1 (ALK1) is recruited and in
combination with TGFBR2, it activates SMAD1/5 phos-
phorylation [58,59]. This dual signaling results in the for-
mation of mixed-receptor SMAD complexes, which may
bind to BMP promoters and influence BMP-mediated tran-
scriptional responses [60]. The expression of TGFBR2 and up-
regulation of BMPR2 in adult MSCs stimulated with TGFb3
indicates that TGFb-mediated SMAD1/5 phosphorylation
may signal through a receptor complex, incorporating
TGFBR2-BMPR2 receptors to mediate the initiation of
chondrogenesis. Hellingman et al. (2011) showed that
phosphorylation of both SMAD2/3 and SMAD1/5/8 is es-
sential at the onset of chondrogenic differentiation and these
SMADs remain in an active state in differentiated MSCs,
while only SMAD2/3 is present in native articular cartilage
[61]. These data indicate that the initiation of chondrogenic
differentiation of MSCs may be mediated by either TGFb or
BMP, but can only be maintained through signaling which is
associated with SMAD3. This may explain the need for
TGFb3 in addition to BMP2 for optimal cartilage tissue en-
gineering by fetal MSCs, even though BMP2 alone is suffi-
cient for the initiation of chondrogenic differentiation.

Successful cartilage repair strategies rely on the produc-
tion of a stable tissue engineered construct that will not un-
dergo hypertrophy or mineralize and be replaced by bone
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when implanted in vivo. Fetal MSCs co-stimulated with both
TGFb3 and BMP2 and adult MSCs stimulated with TGFb3
alone show similar expression of hypertrophy markers with
the exception of MMP13, which is more highly expressed in
fetal MSCs. In line with our findings, BMP2 has been re-
ported to promote cartilage formation in first-trimester fetal
chondrocytes by enhancing type II collagen expression,
while the expression of MMP13 was increased by TGFb [62].
Inhibition of SMAD1/5/8 phosphorylation during chon-
drogenesis of MSCs in vitro has been shown to repress ex-
pression of type X collagen and MMP13 and to prevent
terminal differentiation, whereas inhibition of SMAD2/3 had
no effect on MMP13 expression [61]. In addition, Blaney
Davidson et al. (2009) show that MMP13 expression is up-
regulated through activin receptor-like kinase 1 and
SMAD1/5/8 phosphorylation [63]. These studies suggest
that the increase in MMP13 expression in fetal MSCs could
be mediated by TGFb3 through the SMAD1/5/8 signaling
pathway and may influence its transcriptional activation by
a dosage-specific ligand response, as BMP2 initiates chon-
drogenesis in these cells. Fetal MSCs showed negligible ex-
pression of hypertrophic markers COL10A1, IHH and
MMP13 in response to BMP2 alone. Similarly, BMP2 has
been shown to have a minimal effect on the expression levels
of these genes in chondrocytes [64]. This suggests that TGFb3
may have a role in enhancing ECM synthesis as well as in
influencing terminal differentiation in fetal MSCs.

Chondrogenic differentiation of MSCs stimulated with
TGFb has been shown to be associated with premature in-
duction of terminal differentiation and increased expression
of hypertrophy marker genes in vitro [65]. MSCs transfected
with BMP2 induce up-regulation of hypertrophic markers in
vitro [66] and initiate osteoblast differentiation and new bone
synthesis in vivo [67]. Tissue engineered constructs produced
by chondrocytes on BMP2-crosslinked scaffolds showed in-
creased expression of hypertrophy genes, including MMP13
and type X collagen, although this was not followed by
chondrocyte maturation and bone matrix formation after
in vivo implantation. It is speculated that the in vitro culture
period reduces the concentration of BMP2 within the scaffold
and prevents subsequent osteogenic differentiation after
implantation [68]. This may, in part, explain the hypertrophic
phenotype of MSCs transfected with BMP2. The cartilage
tissue engineering system detailed in this report relies solely
on exogenous BMP2 stimulation during in vitro culture,
which suggests that fetal MSCs may be able to avoid accel-
erated terminal maturation which is mediated by BMP2
compared with adult MSCs stimulated with TGFb3 alone.

We have demonstrated that fetal MSCs are able to tissue
engineer cartilage of comparable quality to adult MSCs and
established the feasibility of their use in cartilage repair ap-
plications. Fetal MSCs have an enhanced expansion potential
and proliferative propensity [12]; therefore, the quantity of
cells that can be harvested from a single fetal tissue donation
would generate a substantial stock of allogeneic cells for use
in the treatment of many patients [69]. This provides the
opportunity for developing a new therapeutic approach for
the treatment of osteoarthritis and other diseases of cartilage.
Furthermore, we have indicated that fetal and adult MSCs
show distinct regulation of TGFb/BMP signaling which is
associated with the initiation of chondrogenesis. We propose
that fetal MSCs may represent an intermediary cell type and

a suitable model for differentiation studies to further our
understanding of the signaling pathways and mechanisms
associated with differentiation and cartilage development
with implications for tissue engineering strategies.
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