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Understanding the interactions between growth factors and bone morphogenic proteins (BMPs) signaling
remains a crucial issue to optimize the use of human mesenchymal stem cells (HMSCs) and BMPs in ther-
apeutic perspectives and bone tissue engineering. BMPs are potent inducers of osteoblastic differentiation.
They exert their actions via BMP receptors (BMPR), including BMPR1A, BMPR1B and BMPR2. Fibroblast
growth factor 2 (FGF2) is expressed by cells of the osteoblastic lineage, increases their proliferation and
is secreted during the healing process of fractures or in surgery bone sites. We hypothesized that FGF2
might influence HMSC osteoblastic differentiation by modulating expressions of BMPs and their receptors.
BMP2, BMP4, BMPR1A and mainly BMPR1B expressions were up-regulated during this differentiation.
FGF2 inhibited HMSCs osteoblastic differentiation and the up-regulation of BMPs and BMPR. This effect
was prevented by inhibiting the ERK or JNK mitogen-activated protein kinases which are known to be acti-
vated by FGF2. These data provide a mechanism explaining the inhibitory effect of FGF2 on osteoblastic
differentiation of HMSCs. These crosstalks between growth and osteogenic factors should be considered
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in the use of recombinant BMPs in therapeutic purpose of fracture repair or skeletal bioengineering.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Human mesenchymal stem cells (HMSCs) derived from bone
marrow are multipotent cells [1]. They can proliferate and differ-
entiate into osteoblasts, chondrocytes, adipocytes, or myocytes
under different conditions or in response to various physiological
and pathological stimuli, including growth factors, bone morpho-
genetic proteins (BMPs), cytokines, and hormones [2]. They are
involved in the process of bone repair, especially fractures, whose
effectiveness depends both on their capacity to proliferate and
then to differentiate, in a time-dependent and coordinated man-
ner. They are subjects of great interest in the field of bone research,
in particular in skeletal tissue engineering [3].

Abbreviations: BMPs, bone morphogenic proteins; TGF-p, transforming growth
factor beta; BMPR-IA/IB/Il, bone morphogenic proteins receptor-IA/IB/Il; ERK,
extracellular signal-regulated kinases; JNK, c-Jun amino-terminal kinases.
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BMPs belong to the transforming growth factor beta (TGFB)
superfamily and are potent inducers of osteoblastic differentiation
and bone formation [4]. They are synthesized by osteoprogenitors
and play a crucial role in embryogenesis, skeleton formation [5]
and also in mature skeletal homeostasis [6]. They are involved in
the differentiation of mesenchymal stem cells into osteoblasts [7],
adipocytes [8] and chondrocytes [9]. Recombinant BMP2 and
BMP?7 are currently used in orthopedic and spinal surgery toimprove
bone healing, with variable efficacy profiles [10]. BMPs exert their
actions via transmembrane receptors, the BMP receptors (BMPRs),
including type 1 (BMPR1A and 1B) and type 2 receptors (BMPR2)
[11], to target genes involved in osteoblastic differentiation [12].

HMSCs express BMP2, 4, 6 and 7 [13,14] and also BMPRs [15] to
respond to these osteogenic signals, thus allowing their differenti-
ation toward the osteoblastic lineage. Expressions of BMPs and
BMPR by HMSCs vary during their osteogenic differentiation [16].
For instance, BMPR1B expression increases in parallel with the
increase in osteoblastic markers such as Runx2 or alkaline phos-
phatase during osteoblast differentiation [17].

Bone bio-engineering strategies face two related challenging
issues: on one hand, to stimulate the proliferation of stem cells
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and osteoprogenitors with growth factors to obtain an adequate
tissue volume; on the other hand, to promote their differentiation
into osteoblasts by osteogenic factors such as BMPs to obtain a
bone tissue. Understanding the crosstalk between signaling by
growth factors and BMPs remains an important issue to optimize
the use of BMPs and HMSCs in therapeutic perspectives and bone
bioengineering.

Growth factors such as platelet-derived growth factors (PDGFs)
or fibroblast growth factors (FGFs) are secreted during the healing
process of fractures or in surgery bone sites [18]. They were identi-
fied as regulators of HMSC differentiation. FGFs belong to a family of
22 members identified in humans and regulate cells proliferation,
differentiation and migration [19]. FGF1 and FGF2 are the most
abundant in adult tissues. FGFs bind tyrosine-kinase receptors,
FGF receptors 1-4, activating various signaling pathways, in partic-
ular mitogen-activated protein kinase (MAPK) ERK and JNK. FGF2 is
expressed by osteoblasts, osteocytes and osteoprogenitors, acti-
vates their proliferation [20] and is an important regulator of bone
and cartilage cells [21]. Disruption of FGF2 or its receptors is associ-
ated with severe skeletal defects [22,23]. The role of FGF2 in osteo-
blastic differentiation depends on cells type and maturation stage,
and its concentration: a stimulating effect on osteoprogenitors com-
mitment and early differentiation; an inhibitory effect on terminal
osteoblastic differentiation and mineralization [24]. Some data sug-
gest that FGF2 might modulate the response to BMPs [25]. Signaling
pathways activated by tyrosine-kinase receptors, especially MAPKs,
are likely to interact with BMP response of bone cells [26].

Our working hypothesis was that FGF2 modulates the expres-
sion of BMPs and their receptors during HMSC osteoblastic differ-
entiation. Having documented that BMPs and BMPRs expression is
up-regulated during osteoblastic differentiation, and that FGF2
inhibits this effect in HMSCs, we aimed to study the molecular
mechanism by which FGF2 inhibits BMP and BMPR expressions.
We found that FGF2 prevents this cellular response via activation
of MAPK ERK and JNK.

2. Materials and methods
2.1. Cell cultures

HMSC were obtained from two healthy donors (HMSC1 and
HMSC2, Lonza, Verviers, Belgium). Cells were seeded at
10000 cells/cm? in expansion medium composed of Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal calf serum
(FCS), 1% penicillin/streptomycin and 1% glutamine (Dutscher, Bru-
math, France). Cell cultures were maintained at 37 °C in a humid-
ified atmosphere of 95% air and 5% CO2, and the media were
changed every 2-3 days. Osteoblastic differentiation experiments
started when HMSCs reached confluence (day 0). To induce osteo-
genesis, cells were grown in DMEM medium supplemented with
50 M ascorbic acid, 10 mM B-glycerophosphate, 10 nM dexa-
methasone and 1078 M vitamin D3 (Sigma-Aldrich, France). To test
the effect of FGF2 (human basic Fibroblast Growth Factor, New
England BioLabs, Cell Signaling Technology, MA, USA) on osteo-
blastic differentiation, FCS concentration was decreased to 5% in
the osteogenic medium. To test the effect of MAPK inhibitors
(U0126 and SP600125, Sigma-Aldrich, France) or their vehicles,
cells were pre-incubated for 30 min prior to adding FGF2. Cell pro-
liferation was determined by cell counting (Coulter counter).

2.2. Alkaline phosphatase activity assay

Alkaline phosphatase (ALP) activity was assessed using P-
nitrophenyl phosphate as a chromogenic substrate by the method
of Lowry, as previously reported [27].

2.3. Matrix mineralization detection

Calcium deposition was analyzed by Alizarin Red-S staining
(Sigma-Aldrich) and quantified by extracting the alizarin red stain
with 100 mM cetylpyridinium chloride (Sigma-Aldrich).

2.4. RNA extraction, RT-PCR and real-time PCR

Total RNA was extracted using Extract-All reagent (Eurobio, Les
Ulis, France), according to manufacturer’s instructions. Reverse
transcription and polymerase chain reaction (PCR) were performed
as previously described [28]. Samples were loaded and run through
agarose gels. Those last ones were scanned and analyzed by densi-
tometry using Image] software (National Institutes of Health) to
calculate relative expressions. Obtained expression level of a gene
of interest was normalized with (Glyceraldehyde 3-phosphate
dehydrogenase) GAPDH expression level in the same sample.
Real-time PCR was performed using a Light Cycler system
(Roche Diagnostics), according to manufacturer’s instructions as
previously described [28]. Primers were obtained from Tib MolBiol
(Berlin, Germany), the sequences and PCR conditions for each
cDNA are listed in Table 1. The house keeping gene GAPDH was
used to normalize transcription levels. Relative quantification anal-
yses were performed using RelQuant 1.01 Software (Roche
Diagnostics).

2.5. Statistical analyses

All statistical analyzes were performed using STATVIEW® soft-
ware (SAS Institute, NC, USA). Results were expressed as the
mean = SEM. Comparative studies of means were performed using
one-way analysis of variance with a significance value of p < 0.05.
Gene expressions were compared using the Mann-Whitney test.

3. Results
3.1. FGF2 inhibits osteoblastic differentiation of HMSCs

We first investigated the effect of FGF2 on HMSCs proliferation
and osteoblastic differentiation. FGF-2 increased cells proliferation
(Fig. 1A) while alkaline phosphatase activity was dramatically
decreased by FGF2 (Fig. 1B). Mineralization at 18 days of differen-
tiation (Fig. 1C) was evaluated after various FGF2 treatment dura-
tion from baseline (0 to 14 first days of osteogenic medium). As the
amount of mineral results from both cell number and the degree of
osteogenic differentiation, we analyzed in parallel the number of
HMSC at day 18 and the amount of mineral accumulated in the
extracellular matrix to correct alizarin red staining by the prolifer-
ation ratio compared with non treated HMSC (0 day) (Fig. 1D). We
found a treatment-duration dependant inhibitory effect of FGF2 on
matrix mineralization, indicating that promoting cell proliferation
by FGF2 at the early time of the osteoblastic differentiation did not
result in higher absolute mineralization, probably because of a
counterbalancing effect on osteogenic differentiation. Taken to-
gether, these data indicate that FGF2 has an inhibitory effect on
HMSC osteoblastic differentiation.

3.2. FGF2 prevents up-regulation of BMPs and BMPRs during HMSC
osteogenic differentiation

As BMPs are among the most potent osteogenic factors, we
wondered whether BMPs and BMPRs are modulated in differenti-
ating HMSCs and if FGF2 interferes with this process. We hypoth-
esized that the inhibitory effect of FGF2 on osteoblastic
differentiation might be due in part to a down regulation of BMPs
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Table 1
Primer sequences of human genes used for PCR analysis. F: forward; R: reverse.
Gene Forward and reverse primers Annealing temperature T, (°C) Product length (bp) GenBank
BMP2 F 5’-3'GTGATGCGGTGGACTGCACAG 58 355 NM_001200
R 5’- 3’AAGGGCATTCTCCGTGGCAG
BMP4 F 5’- 3'CAGCATCCCTGAGAACGAGG 58 306 NM_001202
R 5'- 3'TGGGTCCGAGTCTGATGGAG
BMP7 F 5’-3'TCATGAGCTTCGTCAACCTCG 58 302 NM_001719
R 5-3'GTTGCTGGTGGCTGTGATGTC
BMPR-1A F 5’-3'TGGTCCGGCAAGTTGGTAAAGG 58 623 NM_004329
R 5’- 3’ACGACGAGCCATCTCCCAAATG
BMPR-1B F5'-3'AAGTGGATCAGGCCTCCCTCTG 57 500 NM_001203
R 5’-3'CCAGGCCCAGGTCAGCAATA
BMPR-2 F 5’-3'GACTTTGGACTGTCCATGAG 57 449 NM_001204
R 5/-3'CTTTCCTCAGCACACTGTGCAG
Noggin F5'-3'GGCCAGCACTATCTCCACAT 58 167 NM_00540
R5’-3' ATGAAGCCTGGGTCGTAGTG
GAPDH F 5'TACGTCGTGGAGTCCACTGG3’ 58 327 NM_0020463
R 5’ AGAGGCAGGGATGATGTTCTG3’
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Fig. 1. FGF-2 increases HMSC proliferation and inhibits osteoblastic differentiation. (A) HMSC1 proliferation in osteogenic medium (FCS 5%) after 3, 6 and 9 days of culture
with and without FGF2 (10 ng/mL). *p < 0.01 Compared with respective vehicle. (B) Alkaline phosphatase activity after 9 days of culture in osteogenic medium with and
without FGF2 (10 ng/mL). (C) Matrix mineralization after 18 days of differentiation after 0, 3, 7, 10 and 14 days of FGF2 treatment (10 ng/mL) from baseline. (D)
Mineralization quantification (mean + SEM) by extracting alizarin red staining (OD 595), corrected by the proliferation ratio compared to HMSC1 not treated with FGF2

(0 days). *p < 0.01 Compared with 3d, 3p < 0.05 compared with 0d and 7d.

and BMPRs. We analyzed expression of the three main BMPRs,
BMPR1A, BMPR1B, and BMPR2 during the course of HMSC osteo-
blastic differentiation. BMPR1A and BMPR2 were expressed at
baseline in HMSCs whereas BMPR1B was not or poorly expressed
(Fig. 2A). We therefore analyzed BMPR1B expression by conven-
tional PCR on agarose gel. We found that BMPR1B expression
was induced and increased importantly during early osteoblastic
differentiation (Fig. 2A). BMPR1A expression was slightly up-
regulated during early differentiation stage, whereas no significant
change was noticed for BMPR2 (Fig. 2A).

Regarding BMPs, expressions of BMP2, BMP4 and BMP7 were
investigated (Fig. 2B). We did not find any expression of BMP7 in
our cells. Interestingly, expressions of BMP2 and BMP4 increased
during HMSC osteoblastic differentiation, in the early 24 h for
BMP4, and later for BMP2. In addition, Noggin, a BMP antagonist,

was not expressed at baseline but up-regulated during osteoblastic
differentiation (Fig. 2C).

Since expressions of BMPs and their receptors are up-regulated
during HMSC osteogenic differentiation, we tested whether FGF2
exerts its negative effect on osteogenic differentiation by inhibiting
BMP and BMPR expressions. FGF2 completely blocked the increase
of BMP2, BMP4, BMPR1A and BMPR1B (Fig. 2B and C). Interest-
ingly, FGF2 also inhibited the expression of Noggin, in parallel with
the modulation of BMPs and BMPR expression (Fig. 2C).

3.3. ERK and JNK MAPKs mediate the inhibitory effect of FGF2 on BMP
and BMPR up-regulation

It was previously reported that FGF activates ERK and JNK MAP-
Ks. Western blot analyses confirmed these data in our HMSC
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Fig. 2. Effect of FGF2 on BMP, BMPR and Noggin expression during osteoblastic differentiation of HMSCs. (A) PCR analysis of BMPR expression in confluent HMSC1 after 0, 1, 2,
3,5 and 7 days (D1-D7) of incubation in osteogenic medium (OM). (B) Quantitative BMP and BMPR expression levels at 24 h and 9 days in response to FGF2 (10 ng/mL) in
HMSC2. Data presented are mean of three independent cultures + SEM. *p < 0.05 versus untreated HMSCs. (C) PCR analysis of BMPR1B and Noggin expression in HMSC2 after
24 h and 9 days of treatment with or without FGF2 (10 ng/mL) in osteogenic medium. Expression of a gene of interest at an indicated time was normalized with basal
expression and GAPDH expression and the resulting relative expression was indicated under each gel spot.

treated with FGF2 (data non shown). To investigate the implication
of these signaling pathways in the inhibitory effect of FGF2 in
HMSC osteoblastic differentiation, we used the biochemical inhib-
itors U0126 and SP600125 that respectively inhibit ERK and JNK.
As indicated in Fig. 3, FGF2-mediated inhibition of matrix mineral-
ization was completely reversed by pre-treatment with either
U0126 or SP600125 (Fig. 3A). ERK or JNK inhibition prevented
FGF2-mediated inhibition on BMP2 and BMP4 expression
(Fig. 3B). Interestingly, we found that JNK inhibition promoted
expressions of BMPR1A and BMPR1B (Fig. 3C). Taken together,
these data indicate that ERK and JNK MAPKs interfere with BMP
and BMPR expressions, suggesting that they are involved in the
inhibition of HMSC osteoblastic differentiation by FGF2.

4. Discussion

Understanding the interactions between growth factors and
BMP signaling remains a crucial issue to optimize the use of BMPs
in therapeutic perspectives and bone tissue engineering. BMPs and
growth factors activating tyrosine-kinase receptors (FGF, PDGF,
VEGF) are among the main factors acting on the skeleton. They
are embedded within the bone matrix or secreted in bone microen-
vironment and contribute to the bone repair process [29]. BMPs
can also be used in bone therapeutic strategies. In bioengineering
strategies, BMPs are combined with various insoluble substrata
in implanted carriers to be delivered in situ in clinical practice
[6]. FGF2 is expressed during the bone healing process of fractures
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Fig. 3. ERK and JNK MAPKs activated by FGF2 are associated with the inhibitory effect of FGF2 on BMP and BMPR up-regulation in HMSCs. (A) Alizarin Red-S staining of
matrix mineralization by HMSC2 co-treatred with ERK or JNK inhibitors (U0126 and SP600125 respectively) and with FGF2 (10 ng/mL) or its vehicle for 15 days in osteogenic
medium. (B) BMP gene expression was determined by quantitative RT-PCR in HMSC2 after 3 days of treatment with ERK or JNK inhibitors (U0126 and SP600125 respectively)
and with FGF2 (10 ng/mL) or its vehicle in osteogenic medium. (C) BMPR gene expression was determined by PCR in HMSC1 after 3 days of treatment with ERK or JNK
inhibitors (U0126 and SP600125 respectively) in osteogenic medium. Expression of a gene of interest at an indicated time was normalized with basal expression and GAPDH

expression and the resulting relative expression was indicated under each gel spot.
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and surgery bone sites. BMPs used in skeletal tissue engineering
and surgery are likely to interact with FGF.

Our study confirms an increase in the expression of BMPs and
their receptors BMPR1A and BMPR1B during osteoblastic differen-
tiation of HMSC. We found that FGF2 has an inhibitory effect on
HMSC osteoblastic differentiation and prevents the up-regulation
of BMPs and BMPRs during HMSC osteogenic differentiation. It
was previously reported that endogenous BMPR-IB signaling is
required for early phase of osteoblast differentiation of human
bone cells [17,30]. In osteoblasts of transgenic mice which express
a truncated dominant-negative BMPR1B, BMP signaling is blocked.
This model highlighted in vivo the essential and specific role of
BMPR1B in osteoblast commitment and differentiation [31]. Inter-
estingly, we found that BMPR1B is the most up-regulated BMPR
during HMSC osteoblastic differentiation and that FGF2 completely
prevented BMPR1B expression. Our results on BMPR1B are consis-
tent with previous data supporting an essential role of this BMPR
and provide a mechanism explaining the inhibitory effect of FGF2
on HMSC osteoblastic differentiation.

We also found that FGF2 inhibited BMP2 and BMP4 expressions
in HMSC. The inhibitory effect of FGF2 on BMP2 expression had
been previously reported in MC3T3 pre-osteoblastic cells [32].
Autocrine BMP production is necessary to activate RUNX2, a tran-
scription factor stimulating osteoblast-specific gene expression
[33]. By inhibiting the autocrine production of BMPs, FGF2 pre-
vents the activation of osteoblastic differentiation. Expression of
Noggin, a BMP antagonist, was not increased by FGF2, suggesting
that the inhibitory effect of FGF2 is not mediated by an up-regulation
of BMP antagonists.

FGF2 activates the MAPK ERK and JNK [34-36]. The role of ERK
and JNK MAPK in BMP-induced osteoblastic differentiation is well
established [37-39]. We found that FGF2 interfere with HMSC
osteoblastic differentiation and BMP/BMPR expression by activat-
ing ERK and JNK. Despite the multiplicity of signaling pathways
activated in response to FGF2 and potential redundancies between
pathways, we restored the level of matrix mineralization and the
expression of BMP4 and BMP2, by inhibition of either ERK or
INK, supporting the implication of these MAPKs in the inhibition
of BMP and BMPR expression by FGF2. We highlight one of the
potential mechanisms explaining the inhibitory effect of FGF2 on
HMSC osteoblastic differentiation. In addition, other signaling
pathways activated by tyrosine kinase receptors, such as the
PI3K/Akt or the phospholipase C, might interfere with the effect
of FGF2 [36]. Moreover, FGF2 can also modulate the response to
BMPs by interfering with the Smad pathways that are activated
by BMPR. Indeed, previous works indicated that the stability of
the Smad complex can be modulated by MAPK [40]. By activating
ERK and JNK, FGF2 is likely to decrease Smad signaling in response
to BMPs. Our data on the level of expression of BMPs and BMPR
provide an additional mechanism supporting the inhibition by
FGF of BMPs osteogenic properties.

Understanding the interactions between growth factors and
BMPs is of particular interest. As mentioned in the introduction,
the inhibitory effect of FGF2 on BMPs and their receptors must
be integrated in approaches attempting to optimize skeletal bioen-
gineering strategies using both growth and osteogenic factors. The
effectiveness of bone tissue engineering relies on the combination
of three pillars: cells, including HMSC and osteoprogenitors, a vas-
cularized scaffold and signaling factors such as FGF to promote
cells proliferation [41]. High concentrations of FGF2 have an inhib-
itory effect on the response to BMPs; sequential supplementation
of FGF2 followed by BMP2 shows higher osteogenic properties
compared to the simultaneous delivery of both factors [25,42]. In
the field of orthopedic and spine surgeries that use recombinant
BMPs, inhibition of BMPR by growth factors secreted at fracture
and surgery sites during the healing process might decrease the

capacity of HMSC and bone cells to respond to BMPs. This hypoth-
esis partially explains why supra-physiological concentrations of
recombinant BMP2 or 7 are needed to obtain osteo-inductive
effects.

In conclusion, data presented in this study indicate that FGF2
can modulate BMP pathway in HMSCs by down-regulating BMP/
BMPR expression, thereby inhibiting the osteoblastic differentia-
tion of HMSCs. This effect is mediated by ERK and JNK MAPKs path-
ways. These data provide an additional mechanism of crosstalk
between growth factors and BMPs and must be integrated in the
use of HMSCs and BMPs in therapeutic perspectives or skeletal
bioengineering.
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