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Abstract
Fibrous dysplasia (FD) is characterized by the replacement of normal bone with abnormal fibro-osseous tissue.
This disorder is due to activating missense mutations in the GNAS gene and resultant over-production of cAMP.
However, the signalling pathways that contribute to FD pathogenesis remain unknown. In the current study, bone
marrow stromal cells (BMSCs) carrying GNAS R201H mutation were isolated from lesion site of FD patients.
cAMP accumulation, enhanced proliferation and impaired osteogenesis potential were observed. Two cell models,
BMSCs treated with excess exogenous cAMP and BMSCs infected with lentivirus GNAS R201H, were established
to model the pathological conditions of FD and used to investigate its pathogenesis. The results suggest that the
CREB-Smad6-Runx2 axis is involved in osteogenesis dysfunction of BMSCs with the FD phenotype. We confirmed
the results in FD lesion-derived BMSCs and observed that the impaired osteogenesis potential of BMSCs infected
with lentivirus GNAS (R201H) was recovered in vitro through modulation of the CREB-Smad6-Runx2 axis. This
study provides useful insight into the signalling pathways involved in the FD phenotype and facilitates dissection
of the molecular pathogenesis of FD and testing of novel therapies.
Copyright © 2012 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Fibrous dysplasia (FD) is a severe disorder that occurs
as either a purely skeletal disease [1] or in conjunction
with endocrinopathies and skin hyperpigmentation as
part of McCune–Albright syndrome (MAS; OMIM#
174 800) [2] or in conjunction with intramuscular myx-
oma as part of Mazabraud syndrome [3,4]. FD lesions
develop as both bone and marrow are replaced with
structurally disorganized and unsound bone and fibrotic
tissues that are devoid of haematopoiesis and marrow
adipocytes [5–9]. This abnormal pattern is rooted in the
shared origin of osteoblasts, myelosupportive stroma
and adipocytes as skeletal stem cells [also known as
‘mesenchymal stem cells’ within the bone marrow stro-
mal cell (BMSC) population].

Activating missense mutations of GNAS, which
encodes the α-subunit of stimulatory G (Gs) protein,
underlie MAS-associated FD and most likely many
types of non-MAS-associated FD [10–12]. Substitution
of either Cys or His for Arg at position 201 in the
Gsα-subunit leads to the loss of its GTPase activity

resulting in increased activation of adenylyl cyclase
(AC) and over-production of cAMP. This somatic
mutation has been demonstrated in a variety of
tissues from patients with MAS, including bone
[11,13–17], and in samples from the monostotic form
of FD [15,18,19]. Owing to these mutations, both
the differentiation of BMSCs and the function of
mature osteoblasts are severely altered, leading to
replacement of normal bone/marrow with abnormal
bone/marrow, which together comprise a single FD
lesion [20].

The FD BMSC population is a mixture of normal
and mutant cells. When transplanted in vivo, clones
with a normal genotype formed a normal ossicle, as
expected [21]. Surprisingly, when clones with a mutant
genotype were transplanted, the mutant cells did not
survive and formed a ‘non-ossicle’ [21]. These data
indicate that not only are the patients somatic mosaics,
but the lesions are mosaics as well.

Here we sought to elucidate the molecular mech-
anisms underlying how GNAS mutation leads to an
osteogenesis disorder of BMSCs.
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Materials and methods

Isolation, culture and osteogenesis induction
of BMSCs from FD lesions
Under an approved protocol for the use of human
subjects in research, FD lesions were harvested from
three donors (donor 1, aged 17 years, female, humeral,
GNAS R201H; donor 2, aged 20 years, male, radius,
GNAS R201H; and donor 3, aged 19 years, female,
humeral, GNAS R201H). The FD lesions were rinsed
with α-MEM (Gibco) containing 10% fetal bovine
serum (FBS; Hyclone) and antibiotics and then the
liberated cells were incubated in 5% CO2 at 37 ◦C. The
medium was changed twice a week until confluence
was achieved. As a control, normal BMSCs were
isolated from bone marrows of three healthy donors
(aged 20–26 years).

To induce osteogenesis, we exposed BMSCs to
rhBMP2 (200 ng/ml; R&D). The medium was changed
every 3 days. The expression levels of collagen I,
OPN and OC were analysed at 2, 3 and 4 weeks
after induction, respectively. Calcium deposition was
measured through alizarin red staining 4 weeks after
induction.

cAMP treatment
To investigate the effect of excess cAMP on osteo-
genesis of BMSCs, we exposed confluent BMSCs
to medium containing BMP-2 and 2 mM dibutyryl–
cAMP (Sigma, St. Louis, MO, USA). The medium was
changed every 3 days.

cAMP measurement
Cells were plated in 24-well plates and incubated for
1 h in serum-free medium in the presence of 1 mM
IBMX (Sigma) after reaching confluence. cAMP was
extracted by 0.1 N HCl and kept frozen before mea-
surement using the Cyclic AMP EIA Kit (Cayman),
according to the manufacturer’s instructions.

Mutation analysis
An approximately 300 bp cDNA sequence of GNAS
(NCBI Gene ID 2778) was chosen as the target for PCR
amplification. The RT–PCR primer sequences used
were as follows: wild-type, 5′-GACCTGCTTCGCTG
G∗CG-3′; R201H, 5′-GGACCTGCTTCGCTGG∗C
(A)-3′; R201C, 5′-CAGGACCTGCTTCGCTC∗C (T)-
3′ (where ∗ denotes internal mismatching and paren-
theses denoting the base transition) and reverse,
5′-TCTTGCTTGTTGAGGAACAG-3′. A 270 bp se-
quence of GNAS containing the Arg201 codon was
amplified from FD-derived BMSCs, using the follow-
ing primers: 5′-TGACTATGTGCCGAGCGA-3′ (for-
ward) and 5′-AACCATGATCTCTGTTATATAA-3′
(reverse). The product was purified using the QIAquick
PCR Purification Kit (Qiagen) and cloned into the
pMD19-T vector system (Takara). Fifty clones/sample
were sequenced to assess the GNAS mutation status.

MTT assay
Briefly, 1 × 103 cells were seeded in a 96-well plate.
At each indicated time point, MTT solution was added,
and the plates were incubated for 3–4 h. Subsequently,
DMSO (Sigma) was added and the plate was incubated
for 5 min. The plates were then read at 570 nm, using
an automated plate reader (Perkin-Elmer).

Real-time PCR
Total RNA was isolated using TRIzol reagent (Invitro-
gen). The real-time PCR conditions were as follows: 40
cycles of 94 ◦C for 10 s and 60 ◦C for 30 s. A melting
stage was added to the end of the amplification pro-
cedure. β-Actin was used as the loading control. The
primer sequences are listed in Table S1 (see Supporting
information).

Lentivirus and adenovirus vectors
A lentivirus expression vector loading human GNAS
coding sequence was purchased from Genecopoeia™

and subjected to in vitro point mutagenesis to replace
CGT with CAT (R to H). Briefly, 1.3–1.5 × 106 293T
cells were plated in a 10 cm dish so that 70–80% con-
fluence was obtained at the moment of transfection.
The transfection complex was added directly to each
dish. The cells were then incubated in a CO2 incuba-
tor at 37 ◦C overnight. Pseudovirus-containing culture
medium was collected 48 h post-transfection. Aden-
ovirus–Runx2 and adenovirus–siRNA–Smad6 vectors
were purchased from Invitrogen (China).

Luciferase reporter gene assay
Luciferase reporter vectors driven by the Smad6 (NCBI
Gene ID 4091) promoter with or without the CRE
were used for transfection. The phRL-SV40 vector
(Promega) was used as the transfection efficiency
control. Both firefly and Renilla luciferase activities
were measured using a dual-luciferase reporter assay
system (Promega).

Chromatin immunoprecipitation assay
Briefly, the cells were fixed with 1% formaldehyde,
lysed in SDS lysis buffer and sonicated to shear
DNA to an average fragment size of 300–400 bp.
An anti-phospho-CREB antibody (Santa Cruz Biotech-
nology) was then added. After overnight incubation at
4 ◦C, immune complexes were collected using salmon
sperm DNA/protein agarose −50% slurry. Samples
were extracted with elution buffer (1% SDS, 0.1 M
NaHCO3) and heated at 65 ◦C overnight to reverse
crosslinking. The primer set was as follows: 5′-
CTCCAGGGGCAGGAGCGGC-3′ (forward) and 5′-
CGCCGGCCGGCCGGGCCCCCT-3′ (reverse).

Transplants
Briefly, BMSCs (passages 2–4, 1.5–6.0 × 106 cells)
attached to β-tricalcium phosphate (TCP; Shanghai
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Bio-lu Biomaterials Co. Ltd) were transplanted sub-
cutaneously into the back of Balb/c mice under an
institutionally approved protocol for the care and use
of animals in research.

Statistical analysis
Statistical significance was calculated for two-sample
comparisons using Student’s t-test, and one-way
ANOVA was used for multiple comparisons. Tukey’s
test was used to evaluate significant differences identi-
fied by ANOVA. p < 0.05 was defined as significant.

Results

Osteogenesis potential is impaired in BMSCs
from FD lesions
We isolated BMSCs from excised FD lesions
(Figure 1). The R201H mutation in GNAS was con-
firmed by allele-specific PCR and sequencing
(Figure 2A). As expected, the cAMP levels were
much higher in the FD-derived BMSCs than in the
control (approximately four-fold greater) (Figure 2B).
Enhanced proliferation was also observed in the FD-
derived BMSCs compared to the control (Figure 2C).

We next investigated the in vitro osteogenesis poten-
tial of these BMSCs. BMP-2 (200 ng/ml) was em-
ployed to induce osteogenesis in vitro (see Supporting
information, Figure S1). Expression of collagen I, OPN
and OC and calcium deposition were not up-regulated
in FD-derived BMSCs after treatment with BMP-2,
suggesting that the responsiveness to BMP-2 induc-
tion was lower in FD-derived BMSCs compared to the
control (Figure 2D, E). Following the assessment of
in vitro osteogenesis, we explored the in vivo osteo-
genesis potential of FD-derived BMSCs. Less mature
bone was observed in the pores of β-TCP loaded with
FD-derived BMSCs, and most areas were occupied by
fibroblastic tissues (Figure 2F). Mature bone was found
in the scaffold loaded with normal BMSCs. Addition-
ally, FD-like lesion could be reconstructed by injecting
FD-derived BMSCs into the bone marrow cavity of
nude mice (see Supporting information, Figure S2).
These results suggested that the FD-derived BMSCs
presented an impaired osteogenesis potential in vitro
and in vivo.

Transfer of the FD phenotype to normal BMSCs
by lentivirus infection and exogenous cAMP
treatment
In the current study, we isolated several BMSC clones
with mutated GNAS from FD patients (see Supporting
information, Figure S3). However, these cells could not
grow normally in vitro; therefore, we established two
in vitro cell models that could mimic the pathologi-
cal features of FD. The first was to stably transfer
R201H GNAS into normal BMSCs. We constructed
a lentivirus vector expressing mutated GNAS (R201H)
(Figure 3A) and used it to infect normal BMSCs. After
puromycin treatment, cell clones stably expressing
mutated GNAS (R201H) were available (Figure 3B).
The cAMP concentration was significantly higher in
LV-R201H BMSCs than in control cells (Figure 3C).

Another cell model was employed in the current
study: normal BMSCs treated with exogenous 2 mM
cAMP (see Supporting information, Figure S1). These
two cell models were induced to mimic the osteo-
genesis induced with BMP-2 in vitro and the effects
of the GNAS R201H mutation and excess cAMP on
the osteogenesis of BMSCs were investigated. Unlike
FD-derived BMSCs, there was no difference in colla-
gen I mRNA expression levels in LV-R201H BMSCs
and cAMP-treated BMSCs compared to control cells
treated with BMP-2. In contrast, OPN and especially
OC were not up-regulated by BMP-2 in LV-R201H
BMSCs and cAMP-treated BMSCs compared to con-
trol cells treated with BMP-2 (Figure 3D). In addi-
tion, the results of alizarin red staining supported
these data (Figure 3E, F). IBMX, a competitive non-
selective phosphodiesterase inhibitor that raises intra-
cellular cAMP levels, decreased calcium deposition in
synergy with the GNAS mutation (Figure 3F).

Runx2 down-regulation and Smad6 up-regulation
in BMSCs with the FD phenotype
We screened three key transcription factors in osteo-
genesis, Runx2, Msx2 and Osx, by exposing normal
BMSCs to BMP-2 and excess cAMP and quantify-
ing their mRNA abundance. Runx2 and Osx mRNA
levels were not up-regulated and Msx2 expression
was up-regulated in response to BMP-2 and excess
cAMP treatment, suggesting that Runx2 and Osx might

Figure 1. Fibrous dysplasia (FD). (A) Radiographic examination. FD lesions were observed in the mid-humeral shaft and distal radius (red
arrows). (B) Fibrotic lesion subjected to surgical resection. (C) Haematoxylin and eosin (H&E) staining of the excised FD lesion; b, bone
tissue; f, fibrotic tissue.
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Figure 2. Features of bone marrow stromal cells (BMSCs) from the fibrous dysplasia (FD) lesions. BMSCs were isolated from excised FD
lesions of the patients. Normal BMSCs from healthy donors were used as controls. (A) Allele-specific PCR using primers for the R201H and
R201C mutations and sequencing after cloning into the T vector were employed to analyse the GNAS mutations; black arrow indicates
mutation of a nucleotide. (B) cAMP levels; ∗∗p < 0.01, FD versus control. (C) MTT assay; ∗p < 0.05, FD versus control. (D) Collagen I
(2 weeks after BMP-2 induction), osteopontin (OPN; 3 weeks) and osteocalcin (OC ; 4 weeks) mRNA expression by real-time PCR. The
results are expressed as fold changes of FD cells relative to the control; ∗p < 0.05, FD versus control. (E) Alizarin red staining assay.
(F) In vivo ectopic osteogenesis assay; BMSCs from healthy donors and FD lesion sites were combined with β-TCP scaffolds and transplanted
subcutaneously into the backs of nude mice (n = 8 in each group). Eight weeks later, transplants were harvested and subjected to H&E
staining. All numerical data are presented as mean ± SD. These data were from at least three independent experiments.

be the targets of cAMP (see Supporting information,
Figure S4). BMP-2 has been shown to regulate Osx
through Msx2 and Runx2 during osteogenesis [23].
Therefore, we identified Runx2 as a potential target
in the cAMP-dependent pathway.

At day 1 after BMP-2 treatment, mRNA and protein
expression levels of Runx2 were investigated. Runx2
was down-regulated in LV-R201H BMSCs and cAMP-
treated BMSCs compared to control cells treated with
BMP-2. Moreover, in the presence of IBMX, Runx2
was down-regulated more significantly in LV-R201H
BMSCs than in the absence of IBMX, suggesting that
excess cAMP played an important role in the attenu-
ation of Runx2 responsiveness to BMP-2 induction in
BMSCs with the FD phenotype (Figure 4A, B).

We then asked whether excess cAMP could directly
result in Runx2 down-regulation. The mRNA expres-
sion of Runx2 was assayed 0–48 h after the addi-
tion of BMP-2 and cAMP to normal BMSCs. There
was no difference in Runx2 expression between 3 and
6 h. Runx2 was down-regulated until 12 h (Figure 4C),

suggesting that excess cAMP does not directly result in
Runx2 down-regulation, but requires some signalling
factors to mediate it. Thus, the expression levels of
several members in the BMP-Smads signalling path-
way were investigated in response to excess cAMP. A
remarkable up-regulation of Smad6, an inhibitor of the
BMP–Smads signalling pathway [24], was observed
in normal BMSCs treated with BMP-2 and exogenous
cAMP (Figure 4D, E). However, Smad6 up-regulation
in LV-R201H BMSCs was less significant than in
cAMP-treated BMSCs. In the presence of IBMX, the
expression level of Smad6 was slightly up-regulated
than in the absence of IBMX (Figure 4E).

We then hypothesized that Runx2 down-regulation
might be mediated by Smad6 up-regulation in BMSCs
with the FD phenotype. To test this hypothesis, we
silenced Smad6 expression by siRNA and quantified
Runx2 expression. As expected, Runx2 expression,
which was down-regulated in LV-R201H BMSCs and
cAMP-treated BMSCs, was effectively recovered in
response to Smad6 silencing (Figure 4F).
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Figure 3. Transfer of the FD phenotype to BMSCs by lentivirus transduction and exogenous excess cAMP treatment. (A) Map of the
lentivirus vector loading GsαR201H. (B) Western blot: an anti-myc antibody was used, and mock- and LV-ctr-treated cells were used as
controls. GAPDH was used as the loading control. (C) cAMP levels; ∗p < 0.05, LV-GsαR201H versus mock and LV-ctr. (D) Collagen I (2 weeks
after BMP2 induction), osteopontin (OPN, 3 weeks) and osteocalcin (OC, 4 weeks) mRNA expression by real-time PCR; the results are
expressed as fold changes of every treatment group relative to controls; ∗p < 0.05. (E, F) Alizarin red staining; this assay was performed
4 weeks after induction of osteogenesis by BMP-2. All numerical data are presented as mean ± SD. These data were from at least three
independent experiments.

CREB activates Smad6 expression through binding
to the CRE in the Smad6 promoter in BMSCs
with the FD phenotype

We further screened the Smad6 promoter region and
observed that there was a putative cAMP responsive
element (CRE) in the–1006 bp to −995 bp region. We
cloned the −1280 to +65 bp region into a luciferase
reporter vector and then constructed 5′ deletion mutants
with and without this CRE. A luciferase reporter
assay showed that cAMP could increase the activity
of the Smad6 promoter containing the CRE (−1280
to +65 bp) in cAMP-treated BMSCs, and deletion of
the CRE decreased the luciferase activity significantly.
In LV-R201H BMSCs, the CRE had no effect on
the activity of the Smad6 promoter containing the
CRE (−1280 to +65 bp) in the absence of IBMX.
However, in the presence of IBMX, deletion of the
CRE decreased the luciferase activity significantly
(Figure 5A), highlighting the role of cAMP in Smad6
up-regulation driven by the CRE in BMSCs with the
FD phenotype.

The CRE activates transcription of target genes
through recruitment of the CRE binding protein
(CREB). We co-transfected a dominant-negative CREB
(DN CREB) expression vector (unable to bind the
CRE) and the −1280/+65 CRE-containing luciferase
construct into LV-R201H BMSCs and cAMP-treated
BMSCs. The luciferase activity of the −1280/+65 con-
struct was remarkably up-regulated in cAMP-treated
BMSCs and LV-R201H BMSCs treated with IBMX
and was down-regulated significantly in response
to DN CREB (Figure 5B), suggesting the possible
involvement of CREB in Smad6 expression in BMSCs
with the FD phenotype.

A chromatin immunoprecipitation assay using prim-
ers for the −1041 to −827 bp region flanking the
CRE in the Smad6 promoter was performed to con-
firm the binding of CREB to the CRE in the Smad6
promoter region. In cAMP-treated BMSCs and LV-
R201H BMSCs treated with IBMX, CREB exhibited a
strong binding affinity to the CRE (Figure 5C). How-
ever, binding was not observed in DN CREB, indi-
cating that CREB is involved in Smad6 up-regulation
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Figure 4. Runx2 down-regulation and Smad6 up-regulation in the FD phenotype of BMSCs. (A): Real-time PCR for Runx2 mRNA expression
performed in BMSCs with the FD phenotype by lentivirus transduction and exogenous cAMP treatment 48 h after BMP-2 addition; the
results are expressed as fold changes of every treatment group relative to controls; ∗p < 0.05. (B) Western blot for Runx2 protein
expression; β-actin was used as the loading control. (C) Real-time PCR for Runx2 mRNA expression in BMSCs treated with excess cAMP
at the indicated time points; the results are expressed as fold changes of other groups relative to 0 h; ∗p < 0.05 versus 0 h. (D) mRNA
expression profile (RT–PCR) of signalling molecules in the BMP–Smads signalling pathway 24 h after induction of osteogenesis by BMP-2;
β-actin was used as the loading control. (E) Western blot for Smad6 protein expression in BMSCs with the FD phenotype by lentivirus
transduction and exogenous cAMP treatment 24 h after induction of osteogenesis by BMP-2. (F) Runx2 protein expression 2 days after
BMP-2 induction in response to knockdown of Smad6 by transient transfection of adenovirus-siRNA-Smad6; β-actin was used as the
loading control. Relative protein expression of Smad6 and Runx2 was analysed using QuantityOne™ software; ∗p < 0.05. All numerical
data are presented as mean ± SD. These data were from at least three independent experiments.
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Figure 5. CREB activates Smad6 expression through binding to the CRE in the Smad6 promoter in BMSCs with the FD phenotype.
(A) Luciferase reporter gene assay using 5′ deletion mutants with and without the CRE in the Smad6 promoter region; the results are
expressed as fold changes of every construct relative to pGL3-basic; ∗p < 0.05, −821/+65 bp versus −1200/+65 bp. (B) The effect of
dominant-negative CREB (DN CREB) on the luciferase activity of 5′ deletion mutants with and without the CRE in the Smad6 promoter
region; the results are expressed as fold changes of −1200/+65 bp construct relative to pGL3-basic; ∗p < 0.05, −1200/+65 bp in
(+)BMP-2(+)cAMP(+)DN CREB versus −1200/+65 bp in (+)BMP-2(+)cAMP, −1200/+65 bp in (+)BMP-2(+)IBMX(+)DN CREB versus
−1200/+65 bp in (+)BMP-2(+)IBMX. (C) Chromatin immunoprecipitation using primers for the −1041 bp to −827 bp region of the
Smad6 promoter in BMSCs with the FD phenotype. (D) ChIP using DN CREB. All numerical data are presented as mean ± SD. These data
were from at least three independent experiments.

in LV-R201H BMSCs and cAMP-treated BMSCs
(Figure 5D).

In vitro recovery of the impaired osteogenesis
potential of LV-R201H BMSCs through modulation
of Runx2 and Smad6

We wanted to investigate whether the CREB–Smad6–
Runx2 axis would exert the same effect in FD-derived
BMSCs. Runx2 and Smad6 expression and the binding
of CREB to CRE in the Smad6 promoter region
were investigated during osteogenesis of FD-derived
BMSCs. Compared with the control treated by BMP-2,
Runx2 was down-regulated, Smad6 was up-regulated
and the CREB showed an enhanced binding ability on
CRE in the Smad6 promoter (Figure 6A, B).

We further investigated the possibility of in vitro
recovery of the impaired osteogenesis potential of

LV-R201H BMSCs through modulation of this axis.
Two adenovirus vectors, Adv-Runx2 and Adv-siRNA-
Smad6, were constructed to over-express Runx2 and
silence Smad6 in LV-R201H BMSCs. We observed that
the in vitro osteogenesis potential, marked by collagen
I (Figure 6C), OPN (Figure 6D), OC (Figure 6E) and
calcium deposition (Figure 6F), which were impaired
in the FD phenotype, was recovered in response to
Runx2 over-expression or Smad6 knockdown. More-
over, the impaired osteogenesis of cAMP-treated
BMSCs could be recovered by Runx2 over-expression
(see Supporting information, Figure S5).

Discussion

The pathogenesis of FD has been an area of intense
research interest. Breakthroughs were made in 1991
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Figure 6. In vitro recovery of the impaired osteogenesis potential of LV-R201H BMSCs through modulation of Runx2 and Smad6.
(A) Western blot analysis of Smad6 (1 day after BMP2 induction) and Runx2 (2 days after induction) protein expression in BMSCs from FD
lesions. (B) Chromatin immunoprecipitation using primers for the −1041 bp to −827 bp region of the Smad6 promoter in BMSCs from
the FD lesion sites 1 day after BMP-2 induction. Real-time PCR for mRNA expression of collagen I (C), OPN (D) and OC (E) and alizarin
red staining for calcium deposition (F) in BMSCs with the FD phenotype by lentivirus transduction were performed in response to Runx2
over-expression and Smad6 knockdown by an adenovirus vector; the results are expressed as fold changes of every treatment group relative
to LV-ctr; ∗p < 0.05 versus R201H. All numerical data are presented as mean ± SD. These data were from at least three independent
experiments.

when a series of GNAS mutations were identified in
McCune–Albright syndrome, FD and certain endocrine
disorders [10–12,14–16,25]. However, the molecu-
lar mechanisms underlying how the GNAS muta-
tions lead to the osteogenesis disorder of BMSCs
remain unknown. Effective cell models, which can
model the FD features in vitro, are needed greatly.
In past research, three cell models have been used:
(a) clonal FD-derived BMSCs with a GNAS mutation;
(b) normal BMSCs treated with exogenous cAMP;
and (c) normal BMSCs engineered to stably express
mutated Gsα by lentivirus vector. Of these, clonal FD-
derived BMSCs with GNAS mutations are undoubtedly
the best cell model for FD research. However, these
cells have been reported to not grow normally in vitro.
This observation further supports Happle’s hypothesis
concerning the lethal nature of the mutation and that
mutant cells can only survive when supported by nor-
mal cells [20,21,26]; additionally, the inability of 100%
mutant cells to survive is probably due to the increased
number of population doublings that would be needed
to obtain enough cells for the experiments.

In the present study, we employed the other two
in vitro cell models: LV-R201H BMSCs and cAMP-
treated BMSCs, which model different aspects of FD
pathogenesis. The former mimics the GNAS mutation
that is the direct cause of FD and the latter mimics
intracellular cAMP accumulation, which is one of the
most important features of the FD phenotype. These

two cell models each have some advantages respec-
tively. The cAMP dose and treatment duration are easy
to control, so the cAMP-treated BMSC model is suit-
able for investigations on signalling pathways. How-
ever, cAMP over-production does not contribute to all
FD phenotypes and other signalling pathways activated
by mutated GNAS are involved in the pathogenesis of
FD [27]. Hence, the LV-R201H BMSC model is advan-
tageous. By transducing normal BMSCs with lentivirus
vectors, more consistent populations of cells can be bet-
ter utilized to determine the level of the mutational load
necessary to generate a lesion and to study changes in
cellular metabolism by genomic and proteomic analy-
ses. In this sense, in vitro investigation of FD pathogen-
esis requires the combination of these two cell models,
which each offer certain advantages and can overcome
each other’s limitations to some extent.

Using these two cell models, we confirmed the
involvement of the CREB–Smad6–Runx2 axis in
the osteogenesis disorder of BMSCs with the FD
phenotype. In 1975, DiGeorge [28] concluded an
editorial by stating that MAS was ‘a rare disorder, yes;
an unimportant one, never’. However, the pathogenesis
of MAS and FD has remained an open question and has
not been defined in more stringent, mechanistic terms
to date. In 1998, Olsen [26] also wrote an editorial
about FD and raised obvious questions about the role
of cAMP-dependent mechanisms in the differentiation
of normal osteoblasts. He speculated that Runx2 might
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Figure 7. The CREB–Smad6–Runx2 axis in disordered osteogenesis by BMSCs in FD lesions. Substitution of His for Arg at position 201
in the Gsα subunit gene leads to the loss of GTPase activity and consequently to increased stimulation of adenylyl cyclase (AC) and
over-production of cAMP. CREB is phosphorylated in response to over-production of cAMP, translocates into the nucleus and binds to the
CRE of the Smad6 promoter to activate its transcription. Up-regulation of Smad6 inhibits the activation of Runx2 induced by BMP-2.

be a possible final target for the cAMP-dependent
signalling pathway. The present study confirmed this
speculation. Moreover, our results suggest that CREB
and Smad6 are upstream of Runx2 and that the
CREB–Smad6–Runx2 axis plays an essential role
in the FD phenotype. Due to the lethal nature of
clonal FD-derived BMSCs with GNAS mutations, we
employed non-clonal FD-derived BMSCs to confirm
the involvement of the CREB–Smad6–Runx2 axis in
the impaired osteogenesis of FD BMSCs.

Some results from an elegant study by Piersanti et al
[27] differed from those in the current study. Whereas
there was no decrease in Runx2 in osteogenic differ-
entiation conditions with or without IBMX in their
LV-R201C cells, we observed Runx2 down-regulation
in the current report. We think this difference is likely
due to two potential reasons: (a) they used dexam-
ethasone, ascorbic acid and β-glycerol phosphate, and
we employed BMP-2, a potent activator of Runx2
expression, to induce BMSCs to undergo osteogene-
sis; and (b) it is known that lentivirus vectors ran-
domly integrate into the genome of target cells. The
copies and locations of inserts into the genome cannot

be controlled concisely. Therefore, it is possible that
lentivirus vector sequences inserted into the genome
alter the expression profile of one or more gene(s) and
affect biological functions. In that sense, results using
lentivirus vectors must be prudently analysed. Thus, we
employed non-clonal FD-derived BMSCs to confirm
the involvement of the CREB–Smad6–Runx2 axis in
the FD phenotype. In the current study, some differ-
ences, including mRNA expression of collagen I and
Smad6, were observed between FD-derived BMSCs
and LV-R201H BMSCs. We propose that these dif-
ferences not only were due to the effect of lentivirus
insertion into the genome of LV-R201H BMSCs but
also resulted from the more profound complexity of
FD-derived BMSCs compared to BMSCs engineered
to stably express GNAS R201H in vitro.

There are many ways that stem cells could be utilized
in the treatment of FD [6,29]. Given the fact that many
patients with FD have unaffected bone, bone marrow
from these bones could be isolated and expanded
ex vivo to generate a population of BMSCs. These cells
could then be used to repair an FD lesion through open
surgery and transplantation of the cells along with an

Copyright © 2012 Pathological Society of Great Britain and Ireland. J Pathol 2012; 228: 45–55
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk www.thejournalofpathology.com



54 Q-M Fan et al

appropriate scaffold. However, there are patients that
do not have a reasonably accessible source of normal
bone marrow and alternative methods must be utilized
to obtain a population of normal BMSCs. In cases
where only a mixed population of normal and mutant
cells can be obtained, cloning of individual CFU-Fs
and their progeny and subsequent genotyping could be
used to generate a population of 100% normal BMSCs.
In cases where the majority of cells are mutant, the
use of virus vectors to silence mutated Gsα [27], over-
express Runx2 and/or silence Smad6, as performed in
the current study, may be used to generate cells that
are amenable for use in bone regeneration.

In summary, our results suggest that the CREB–
Smad6–Runx2 axis plays an essential role in the
FD phenotype (Figure 7). This study provides useful
insight into the molecular pathogenesis of FD and
testing of novel therapies.
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later ALP staining and quantification assay were performed.

Figure S2. After isolation from FD lesion and culture in vitro, FD-derived BMSCs were injected into the bone marrow cavitry of femur
of nude mice. Eight weeks later, X-ray imaging, HE staining and allele-specific PCR were performed.

Figure S3. Bone marrow stromal cells (BMSCs) were isolated from FD lesions and plated in 10 cm culture dishes at very low density.

Figure S4. In the current study, we screened three key transcription factors in osteogenesis, Runx2, Msx2 and Osx, by exposing normal
BMSCs to BMP-2 and excess cAMP and quantifying their mRNA abundance.

Figure S5. Having observed the down-regulation of Runx2 in response to excess cAMP, we employed adenovirus vectors to over-express
Runx2, to investigate its potential role in the inhibition of osteogenesis by excess cAMP.

Table S1. Primer sequences used for RT–PCR.
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