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Full Length Article 

Fibrous dysplasia animal models: A systematic review 
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A B S T R A C T   

Background: Fibrous dysplasia (FD) is a rare genetic bone disorder resulting in an overproduction of cAMP 
leading to a structurally unsound tissue, caused by a genetic mutation in the guanine nucleotide-binding protein 
gene (GNAS). In order to better understand this disease, several animal models have been developed with 
different strategies and features. 
Objective: Conduct a systematic review to analyze and compare animal models with the causative mutation and 
features of FD. 
Methods: A PRISMA search was conducted in Scopus, PubMed, and Web of Science. Studies reporting an in vivo 
model of FD that expressed the causative mutation were included for analysis. Models without the causative 
mutation, but developed an FD phenotype and models of FD cell implantation were included for subanalysis. 
Results: Seven unique models were identified. The models were assessed and compared for their face validity, 
construct validity, mosaicism, and induction methods. This was based on the features of clinical FD that were 
reported within the categories of: macroscopic features, imaging, histology and histomorphometry, histo-
chemical and cellular markers, and blood/urine markers. 
Limitations: None of the models reported all features of FD and some features were only reported in one model. 
This made comparing models a challenge, but indicates areas where further research is necessary. 
Conclusion: The benefits and disadvantages of every model were assessed from a practical and scientific stand-
point. While all published reports lacked complete data, the models have nonetheless informed our under-
standing of FD and provided meaningful information to guide researchers in bench and clinical research.   

1. Introduction 

Fibrous dysplasia (FD) is a rare bone disorder that results in fibro- 
osseous tissue replacing normal bone. The structurally unsound tissue 
leads to deformity, fractures, and often pain that reduces the patient's 

quality of life and may cause significant disability [1–9]. The FD etiology 
is due to post-zygotic substitution mutations of the GNAS gene, specif-
ically the stimulatory alpha-subunit of the guanine nucleotide-binding 
protein (Gαs); the arginine residue at the 201 codon in exon 8 is usu-
ally replaced by a cysteine or histidine (R201C/H). Rarely, a mutation at 

Abbreviations: FD, fibrous dysplasia; GNAS, guanine nucleotide-binding protein gene; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses; cAMP, cyclic adenosine monophosphate; MAS, McCune-Albright syndrome; Gαs, alpha-subunit of the guanine nucleotide-binding protein; ALP, alkaline 
phosphatase; FGF23, fibroblast growth factor-23; GPCR, G protein-coupled receptor; CT, computed tomography; μCT, micro-CT; PKA, Protein Kinase A; CREB, cAMP 
responsive element binding protein; RANKL, Receptor activator of nuclear factor kappa-В ligand; OPG, osteoprotegerin; Wnt, Wingless Int-1; β-Catenin, beta-catenin; 
IL-6, Interleukin 6; Runx2, Runt-related transcription factor 2; TRAP, Tartrate-resistant acid phosphatase; P1NP, Procollagen type 1 N-terminal Propeptide; NR, not 
reported; SYRCLE, Systematic Review Centre for Laboratory Animal Experimentation; Cre, Cre recombinase; rtTA, reverse tetracycline transactivator; cDNA, 
complementary DNA; WT, wild type; mRNA, messenger RNA; BMSC, bone marrow-derived stem/stromal cell; SSC, skeletal stem cell; PTH, parathyroid hormone; 
PTHrP, PTH-related protein; PTH1R, PTH receptor 1; EF1α, elongation factor-1 alpha; PGK, phosphoglycerate kinase-1; Prrx1, paired related homeobox-1; Sox9, sex 
determining region Y-box 9; Osx, osterix; KI, knock-in; IHC, immunohistochemistry; IF, immunofluorescence; qRT-PCR, quantitative real-time polymerase chain 
reaction; pCREB, phosphorylated CREB; WB, western blot; ELISA, enzyme-linked immunosorbent assay; Tet, tetracycline; Tam, Tamoxifen. 
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codon 227 (in exon 9; Q227) will result in FD as well [2]. These mosaic 
mutations result in the dysregulated overproduction of cyclic adenosine 
monophosphate (cAMP) [10]. 

The mutation responsible for FD can also result in extraskeletal dis-
ease and the combination of FD and one or more extraskeletal feature is 
termed McCune-Albright syndrome (FD/MAS). The most commonly 
involved extraskeletal sites are the skin (hyperpigmented macules 
referred to as café-au-lait skin spots), multiple endocrine tissues 
(including precocious puberty, hyperthyroidism, or growth hormone 
excess), and occasionally skeletal muscles (intramuscular myxomas, also 
known as Mazabraud's syndrome). Due to the mosaic nature of the 
disease and that Gαs is so broadly expressed, the spectrum of phenotypic 
possibilities is wide and the presentation of FD/MAS is therefore unique 
in each individual patient [2]. 

Key clinical features of FD include bone deformity and fractures, 
which in severe cases may lead to functional impairment such as loss of 
vision, hearing, and ambulation [1,2,9,11]. Patients might also experi-
ence pain, with a higher prevalence and intensity in adults [7,8]. FD 
exhibits an age-related phenotype: lesions become clinically apparent 
over the first few years of life and expand to reach final disease burden in 
late adolescence. In adulthood, lesions become less metabolically active 
and fracture rates decline [4,12]. X-rays of the lesion have a “ground- 
glass” appearance due to the replacement of bone and marrow by fibro- 
osseous tissue [13]. However, imaging techniques (including computed 
tomography and magnetic resonance imaging), deformity, and fractures 
are not suitable on their own to diagnose FD. A complete clinical 
assessment for skeletal and extraskeletal features of FD/MAS needs to be 
conducted to confirm the diagnosis, and in uncertain cases a molecular 
diagnosis of the affected tissues may be required [14]. Hematoxylin and 
eosin staining will reveal woven bone with the presence of Sharpey fi-
bers, and Von Kossa staining will display undermineralization of the 
bone and the absence of bone marrow. Elevated levels of bone turnover 
markers support the diagnosis of FD, with alkaline phosphatase (ALP) 
being the minimum recommended biomarker in FD; the greater the 
burden of disease, the greater the elevation in bone turnover markers 
[14–16]. FD also influences the generation of the phosphate- and 
vitamin D-regulating hormone, fibroblast growth factor-23 (FGF23) and 
in patients with extensive FD, FGF23 is elevated and patients are 
hypophosphatemic [14]. 

FD/MAS is currently incurable and reduces the quality of life in 
patients [7,17]. Care of these patients is symptomatic and sometimes 
ineffective, as in the case of pain [7]; although, some case studies sug-
gest that denosumab may be a promising treatment of pain in FD pa-
tients [18–20]. The rarity of the disease makes it challenging to 
investigate its pathology and progression as well as establish an 
appropriate sample size for clinical studies. Nonetheless, an interna-
tional consortium of dedicated clinicians, researchers, and patients' 
advocates has developed clinical guidelines for the definition, diagnosis, 
staging, treatment, and monitoring for FD/MAS [14]. However, it is 
imperative that appropriate animal models of FD are established. Ani-
mal models are an invaluable tool to study the pathogenesis and pro-
gression of the disease and provide the means to test novel treatment 
options that may help patients. To date, several groups have proposed 
FD models using the principal causative GNAS R201 mutations and have 
reported features that are similar to human FD, demonstrating both the 
construct and face validity of the models. These models, however, have 
been created using different approaches and exhibit unique features, 
each with its advantages and disadvantages, making it challenging for 
researchers to determine which model is best-suited to model specific 
aspects of this complex disease. Moreover, some transgenic mouse 
models have been developed that do not express FD-associated GNAS 
mutations, but cause G protein-coupled receptor (GPCR)/Gαs/cAMP 
pathway activation to mimic some aspects of the FD phenotype. Lung 
et al. [21] reviewed key clinical presentations of FD/MAS, the current 
status of mouse models targeting the Gs GPCR signaling pathway, and 
human cellular models. However, there exists no systematic 

comparisons of available animal models or information to identify gaps 
in current research and what further studies may be needed. 

The aim of this systematic review is to analyze and compare current 
animal models of FD that exhibit a causative GNAS R201 substitution 
mutation and compare the pathology of FD in patients to that experi-
mentally assessed in animal models. Studies including any laboratory 
animal species with the FD-associated GNAS R201 substitution mutation 
were considered, but only if the model included an appropriate control 
that did not express the FD-associated GNAS mutation. 

2. Methodology 

The Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) approach was applied to conduct a systematic re-
view on in vivo studies that reported the generation of an FD phenotype 
by way of the FD-associated GNAS mutation. Studies had to have 
included an appropriate control that did not exhibit the FD-associated 
GNAS mutation, or which did not induce expression of the mutated 
GNAS R201 gene. Models that exhibited FD-like lesions, but did not 
contain the FD-associated GNAS mutation were excluded from the main 
analysis of this study because they lacked the causative mutation of the 
disease, as were studies that transplanted cells from FD-like lesions into 
an animal host. 

The term “((in vivo) OR model OR transgenic OR animal) AND 
(fibrous dysplasia)” was used in Scopus, PubMed, and Web of Science to 
collect all papers related to in vivo FD articles (search conducted on 8 
February 2021). Other articles were collected by assessing the references 
of those that appeared in the database search (these articles were 
collected from 9 to 15 February 2021). Articles were not limited or 
excluded by year, access type, publication stage, source title, country of 
publication, or funding body. Publications were excluded if they were 
not published in English, if the complete article could not be accessed, or 
if they were not original research articles. 

Original articles that reported an in vivo model of FD-associated 
GNAS mutations were included for further analysis as causative 
models. Studies were excluded if they presented a case study or case 
series of animals with FD or FD-like phenotype, if the study was inves-
tigating human patients, if the work was solely an in vitro, biomaterial, 
pharmacological, imaging, surgical study, with no animal model 
development, and any non-osseous disorder. Skeletal disorders and 
syndromes not related to the FD-associated GNAS mutation were 
excluded. These include: cherubism, fibrodysplasia ossificans pro-
gressiva, Carney complex, Albright hereditary osteodystrophy, and 
osteogenesis imperfecta. McCune-Albright Syndrome (including 
Mazabraud Syndrome) was included, as FD is a condition of this disease. 

Previous review articles and book chapters were evaluated to 
determine the clinical and pathological features of FD that could be 
assessed in vivo [2,12,14,16,17,22–34]. These features were grouped 
according to how they were analyzed; they include: 

Clinical features:  

• Deformity  
• Pain  
• Fracture  
• Loss of vision, hearing, ambulation 

Bone imaging - appearance, density, and microarchitecture:  

• Poly/monostotic FD  
• Ground glass appearance  
• Undermineralized bone and/or low bone mineral density  
• Cortical thinning  
• Expansile deformity  
• Computed tomography (CT)/micro-CT (μCT) appearance of lesions 

Histology and histomorphometry: 

C. Hopkins et al.                                                                                                                                                                                                                                
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• Fibrous-osseous tissue  
• Loss of hematopoiesis  
• Woven bone  
• Abnormal curvilinear trabeculae  
• Sharpey's fibers  
• Abnormally shaped (stellate, retracted) osteoblasts  
• Increased number of osteoclasts in fibro-osseous tissue 

Histochemical and cellular markers:  

• cAMP (increased; including assessment via Protein Kinase A (PKA)/ 
cAMP responsive element binding protein (CREB) pathway)  

• Alkaline phosphatase (ALP; increased)  
• Receptor activator of nuclear factor kappa-В ligand (RANKL; 

increased)  
• RANKL/osteoprotegerin (OPG) ratio (increased)  
• Wnt signaling/β-Catenin (Wingless Int-1/beta-catenin; increased)  
• Interleukin 6 (IL-6; increased)  
• Runt-related transcription factor 2 (Runx2; increased)  
• Osteocalcin (increased)  
• c-fos expression (increased)  
• Tartrate-resistant acid phosphatase (TRAP; increased) 

Blood and/or urine markers: 

Bone Formation Markers  
• ALP (increased; blood)  

• Osteocalcin (increased; blood)  
• Procollagen type 1 N-terminal Propeptide (P1NP) (increased; blood) 

Bone Resorption Markers  
• Hydroxyproline (increased; blood or urine)  
• Deoxypyridinoline (increased; urine)  
• C-telopeptide (increased; blood)  
• N-telopeptide (increased; blood)  
• RANKL (increased; blood)  
• RANKL/OPG ratio (increased; blood) 

Other Markers  
• FGF23 (increased; blood)  
• IL-6 (increased; blood) 

Manuscripts that met the inclusion criteria were assessed to deter-
mine which features of FD (listed above) were reported in the animal 
model. The results of this assessment were tabulated for comparison. 
Three responses were tabulated for every item: yes (the phenotypic 
feature was expressed); no (the phenotypic feature was not expressed), 
and not reported (NR; feature not reported in model). For quantitative 
data, only significant differences from the control were recorded as 
demonstrating the phenotype. The results were then qualitatively 
assessed. No quantitative assessment was conducted. 

Lastly, the risk of bias for included articles was assessed using the 
Systematic Review Centre for Laboratory Animal Experimentation 
(SYRCLE) assessment method – a tool similar to the Cochrane risk of bias 
tool, adjusted for reporting animal studies [35]. 

Fig. 1. PRISMA flow chart demonstrating search results and articles included for qualitative synthesis. 
(FD = fibrous dysplasia; n = number; R201 = arginine in position 201 of the GNAS gene). 
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3. Results 

The search yielded 696 unique articles, 667 of which were excluded 
based on the exclusion criteria, and the remaining 29 were assessed for 
potential inclusion for qualitative assessment. Eight studies were 
included for qualitative assessment, based on the inclusion and exclu-
sion criteria (Fig. 1). 

During the search, 15 studies were identified as mechanistic studies 
that did not meet the inclusion criteria of exhibiting a GNAS mutation; 
however, they reported FD-like lesions and were included in a sub- 
analysis given the information they could yield about mechanisms 
that may contribute to the FD phenotype. Six studies were excluded as 
they established a model in which cells derived from human FD lesions 
were transplanted into mice, and therefore the animal itself did not carry 
a causative or mechanistic mutation. The classification of these models 
is demonstrated in Fig. 2 in order to establish a standardized nomen-
clature of the models assessed in this review. 

Seven unique causative mouse models were identified. None of the 
studies of these seven models assessed or reported the development of 
the extra-skeletal findings associated to MAS. Two additional models 
(Col1a1-Bianco and Sox2-Yang models) [36,37] did not develop an FD 
phenotype, but were analyzed for the information they might yield 
about FD. 

3.1. Qualitative analysis of causative models 

Table 1 summarizes the details of the seven models of FD included in 
the qualitative synthesis. 

The causative models were developed using a wide variety of genetic 
strategies to drive the expression of mutant GαS. The promoters used 
allowed for ubiquitous or tissue-specific expression through cell type or 
developmental stages. Some models were developed to allow inducible 
expression of the mutated gene, but others developed constitutively. The 
gene mutation was inserted randomly in most models or using the ho-
mologous GNAS replacement in others. Finally, different models used 
GNAS from different species with either the R201C or R201H mutation. 

The EF1α-Riminucci and PGK-Riminucci models were developed by 
randomly inserting rat GαS

R201C cDNA under EF1α and PGK promoters, 
respectively, in the genome of a fertilized embryo [38,39]. This resulted 
in a ubiquitous and constitutive expression of the gene and subsequent 
FD development. 

The Prrx1-Gutkind model involved three transgenic constructs. The 
first transgene consisted of a Cre recombinase (Cre) controlled by the 
promoter of Prrx1, transiently expressed in embryogenesis in the 
budding mesenchyme, which gives rise to the appendicular skeleton and 
some areas of the parietal bones. The second transgene encoded a 
tetracycline-inducible transcription factor (reverse tetracycline trans-
activator, rtTA) driven by a constitutive ROSA26 promoter, but 
repressed by a floxed STOP codon. During embryogenesis, this codon 
would be removed in Prrx1-expressing cells, allowing the constitutive 
expression of rtTA in these cells and their progeny. The third transgene 
was human GαS

R201C cDNA, controlled by a tetracycline inducible 
element. Upon postnatal administration of doxycycline to these mice, 
GαS

R201C is expressed and lesions form in the appendicular skeleton and 
some areas of the parietal bones [40,41]. 

All models by the Yang group were developed using a mouse strain in 
which one endogenous Gnas allele contains the R201H mutation, and 
the wild type exons 7–12 floxed upstream of exon 8 of the mutated 
endogenous gene. In the absence of Cre, this Gnas allele expresses the 
WT gene, and when Cre is present, the mutated gene is expressed [36]. 
This strain was crossed with different Cre strains to obtain different 
GnasR201H expression patterns, although still regulated by its endoge-
nous promoter. They used a mouse in which Cre is expressed under a 
tetracycline-regulated Osx promoter [42] (Osx-Yang model), Prrx1 
promoter [43] (Prrx1-Yang model), and a tamoxifen-inducible Cre 
expressed under the control of Sox9 (Sox9-Yang) [36]. 

Finally, the Prrx1-Bastepe model was generated by randomly 
inserting a floxed rat GαS

R201H cDNA construct into the mouse genome 
under a constitutive promoter [44]. These mice were then bred with 
Prrx1-Cre mice to ensure that the gene was only expressed in skeletal 
stem cells [45]. 

The time of onset – defined as the initial presentation of the FD 
phenotype, either from induction (i.e. tetracycline induction) or from 
fertilization/birth (i.e. constitutive expression) – varied greatly between 
models. Some models demonstrated a FD phenotype within two weeks 
of induction (Prrx1-Gutkind and Prrx1-Yang) [36,40,46] and others 
developed it in 2–3 months (EF1α- PGK-Riminucci models) [38,47,48] 
postpartum. 

The manifestation of the expression of Gαs
R201H also varied among 

the mouse models. Although both Riminucci models [38,47,48] allow a 
ubiquitous expression of Gαs

R201H, they are reported to first appear in 
the distal tail (at 2–3 months) and then progress to later include the long 

Fig. 2. Flow diagram classifying the different animal models of FD that the systematic search yielded. (FD = fibrous dysplasia; R201C/H = arginine replaced by 
cysteine/histidine at codon position 201). 
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Table 1 
Features of FD assessed and reported in causative models that reported the development of an FD phenotype (EF1α = elongation factor-1 alpha; PGK = phospho-
glycerate kinase-1; Prrx1 = paired related homeobox-1; Sox9 = sex determining region Y-box 9; Osx = osterix; GαS

R201C 
= arginine replaced by cysteine at position 201 

of the G-alphaS protein; GαS
R201H = arginine replaced by histidine at position 201 of the G-alphaS protein; SSC = skeletal stem cell; Yes = phenotypic feature observed 

in model; No = phenotypic feature not observed in model; NR = not reported; KI = knock-in; Time of onset = from birth/induction to FD phenotype development; CT 
= computed tomography; μCT = microCT; ALP = alkaline phosphatase; RANKL = receptor activator of nuclear factor kappa-В ligand; cAMP = cyclic adenosine 
monophosphate; Runx2 = runt-related transcription factor 2; P1NP = procollagen type 1 N-terminal propeptide; OPG = osteoprotegerin; FGF23 = fibroblast growth 
factor-23; BT = bone tissue; mRNA = messenger ribonucleic acid; Pr = protein; IHC = immunohistochemistry; IF = immunofluorescence; qRT-PCR = quantitative real- 
time polymerase chain reaction; pCREB = phosphorylated response element-binding protein; WB = western blot; US = unclear source; ELISA = enzyme-linked 
immunosorbent assay). The Sox2-Yang and Col1a1-Bianco model are not described here as they do not develop an FD-like phenotype, but they are considered for full 
analysis.   

Models 

Model moniker EF1α-Riminucci(38,47,48) PGK-Riminucci(38) Prrx1- 
Gutkind(40) 

Prrx1-Yang(36,46) Sox9-Yang(36) Osx-Yang(33,46) Prrx1- 
Bastepe(45) 

Transgene species 
and type 

Rat GαS cDNA Rat GαS cDNA Human GαS 

cDNA 
Mouse Gnas KI Mouse Gnas KI Mouse Gnas KI Rat GαS cDNA 

GNAS mutation R201C R201C R201C R201H R201H R201H R201H 
GαS/Gnas promoter EF1α PGK tetO7 Endogenous Endogenous Endogenous CAG 
Targeted expression 

promoter   
Prrx1 Prrx1 Sox9 Osx Prrx1 

Type of onset Constitutive Constitutive Doxycycline 
inducible 

Constitutive Tamoxifen 
inducible 

Doxycycline 
inducible – Tet- 
off gene 
silencing 

Constitutive 

Target cells Ubiquitous expression Ubiquitous 
Expression 

SSCs and 
progeny (Dox- 
dependent) 

SSCs and 
progeny 

Multipotent 
BMSCs and 
progeny 

Immature 
osteoblasts and 
progeny 

SSCs and 
progeny 

Phenotype expression 
site 

Whole skeleton, 
prominently in tail, 
femur, tibia, spine, 
humerus, short bones, 
cranium, ribs, pelvis 

Whole skeleton, 
prominently in tail, 
femur, tibia, spine, 
humerus, short 
bones, ribs, pelvis 

Appendicular 
skeleton, 
parietal bone 
areas 

Appendicular 
skeleton, 
parietal bone 
areas 

Only reported in 
humerus (whole 
skeleton 
targeted) 

Only reported in 
humerus (whole 
skeleton 
targeted) 

Appendicular 
skeleton, 
parietal bone 
areas 

Mouse strain FVB C57BL/6 FVB ⚭ C57BL/6 Unclear Unclear Unclear C57BL/6 ⚭ 129 
Time of onset 

(from birth/ 
induction to FD 
phenotype 
development 
(approximate) 

2–3 months 2–3 months 2 weeks 10–16 days 4 weeks 4 weeks Within 21 days 

Mosaicism reported No No No No Yes No No 
Sex  • NR [35]  

• Male and female [44]  
• Female only [45] 

NR Male and female NR Embryonic/ 
neonatal – male 
and female 
Weaned - NR 

Embryonic/ 
neonatal – male 
and female 
Weaned - NR 

Male and female   

Clinical Bone deformity Yes Yes Yes Yes Yes Yes Yes 
Fracture Yes NR Yes NR NR NR NR 

Bone X-ray appearance, 
density, and 
microarchitecture 

Poly/monostotic Polyostotic Polyostotic Polyostotic Polyostotic Polyostotic Polyostotic Polyostotic 
Ground glass 
appearance 

Yes Yes Yes NR NR NR NR 

Undermineralised bone/ 
low bone mineral 
density 

Yes Yes Yes Yes NR NR NR 

Cortical thinning Yes NR Yes Yes NR NR NR 
Expansile deformity NR NR Yes Yes NR NR NR 
CT/μCT appearance of 
lesions NR NR Yes Yes Yes Yes NR 

Histology/ 
histomorphometry 
features 

Woven Bone Yes Yes Yes Yes NR NR NR 
Abnormal curvilinear 
trabeculae 

Yes Yes Yes Yes NR NR NR 

Loss of hematopoiesis NR NR Yes NR NR NR NR 
Presence of fibrous- 
osseous tissue Yes Yes Yes NR NR NR NR 

Sharpey's fibers Yes NR Yes Yes NR NR NR 
Abnormally shaped 
(stellate, retracted) 
osteoblasts 

NR NR Yes NR NR NR NR 

Increased number of 
osteoclast in fibro- 
osseous tissue 

Yes Yes Yes Yes NR NR NR 

TRAP Yes No Yes Yes NR NR NR 

Histochemical and 
cellular markers 

Increased cAMP 
Yes 
(cells, cAMP 
assay) 

Yes 
(cells, cAMP 
assay) 

Yes 
(BT, Pr, pCREB, 
WB); (cells, 
cAMP assay) 

NR NR NR NR 

Increased ALP NR NR NR 

(continued on next page) 

C. Hopkins et al.                                                                                                                                                                                                                                



Bone 155 (2022) 116270

6

bones, spine, short bones, cranium, ribs, and pelvis (eventually affecting 
the entire skeleton; Fig. 3A). Prrx1 is expressed in skeletal stem cells (in 
early limb bud mesenchyme and in a subset of craniofacial mesen-
chyme). Accordingly, the Prrx1-controlled models [36,40,45,46] re-
ported FD-like lesions in the appendicular skeleton. Prrx1-Bastepe and 
Prrx1-Gutkind also developed lesions in the calvaria region (Fig. 3B) 
and the Prrx1Yang model displayed affected parietal and inter-parietal 
regions. Osx promoter allows for expression in osteoblast progenitor 
cells, throughout the skeleton; however, it remains unclear exactly 
where lesions appeared as the humerus and cranial bones were the only 
regions examined in the articles [36,46]. Sox9 promoter ensures 
expression in mesenchymal precursor cells in the bone marrow region; 

however, in the article, we only know that it was assessed in humerus 
[36]. 

Studies inconsistently reported the sex of the mice (Table 1). Studies 
using the PGK-Riminucci model and the study on the development of the 
EF1α-Riminucci model did not report the sex of the mice [36,38,46]. 
However, the following studies using the EF1α-Riminucci model 
[47,48], Prrx-Gutkind [40], and the Prrx1-Bastepe model [45] reported 
the sex of the mice. The studies conducted on embryonic and neonatal 
mice by the Yang group described that the sex was not determined and 
both males and females were used in those studies [36,46]; however, the 
sex of the weaned mice was not reported. 

3.1.1. Clinical features 
All models resulted in deformity due to abnormal bone growth and 

“FD-like lesions”. None of the models assessed whether the induction of 
FD led to pain in the animal, either due to the disease development or 
resultant fractures. Microfractures were observed in x-rays and μCT in 
the EF1α-Riminucci model [38] and the Prrx1-Gutkind model [40]. 

3.1.2. Bone imaging - appearance, density, and microarchitecture 
All models developed a polyostotic phenotype of FD. The “ground 

glass” appearance of FD in x-rays was observed in the EF1α- and PGK- 
Riminucci models [38], as well as the Prrx1-Gutkind model [40]. 
Other studies made no mention of this; however, x-ray images of the 
Prrx1-Yang model [36] demonstrate ground glass opacity. An under-
mineralized bone phenotype was presented in the EF1α- and PGK- 
Riminucci models (as assessed by quantitative backscattered electron 
microscopy) [38], the Prrx1-Gutkind model (μCT) [40], and the Prrx1- 
Yang model (μCT) [36]. Cortical bone loss was reported in the EF1α- 
Riminucci model [38,47,48], the Prrx1-Gutkind model [40], and the 
Prrx1-Yang model [36]. The Prrx1-Gutkind [40] and Prrx1-Yang model 
[36] also reported expansile deformity of the FD lesions. The Prrx1- 
Gutkind [40], Prrx1-Yang, and Osx-Yang [36,46], models all used μCT 
scans to image skeletal lesions, though the appearance of the lesions by 
μCT in the Osx-Yang model was not typical of what is seen clinically in 
FD, instead it showed increased bone mass similar to the Col1a1-Rs1 
model described below. 

Table 1 (continued ) 

Yes 
(BT, Pr, IHC) 

Yes 
(BT, Pr, IHC, IF) 

Yes 
(BT; mRNA; 
qRT-PCR) 

Yes (BT; 
mRNA; qRT- 
PCR) 

Increased RANKL 
Yes 
(BT, Pr, IHC) NR 

Yes 
(BT, Pr, IF) 

Yes 
(BT; mRNA; 
qRT-PCR) 

NR NR NR 

Increased RANKL/OPG 
ratio 

NR NR 
Yes 
(BT, mRNA, 
qRT-PCR) 

Yes 
(US; mRNA; 
qRT-PCR) 

NR NR NR 

Increased β-Catenin NR NR NR 
Yes (BT; Pr; 
IHC) 

Yes 
(BT; Pr; IF) NR NR 

Increased osteocalcin NR NR 
No 
(BT, Pr, IF, IHC) NR NR 

No 
(BT; mRNA; 
qRT-PCR) 

NR 

Increased Runx2 NR NR 
Yes 
(BT, Pr, IF) 

NR NR 
Yes 
(BT; mRNA; 
qRT-PCR) 

NR 

Increased c-fos NR NR NR NR NR NR 
Yes (cells; 
mRNA; qRT- 
PCR) 

Blood/urine marker 

Increased P1NP 
No (no change) 
(serum, Pr, 
ELISA) 

NR NR NR NR NR NR 

Increased C-telopeptide 
No (no change) 
(serum, Pr, 
ELISA) 

NR NR NR NR NR NR 

Increased RANKL NR NR 
Yes 
(serum, Pr, 
ELISA) 

NR 
Yes (BT; 
mRNA; qRT- 
PCR) 

NR NR 

Increased FGF23 NR NR NR NR NR NR NR  

Fig. 3. Illustrative diagrams demonstrating site of reported FD-like lesions in 
the (A) EF1α- and PGK-Riminucci models, (B) Prrx1-Gutkind and Prrx1-Yang 
models. Other models are not shown as their full phenotypic expression was 
not described. 
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3.1.3. Histology/histomorphometry 
Apart from the Prrx1-Bastepe model [45], all models developed le-

sions with woven bone and variably dense fibrotic tissue, characteristic 
of human FD, without clear marrow and trabecular regions. These 
models also demonstrated abnormal curvilinear trabeculae. Only the 
Prrx1-Gutkind model [40] reported the loss of hematopoiesis. The 
Prrx1-Gutkind model [40] and EF1α- and PGK-Riminucci models [38] 
both demonstrated presence of fibro-osseous tissue in the FD lesions. 
Sharpey's fibers (collagen bundles perpendicularly oriented to the bone 
surface, characteristic of FD histology) were present in the EF1α-Rimi-
nucci model [38], the Prrx1-Gutkind model [40], and the Prrx1-Yang 
model [36,46]; the Prrx1-Gutkind model [40] also displayed abnor-
mally shaped (stellate, retracted) osteoblasts. The EF1α- and PGK- 
Riminucci [38,47,48], Prrx1-Gutkind [40], and Prrx1-Yang [36,46] 
models exhibited an increased number of osteoclasts, confirmed by 
TRAP staining and histomorphometric analyses. The Osx-Yang model 
[36] demonstrated hyperostosis in histological images, a finding not 
typical of FD tissue. 

3.1.4. Histochemical and cellular markers 
Fibroblast-like FD cells demonstrated a localized, increased ALP 

protein expression in the EF1α-Riminucci [38] and the Prrx1-Gutkind 
[40] models. Increased ALP mRNA expression was reported in the 
Osx-Yang and Prrx1-Yang models [36,46]. The EF1α- and PGK- 
Riminucci models [38] and the Prrx1-Gutkind model [40] demon-
strated an increase of cAMP in cultured bone marrow stromal cells 
(BMSCs) from their models and the Prrx1-Gutkind model also demon-
strated phosphorylated-CREB protein, consistent with increased cAMP 
signaling. Runx2 protein expression was increased in the Prrx1-Gutkind 
model and Runx2 mRNA expression in the Osx-Yang model [36,40,46]. 
The Prrx1-Bastepe model demonstrated increased c-fos gene expression 
in cultured BMSCs [45]; however, no other studies assessed for c-fos 
expression in the models. Osteocalcin protein expression was reported as 
decreased in the Prrx1-Gutkind [40] model BMSCs, and osteocalcin 
mRNA expression decreased in humerus bone tissue in the Osx-Yang 
model [36,46], in spite of the fact that serum osteocalcin levels are 
consistently and often significantly elevated in patients with FD. The 
EF1α-Riminucci [47] and Prrx1-Gutkind [40] models demonstrated an 
increased localized protein expression of RANKL in the fibroblast-like 
FD cells. RANKL and RANKL/OPG mRNA expression was increased in 
tissue harvested from the Prrx1-Gutkind [40] and Prrx1-Yang (only 
RANKL) [36,46] models. The Prrx1-Yang and Sox9-Yang models [36,46] 
demonstrated increased localized protein expression of β-Catenin, which 
indicates activation of the Wnt/β-Catenin pathway. Finally, the EF1α- 
and PGK-Riminucci [38,47,48], Prrx1-Gutkind [40], and Prrx1-Yang 
[36,46] models also demonstrated an increased number of osteoclasts 
through TRAP staining. 

3.1.5. Blood and/or urine markers 
Circulating RANKL was increased in the Prrx1-Gutkind [40]. The 

EF1α-Riminucci model reported no changes in the serum protein of 
P1NP or C-telopeptide [38,47,48]. None of the studies used urine to test 
for biomarkers. 

3.1.6. Features not investigated 
Notably, a number of features observed clinically in FD were not 

investigated or observed in these models. None of the studies investi-
gated extraskeletal features associated with MAS. In particular, the 
Riminucci models that exhibit constitutive, ubiquitous expression of the 
FD-associated GNAS mutation might have these extraskeletal features. 
None of the studies assessed whether the appearance of FD led to pain in 
the animal, either due to the normal disease development or micro-
fractures. IL-6 was not investigated in any of the in vivo models, through 
histochemical or biomarker analysis. None of the studies reported 
changes in FGF23 serum levels in their models. Similarly, many of the 
bone turnover markers were not assessed, nor was the loss of vision, 

hearing, or ambulation assessed where relevant. 

3.2. Models with causative GNAS mutation, but not FD 

3.2.1. Col1a1-Bianco model 
Remoli et al. [37] developed a model in which GαS

R201C was 
expressed under the control of the Col1a1 promoter (expressed in 
differentiating and mature osteoblasts). The model developed a high 
bone mass phenotype, but not FD. This Col1a1-Bianco model [37] did 
not demonstrate a reduction of mineralization (quantitative back-
scattered electron microscopy); instead hyperostosis throughout the 
whole skeleton was observed. The skeletal architecture observed using 
μCT did not resemble that observed in FD and hematopoiesis was pre-
served. There was also a notable absence of fractures and Sharpey's fi-
bers in the model contrary to what is observed in FD patients. However, 
several features that are also seen in, but are not specific to FD were 
observed in this model. There was increased, localized ALP protein 
expression and cultured, mature osteogenic cells from the affected ani-
mals demonstrated increased cAMP. Furthermore, BMSCs isolated from 
affected animals demonstrated a decreased expression of osteocalcin 
mRNA. Lastly, this model demonstrated that circulating FGF23 
increased; however, the mechanism leading to increased FGF23 seems to 
be different from that in FD. 

3.2.2. Sox2-Yang model 
The Sox2-Yang model developed by Khan et al. [36] was embryonic 

lethal and therefore does not develop an FD phenotype. This model was 
developed in order to express the R201H mutation in embryonic stem 
cells under the Sox2 promoter to demonstrate that the mutation causes 
embryonic lethality. The expression of GNASR201H occurred 5–10 days 
post fertilization and embryos died between embryonic day 12.5 and 
15.5. Further investigation demonstrated an increase in Wnt/β-catenin 
signaling in the embryo. 

3.3. Risk of bias assessment 

Most of the studies demonstrated an unclear risk of bias due to a lack 
of reporting of experimental features of the studies (Fig. 4). 

In most of the studies, the method of assigning animals to groups was 
not defined, particularly regarding which animals were assigned to 
treatment and control groups. Similarly, it was difficult to assess 
whether studies included a baseline assessment and whether further 
measurements were adjusted in line with a baseline assessment. Most 
studies did not discuss the housing of the animals and whether this 
occurred randomly or if the test and control subjects were housed 
together. Only two studies reported using random animals for outcome 
assessments. Most studies had a low risk of bias with regard to outcome 
reporting; reporting key outcomes, figures, and significance values. One 
study failed to report the significance values as calculated, preferring to 
report when differences were significant, leading to a higher risk of bias. 

None of the studies reported blinding of the case and control groups 
to the assessor, therefore it was unclear if this occurred. Similarly, none 
of the studies reported blinding the assessor to the intervention used. 
One study reported that assessors were blinded during outcome assess-
ments, reducing the risk of bias. None of the studies reported attrition 
bias based on animals not being used for assessments or in the final 
results. There was no indication that further bias may have occurred, but 
this was not explicitly stated and remains unclear. 

4. Discussion 

4.1. Causative model comparison 

Although the causative models all contain one of the GNAS muta-
tions in FD/MAS under various conditions (i.e. promoters, R201C/H 
mutation, strain, etc.), different features have been studied and every 
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model presents its own advantages and disadvantages. In order to aid 
researchers in assessing the model best suited to one's own research, the 
advantages and disadvantages of these models have been compared in 
Table 2. 

How closely an FD mouse model resembles the observations made in 
FD patients (i.e. face validity) varied among the models. Generally, all 
models assessed some of the major features of FD, such as deformity, 
radiographic ground glass appearance, bone undermineralization, and 
elevated ALP levels. However, some features were only explored in one 
model, providing greater information about the model and its face val-
idity. Except for the Prrx1-Bastepe, Sox2-Yang, and Col1a1-Bianco 
models, all the models reported good face validity, producing many of 
the same features of FD that are observed in patients. The Prrx1-Bastepe 
model [45] assessed few features of FD, assessing only c-fos expression 
and deformity. The Sox2-Yang model [36] expressed the GNASR201H 

mutation in early embryonic stem cells in order to determine if the 
mutation resulted in embryonic lethality. This was successfully 
demonstrated as the mice did not develop to term. However, given that 
it did not develop to term, it is not appropriate to assess the face validity 
of the model as a model of FD, per se. The model does, however, provide 
valuable information about the formation of an affected individual with 
early expression of the mutation, but cannot be used as an appropriate 
model to study FD. The Col1a1-Bianco model [37] has poor face validity 
of FD as it failed to produce FD-like lesions. While this model would not 
be appropriate for further research in FD, it does yield interesting in-
formation. When mutated GNAS is expressed in skeletal stem cells and 
their progeny, an FD phenotype is produced, but when expressed in 
osteoblasts or committed osteoprogenitors, a high bone mass phenotype 

that is not representative of FD is produced (Col1a1, Osx promoters). 
This need for the presence of mutated SSCs to generate the characteristic 
fibro-osseous lesions supports the notion that FD is a stem cell disease 
and makes these models a valuable tool to further understand this 
phenomenon [49]. It is also important to note that the FD-like features 
observed in the Col1a1-Bianco model do not indicate that FD has 
developed, but rather, these features occur due to increased osteogenic 
activity. A notable exception to the face validity is the observed levels of 
osteocalcin. The literature demonstrates the blood levels of osteocalcin 
are elevated and that osteocalcin is increased in FD tissue (IHC) [32], but 
the Prrx1-Gutkind [40] (IHC, IF), Osx-Yang [36,46] (mRNA expression 
in tissue samples), and Col1a1-Bianco [37] (mRNA expression in 
cultured cells from model) models all demonstrated decreased osteo-
calcin. Furthermore, the EF1α-Riminucci model did not demonstrate 
changes in serum levels of P1NP or C-telopeptide. To determine if this 
may be due to age, serum may be evaluated at different developmental 
stages and other models may also be assessed for changes in bone 
turnover markers [38,47,48]. 

The EF1α-Riminucci model [38,47,48] was the only model used to 
test treatments of FD; anti-RANKL monoclonal antibody and zoledronic 
acid were studied in order to determine the effects of these drugs in vivo. 
The findings were impressive and consistent with early clinical reports 
of efficacy of anti-RANKL antibody treatment in patients. This demon-
strates the ability of these models to test the mechanisms and efficacy of 
drugs that have been used for FD treatment [19,20]. However, FD is a 
highly variable disease, yet the animal models are is homogeneous and 
each model may only represent some aspects of the disease. The Prrx1- 
Gutkind model was the only model to assess and describe cell body 

Fig. 4. SYRCLE risk of bias assessment of the included studies. (green = low risk of bias; yellow = unclear risk of bias; red = high risk of bias). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Key features, advantages, and disadvantages of in vivo FD models (✓ = advantage of the model; ✕ = disadvantage of the model; “-” = no advantage/disadvantage; 
EF1α = elongation factor-1 alpha; PGK = phosphoglycerate kinase-1; Prrx1 = paired related homeobox-1; Sox9 = sex determining region Y-box 9; Osx = osterix; GNAS 
= guanine nucleotide-binding protein alpha subunit; MAS = McCune-Albright Syndrome; Tet = tetracycline; Tam = tamoxifen).   

EF1α- 
Riminucci(35,44,45) 

PGK- 
Riminucci(35) 

Prrx1- 
Gutkind(37) 

Prrx1- 
Yang(33,43) 

Sox9- 
Yang(33) 

Osx- 
Yang(33,43) 

Prrx1- 
Bastepe(42) 

Face validity ✓ ✓ ✓ ✓ ? ? – 
Time of onset – practical application ✕ ✕ ✓ ✓ ✓ ✓ ✓ 
Mouse strain purity ✕ ✕ ✕ ✕ ✕ ✕ ✕ 
Construct validity 

(GNAS Source) 
✕ ✕ ✓ ✕ ✕ ✕ ✕ 

Mosaicism Mosaic-like gene 
expression 

– – ✓ ✓ ✓ ? ✓ 

Mosaic-like phenotype ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Tamoxifen/tetracycline-dependent 

GNAS expression 
– – ✓ (Tet) – ✓ (Tam) ✓ (Tet) – 

Potential induction of MAS ✓ ✓ ✕ ✕ ✕ ✕ ✕  
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retraction in osteoblasts and lining cells (sometimes described as 
absence of bone rimming cells). FGF23 elevation is an important marker 
of disease severity, as well as a contributor to morbidity through renal 
phosphate wasting, which could further impact bone health. Berosumab 
(a human recombinant monoclonal antibody to FGF23) has been 
assessed in an FD/MAS case study, demonstrating a possible treatment 
option for FD/MAS patients. However, FGF23 was only reported in the 
Col1a1-Bianco model, but given the poor face validity of the model it 
would not be appropriate to further study this marker in this model. 
Nevertheless, animal models provide a great advantage in that they 
provide a large homogenous sample size to assess safety and efficacy. 
Thus the models demonstrating good face validity of FD may be suitable 
to further assess FGF23, its impact, and possible treatments. 

The difference in time to onset of the FD phenotype in the different 
FD mouse models may be accompanied by both practical and validity 
concerns. The Riminucci group models have a relatively [38,47] long 
time to onset, reporting FD in the tail at approximately 2–3 months post- 
partum and are fully expressed at 1 year. This long natural history may 
be beneficial if wanting to perform long term tests. However, in order to 
develop and maintain these models in a laboratory and to use them for 
long-term tests, significant time and resources would be necessary. This 
may not be practical for some researchers. The other seven models 
[36,37,40,45,46] have a relatively fast time of onset, which is practically 
beneficial and if induced early during development, may better mimic 
what is observed in patients with FD [4]. 

In the Prrx1-Gutkind [40], the expression of Gαs
R201C is tetracycline- 

dependent, allowing the phenotype to be turned on and off at different 
stages of development, or stop the expression of the gene to assess FD 
lesion regression. This allows not only a better control of the phenotype, 
but also the pathogenic gene cessation, which leads to the regression of 
the lesions. This could be used to serve as a positive control to assess the 
therapeutic effect of drugs under investigation. 

Inbred mouse strains have a defined genetic background that does 
not vary widely between animals within the strain, thus leading to a 
replicable phenotype. However, as is often the case for transgenic mice, 
most of the causative FD mouse models have a mixed strain back-
grounds, which leads to variability in the findings [50]. This can be 
remedied by backcrossing into one strain. The Yang group's models 
[36,46] did not clearly state the strains used and how they were bred. 
Not only does this make it more difficult to assess which strains were 
used and the phenotype they would contribute to the model, but also 
makes it challenging for other investigators to replicate the same mouse 
model. 

It is an open question as to whether the host's native mutated gene or 
a human construct provides better fidelity to the human disease and thus 
greater construct validity. When using the mouse gene, the native 
physiology can be preserved, but the true nature of the mutated gene 
might not be revealed and vice versa [51]. The construct validity is best 
established in the Prrx1-Gutkind model [40], which uses a mutated 
human GNASR201C construct in the transgenic mouse. This human 
construct could be advantageous for testing drugs that specifically target 
the human protein in vivo. The Yang group's models [36,46] use a mouse 
GnasR201H knock-in. Notably, GNAS is highly conserved between mice 
and humans (>90% identity). Using a model with the endogenous 
promoter and gene maintains the normal gene site, regulatory elements 
and minimizes the number of genes inserted into the mouse. This could 
favor the normal physiological features of the mouse and not introduce 
genetic disturbance. In transgenic models of human diseases this conflict 
will always present itself and it is not possible to say with the current 
data, which construct is best suited to creating an FD model. 

Sex differences were not reported in any of the studies. Three studies 
reported the use of both male and female mice in their studies; however, 
sex-based comparisons were not reported [40,45,47]. FD may be influ-
enced by hormone changes, particularly if MAS occurs in endocrine 
tissues. Further studies on these models should report sex differences as 
they may impact mechanisms of the disease and treatments. 

Somatic mosaicism is a key feature of FD/MAS. Some cells harbor the 
GNAS mutation, but the remaining majority do not; as such, certain 
skeletal sites may develop FD due to the presence of cells with the ge-
netic mutation. The precise cause of the post-zygotic mutations that are 
responsible for FD/MAS are challenging to mimic in vivo. However, true 
replication of a random post-zygotic mutation would result in variability 
between animals, which would be experimentally disadvantageous. 
Instead, a mosaic-like phenotype in which all cells have the genetic 
mutation, but expression of the gene is limited to certain skeletal cells or 
sites has been generated in several models. This feature is favorable for 
some reasons in a research model, such as to reduce variability and thus 
reduce the number of mice needed. The Sox9-Yang model [36] reported 
that it initially established a mosaic state, but the mosaicism could not 
be preserved. When Tamoxifen is administered to these mice, it gener-
ates a subset of cells that will express GnasR201H. When the adminis-
tration is stopped the affected cells and their progeny continue to 
express GnasR201H and unaffected cells will not. Thus, a mosaic state is 
generated, but cannot be sustained throughout the animal's lifetime. The 
three models using the Prrx1 promoter [36,40,45,46] limited 
GNASR201H expression to certain skeletal sites (Fig. 3). The models 
developed by Riminucci et al. [38,47] demonstrate a mosaic-like 
phenotype throughout most of their development (Fig. 3), except in 
the very late stages in which FD affects the whole skeleton. While true 
somatic mosaicism was not developed in any of the reported models, all 
models developed some degree of phenotypic mosaicism, except the 
Sox2-Yang model [36,37,40,45,46]. Other mosaic-like phenotypes may 
be able to be generated through the creation of chimera models of FD. 
Mosaicism in these animal models is a complex subject that is achieved 
at varying levels in almost all these models. This aspect of the phenotype 
in these models is challenging and researchers should be aware of the 
features and limitations when selecting a model for their study. 

Only in the Riminucci models [38,47] is the GNASR201C mutation 
both constitutively and ubiquitously expressed. It is puzzling that the 
models can develop to term and not suffer embryonic lethality, which is 
assumed to happen if the mutation occurs very early in development, as 
seen with the Sox2-Yang models [36]. Due to the ubiquitous expression, 
further investigation of these models to assess whether endocrinopathies 
have developed as in MAS, would be beneficial. It might be that in the 
Riminucci models [38,47] only the transgenic embryos with lower 
expression of the transgene were de facto selected by being able to 
develop to term. Alternatively, it is possible that the lack of embryo 
lethality is due to the random integration of the transgene into a region 
of the genome allowing viability. Further studies with these models 
could provide insight into the mechanisms underlying the effect of the 
GNAS mutation in embryonic development. 

As previously stated, the Prrx1 promoter is expressed in skeletal stem 
cells in early limb bud mesenchyme and a subset of craniofacial 
mesenchyme. This was utilized to control Cre expression in three 
different models, by three different teams, with different strategies; 
these were the Prrx1-Gutkind [40], Prrx1-Yang [36,46], and Prrx1- 
Bastepe [45] models. Upon expression of Cre, the Prrx1-Gutkind 
model [40] activated the constitutive expression of reverse tetracy-
cline transactivator in order to establish a tetracycline-inducible model. 
In the Prrx1-Bastepe [45] model, expression of Cre led to a constitutive 
expression of GαS

R201H, and in the Prrx1-Yang [36,46] model Cre 
enabled the replacement of the one of the endogenous Gnas alleles by 
GnasR201H. The Prrx1-Gutkind model [40] used a human construct of 
GαS

R201C, Prrx1-Yang [36,46] used the endogenous GnasR201H, and 
Prrx1-Bastepe [45] utilized a rat GαS

R201H. The Prrx1-Gutkind [40] and 
Prrx1-Yang [36,46] model had a time of onset of approximately two 
weeks from induction and the Prrx1-Bastepe model [45] developed 
within the first three weeks of life. All three models developed in the 
appendicular skeleton and areas of the parietal bones. The Prrx1- 
Gutkind [40] and Prrx1-Yang model [36,46] assessed many of the 
same features. The Prrx1-Bastepe model [45], however, developed a 
very mild FD phenotype and assessed few characteristics of FD. The mild 
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phenotype observed in this model could be due to a weaker expression 
by the CAG promoter, as Karaca et al. discuss in the publication, high-
lighting the importance of suitable promoters to develop an in vivo 
model [45]. 

4.2. Mechanistic models sub-analysis 

During screening, fifteen articles emerged that did not have the R201 
(or rare Q227) GNAS mutation but reported FD or FD-like lesions in the 
animal model. These models do not fulfil the inclusion criteria for full 
qualitative assessment but do provide valuable information about the 
mechanisms that contribute to the FD phenotype and may reveal po-
tential therapeutic targets. Supplementary Table 1 summarizes these 
models as well as the FD features they exhibit and features that indicate 
that a true FD phenotype may not have been generated. The mechanistic 
model names were generated according to the promoter used and the 
target gene. It is important to note that in all of the models presented 
here, a causal link was not established. 

Of the 15 studies included, 8 unique models were reported in which 
FD-like lesions developed when specific transgenes were expressed. One 
model was reported in six studies [52–57] in which a serotonin receptor 
was engineered to form Rs1 that can only be activated by a synthetic 
ligand, avoiding activation by host ligands. This mutated gene was 
placed under the control of the Col1a1 promoter, limiting expression to 
osteoblasts. Across the six studies, various features of FD were estab-
lished, such as deformity, reduced number of hematopoietic cells, 
increased number of bone marrow stromal cells, increased number of 
osteoclasts, a change in bone turnover markers, as well as an increase of 
RANKL and the RANKL/OPG ratio. However, the model consistently 
demonstrated increased bone mineral density and a high bone mass 
phenotype, which is remarkably different from the undermineralized 
fibroosseous tissue containing Sharpey's fibers in FD. Interestingly, this 
same phenotype was generated in the Col1a1-Bianco model [37] that 
used the Col1a1 promoter to express mutant GNASR201C in mature os-
teoblasts. Given its similarity to the Col1a1-Bianco model, it can be 
hypothesized that expression of Rs1 under a promoter that is also 
expressed in BMSCs/skeletal stem cells (SSCs) (e.g. EF1α, PGK, Prrx1, 
Sox9) may yield an FD-like phenotype. 

Several studies have explored signaling pathways or hormones 
believed to be involved in the pathology of FD/MAS [58–61]. cAMP 
binds to regulatory subunits of PKA, releasing the activated subunits, 
which are then able to phosphorylate numerous other proteins [62]. A 
minority of patients with Carney complex – a disease due to gain-of- 
function mutations in PKA subunits, downstream of cAMP, develop 
bone lesions with some of the features of FD [63], supporting the 
assertion that FD lesion formation is mediated through downstream PKA 
activity [59–61,64,65]. A model in which one allele of protein kinase 
cAMP-dependent type I regulatory subunit alpha (Prkar1a) gene was 
deleted, led to an increased ubiquitous activation of PKA through 
increased cAMP-responsive PKA activity. This Prkar1a hap-
loinsufficiency model presented skeletal deformity, showing under-
mineralized woven bone with persisting chondrocytes in the bone 
matrix, and increased number of osteoclasts. Increased levels of ALP and 
c-fos expression were observed. It demonstrated some features that are 
absent in FD, including normal osteoblast rimming of the trabeculae, 
increased Runx2 and decreased osteocalcin in fibroblast-like cells in the 
tissue lesion (immunolocalization). Further, because Prkar1a and 
Prkaca haploinsufficiency lead to cyclooxygenase activation and pros-
taglandin E2 production, inhibition of this pathway with celecoxib, a 
cyclooxygenase-2 inhibitor inhibited FD-like lesions [60]. Taken 
together, these data, support the notion that the development of FD is 
due on the activation of Gas/AC/PKA pathway. 

Parathyroid hormone (PTH) and PTH-related protein (PTHrP) re-
ceptor 1 (PTH1R) is a GPCR that signals, at least in part, through GS 
alpha, cAMP, and PKA. Mouse models of PTH1R hyperactivation 
(similar to Jansen's metaphyseal chondrodysplasia) partially mimic FD 

[66,67]. These transgenic mice demonstrated skeletal deformity, a 
reduced number of hematopoietic cells, an accumulation of fibrous tis-
sue in the bone and an increased number of osteoclasts, all similar to that 
observed in FD. However, the model also demonstrated increased min-
eral apposition rate and high bone mass, which does not resemble FD, 
possibly due to the use of the Col1a1 promoter, that targets differenti-
ating osteoblasts and not BMSCs/SSCs. 

The Wnt/β-catenin pathway has been implicated in numerous dis-
orders due to its function of activating the expression of transcription 
factors that control a wide variety of developmental processes [68]. 
Several animal models explored the relation of β-catenin and FD/MAS. 
The Col1a1-β-catenin model [69] expressed constitutively active β-cat-
enin in osteoprogenitor cells and resulted in an increased number of 
fibroblasts in the bone marrow, but hematopoiesis was preserved. The 
Osx-β-catenin model [70] demonstrated undermineralized bone and 
reduced hematopoiesis. This mechanistic model may be comparable to 
the causative Osx-Yang model, which assessed the Wnt/β-catenin 
signaling pathway [36,46] and demonstrated that GnasR201H regulates 
it. Xu et al. postulate [46] that the constitutively active GαS signaling 
increases Wnt/β-catenin, thus preventing the osteoblast maturation. The 
Col1a1-β-catenin model, Osx-β-catenin, Osx-Yang model, and Prrx1- 
Yang model may be further studied and compared to elucidate the 
possible role of the Wnt/β-catenin pathway. 

The proto-oncogene c-fos is indirectly induced by cAMP [71], lead-
ing to the speculation that c-fos expression may play a role in the 
development of FD/MAS. Previous studies have demonstrated that c-fos 
expression is significantly higher in FD bone lesions compared to healthy 
subjects as well as patients with other bone disorders [72]. The hMT-c- 
fos model [73] with ubiquitous, increased gene expression of c-fos 
demonstrated an FD-like phenotype with skeletal abnormalities, 
including deformity, undermineralized bone, woven trabecular bone 
with cartilaginous areas, and increased ALP. The Col1a1-c-fos model 
[74] – where c-fos was expressed in osteoblasts – demonstrated an in-
crease of periostin protein expression; however, the study conducted on 
these mice was limited and other features of FD were not assessed. As the 
hMT-c-fos model [73] was established and assessed in 1987, updated 
assessments and model development may be beneficial. 

4.3. Implant models 

Studies that conducted in vivo transplantation of cells into mice were 
ultimately excluded from qualitative assessment; however, these models 
have significant merit and warrant discussion as they provide the op-
portunity to study human FD lesions in vivo and in a controlled experi-
mental setting. Briefly, seven studies reported a transplant model (of 
these, one article reported both a transplant and mechanistic model, so it 
was classified as a mechanistic study [67]) in which FD cells were 
transplanted into a mouse. All studies transplanted immunocompro-
mised mice with FD cells and an osteoconductive scaffold subcutane-
ously in order to develop an FD-like lesion; all studies included a healthy 
control implant [39,67,75–79]. Apart from one study, which implanted 
stromal cells from a mechanistic model mouse (Col1a1-HKrKH223R 
model) into nude mice [67], all the studies injected implant material 
from human subjects [39,75–79]. In the latter studies, BMSCs were 
extracted from human FD tissue or healthy bone marrow and expanded 
in vitro. After 6–8 weeks following transplantation, an FD-like lesion 
formed in all the models in which the FD-like woven bone was observed. 
Bianco et al. were the first to demonstrate a transplant model of 
fibroblast-like FD cells and reported that an “ossicle” formed subcuta-
neously that resembled FD lesions observed in human patients [77] and 
was also confirmed in the study by Kuznetsov et al. [67]. Five studies 
demonstrated that FD cells need to be mixed with wild type cells from 
the same patient before transplantation otherwise they will not grow 
and form a lesion. This demonstrates that mosaicism is not only a feature 
of FD/MAS, but likely necessary in order for the FD/MAS phenotype to 
develop [39,75,76,79]. One of these studies also demonstrated that 
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histone deacetylase 8 (HDAC-8) may be a therapeutic target for FD, but 
further studies are required [78]. One study demonstrated that the 
CREB-Smad6-Runx2 axis may play a role in the development of the FD 
phenotype [76]. 

4.4. Current gaps and future directions 

Endocrinopathies are an important feature of MAS and their impact 
on FD has not been addressed in any of the causative models. The 
literature search did not yield any animal models that generated a MAS- 
like phenotype, however a transgenic mouse model in which R201H was 
expressed in a thyroid specific manner led to hyperthyroidism [80]. 
Abnormal hormone production may affect the development of FD and 
normal bone as well as FD treatments. This has been discussed previ-
ously [81]; however, a study has not yet been reported. The Riminucci 
models [38,47] might have the capacity to develop additional features 
of MAS phenotype given the ubiquitous expression of the gene (i.e. 
endocrinopathies, skin macules). However, the global expression of 
GNAS is not expected to be the unique determinant involved in the 
development of extra-skeletal features of MAS. For instance, selective 
expression of an active Gαs mutant in cells of the limb mesenchymal bud 
or in skeletal stem/osteoprogenitor cells [34,39,43,49] could also be 
associated with a skeletal muscle phenotype. 

On the other hand, hormones may be administered to the available 
FD models to determine how various hormonal perturbations may in-
fluence the FD phenotype. For example, Akintoye et al. demonstrated 
that patients with excess growth hormone exhibited more severe 
craniofacial FD than FD/MAS patients with normal growth hormone 
levels [82]. Although the treatment with exogenous hormones has poor 
construct validity in comparison to a GNAS mutation-associated 
endogenous production, it would facilitate elucidating the influence of 
hyperregulated hormones in MAS, as the composition and dosage of the 
hormones would be controlled and thus, more replicable between mice. 

Numerous features of FD were not investigated in any of the causa-
tive models, and some features were insufficiently examined to yield 
conclusive information. Pain, FGF23 and cytokines production by FD 
lesions, extra skeletal changes indicative of MAS, and several bone 
turnover markers were not assessed in any of the models. Further 
investigation into these areas in the established causative models would 
be beneficial, and for treatment studies one could implement method-
ologies currently used in the clinic such as pre- and post-treatment 18F 
NaF PET/CT scans. Pain is an important, but variable feature of FD that 
has a remarkable impact on a patient's quality-of-life [6]. However, the 
widespread FD disease burden of the animal models might provide a 
challenge for pain behavioral testing. One should consider employing 
behavioral measures assessing whole body pain/well-being rather than 
reflexive measures and validate the findings with analgesics. Further-
more, extensive samples can be taken from these models in order to 
discern the mechanisms. Pre-clinical models may provide information 
about the disease and pain at various stages in order to elucidate al-
terations in the phenotype. 

4.5. Limitations and conclusion 

Articles were included or excluded based on whether the studies 
claimed to have developed an FD-like phenotype, rather than on an 
independent fact-based assessment of the generation of an FD-like 
phenotype. This demonstrates the complexity of classifying the dis-
ease: features on their own are not enough to identify the disease, but 
rather, numerous key features of FD in combination need to be present 
before it can be classified as such. Therefore, in addition to using an 
appropriate causative or mechanistic genetic strategy, tests at various 
levels, including clinical observation, imaging, histology, and serology 
must be done to assess a possible FD-like phenotype. Furthermore, the 
selected images and data presented in most studies are often insufficient 
to classify the disease, relying solely on the reports from the authors. The 

methodology and results reported in these studies led to an unclear risk 
of bias. This may affect the reproducibility of the work conducted in 
these studies, as there may be changes in conditions and environment if 
the study were to be conducted by an independent researcher. 

This paper excluded ex vivo and in vitro studies, which would aid in 
highlighting the broad spectrum of the models currently available and 
the information they yield. A full systematic study of these models and 
the models discussed in this article would be vast and each area may not 
be thoroughly explored if combined. A similar analysis of the various 
mechanistic models of FD and the implications of their results on clinical 
applications would be beneficial. 

In conclusion, there are numerous causative in vivo models that 
generate an FD phenotype. These models have various capabilities that 
can be used for different needs, depending on the subject under inves-
tigation. These models can be used for a wide variety of applications, 
including – but not limited to – investigating mechanisms that 
contribute to the FD phenotype, identifying therapeutic targets, under-
standing the mechanisms of action of current therapeutic agents, and 
testing new therapeutic agents for FD. Other models have also been 
created that do not represent an FD phenotype, but nevertheless inform 
the mechanisms involved in FD. FD/MAS is a rare genetic disorder that is 
associated with significant morbidity. The development of robust in vivo 
models of FD/MAS, such as those discussed here, will not only advance 
our understanding of bone biology in general, but also undoubtedly 
advance our understanding of the pathomechanism of FD and certainly 
contribute to progress in treating patients with FD so as to relieve their 
suffering. As DiGeorge remarked in 1975 on the topic of Albright Syn-
drome: “A rare disorder, yes; an unimportant one, never.” [83]. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2021.116270. 
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