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Fibrodysplasia Ossificans Progressiva (FOP) is a very rare genetic disease in which 

patients eventually become entrapped in a so called “second skeleton”, due to 

heterotopic bone formation. Removal of the extra formed bone is rarely performed 

since this often results in new and increased HO at the site of the removal resulting 

in the same limitations within a short period of time. Therefore, alternative sources 

of cells that can answer mechanistic aspects of FOP are required. Since FOP is char-

acterized by the formation of extra bone most research has been devoted to study 

the bone forming osteoblasts. Once the heterotopic bone is formed in FOP patients 

it bears the same characteristics as the bones of the normal skeleton. Normal bone 

formation is a process where bone formation by osteoblasts and bone degradation 

by osteoclasts are tightly coupled. Little is known however, on the potential role of 

the bone resorbing osteoclasts in FOP.

The above mentioned search for primary cells models that can be used in FOP re-

search and the lack of knowledge on the role of osteoclasts in FOP form the basis 

of this thesis. The use of FOP patient derived periodontal ligament fibroblasts as a 

primary cell model is explored and the formation of osteoclasts in FOP is investi-

gated. The work in this thesis is one of the first to extensively address these cells in 

the context of FOP.

- FIbrOdySPlaSIa OSSIFIcanS PrOGreSSIva

clinical aspects
The extremely rare disease Fibrodysplasia Ossificans Progressiva (FOP) is an auto-

somal dominant genetic disease with a prevalence of approximately 1 in 2 million 

people [1; 2; 3]. The disease is characterized by heterotopic ossification (HO) where 

especially muscles, tendons and ligaments are converted into bone [4; 5]. The first 

reports describing the disease dates back to 1692 where Guy Patin describes the 

first possible case of FOP and in 1740 John Freke describes his first patient in The 

Royal Society of London [6; 7; 8]. In the 1900’s the term “Myositis Ossificans Progres-

siva” is described as a diagnosis for HO of muscle. In 1970 the disease was renamed 

“Fibrodysplasia Ossificans Progressiva” to include the involvement of soft tissue in 

the pathology of the disease [9]. The heterotopic ossification appears after so-called 

“flare-ups” which can occur spontaneously but can also be triggered by other events 

such as muscle fatigue, injury, mandibular block anesthesia and any kind of inflam-

matory process [5].
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The first clinical sign of FOP, which is already present at birth, is a malformation 

of the great toe (congenital monophalangic hallux valgus) [10; 11; 12]. Although 

the progression is episodic depending on the appearance of flare-ups, the clinical 

manifestation of the disease is rather diverse. The average age at which the first 

signs of HO appear is at 6 years of age [13; 14]. The first manifestations of HO are 

often seen in the neck and upper back, but later in life HO formation occurs in the 

shoulders, hips, elbows, knees and in the maxillofacial region [14; 15]. The progres-

sion of HO limits patient mobility, especially when it occurs around a joint. Patients 

are often wheelchair bound by the age of 30 [16] and in most cases develop restricted 

pulmonary function due to ossification around the thorax [17; 18]. Another severely 

limiting problem is that patients often suffer from limitations of jaw movement and 

reduced maximum mouth opening because of HO formation in the maxillofacial 

region. This poses problems with talking, eating and even vomiting, but also with 

general oral hygiene [15; 19; 20].

Currently there is no effective treatment to prevent flare-ups or the development 

of HO. Prevention of disease progression is by treatment with nonsteroidal anti-

inflammatory drugs (NSAIDs) and with short-term treatment with glucocorticoids 

during flare-ups. Although this is not a proven effective therapy, it does help against 

the acute swelling and pain and some patients may benefit from it [4; 5; 21]. There 

is a consensus that surgical removal of HO cannot be performed as it usually results 

in new flare-ups and recurrence or even increased heterotopic ossifications in the 

area of surgical removal afterward. An exception may arise in life-threatening situ-

ations or in situations that cause severely reduced maximum mouth opening that 

sometimes warrant surgical removal of HO, for example in the maxillofacial region. 

Even though also these surgical interventions often cause HO afterwards [22], the 

improved Quality of Life (QOL) of the patients after removal of the heterotopic bone 

due to improved mouth opening outweighs the negative effects of the surgery.

The lack of effective treatment, the contraindication of surgical removal of hetero-

topic bone and the new insights in the molecular basis of the disease due to ongoing 

research in the field have led to the development of potential drugs that are being 

tested in several clinical trials in the past few years [23; 24]. While some of these 

compounds have shown promising results in slowing disease progression, uncer-

tainty about its efficacy or safety in this complex disease has not yet led to these 

drugs being on the market. Therefore further research is needed both to unravel 

the exact molecular mechanism by which the FOP mutation causes HO as well as to 

identify new potential drug candidates.
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Molecular background
Experiments performed in the early 1990’s using patient derived cells showed that 

there is altered signaling via Bone Morphogenetic Protein (BMP) receptors, even in 

the absence of BMPs [25; 26; 27]. The genome-wide linkage analysis and sequenc-

ing studies performed by Shore et al. in 2006 [28] demonstrated the causative 617 

G>A mutation in the ACVR1 gene encoding the activin receptor type I (ACVR1), 

also known as the activing-like kinase 2 (ALK2) receptor [1; 4; 29]. The ACVR1/ALK2 

receptor belongs to a group of transmembrane serine/threonine kinase receptors 

that bind members of the TGF-β family such as Bone Morphogenetic Proteins [30; 

31; 32]. These receptors can be classified into two subgroups, BMP type I recep-

tors, which are the signaling receptors that have a GS domain, and the BMP type II 

receptors that do not have a GS domain. The GS domain is a glycine- and serine-rich 

sequence that is located between the transmembrane and the kinase domains [33]. 

The different ligands of the TGF-β family use different combinations of the type 

I and type II receptors to mediate signaling. A heterotetrameric complex of two 

type I and two type II receptors is formed upon ligand binding. Subsequently the 

constitutively active kinase of the type II receptors phosphorylates the GS domain of 

the type I receptors thereby activating the downstream signaling pathways. Which 

signaling pathway is activated by the different ligand / receptor complexes is mainly 

dependent on which type I receptor is involved.

Bone Morphogenetic Proteins (BMP) are members of the TGF-β family that can in-

duce osteogenic differentiation of cells. These osteogenic BMPs bind to four forms 

of type I receptors ALK1, ALK2, ALK3 and ALK6 (Table 1). Non-osteogenic members 

of the TGF-β family, such as TGF-β itself and Activin-A, normally bind to the type 

I receptors ALK4, ALK5 and ALK7. Under normal circumstances ALK2 (also called 

ACVR1, see table 2) receptor dimers stimulate the SMAD1/5/9 pathway by forming 

a complex with a BMP type II-receptor dimer upon binding of different osteogenic 

BMPs [32]. When the GS-domain on the ACVR1 receptor is phosphorylated by the 

type II-receptor, the negative regulator FK binding protein 12 (FKBP12), that is 

normally bound to the ACVR1 receptor and inhibits its signaling, is released and 

the downstream signaling pathway is activated and osteogenic differentiation is 

induced. Activin-A on the other hand, normally activates ALK4 or ALK7 receptor di-

mers to stimulate phosphorylation of SMAD2 and SMAD3 [34] which induces various 

signaling pathways but has not been described to induce osteogenic differentiation 

(Tables 1 A, B).

The FOP causative mutation in the type I ACVR1 receptor results in the replacement 

of amino acid arginine by histidine (R206H) and is located in the highly conserved 
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glycine-serine rich domain (GS domain) of the receptor [32; 35]. The ACVR1-R206H 

mutation causes decreased binding of its natural inhibitor FKBP12 resulting in di-

minished inhibition and leaky receptor signaling in the absence of ligand [36; 37; 38]. 

In addition to the potentially decreased inhibition by FKBP12, the mutated receptor 

has been shown to have an altered BMP signaling and increased responsiveness to 

different BMPs [39; 40]. In 2015 two groups independently of each other showed that 

the mutation also results in an altered responsiveness of the receptor to Activin-A 

[41; 42]. This TGF-β family ligand is known to induce SMAD2/3 signaling mainly via 

type I ALK 4 receptors [43], and has been described to inhibit BMP signaling through 

the type I ACVR1/ALK2 receptors, probably by forming an ACVR1/Activin-A/Type 

II receptor non signaling complex (NSC) [44; 45]. However, in FOP patient-derived 

induced pluripotent stem cells [42] and in a mouse model of FOP [41], Activin-A was 

specifically shown to signal through the canonical BMP-pSMAD1/5/9 pathway, thus 

stimulating osteogenesis. This indicates that the mutation in ACVR1 can results in 

activation of the receptor via Activin-A, instead of an inhibition (Figure 1 C, D). In a 

mouse model for FOP, antibodies against Activin-A resulted in a complete inhibition 

of new HO development [41]. This and other findings resulted in the initiation of 

several clinical trials. At the time of writing this thesis 7 clinical trials are being 

conducted (https://www.ifopa.org/ongoing_clinical_trials_in_fop). These different 

compounds target several stages of the aberrant ALK2 signaling pathway seen in 

FOP [24]; The Phase 1 candidates IPN60130 (Ipsen), INCB000928 (Incyte) and DS-

Table 1a Type I bMP receptors and their ligands

Type I receptor alias ligand Signaling

ALK1 ACVRL1 BMP SMAD1/5/9

ALK2 ACVR1 BMP SMAD1/5/9

ALK3 BMPR1A BMP SMAD1/5/9

ALK4 ACVR1B Activin SMAD2/3

ALK5 TGFBR1 TGF SMAD2/3

ALK6 BMPR1B BMP SMAD1/5/9

ALK7 ACVR1C Nodal / Activin SMAD2/3

Table 1b Type II bMP receptors, their ligands and Type I receptors with which they form complexes

Type II receptor alias ligand Type I receptor

ACTRII ACVR2A Activin / BMP ALK1/2/3/4/6/7

ACTRIIB ACVR2B Activin / BMP ALK1/2/3/4/6/7

BMPRII Activin / BMP ALK3/6

TBRII TGF ALK5

AMHRII AMH ALK2/3/6
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6016a (Daiichi Sankyo) are ALK2 kinase inhibitors targeting the mutated receptor 

itself. The drug candidates in Phase 2 either target the signaling ligand Activin-A (Ga-

retosmab, Regeneron), signaling through the mutated ALK2 receptor (Saracatinib, 

Astrazeneca) or they block mTOR (Rapamycin, Kyoto University). The Phase 3 drug 

Palovarotene (Ipsen) inhibits SMAD1/5/9 expression.

acTIvIn-a

Activin-A is homodimeric protein that is formed as a dimer of two beta-subunits 

of inhibin A [46]. It was first described to play a role in the release of the Follicle 

Stimulating Hormone (FSH) [47; 48; 49], but is now known to be involved in various 

processes such as immune responses and wound healing [50; 51]. It also plays a 

role in inflammation and fibrosis and is highly expressed during inflammation [52]. 

Activin-A is one of the most abundant members of the TGF beta family found in 

bone [43; 53]. It has been described to play a role in bone metabolism, although its 

effect on the various bone cells shows contradictory results. A positive effect on 

the differentiation of the bone forming osteoblasts and an increase in bone healing 

and strength after administration in a fracture site has been reported [54; 55]. On 

the other hand, Activin-A has been described as an inhibitor of mineralization and 

Activin-A
Activin-A Activin-ABMP

Figure 1. The amino acid change (R206H) in the intracellular domain of ACVR1 (also called ALK2) makes 
the receptor activing- responsive. (A) Activin-A normally signals via Smad2/3 phosphorylation upon activation 
of the type I receptors ACVR1B or ACVR1C. These type I receptors can be activated by the type II receptors 
ACVR2A, ACVR2B or BMPR2. (B) When these same type II receptors form a complex with ACVR1 they recognize 
BMPs and phosphorylate Smad 1/5/8. (C) When Activin-A binds to the complex with ACVR1 it inhibits Smad 
1/5/8 phosphorylation. (D) When Activin-A binds to a receptor complex with the mutated (R206H) ACVR1 vari-
ant it stimulates SMAD 1/5/8 phosphorylation in a similar manner as when BMPs bind to this complex
Adapted from Hatsell et al, 2015, Science Translational Medicine
SMAD8 was recently renamed to SMAD9. From here on in this introduction we will use SMAD9 instead of 
SMAD8
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blocking of its type II receptor showed an increase in bone formation in normal and 

ovariectomized rats [43; 56]. For the bone resorbing osteoclasts similar contradic-

tory findings have been reported showing either enhanced osteoclast formation and 

activity under the influence of Activin-A [57; 58; 59] or a decreased formation due to 

decreased mobility of the osteoclast precursors and a decreased activity due to lower 

Cathepsin K expression [60]. More recently Activin-A has been described to promote 

the development of acquired HO, regardless of the R206H FOP mutation [61]. HO 

formation in general but also in FOP appears to be associated with inflammation 

[62]. Since Activin-A is upregulated during inflammation and because of its role 

in HO formation in general, this molecule has been the focus of attention of FOP 

research in recent years, ultimately resulting in LUMINA1, a human phase II study 

conducted by Regeneron using an Activin-A antibody [63; 64].

HeTerOTOPIc bOne FOrMaTIOn: wHIcH cellS are 
InvOlved?

Like the formation of most bones of the skeleton, the heterotopic bone formation in 

FOP is considered to be an endochondral process [6]. Normally, one of the first steps 

in this process is the chondrogenic differentiation of stem cells resulting in cartilage 

formation. This differentiation is, at least in mouse models of HO, dependent on a lo-

cal hypoxic environment [65]. This hypoxic micro-environment is created by (brown) 

adipocytes and is believed to induce chondrogenic differentiation of mesenchymal 

stem cells [66], although in FOP it is not exactly clear which cells undergo this osteo-

genic differentiation. The cartilage then begins to grow while the chondrocytes in 

the center of the cartilage enlarge and start to calcify the cartilagous matrix, which 

is broken down by osteoclasts at a later stage. Subsequently blood vessels start to 

grow, first at the edges of the cartilage but the vessels at a later stage also penetrate 

the cartilage and grow towards the center. These blood vessels (and the periosteum 

surrounding the cartilage) provide the fibroblasts that then undergo osteogenic dif-

ferentiation and become osteoblasts. These osteoblasts start to produce the first real 

bone called spongy bone, and the area in the center of the cartilage structure where 

this bone formation occurs is called the primary ossification center [67]. As the bone 

reaches an equilibrium, it will be resorbed by the bone degrading osteoclasts and 

build up again by the bone forming osteoblasts. This process is repeated and as such 

is called bone remodeling which is a tightly controlled process orchestrated by the 

communication between osteoblasts and osteoclasts [68; 69]. Imbalance between 

bone formation and bone resorption can lead to bone diseases, most of which are, 
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unlike FOP, due to higher osteoclastic activity such as osteoporosis, periodontitis, 

rheumatoid arthritis, multiple myeloma and metastatic cancers [70].

Since FOP is characterized by the formation of heterotopic bone, research in FOP 

has mainly been devoted to studies into the role and function of the bone forming 

osteoblasts in this disease. As mentioned above, bone remodeling is an orchestrated 

process where bone formation and bone resorption are coupled [71; 72; 73; 74]. The 

HO found in FOP patients is histologically undistinguishable from normal skeletal 

bone [6], suggesting that it is remodeled in the same way as the bone that forms the 

normal skeleton. In some cases of non-genetic HO (e.g., blast injury induced, myo-

sitis ossificans, traumatic induction of HO) the extra, misplaced bone is recognized 

as unwanted and is being resorbed [75; 76] [61; 77], which is not the case in FOP. 

This raises the question whether osteoclast formation induced by osteoblast-like 

cells that carry the ACVR1 mutation is altered, a topic that thus far has not yet been 

explored.

Osteoclasts are the only cells in our body that are capable of resorbing bone. Due 

to the above mentioned coupling with osteoblasts, they play a central role in the 

maintenance of the skeleton and regulation of its bone mass. Osteoclasts are mul-

tinucleated cells that arise through fusion of myeloid progenitor cells. This fusion 

is driven by the two key molecules Macrophage Colony Stimulation factor (M-CSF) 

and Receptor Activator of Nuclear Factor kappa-B ligand (RANKL) upon binding to 

their receptors, C-FMS and RANK respectively, in a process called osteoclastogenesis. 

Several genes have been described to play a role in different stages of this process. 

For instance M-CSF and PU.1 mainly act on the survival of osteoclast precursor cells, 

whereas genes like RANK, NFATc1, TRAF6, c-Src and cFOS mediate the ability of 

these precursor cells to undergo differentiation. Finally, in multinucleated osteo-

clasts, more osteoclast specific molecules such TRAcP, Cathepsin K, VATpase and 

alphaV Beta 3 integrin are characteristic for osteoclast maturation and activity [71; 

78; 79]. These mature osteoclasts are activated by different signals that initiate bone 

resorption. Upon binding of the osteoclast to the bone surface mediated by the αVβ3 

integrin the cell body is polarized, the actin cytoskeleton is rearranged and via the 

formation of tight junctions between the basal osteoclast membrane and the bone 

surface, a sealing zone is created and a sealed compartment is formed between the 

osteoclast and the bone surface. Hydrogen ions generated by the ATP6i complex [80] 

are transported to the sealing zone area by proton V-ATPase pumps located in the 

basal osteoclast membrane. This results in the acidification of the local environment 

in the external space that faces the bone, which leads to decalcification of the bone 
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matrix. After this decalcification the collagen rich bone matrix is further broken 

down by metalloproteinases and cysteine proteases such as Cathepsin K [81; 82; 83].

The signaling necessary for the recruitment of osteoclast precursors to the bone 

surface and subsequent fusion of these precursors is partly mediated by osteoblasts 

and osteocytes [84], for instance by expressing the key molecules M-CSF and RANK-L 

[68]. M-CSF is mainly involved in the proliferation and survival of osteoclast precur-

sors. RANK-L on the other hand is the primary osteoclast precursor differentiation 

factor and the major signaling route in osteoclastogenesis is via the so called RANKL/

RANK/OPG axis. RANKL is a TNF related surface protein that binds and activates the 

TNF receptor-related protein RANK that is expressed on the membrane of osteo-

clasts and osteoclast precursors. This interaction is thought to be balanced by OPG 

which acts as a soluble RANKL receptor to inhibit binding of RANKL to RANK and 

subsequent osteoclastogenesis, thereby providing a negative feedback mechanism 

to control osteoclast formation and activity. RANKL expression by osteoblasts can 

be induced by hormones and other factors that stimulate bone resorption [72; 85]. 

This resorptive activity by osteoclasts in turn releases growth factors like TGF-β and 

IGF-1 from the bone matrix that stimulate osteoblast differentiation and function 

[86; 87]. Also, factors produced by osteoclasts stimulate osteoblast differentiation 

and function [88; 89]. The osteoclast inductive signaling of osteoblasts is counterbal-

anced by expression of OPG. This molecule is produced by osteoblasts, partly in 

response to TGF-beta [90] and bone morphogenetic proteins (BMP) [91]. Next to this 

indirect effect of BMPs on osteoclast function these TGF superfamily members also 

have been described to have a direct effect on osteoclasts. BMP4 works together 

with M-CSF to upregulate the early transcription factor Pu.1. BMP2 is involved in 

expression regulation of the transcription factor NFATc1 and the fusion molecule 

DC-STAMP [92; 93] and has a synergistic effect on RANKL induced osteoclastogenesis 

[94; 95]. Broege et al. showed that BMP signaling is mediated via MAPK signaling 

in the early phase of osteoclastogenesis, whereas BMP induced SMAD signaling is 

essential for the fusion phase [96]. Blocking of BMP signaling by Noggin or TWSG1 

or blocking the BMPRIa receptor leads to decreased osteoclast differentiation and 

activation [97; 98; 99].

Taken together this implies that BMP signaling is somehow important in osteoclast 

differentiation, probably depending on the type of BMP. Even though it is well 

known that the tightly coupled action of both osteoblasts and osteoclasts is impor-

tant during endochondral bone formation, the role of the osteoclast has thus far not 

been studied extensively in FOP. Since, as mentioned above, BMP signaling seems 

to be important in osteoclast differentiation, and in FOP a BMP receptor is mutated 
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and functions differently it is important to study the effect of this mutation on this 

under studied cell type in FOP.

Osteoblasts are the bone forming cells in our body. They arise through differentia-

tion of mesenchymal stem cells (MSC) via a process called osteogenesis. MSCs can 

be isolated from different tissues such as bone marrow, adipose tissue and dental 

pulp, but the osteogenic capacity of the MSCs from bone marrow seems to be the 

highest [100]. Next to MSCs also other mesenchymal cells can be stimulated to 

osteogenic differentiation such as skin fibroblasts [101] and periodontal ligament 

fibroblasts [102]. The onset of this osteogenic differentiation is controlled by several 

pathways such as the Wnt, NELL-1, Hedgehog and BMP signaling pathways [103]. The 

bone morphogenetic proteins (BMPs) are considered to be the major regulators of 

osteogenic differentiation acting on different stages of the differentiation process 

depending on the BMP involved. Upon binding to their BMP receptors as described 

above, they initiate the phosphorylation of SMAD 1/5/9 which in turn results in the 

expression of the transcription factor RUNX2, the master regulator of osteogenic 

differentiation. Transcription of RUNX2 subsequently results in the expression of 

different osteoblast specific genes like collagen Type1A1, osteopontin, osterix, 

alkaline phosphatase and osteocalcin, ultimately resulting in bone formation [104].

As mentioned above, osteoblasts also recruit osteoclast precursors to sites of bone 

where resorption is needed and induce osteoclast differentiation by producing key 

molecules such as M-CSF, RANK-L, OPG and DC-STAMP [72]. Therefore osteoblast like 

cells are a valuable tool to study both bone formation as well as osteoblast induced 

osteoclast formation. Over the past decades, FOP research has been mainly focused 

on the role and function of osteoblasts and their mesenchymal precursors.

One of the main problems in FOP research is the fact that injury, including surgical 

injury, is one of the triggers for the heterotopic bone formation. This means that 

surgical removal of heterotopic bone formed in patients often results in new bone 

formation near that area [22]. As a consequence availability of primary human bone 

related cells from FOP patients is very limited and different research groups have 

been looking for other sources of bone related precursor cells of which the isolation 

does not result in new heterotopic bone formation. Osteoblasts arise from differen-

tiation of mesenchymal progenitor cells [103]. Different sources for mesenchymal 

precursor cells are being used in FOP research to generate and study osteoblasts. 

Dermal fibroblasts can be isolated from small skin biopsies and can be differenti-

ated to osteoblast like cells [101]. Human induced pluripotent stem cells (hiPSC) 

derived from urinary cells or dermal fibroblasts [105; 106; 107] have been used to 
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study chondrogenesis and osteogenesis. Tooth related cells are another source of 

osteoblast precursors. Dental pulp cells from exfoliated deciduous teeth (SHED cells) 

from FOP patients were shown to have a higher BMP signaling and osteogenic dif-

ferentiation compared to SHED cells from healthy individuals [35; 108]. Our group 

has been using periodontal ligament fibroblasts (PLF) as a primary cell model to 

study osteogenesis and osteoclastogenesis in periodontitis [109; 110]. These cells 

can be isolated from extracted teeth. In some FOP patients extraction of teeth is 

performed for pathologies (caries, periodontitis) or as preventive measures (third 

molar extractions). Alternatively, teeth are extracted as a preparation of surgery 

in the jaw area. After tooth extraction in FOP patients no HO occurs at the sites of 

extraction. Therefore we have used this primary cell model to study osteogenesis 

and osteoclastogenesis in FOP, the results of which are described in this thesis.

The periodontal ligament is a unique connective tissue that forms a soft tissue 

connection of the tooth to the surrounding alveolar bone. It is embedded between 

the cementum covering the tooth root and the alveolar bone. It mainly consists of 

fibroblasts and their extracellular matrix components, being collagen fibers, proteo-

glycans and glycoproteins such as fibronectin. The fibers are both oriented parallel 

along the root or alveolar bone surface, or they extend almost perpendicular from 

the cementum towards the alveolar bone. It is a crucial ligament that protects, 

supports and provides sensory input for the masticatory system. The major cell 

type found in the periodontal ligament are fibroblasts called periodontal ligament 

fibroblasts (PLF) which produce the molecules of the ligament [111; 112].

Periodontitis is a chronic inflammatory disease that begins with inflammation of 

the gums. When the inflammation spreads to the periodontal ligament it damages 

the ligament and ultimately causes increased resorption of the alveolar bone finally 

resulting in the loss of teeth [113; 114]. The moderate form is a highly prevalent 

disease believed to be present in 40 % of the adult population [115], while the severe 

form occurs in about 11 % of the population [116]. Our group has been using peri-

odontal ligament fibroblasts as a primary cell model to study periodontitis. These 

cells are relatively easy to obtain from extracted teeth as part of the remaining 

periodontal ligament stays attached to the root after extraction. PLF have a dual 

function in the periodontium. They can either differentiate into osteoblasts when 

bone formation is needed [102; 117] or they can stimulate osteoclast precursors to 

differentiate into osteoclasts when bone resorption is needed [110]. The clinical ex-

ample of the dual capacity of the PDL is its remodeling role when teeth are displaced 

during orthodontic therapy.
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As mentioned before, one of the serious problems FOP patients often experience 

is limited jaw movement and reduced maximum mouth opening because of HO 

formation in the maxillofacial region [20]. This leads to problems with eating and 

swallowing and compromises oral hygiene. Therefore teeth are sometimes extracted 

from FOP patients [22]. This can be because of a poor state of the teeth due to 

problems with the oral hygienic care caused by decreased mouth opening, or in 

preparation for surgical intervention to increase the mouth opening. Our group of 

the Department of Periodontology of ACTA was contacted to isolate the PLF from 

such extracted teeth from FOP patients. This gave us the opportunity to use these 

unique cells as a primary cell model to study osteogenesis and osteoclastogenesis 

in FOP.

aIMS and OuTlIne OF THIS THeSIS

The aim of the studies described in this thesis was to investigate osteoclast for-

mation in FOP and the influence of Activin-A on this process. FOP patient derived 

periodontal ligament fibroblasts were used to investigate their osteoclast inducing 

capacity and CD14+ monocytes isolated from FOP patient derived blood samples 

were used as osteoclast precursors.

First, in chapter 2 the existing literature on heterotopic ossification in the max-

illofacial region and the associated functional restrictions in jaw movement is 

reviewed. Following this clinical overview, various cell biological aspects of FOP are 

covered in chapters 3-7. In chapter 3 the use of tooth related periodontal ligament 

fibroblasts (PLF) as a primary cell model in FOP research is explored by studying 

their osteogenic and osteoclastogenic inducing potential. In chapter 4 the influence 

of Activin-A on early transcriptomic changes in both control and FOP PLFs is inves-

tigated using RNA sequencing. From here we change the focus towards osteoclasts 

formation. First of all the osteoclastogenic inducing properties of the PLFs under 

the influence of Activin-A is described in chapter 5. Subsequently, the direct effect 

of Activin-A on osteoclast formation from CD14 positive osteoclast precursor cells 

from FOP patients was investigated in chapter 6. RNA sequencing was used again in 

chapter 7, this time to explore the transcriptomic differences induced by Activin-A 

during osteoclast differentiation from CD14 positive control and FOP cells. Finally 

in chapter 8 the incorporation of one specific disease, FOP, in a course of Molecular 

Cell Biology was described. Incorporation of this disease aligned the course to what 

was relevant for research master human movement science students.
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abSTracT

Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disorder characterized 

by heterotopic ossification (HO) of the skeletal muscles, fascia, tendons and liga-

ments. Patients often experience limitations in jaw function due to HO formation in 

the maxillofacial region. However, no studies have yet analyzed the age of onset and 

location of HO and the type of restrictions it may yield in the maxillofacial region.

The aim of this study was to evaluate all existing literature on the site of onset of HO 

and associated functional restrictions of the jaw. To this end, a scoping review was 

performed focusing on limitations of jaw movement in FOP patients.

The literature search resulted in 725 articles, of which 30 articles were included for 

full study after applying the exclusion criteria. From these articles 94 FOP patients 

were evaluated for gender, age, presence and age at which HO started in the maxil-

lofacial region, location of HO, whether HO was caused spontaneous or traumatic 

and maximum mouth opening. Formation of HO is slightly more common in female 

patients compared to male patients, but the age of HO onset or the maximum 

mouth opening does not differ between genders. Trauma-induced HO occurred 

at a significantly younger age than spontaneous HO. Interestingly, a difference in 

maximum mouth opening was observed between the different ossified locations in 

the maxillofacial region, with ossification of the masseter muscle resulting in the 

smallest and ossification of the zygomatic arch resulting in the largest maximum 

mouth opening.

 This review revealed that the location of the maxillofacial region affected by HO 

determines the degree of limitations of the maximum mouth opening. This finding 

may be important for establishing clinical guidelines for the dental management of 

FOP patients.
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1. InTrOducTIOn

Fibrodysplasia ossificans progressiva (FOP) is a rare autosomal dominant disorder 

with a prevalence of 1 in 2 million people [1; 2]. It is characterized by congenital 

malformation of the great toes (bilateral hallux valgus) and by progressive hetero-

topic ossification (HO) of the skeletal muscles, fascia, tendons and ligaments [3; 4]. 

The disease is caused by a single nucleotide mutation in the bone morphogenetic 

protein (BMP) type I receptor ACVR1 gene, most frequently at nucleotide position 

617, causing an arginine to histidine substitution at amino acid position 206 (R206H) 

[5]. This mutation makes the receptor more sensitive to BMP signaling and simul-

taneously causes a decreased binding of the inhibitor FKBP12 to the receptor. This 

altered sensitivity of the receptor ultimately results in heterotopic bone formation 

that causes severe and irreversible movement impairments throughout the body. 

The formation of heterotopic bone is often preceded by flare-ups characterized by 

local and warm swellings accompanied by pain [6]. Progressive episodes of flare-ups, 

causing new HO formation, can lead to ankylosis of all major joints of the axial and 

appendicular skeleton, including the temporomandibular joints (TMJs) [7]. While 

the age at which the first signs of FOP are noticed varies greatly, the mean age at 

which the first flare-ups are noticed is believed to be around 6 years old [7; 8]. HO 

usually starts in the neck, thoracic region and back, but later in life other joints like 

shoulders, hips, elbows and knees are also affected, including the TMJ that allows 

jaw movement [3]. Heterotopic bone formation can occur spontaneously or can be 

induced by trauma, for example after intramuscular injections, or bigger trauma 

such as after (heterotopic) bone excision or after dental treatment. Although the 

TMJ is often not the first visible joint to be affected by FOP, approximately 70% of 

the FOP patients have developed limited jaw movements by an average age of 19 

years [9; 10].

The most common cause of HO in the masticatory muscles ultimately leading to 

TMJ deformities is trauma [11]. As mentioned earlier, different kinds of trauma 

can induce HO in FOP patients. When looking at the temporomandibular region, 

overstretching the jaw during dental treatment, mandibular anesthetic blocks, and 

surgical trauma associated with resection of heterotopic bone can all lead to severe 

episodes of new bone formation [4; 9; 11; 12]. In FOP the masticatory muscles, such 

as the masseter muscle and the pterygoid muscle, can be converted into heterotopic 

bone by a process called ossification. Also ankylosis can occur at bony locations 

in the TMJ. Both of these events can result in limitations in jaw movement and a 

decreased maximum mouth opening. The maximum (voluntary) mouth opening is 
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normally measured as the distance between the mesioincisal edge of the right upper 

and lower central incisor tooth.

The jaw movement and maximum mouth opening can gradually decrease to zero 

millimeters. This has serious consequences for eating, oral hygiene, dental treatment 

and may even cause emetophobia, or fear of vomiting, which has been reported to 

considerably reduce quality of life [9; 13; 14]. Possibly due to the low prevalence of 

the disease, comprehensive clinical dental guidelines are lacking.

Although several case report studies and some reviews describe the cause, location 

and impact limited jaw movement can have on individual FOP patients, there is no 

general overview on the etiology of limited jaw movement in FOP.

Therefore, we performed a scoping review to identify factors that are involved in 

limited jaw movement in FOP [15; 16]. The data obtained here were used to investi-

gate the relation between age and gender on the existence of HO in the maxillofacial 

region, the relation between the cause and specific location of HO and the effect 

on jaw movement and finally, since decrease in maximum mouth opening has a 

considerable effect on the QOL of FOP patients, whether the decrease in mouth 

opening can be attributed to a specific location of HO in the maxillofacial area.

2. MaTerIal and MeTHOdS

2.1 literature search
This study has been approved by the Ethics committee of ACTA (nr. 2021-Bouchank-

ouk). A structured methodological approach was followed by applying the PRISMA 

(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) principles, 

with the aim to reduce bias in the selection of the publications. Subsequently a 

scoping review as described by Peters et al. [16] was performed.

Embase, PubMed and Web of Science databases were used. All publications in 

English up to January 2021 were included. For the search strategy the following 

keywords were used:

#1 fibrodysplasia ossificans progressiva OR myositis ossificans

#2 jaw OR Jawbone OR mandibular OR maxillary OR masticatory OR temporoman-

dibular joint

#3 dentistry OR dental

#4 (#1 AND #2)
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#5 (#1 AND #3)

#6 (#1 AND #2 AND #3)

The initial selection of articles was taken from the sum of #4, #5 and #6

2.2 Screening and selection
Inclusion criteria were case studies clinical studies that included more than one pa-

tient demonstrating limited jaw movement in patients with fibrodysplasia ossificans 

progressive (FOP), and publications on dental treatment in FOP patients. Exclusion 

criteria were in vitro and animal studies and articles discussing other forms of HO, 

such as MOT (myositis ossificans traumatica) due to their different etiology.

Two independent reviewers screened all titles and abstracts of the publications 

found by the electronic search. The full text of the publication was read by both 

the reviewers when no similar decision by the two reviewers could be made on 

inclusion or exclusion or when the adequacy of the publication was questionable.

2.3 data extraction and analysis
The most common patient data such as gender, age, ankylosis/heterotopic ossifi-

cation, onset of HO, location of HO in the maxillofacial region, dental treatment, 

maximum mouth opening, surgery and FOP flare-up were extracted from the se-

lected studies and incorporated in Supplementary Table 1.

Independent samples t-tests were performed to compare the means of two variables. 

Chi-square tests were performed to discover coherence between two nominal vari-

ables. To determine the presence and the degree of correlation, a Pearson correlation 

test was performed. One-way ANOVA tests were carried out to compare distributions 

of multiple variables. Statistical analysis was performed with IBM SPSS statistics 

(version 27.0.1.0). P-values below 0.05 were considered statistically significant.

3. reSulTS

3.1 literature search
The search of all databases together resulted in 725 papers, of which 142 papers were 

duplicates. One additional paper was added after a manual search in the reference 

list of an unpublished guideline on medical management of FOP patients. Screen-

ing of titles and abstracts of the 584 identified papers were performed individually 

by the two reviewers (AD, SO), resulting in 539 publications that were excluded 
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because they did not meet the inclusion criteria. Of the remaining 46 papers, an ad-

ditional 16 were excluded either because there was no full text available or because, 

after reading the full texts, no relevant data could be extracted from the article. 

Ultimately, the search and selection resulted in the inclusion of 30 articles [9; 12; 

13; 14; 17; 18; 19; 20; 21; 22; 23; 24; 25; 26; 27; 28; 29; 30; 31; 32; 33; 34; 35; 36; 37; 

38; 39; 40; 41; 42] (Figure 1). These articles were published between 1982 and 2020. 

The included studies and associated data can be found in Supplementary Table 1.

3.2 Influence of gender on HO
The total number of patients with HO in the maxillofacial region retrieved from the 

30 case studies was 94. Exactly half of the patients were female. The average age was 

29.5 years (ranging from 2 to 75 years). The female patients were significantly older 

than male patients (Figure 2A). HO in the maxillofacial region was more frequent in 

female patients (Figure 2B).

Figure 1. Flowchart of the literature search strategy. records were included or excluded based on the 
beforehand defined criteria.
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Figure 2. relation between HO and gender.
Female patients in our cohort were significantly older than male patients, Fig. 2A (p<0.5, female n=47, male 
n=45). Female patients show statistically more HO in the maxillofacial area compared to male patients, Fig. 
2B (p<0.05, female n=47, male n=45). There is no difference between age of onset of HO (Fig. 2C, female n=34, 
male n=24) or between mouth opening (Fig. 2D, female n=23, male n=25) and gender. When both female and 
male patients are taken together there is a non-significant decrease in maximum mouth opening with increas-
ing age (Fig. 2E).
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The mean age at onset of HO in the maxillofacial region of the entire patient popula-

tion was 18.1 years (±7.9 years). Although the female patients were older than the 

male patients, no significant difference was found between the mean age of onset 

between the two groups (Figure 2C). The mean maximum mouth opening was not 

found to be different between female and male patients (Figure 2 D).

Since we found no significant differences in maximum mouth opening between 

the sexes, we pooled the two groups and assessed whether there was a correlation 

between age and maximum mouth opening. Figure 2 E shows an inverse relation 

between mouth opening and age, but this correlation was not significant.

3.3 Trauma-induced HO in the maxillofacial region occurs at an 
earlier age than spontaneous HO.
As discussed earlier, HO formation in FOP patients can be triggered by several 

causes. Clinically, the causes of HO are divided into spontaneous or trauma-induced. 

Spontaneously induced HO arises with no known recollection of trauma to the jaw. 

The trauma-induced group includes all kinds of traumas to the jaw, such as fall 

trauma, bone excision, intramuscular injections, dental treatment and surgeries 

that likely resulted in HO in the maxillofacial region. To investigate whether there is 

a relation between age of onset and the causes of HO, and whether the cause of HO 

predicts the maximum mouth opening, these parameters were tested on the pooled 

data. Patients with trauma-induced HO were more than 10 years younger with a 

mean age of 24.8 years than patients with spontaneous HO who had a mean age of 

35.6 years (Figure 3A). Also, as shown in Figure 3B, the mean age at which trauma 

induced HO occurred was significantly lower (13 years) than that of spontaneously 

occurring HO (20 years).

Despite the fact that trauma-induced HO occurs at a younger age compared to spon-

taneously occurring HO, the mean maximum mouth opening did not differ between 

the two groups (Figure 3C).
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Figure 3. age of spontaneous or trauma-induced HO
Trauma-induced HO occurs at a significantly lower age compared to spontaneously occurring HO, Fig. 3A 
(p<0.05, spontaneous n=47, trauma induced n=22). Also the mean age of onset is significantly lower in trauma-
induced HO, Fig. 3B (p<0.05, spontaneous n=41, trauma induced n=17). There is no difference in maximum 
mouth opening between the two causes of HO, Fig.3C (spontaneous n=27, trauma induced n=11).
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3.4 Sites of HO in the maxillofacial region
HO in the maxillofacial region may occur in some limited locations. Sites of anky-

losis and/or HO described in the 30 studies were the zygomatic arch (8.3%, n=2), 

the coronoid process (12.5%, n=3), from the zygomatic arch to the coronoid process 

(16.7%, n=4), the pterygoid muscle (33.3%, n=8, 7 of which describe ossification of 

the lateral pterygoid muscle), the masseter muscle (16.7%, n=4), the condyle head 

(4.2%, n=1) and from the mentum to the hyoid bone (8.3%, n=2) (Supplementary 

Table 1 and Figure 4). Due to the low number of cases per location no statistics could 

be performed on these data. They will be discussed as tendencies below.

We assessed whether there is a relation between the spontaneously or trauma-

induced onset HO and the different maxillofacial sites where HO has been described. 

Figure 5A shows that such a relationship does not exist, although this may be due to 

the limited information we have on this particular topic.

Figure 4. anatomic representation of maxillofacial structures and muscles that can be affected by HO 
in FOP patients
(A) 1) The coronoid process (front side of the rami) can ossify with the zygomatic arch. 2) The coronoid process 
and zygomatic arch can ossify individually. 3) The condyle process (back side of the rami) can ossify individu-
ally (lateral view) (B) The masseter (lateral view). (C) The lateral and medial pterygoid (lateral view). (D) The lat-
eral and medial pterygoid (posterior view). (E) The suprahyoid muscles (digastric, geniohyoid and mylohyoid) 
can ossify with the hyoid bone (lateral view). (F) The suprahyoid muscles (digastric, geniohyoid and mylohyoid) 
can ossify with the hyoid bone (inferior view). Picture courtesy of Jan Harm Koolstra, ACTA, The Netherlands
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We next assessed the possible relation between the age and onset of HO and the 

different sites affected by HO. Figure 5B shows that the pterygoid muscles and the 

zygomatic arch are affected at a relatively younger age, with a mean age of 8.3 and 9 

years, respectively. The masseter muscle was affected at a mean onset of 13.5 years, 

Figure 5. relation between HO and location
There does not seem to be a correlation between the cause of HO or the age of onset of HO and its location, Fig. 
5A, B. The different possible locations of HO seem to differ in their effect on maximal mouth opening, with HO 
in the masseter muscle resulting in the smallest, and HO between the zygomatic arch and the coronoid process 
resulting in the largest maximum mouth opening, Fig. 5C
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while HO from the zygomatic arch to the coronoid process occurred at a mean onset 

of 17.5 years. The latest affected areas are the condylar head and from the mentum 

to the hyoid bone with mean onset of, respectively, 20 and 38 years.

Investigating the relationship between the maximum mouth opening and the loca-

tion of HO, it was found that HO at the masseter muscle corresponded to the small-

est maximum mouth opening, with a mean opening of 2.3 mm. The second smallest 

maximum mouth opening was found in patients with HO at the coronoid process, 

with a mean opening of 4.3 mm. Third smallest maximum mouth opening could be 

found in patients with HO at the level of the (lateral) pterygoid muscle, with a mean 

5.3 mm. Patients with HO from the mentum to the hyoid bone showed a slightly 

larger mean of maximum mouth opening of 9 mm. HO at the zygomatic arch and at 

the zygomatic arch to the coronoid process showed the largest mean of maximum 

mouth opening in patients with means of 14 mm and 19.5 mm, respectively (Figure 

5C). These data show that the resulting maximum mouth opening after HO may 

depend on the originally affected location.

4. dIScuSSIOn

In this study we reviewed 30 articles containing data on a total of 94 patients with 

limitations in their jaw movement. We focused especially on HO formation in the 

maxillofacial region, as this often leads to this limited jaw movement and can result 

in reduced maximum mouth opening.

The etiology of limited jaw movement in FOP has not been studied extensively 

before. Here, we aimed to study possible relationships between mouth opening 

and HO in the maxillofacial region with age and gender, the cause of HO and the 

anatomical location where HO arose.

Female and male patients were equally represented in the patient population, which 

is in accordance with previous studies identifying FOP as an autosomal disease where 

both genders are affected equally [4; 7]. The female patients were significantly older 

than the male patients in this study. They were also more frequently affected by HO 

in the maxillofacial region, which could be due to the relatively higher mean age 

of this group. There is a tendency towards an inverse correlation between age and 

maximum mouth opening, which is to be expected given the progressive nature of 

FOP [3; 7]. We observed a significant difference in the age at which HO was present 

in the maxillofacial region between the patients with HO that occurred spontane-
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ously and the patients with trauma-induced HO. Trauma-induced HO occurred at a 

significantly younger age than spontaneous HO. This could be due to more frequent 

dental interventions because (FOP) children tend to visit the dentist more frequent 

compared to older patients. In addition, dento-alveolar traumas are often caused by 

playing and falling. There may also be a relationship with orthodontic treatments 

which are occasionally performed in FOP patients and could possibly cause trauma 

that could lead to HO. Although, according to the current medical management 

of the international clinical council on FOP, orthodontic treatment can be safely 

performed, insight in the relation between the applied forces and tooth movement 

is lacking. Quite possibly such forces on muscles and ligaments finally could in-

duce HO in that area. The reviewed articles in this study did not provide enough 

information on what type of trauma actually induced the HO to draw any further 

conclusions on this.

Interestingly, differences were found between the maximum mouth opening and 

the different locations affected by HO. HO located at the coronoid process (figure 

4A) and at the masseter (Figure 4B) and pterygoid muscles (Figure 4C and Figure 4D) 

corresponded with the smallest maximum mouth opening. A possible explanation 

could be that the masseter muscle mainly functions as a powerful elevator of the 

mandible. Ossification of this muscle could lead to decreased mouth opening. There 

are two types of pterygoid muscles, the medial and the lateral. The medial pterygoid 

muscle mainly functions as an elevator of the mandible, albeit not as powerful as 

the masseter muscle. In all but one of the report cases used in this review, ossifi-

cation of the lateral pterygoid is described. In the report were ossification of the 

medial pterygoid is described this ossification is compared to two other cases where 

a bony bridge is described between the mentum of the mandible and the hyoid bone 

formed by ossification of the suprahyoid muscles that act as mandibular depres-

sors [22]. This bony bridge resulted in a much smaller maximum mouth opening 

compared to the HO in the medial pterygoid. Therefore, Okuna et al. suggested that 

the effect on maximum mouth opening could be bigger when depressors of the 

mandible are affected compared to affected elevators. Our data, however, suggest 

otherwise since ossification of the masseter, a powerful elevator, seems to result in 

the smallest maximum mouth opening compared to other locations.

The lateral pterygoid muscle on the other hand has an opposite role and mainly 

functions as a depressor of the mandible. As mentioned, in all but one of the articles 

included in this review where the pterygoid muscles were involved, HO was located 

in the lateral pterygoid. In the majority of these cases ossification of the lateral 

pterygoid results in a bony connection between the lateral pterygoid plate and 
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the mandibular ramus. Also, the deep part of the masseter muscle and the lateral 

pterygoid muscle both have fibers that connect to the articular disc of the TMJ and 

both muscles are responsible for protrusion of the jaw [43]. Since protrusion and 

rotation of the condyle head of the TMJ is required for opening the jaw, HO at these 

sites could lead to greater limitations of jaw movement and thus has a big impact on 

the final maximum mouth opening. Another disease characterized by HO is Myositis 

Ossificans Traumatica (MOT). Also in MOT limitations of jaw movement and reduced 

maximum mouth opening have been reported because of HO in the maxillofacial 

region, again involving the masseter and/or the pterygoid muscles in most cases [44]. 

Taken together, this implies that ossification of the muscles that elevate or repress 

the mandible can both result in reduced mouth opening.

A limitation of this study is the low prevalence of FOP and the resulting limited 

number of articles on FOP and jaw related functional restrictions. Not all parameters 

of the patients were given and discussed in the available studies. In addition, the 

way in which maximum mouth opening was measured was not discussed in all case 

studies, possibly resulting in clinical heterogeneity on these data.

Malnutrition and starvation without external supplements can occur with a reduced 

maximum mouth opening. The average maximum mouth opening in the normal 

population is 45 mm (female) and 50 mm (male). When the maximum mouth open-

ing drops below 20 mm, as is the case in many FOP patients, it poses problems with 

oral hygiene, leaving FOP patients prone to dental caries and other dental problems 

while dental treatment is difficult due to limited access to the mouth [4; 22]. In addi-

tion, dental treatments which require a mandibular block anesthesia and stretching 

of the jaw can cause or exacerbate heterotopic ossification. [9; 11; 12]. This review 

suggests that trauma, especially in the masseter muscle and the pterygoid muscles, 

should be avoided since HO at these sites results in the smallest maximum mouth 

opening and thus has the biggest impact on FOP patients. A mandibular block 

anesthesia in FOP patients is contraindicated, as it can lead to ossification of the 

pterygoid muscles which can cause ankylosis of the TMJ [11; 12]. Furthermore, it is 

advised to avoid forced pressure on the jaw during medical or dental treatment as 

this can lead to HO in the maxillofacial region and to severely reduced maximum 

mouth opening.



45

Limitations of jaw movements in FOP

2

Supplementary Table 1. data obtained from the 94 described patients.

author Sex age
(years)

HO
maxillofacial

Onset HO
 maxillofacial

(years)

location HO Spontaneous
(S) or

trauma (T)

Renton et al. 1982 M 7 N - - -

M 4 N - - -

Connor et al. 1982 F 25 Y 21 - S

F 28 Y 25 - S

F 60 Y 15 - S

F 58 Y 20 - S

M 31 Y 12 - T

M 10 Y 10 - S

M 20 Y 12 - S

M 27 Y 24 - S

F 29 Y 18 - S

F 33 Y 24 - S

F 30 Y 15 - S

M 30 Y 26 - T

M 28 Y 11 - T

F 34 Y 14 - T

F 33 Y 25 - S

M 20 Y 8 - T

M 31 Y 7 - S

F 70 Y 21 - S

M 51 Y 25 - S

F 24 Y 5 - S

F 26 Y 20 - T

F 34 Y 26 - S

F 40 Y 23 - S

Crofford et al. 1990 M - Y 21 Coronoid
process to

zygomatic arch

S

M - Y 15.5 M.pterygoid S

Luchetti et al. 1996 F 22 Y 9 - T

M 35 Y 18 - S

F 36 Y 24 - S

F 33 Y 13 - S

F 44 Y 10 - T

F 56 Y 24 - S

F 46 Y 23 - S

F 35 Y 24 - S
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Supplementary Table 1. data obtained from the 94 described patients. (continued)

author Sex age
(years)

HO
maxillofacial

Onset HO
 maxillofacial

(years)

location HO Spontaneous
(S) or

trauma (T)

M 15 N - - -

M 41 Y 12 - S

M 45 Y 32 - S

F 54 Y 31 - S

M 41 Y 15 - S

M 33 Y 33 - S

F 32 Y 26 - S

F 22 Y 19 - S

M 25 Y 25 - S

F 36 Y 20 - T

F 14 Y 7 - T

F 42 Y 26 - T

F 40 Y 15 - S

M 9 N - - -

M 34 Y 25 - S

M 7 N - - -

M 22 N - - -

M 20 N - - -

M 20 N - - -

M 12 Y 9 - S

M 24 Y 18 - S

F 11 Y 7 - S

F 20 N - - -

F 21 N - - -

F 69 Y 26 - S

Chichareon et al. 1999 M 3 - - - -

Herford et al. 2003 M 24 Y 14 Coronoid 
process to 

zygomatic arch

S

Sendur et al. 2006 F 20 Y - - S

Vashisht et al. 2006 F 12 Y 5 M.masseter T

Van der Meij et al. 2006 F 9 Y 9 Zygomatic arch T

Young et al. 2007 F 24 Y 22 M.masseter S

Wadenya et al. 2010 M 20 Y 20 Condyle 
process

T

Duan et al. 2010 M 17 Y - M.pterygoid -

Carvalho et al. 2010 M 13 Y - M.pterygoid -

Carvalho et al. 2011 M 13 Y 7 M.pterygoid T
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Supplementary Table 1. data obtained from the 94 described patients. (continued)

author Sex age
(years)

HO
maxillofacial

Onset HO
 maxillofacial

(years)

location HO Spontaneous
(S) or

trauma (T)

  F 21 Y 10 M.pterygoid T

  M 22 Y 8 M.pterygoid T

Mori et al. 2011 M 18 Y - Coronoid 
process

-

Roberts et al. 2011 F 43 Y - M.masseter S

  M 43 Y - - S

  F 6 N - - -

  F 75 Y - - S

  F 2 - - - T

Braga et al. 2011 F 23 Y - - S

Susami et al. 2012 M 8 Y - Coronoid 
process

-

Orhan et al. 2012 F 20 Y - Coronoid 
process to 

zygomatic arch

S

Mortazavi et al. 2012 M 28 Y - - -

Kriegbaum et al. 2013 M 26 Y - Zygomatic arch -

Haupt et al. 2016 M 22 Y - M.masseter -

Okuno et al. 2017 F 29 Y - Mentum to 
hyoid bone

-

  M 39 Y 38 Mentum to 
hyoid bone

S

  F 62 N - M.pterygoid -

Eekhoff et al. 2018 F 9 Y - Coronoid 
process to 

zygomatic arch

T

El Azem et al. 2018 M 55 N - - -

Geddis Regan et al. 2018 M 45 - - - T

Rajanikanth et al. 2018 M 32 Y - M.pterygoid T

Dutra et al. 2019 F 32 N - - T

Deguchi et al. 2020 M 51 Y - - -

Leavitt et al. 2009 M 50 Y - Coronoid 
process

-



48

Chapter 2

reFerenceS

 [1] R.J. Pignolo, E.C. Hsiao, G. Baujat, D. Lapidus, A. Sherman, and F.S. Kaplan, Prevalence 

of fibrodysplasia ossificans progressiva (FOP) in the United States: estimate from three 

treatment centers and a patient organization. Orphanet journal of rare diseases 16 

(2021) 350.

 [2] G. Baujat, R. Choquet, S. Bouée, V. Jeanbat, L. Courouve, A. Ruel, C. Michot, K.H. Le Quan 

Sang, D. Lapidus, C. Messiaen, P. Landais, and V. Cormier-Daire, Prevalence of fibrodys-

plasia ossificans progressiva (FOP) in France: an estimate based on a record linkage of 

two national databases. Orphanet journal of rare diseases 12 (2017) 123.

 [3] R.J. Pignolo, B.P. Durbin-Johnson, D.M. Rocke, and F.S. Kaplan, Joint-specific risk of im-

paired function in fibrodysplasia ossificans progressiva (FOP). Bone 109 (2018) 124-133.

 [4] D.M. Rocke, M. Zasloff, J. Peeper, R.B. Cohen, and F.S. Kaplan, Age- and joint-specific risk 

of initial heterotopic ossification in patients who have fibrodysplasia ossificans progres-

siva. Clin Orthop Relat Res (1994) 243-8.

 [5] E.M. Shore, M. Xu, G.J. Feldman, D.A. Fenstermacher, T.J. Cho, I.H. Choi, J.M. Connor, 

P. Delai, D.L. Glaser, M. LeMerrer, R. Morhart, J.G. Rogers, R. Smith, J.T. Triffitt, J.A. 

Urtizberea, M. Zasloff, M.A. Brown, and F.S. Kaplan, A recurrent mutation in the BMP 

type I receptor ACVR1 causes inherited and sporadic fibrodysplasia ossificans progres-

siva. Nature genetics 38 (2006) 525-7.

 [6] R.J. Pignolo, E.M. Shore, and F.S. Kaplan, Fibrodysplasia ossificans progressiva: clinical 

and genetic aspects. Orphanet journal of rare diseases 6 (2011) 80.

 [7] R.J. Pignolo, C. Bedford-Gay, M. Liljesthröm, B.P. Durbin-Johnson, E.M. Shore, D.M. 

Rocke, and F.S. Kaplan, The Natural History of Flare-Ups in Fibrodysplasia Ossificans 

Progressiva (FOP): A Comprehensive Global Assessment. Journal of bone and mineral 

research : the official journal of the American Society for Bone and Mineral Research 31 

(2016) 650-6.

 [8] J.G. Rogers, and W.B. Geho, Fibrodysplasia ossificans progressiva. A survey of forty-two 

cases. The Journal of bone and joint surgery. American volume 61 (1979) 909-14.

 [9] E.M.W. Eekhoff, J.C. Netelenbos, P. de Graaf, M. Hoebink, N. Bravenboer, D. Micha, G. 

Pals, T.J. de Vries, A.A. Lammertsma, P.G. Raijmakers, and R.J. van Es, Flare-Up After 

Maxillofacial Surgery in a Patient With Fibrodysplasia Ossificans Progressiva: An [(18)

F]-NaF PET/CT Study and a Systematic Review. JBMR Plus 2 (2018) 55-58.

 [10] J.M. Connor, and D.A. Evans, Fibrodysplasia ossificans progressiva. The clinical features 

and natural history of 34 patients. J Bone Joint Surg Br 64 (1982) 76-83.

 [11] B.L. Nussbaum, Z. Grunwald, and F.S. Kaplan, Oral and dental health care and anesthesia 

for persons with fibrodysplasia ossificans progressiva.

 [12] W. Luchetti, R.B. Cohen, G.V. Hahn, D.M. Rocke, M. Helpin, M. Zasloff, and F.S. Kaplan, 

Severe restriction in jaw movement after routine injection of local anesthetic in pa-

tients who have fibrodysplasia ossificans progressiva. Oral Surg Oral Med Oral Pathol 

Oral Radiol Endod 81 (1996) 21-5.

 [13] E.H. van der Meij, A.G. Becking, and I. van der Waal, Fibrodysplasia ossificans progres-

siva. An unusual cause of restricted mandibular movement. Oral Dis 12 (2006) 204-7.

 [14] A.S. Herford, and P.J. Boyne, Ankylosis of the jaw in a patient with fibrodysplasia os-

sificans progressiva. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 96 (2003) 680-4.



49

Limitations of jaw movements in FOP

2

 [15] Z. Munn, M.D.J. Peters, C. Stern, C. Tufanaru, A. McArthur, and E. Aromataris, Systematic 

review or scoping review? Guidance for authors when choosing between a systematic or 

scoping review approach. BMC Med Res Methodol 18 (2018) 143.

 [16] M.D. Peters, C.M. Godfrey, H. Khalil, P. McInerney, D. Parker, and C.B. Soares, Guidance 

for conducting systematic scoping reviews. Int J Evid Based Healthc 13 (2015) 141-6.

 [17] Y. Deguchi, H. Seki, H. Tamaki, and T. Ouchi, Successful Airway and Anesthesia Manage-

ment Using a High-Flow Nasal Cannula in a Fibrodysplasia Ossificans Progressiva Patient 

During General Anesthesia: A Case Report. A A Pract 14 (2020) 75-78.

 [18] T.T.B. Dutra, T.M.M. Bezerra, F.N. Chaves, S.G. Feitosa, F.W.G. Costa, and K.M.A. Pereira, 

Progressive ossificans fibrodysplasia endodontic management: Case report. Spec Care 

Dentist 39 (2019) 543-547.

 [19] B.R. Rajanikanth, K. Prasad, K. Vineeth, S.M.N. Sonale, and K. Al-Kubra, Unresolving 

trismus following third molar surgery: Report of a case of fibrodysplasia ossificans 

progressiva with review of literature. Cranio 36 (2018) 341-349.

 [20] A. Geddis-Regan, Severe trismus and contraindicated exodontia in a patient with fibro-

dysplasia ossificans progressiva: case report. Br J Oral Maxillofac Surg 56 (2018) 427-429.

 [21] A. El Azem, D. Basi, and K. Mizen.

 [22] T. Okuno, H. Suzuki, A. Inoue, and J. Kusukawa, Restricted Mandibular Movement 

Attributed to Ossification of Mandibular Depressors and Medial Pterygoid Muscles in 

Patients With Fibrodysplasia Ossificans Progressiva: A Report of 3 Cases. J Oral Maxil-

lofac Surg 75 (2017) 1891-1898.

 [23] D. Haupt, and M. Miloro.

 [24] H. Mortazavi, M. Eshghpour, M. Niknami, and M. Saeedi, Stone man: a case report. Iran 

J Radiol 10 (2012) 37-40.

 [25] K. Orhan, L.O. Uyanik, E. Erkmen, and Y. Kilinc, Unusually severe limitation of the 

jaw attributable to fibrodysplasia ossificans progressiva: a case report with cone-beam 

computed tomography findings. Oral Surg Oral Med Oral Pathol Oral Radiol 113 (2012) 

404-9.

 [26] T. Susami, Y. Mori, K. Tamura, K. Ohkubo, K. Nagahama, N. Takahashi, N. Uchino, K. 

Uwatoko, N. Haga, and T. Takato, Facial morphology and occlusion of a patient with 

fibrodysplasia ossificans progressiva (FOP): a case report. Spec Care Dentist 32 (2012) 

165-70.

 [27] J.M. Braga, M.F. Silva, L.C. Silva, P.I. Seraidarian, and A. Cruz Rde, Improvement of 

mouth opening for a patient with fibrodysplasia ossificans progressiva: a case report. 

Spec Care Dentist 31 (2011) 220-5.

 [28] T. Roberts, L. Stephen, C. Scott, M. Urban, S. Sudi, and P. Beighton, Fibrodysplasia os-

sificans progressiva (FOP) in South Africa: dental implications in 5 cases. Oral Surg Oral 

Med Oral Pathol Oral Radiol Endod 112 (2011) 11-8.

 [29] Y. Mori, T. Susami, N. Haga, K. Tamura, Y. Kanno, H. Saijo, and T. Takato, Extraction of 6 

molars under general anesthesia in patient with fibrodysplasia ossificans progressiva. J 

Oral Maxillofac Surg 69 (2011) 1905-10.

 [30] D.R. Carvalho, L. Farage, B.J. Martins, and C.E. Speck-Martins, Craniofacial findings in 

fibrodysplasia ossificans progressiva: computerized tomography evaluation. Oral Surg 

Oral Med Oral Pathol Oral Radiol Endod 111 (2011) 499-502.

 [31] D.R. Carvalho, G.C. Pinnola, D.R.A. Ferreira, P.S.S. Beraldo, C.V.C. Coelho, L. Farage, 

R.I. Takata, and C.E. Speck-Martins, Mandibular hypoplasia in fibrodysplasia ossificans 



50

Chapter 2

progressiva causing obstructive sleep apnoea with pulmonary hypertension. Clin Dys-

morphol 19 (2010) 69-72.

 [32] Y. Duan, H. Zhang, and R. Bu, Intraoral approach technique for treating trismus caused 

by fibrodysplasia ossificans progressiva. J Oral Maxillofac Surg 68 (2010) 1408-10.

 [33] R. Wadenya, M. Fulcher, T. Grunwald, B. Nussbaum, and Z. Grunwald, A description of 

two surgical and anesthetic management techniques used for a patient with fibrodys-

plasia ossificans progressiva. Spec Care Dentist 30 (2010) 106-9.

 [34] R. Vashisht, and D. Prosser, Anesthesia in a child with fibrodysplasia ossificans progres-

siva. Paediatr Anaesth 16 (2006) 684-8.

 [35] O.F. Sendur, and G. Gurer, Severe limitation in jaw movement in a patient with fibrodys-

plasia ossificans progressiva: a case report. Oral Surg Oral Med Oral Pathol Oral Radiol 

Endod 102 (2006) 312-7.

 [36] V. Chichareon, P. Arpornmaeklong, and N. Donsakul, Fibrodysplasia ossificans progres-

siva and associated osteochondroma of the coronoid process in a child. Plast Reconstr 

Surg 103 (1999) 1238-43.

 [37] L.J. Crofford, J.S. Brahim, M.A. Zasloff, and J.C. Marini, Failure of surgery and isotreti-

noin to relieve jaw immobilization in fibrodysplasia ossificans progressiva: report of 

two cases. J Oral Maxillofac Surg 48 (1990) 204-8.

 [38] J.M. Connor, and D.A. Evans, Extra-articular ankylosis in fibrodysplasia ossificans pro-

gressiva. Br J Oral Surg 20 (1982) 117-21.

 [39] P. Renton, S.F. Parkin, and T.C. Stamp, Abnormal temporomandibular joints in fibrodys-

plasia ossificans progressiva. Br J Oral Surg 20 (1982) 31-8.

 [40] J.M. Young, R.J. Diecidue, and B.L. Nussbaum, Oral management in a patient with fibro-

dysplasia ossificans progressiva. Spec Care Dentist 27 (2007) 101-4.

 [41] B.D. Leavitt, T.J. Teeples, and C.F. Viozzi, Submandibular space swelling in a patient with 

fibrodysplasia ossificans progressiva: a diagnostic dilemma. J Oral Maxillofac Surg 67 

(2009) 668-73.

 [42] R.K. Kriegbaum, and S. Hillerup, Fibrodysplasia ossificans progressiva (FOP): report of a 

case with extra-articular ankylosis of the mandible. J Craniomaxillofac Surg 41 (2013) 

856-60.

 [43] K. Matsunaga, A. Usui, K. Yamaguchi, and K. Akita, An anatomical study of the muscles 

that attach to the articular disc of the temporomandibular joint. Clin Anat 22 (2009) 

932-40.

 [44] D.D. Kim, S.K. Lazow, G. Har-El, and J.R. Berger, Myositis ossificans traumatica of masti-

catory musculature: A case report and literature review. J Oral Maxillofac Surg 60 (2002) 

1072-6.







Chapter 3

Periodontal ligament fibroblasts as a 
cell model to study osteogenesis and 
osteoclastogenesis in fibrodysplasia 

ossificans progressiva

Teun J. de Vries

Ton Schoenmaker

Dimitra Micha

Jolanda Hogervorst

Siham Bouskla

Tim Forouzanfar

Gerard Pals

Coen Netelenbos

E. Marelise W. Eekhoff

Nathalie Bravenboer

Bone 2018, 109, 168 - 177;



54

Chapter 3

abSTracT

Fibrodysplasia Ossificans Progressiva (FOP) is a progressive disease characterized by 

periods of heterotopic ossification of soft connective tissues, including ligaments. 

Though progress has been made in recent years in unraveling the underlying 

mechanism, patient-derived cell models are necessary to test potential treatment 

options. Periodontal ligament fibroblasts (PLF) from extracted teeth can be used to 

study deviant bone modelling processes in vitro since these cells are derived from 

genuine ligaments. They further provide a tool to study the hitherto unknown role 

of the bone morphogenesis protein receptor type 1 (BMPR-1) Activin A type 1 recep-

tor ACVR1-R206H mutation in osteoclastogenesis. To further validate this potential 

model, osteogenesis and osteoclastogenesis was studied in the presence of TGF-β/

activin receptor inhibitor GW788388.

Control and FOP fibroblasts (n=6 of each) were used in osteogenesis and osteo-

clastogenesis assays in the absence or presence of TGF-β/activin receptor inhibitor 

GW788388. For osteogenesis, alkaline phosphatase (ALP) activity, alizarin red stain-

ing for mineralization and qPCR for expression of osteogenic markers was assessed. 

TRACP staining, multinuclearity and expression of osteoclastogenesis markers were 

used as a measure of osteoclast formation.

FOP fibroblasts cultured in osteogenic medium displayed a trend of higher ALP activ-

ity at 7 days. Gene expression of ALP from FOP fibroblasts was significantly higher 

at 3 days. Mineralization was similar at 21 days for both groups. GW788388 did not 

influence mineral deposition in both groups. Osteoclast formation was inhibited by 

GW788388 on plastic for both controls and FOP. On cortical bone slices, however, 

osteoclast formation was significantly lowered by GW788388, only in FOP cultures. 

qPCR revealed strong expression of RANKL at 7 days and a significant decline at 14 

and 21 days in both FOP and control cultures. In contrast to the osteoclastogenesis 

results, the RANKL/OPG ratio was higher in the presence of GW788388, only in FOP 

cultures. TGF-β expression was significantly higher at 14 and 21 days compared to 

7 days, possibly signifying a role in later stages of osteoclast formation. Addition of 

GW788388 strongly decreased TGF-β expression.

Our study shows that periodontal ligament fibroblasts from FOP patients displayed 

at most slightly enhanced in vitro osteogenesis and osteoclastogenesis. This model 

could be useful to elucidate molecular mechanisms leading to heterotopic ossifica-

tion in FOP such as in the presence of specific ACVR1-R206H activators as Activin A.
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1. InTrOducTIOn

1.1 Fibrodysplasia ossificans progressiva (FOP) is an extremely rare disorder where 

ligaments, tendons and skeletal muscles turn into bone, leading to a life with gradu-

ally increasing movement restraints and premature death [1, 2]. In recent years, the 

causative mutation in the BMP-type I receptor ACVR1 or ALK2 has been identified 

for this heterotopic bone formation disease ([3]. This spontaneously arising auto-

somal dominant mutation is present in approximately one in two million people, 

worldwide. The most common mutation is an arginine to histidine substitution at 

position 206 (R206H) of the protein, in the glycine serine (GS)-domain of ACVR1 [4]. 

Activation of ACVR1 by BMPs results in phosphorylation of Smad 1/5/8, which can 

be halted by binding of inhibitor FK binding protein 12 (FKBP12). The ACVR1-R206H 

mutation prevents binding of FKBP12, resulting in a leakage of transforming growth 

factor-β/activin superfamily signaling [5].

1.2 The recent breakthrough that ACVR1-R206H is specifically activated by the 

ligand Activin A [6, 7] and that antibodies against Activin A prevent heterotopic 

ossification in an FOP mouse model [7] necessitate proof of concept experiments 

with FOP patient-derived cells. However, cell biological based research with FOP 

patient material has turned out to be difficult, since retrieval of patient-derived ma-

terial bears the risk of new heterotopic ossification. Use of patient-derived induced 

pluripotent stem cells (iPS) cells with [6] or without [8] the rescued FOP mutation, 

guarantee that the FOP mutation is studied in combination with the most appro-

priate control: the rescued FOP iPS cell. This approach identified Activin A as the 

specific activator of ACVR1-R206H [6]. However, in parallel to this system, primary 

cell cultures are mandatory, in order to take the phenotypic differences between in-

dividuals into account. Besides, the inevitable reprogramming required for making 

iPS cells may strongly interfere with cell phenotype. We have recently introduced 

a human primary dermal fibroblast model for FOP. These biopsies were harmless 

for patients and controls and led to normal wound healing without any danger of 

heterotopic ossification at the site of biopsy. It has been shown that these cells were 

able to transdifferentiate into osteogenic cells and that osteogenesis marker expres-

sion was highest in FOP-derived skin fibroblasts at base line and during osteogenesis 

[9]. It was further shown that pharmacological interference with GW788388, a gen-

eral inhibitor of TGFβ/activin superfamily diminished Smad3 phosphorylation and 

mineralization [9]. GW788388 has been used as general inhibitor of TGF-β receptor I 

and II kinases, with high specificity for ALK 4, 5 and 7 [10]. In addition to these skin 

fibroblasts, primary cultures of dental pulp cells from deciduous teeth (SHED) from 

FOP patients have been used to show enhanced osteogenesis [11].
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1.3 Here we introduce periodontal ligament fibroblasts from FOP patients as a suit-

able model to study both osteogenesis and osteoclastogenesis. Importantly, the peri-

odontal ligament fibroblasts represent cells from a true ligament, here between the 

root surface of teeth and bone rather than the conventional muscle-bone connector. 

Furthermore, they uniquely convey both bone forming or osteogenesis properties 

[12-14] as well as osteoclastogenesis or osteoclast formation properties [15, 16]. This 

is relevant for both physiological processes such as orthodontic tooth movement, 

and pathological processes such as periodontitis, by providing the appropriate sig-

nals to osteoclast precursors available in peripheral blood. Nothing is known about 

the capacity of FOP-derived cells to orchestrate the formation of the bone degrading 

cells, the osteoclasts. Only one study has addressed osteoclastogenesis in the context 

of the ACVR1-R206H mutation [17]. Myoblasts bearing the R206H variant of ACVR1 

gave rise to heterotopic ossification when transplanted into nude mice. In addi-

tion, increased osteoclast formation has been observed in co-cultures of myoblasts 

and osteoclast precursors when the mutant ACVR1 R206H was expressed by the 

myoblasts. This was correlated to increased TGF-β expression and they showed that 

increased osteoclast formation could be nullified in the presence of TGF-β neutral-

izing antibodies or a pharmaceutical inhibitor of TGF-β (Yano 2014). Interestingly, 

TGF-β is highly expressed in periodontal ligament fibroblasts [18].

1.4 We hypothesize that periodontal ligament from FOP patients containing the 

mutant ACVR1-R206H display enhanced osteogenesis and induce osteoclastogenesis 

partly mediated by TGF-β/BMP signaling. To test this hypothesis, we analyzed the 

osteogenesis and osteoclastogenesis potential of 6 control and 6 FOP-derived peri-

odontal ligament cultures in the absence and presence of the general TGF-β/activin 

family inhibitor GW788388.

2. MaTerIal and MeTHOdS

2.1 cells
Periodontal ligament cells retrieved from 4 extracted third molars from a female 

FOP patient aged early 20s, 2 molars from a female FOP patient aged early 40s and 6 

third molars from 6 female controls (age range: 18-25) were used. Written informed 

consent was obtained from each participant. Researchers were not able to trace the 

origin of the material to a person, as required by Dutch law. There were no differ-

ences in bone healing between the FOP patients and the control group after tooth 

removal. Periodontal ligament was scraped off the middle one third of the root and 

cells were propagated in culture medium, consisting of Dulbecco’s minimal essen-
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tial medium (DMEM, Gibco BRL, Paisley, Scotland) supplemented with 10% FCS (Hy-

Clone, Logan, UT), and 1% antibiotics: 100 U/ml penicillin, 100 µg/ml streptomycin, 

and 250 ng/ml amphotericin B (Sigma, St. Louis, MO, USA). Cells were propagated 

from a 6 well plate well to one 75 cm2 flask to two 175 cm2. This third passage 

was frozen and stored in liquid nitrogen. All osteogenesis and osteoclastogenesis 

experiments were performed with 5th passage cells. Activin A, a specific activator of 

the ACVR1 R206H, was not detectable in the serum used in both osteogenesis and 

osteoclastogenesis assays.

2.2 Osteogenesis assay
Periodontal ligament fibroblasts were plated in culture medium at a density of 3.0 

x 104 cells per well of a 48 wells plate. The next day (t=0), culture of these cells 

took place under the following three conditions: (1) culture medium, (2) osteogenic 

medium, consisting of culture medium + 50µM ascorbic acid (Sigma, St. Louis, MO, 

USA) + β-glycerophosphate (Sigma), (3) osteogenic medium + 20µM GW788388 

(Sigma). Cells were harvested for alkaline phosphatase activity assay, Alizarin Red 

staining and for qPCR analysis.

2.3 Protein isolation and western blotting analysis
For these experiments, 3 x 105 fibroblasts were cultured overnight in the three 

media as described above. After 24 hours, whole cell lysates were prepared by lysing 

cells in NuPAGE LDS Sample Buffer with NuPAGE reducing agent. Proteins were 

resolved in NuPAGE 4-12% BT gels using the XCell Surelock electrophoresis system 

and were subsequently transferred to nitrocellulose membranes using the iBlot Dry 

Blotting system (Invitrogen). Nitrocellulose membranes were blocked in Odyssey 

blocking buffer (Westburg). Immunoblotting was performed in Odyssey blocking 

buffer with 0.1% Triton X-100. Primary antibodies against phosphoSmad3 (Abcam; 

Cat#ab52903) and actin (Abcam; Cat#ab14128) were used for overnight incubation. 

Secondary antibody incubation was carried out for 1 h with the IRDye 800CW goat 

anti-rabbit IgG and the IRDye 680CW goat anti-mouse IgG antibodies (LI-COR Biosci-

ences). Fluorescence was visualized and quantified by the Odyssey infrared imaging 

system equipped with the Odyssey version 4 software (LI-COR Biosciences).

2.4 alkaline phosphatase activity
Alkaline phosphatase activity was measured as described in [19] with slight modifi-

cations. PLF were cultured for 0, 3, 7, 14 and 21 days in the presence of osteogenic 

medium with or without GW788388. Cells were lysed in 200 µl water per well and 

stored at -20 ˚C until analysis. Plates underwent 3 cycles of freeze-thawing. ALP 

activity of the cell lysate was measured using 4-nitrophenyl phosphate disodium 
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salt (Merck, Darmstadt, Germany) at pH 10.3 as a substrate for ALP according to the 

method described by [19]. Absorbance was read at 405 nm with a Synergy HT spec-

trophotometer (Synergy HT spectrophotometer, BioTek Instruments Inc., Winooski, 

VT, USA). DNA was measured using CyQuant Cell Proliferation Assay Kit (Molecular 

Probes, Leiden, The Netherlands). Fluorescence was read at 485 nm excitation and 

528 nm emission with a Synergy spectrophotometric microplate reader. Alkaline 

phosphatase was expressed as µmol/ng DNA.

2.5 alizarin red staining
Mineral deposition was analyzed by alizarin red staining after 21 days using 2% 

Alizarin Red S at pH 4.3 (Sigma-Aldrich, St. Louis, MO, USA). Fibroblasts were fixed 

for 10 minutes in 4% formaldehyde and rinsed with deionized water before adding 

300 µl of 1% Alizarin Red S solution per well. After incubation of 15 min at room 

temperature, the cells were washed with deionized water. Red nodules were sign of 

mineral deposition.

2.6 Osteoclastogenesis
Osteoclasts formation was studied in co-cultures of periodontal ligament fibroblasts 

and osteoclast precursors present in peripheral blood mononuclear cells (PBMCs) 

according to a protocol described in [20]. Briefly, 1.5x104 fibroblasts were seeded 

on bone or on plastic one day before 0.5x106 PBMCs from a buffy coat (Sanquin, 

Amsterdam, The Netherlands) were added. Cells were incubated for 21 days and 

fixed with 4% PBS-buffered formalin.

2.7 TracP staining and osteoclast quantification
TRACP staining was performed as previously described [15]. Nuclei were stained 

with diamidino-2phenylindole dihydrochloride (DAPI). Micrographs of co-cultures 

on plastic were taken from five fixed positions per well, with a digital camera (Leica, 

Wetzlar, Germany) and analysed for the number of TRACP+ multinucleated cells 

(MNCs) containing three or more nuclei.

2.8 rna isolation and real-time quantitative polymerase chain 
reaction (Q-Pcr)
RNA from cultured cells was isolated as previously described [15]. Real-time PCR 

primers were designed using Primer Express software, version 2.0 (Applied Biosys-

tems, Foster City, CA, USA) (Table 1). To avoid amplification of genomic DNA, each 

amplicon spanned at least one intron. Real-time PCR was performed on the ABI 

PRISM 7000 (Applied Biosystems, Forest City, CA, USA) as described previously [21]. 

5 ng cDNA was used in a total volume of 15 µl containing SYBR GreenER qPCR Su-
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perMix, (ThermoFisher scientific, Waltham, Massachusetts, USA) and 300 nM of each 

primer. Tm for all primers is listed in table 1. For the ACVR1(wt) allele specific primers 

the concentration was 150 NM. Expression of housekeeping gene porphobilinogen 

deaminase (PBGD) was not affected by the experimental conditions. Samples were 

normalized by the expression of PBGD by calculating the ΔCt (Ct,gene of interest - Ct,PBGD) 

and expression of the different genes was expressed as 2-(ΔCt). All qPCRs had the same 

efficiency with a doubling per cycle, therefore, expressions could be compared.

Table 1. Primers used for quantitative Pcr.

Gene Sequence 5’-3 amplicon 
length (bp)

Tm °c ensemble Gene Id

PBGD TgCAgTTTgAAATCATTgCTATgTC 84 60 ENSG00000113721

AACAggCTTTTCTCTCCAATCTTAgA 60

ACVR1 (non-mutated) TggTACAAAgAACAgTggCTAg* 63 63 ENSG00000115170

CCATACCTgCCTTTCCCgA* 63

ACVR1-R206H TggTACAAAgAACAgTggCTTA* 63 63 ENSG00000115170

CCATACCTgCCTTTCCCgA* 63

FKBP1A/FKBP12 gATCCgAggCTgggAAgAAg 68 60 ENSG00000088832

ggAgATATAgTCAgTTTggCTCTCTgA 60

RUNX2 CCAgAAggCACAgACAgAAgCT 79 60 ENSG00000124813

AggAATgCgCCCTAAATCACT 60

ALP gCTTCAAACCgAgATACAAgCA 101 60 ENSG00000162551

gCTCgAAgAgACCCAATAggTAgT 60

TGFB1 CACCCgCgTgCTAATggT 100 60 ENSG00000105329

CTCggAgCTCTgATgTgTTgAA 60

TNFSF11 CATCCCATCTggTTCCCATAA 60 60 ENSG00000120659

gCCCAACCCCgATCATg 60

TNFRSF11B CTgCgCgCTCgTgTTTC 100 60 ENSG00000164761

ACAgCTgATgAgAggTTTCTTCgT 60

DCSTAMP ATTTTCTCAgTgAgCAAgCAgTTTC 101 60 ENSG0000016493

AgAATCATggATAATATCTTgAgTTCCTT 60

PBGD, porphobilinogen deaminase; ACVR1, Activin A receptor type I; FKBP1A, FK506 Binding Protein 1A(coding 
for FK binding protein 12 (FKBP12)); RUNX2, runt-related transcription factor 2; TGFB1, transforming growth 
factor-β; TNFSF11, tumour necrosis factor superfamily member 11 (coding for receptor activator of nuclear fac-
tor kappa-B ligand (RANKL)); TNFRSF11B, tumour necrosis factor receptor Superfamily Member 11b , (coding 
for osteoprotegerin (OPG)); DCSTAMP, dendritic cell-specific transmembrane protein. For each gene, the first 
oligonucleotide sequence represents the forward primer, the second sequence the reverse primer. 
*: primers from : [8, 32, 33]
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2.9 Statistical analysis
Over time effects were analysed with two- way ANOVAs (Control vs. FOP; Control 

without and with GW788388; FOP without and with GW788388) with Bonferroni as 

a post-test.

3. reSulTS

3.1 acvr1-r206H is expressed in FOP periodontal ligament 
fibroblasts
We first assessed whether periodontal ligament fibroblasts express ACVR1 and 

whether only the FOP patient-derived fibroblasts expressed the ACVR1-R206H 

variant as well as the non-mutated form (Fig. 1). Both control and FOP fibroblasts 

expressed ACVR1 at varying levels. Only FOP patient-derived fibroblasts express 

both the non-mutated and the R206H mutant mRNA (Fig. 1B).

3.2. Osteogenesis
In order to evaluate the periodontal ligament cell model for studies designed to 

interfere with in vitro assays for bone formation, mineralization studies were con-

ducted in the presence of GW788388, a broad TGF-β superfamily receptor inhibitor, 

previously shown to inhibit transdifferentiation of FOP and control skin fibroblasts 

[9].

Figure 1. acvr1 is expressed by periodontal ligament fibroblasts.
a. Fibroblasts were cultured overnight and total ACVR1 expression was detected with primers that detect both 
the non-mutated and the mutated form. ACVR1 was found in both control and FOP cultures (n=3, from 3 FOP 
and 3 control teeth). Results of a duplicate measurement are shown. b. ACVR1-R206H was only found in FOP 
fibroblasts.
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3.2.1. pSmad3 is produced at similar levels in controls and FOP periodontal 
ligament fibroblasts
Periodontal ligament fibroblasts were cultured overnight in serum-containing 

culture medium, with osteogenic medium or with osteogenic medium with 20 µM 

GW788388. Western blot revealed that both control and FOP derived cells expressed 

phosphorylated pSmad3 at similar levels. GW788388 prevented the formation of 

pSmad3 both in control and in FOP cultures (Fig. 2).

3.2.2. Alkaline phosphatase enzyme activity in FOP patient-derived periodontal 
ligament fibroblasts
We next investigated the osteogenic potential of FOP patient-derived periodontal 

ligament fibroblasts by assessing cellular alkaline phosphatase activity at 0, 3, 7, 14 

and 21 days (Fig. 3A). A significant time effect was observed for both control and FOP 

(p<0.001). Both control and FOP derived periodontal ligament fibroblasts expressed 

alkaline phosphatase levels that were highest at 14 days. Alkaline phosphatase activ-

ity was higher at 7 days in FOP patient-derived fibroblasts (p<0.05). Likewise, activity 

decreased at 21 days in FOP fibroblasts (p<0.01). Together, with alkaline phosphatase 

as marker for osteogenesis, this could suggest a slightly advanced mineralization 

potential in FOP, which catches up over time in control cells.

GW788388 did not affect cellular alkaline phosphatase activity at any time point, in 

control nor in FOP fibroblasts.

Figure 2. Gw788388 prevents pSmad3 formation both in control and FOP periodontal ligament fibro-
blasts.
Fibroblasts were cultured for 24 h in the presence of culture medium (-), osteogenic medium (m-) or in os-
teogenic medium containing 20 µM GW788388. pSmad3 was readily detected and at similar levels in control 
and FOP fibroblasts, both in normal and osteogenic medium. GW788388 consistently prevented formation of 
pSmad3 (white arrows).
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3.2.3. Osteogenesis gene expression is slightly altered in FOP osteogenesis
To further assess the FOP periodontal ligament cell model, we assessed gene expres-

sion of the early osteogenic marker RUNX2 (Fig. 3B) and intermediate/late marker 

alkaline phosphatase (Fig. 3C). Expression of TGF-β was assessed, since GW788388 

could have a negative feedback on its expression (Fig. 3D).

Early osteogenic marker RUNX2 expression significantly differed over time both for 

control and FOP periodontal ligament fibroblasts (p<0.001). Within the time points 

tested, control and FOP differed (p=0.0348). Differences between controls and FOP 

both with and without GW788388 were not observed for any of the time points.

Overall, the expression of the intermediate/late marker alkaline phosphatase, 

the type that is specifically expressed in bone cells, was not significantly differ-

ent between FOP cultures and controls. Time significantly influenced expression 

(p=0.01), differentially between FOP and controls. For instance, FOP expression was 

significantly (p< 0.01) higher at t=7 compared to t=0, whereas this was not the case 

for controls. No further differences over time were observed. GW788388 treatment 

of control or FOP fibroblasts did not result in significant differences compared to 

untreated cells (Fig 3C).

Over time, For TGF-β GW788388 caused a lower expression over time in controls 

(p=0.0385) and in FOP (p=0.0207) (Fig. 3D).

3.2.4. Similar mineralization between control and FOP periodontal ligament 
fibroblasts
As final outcome of FOP periodontal ligament fibroblast-mediated osteogenesis, we 

also assessed mineralization using alizarin red staining. Alizarin red binds to calci-

fications. No staining was seen in cultures of normal medium (Fig. 3E). In contrast, 

heterogeneous deposits of alizarin red were seen in cultures of both controls and 

FOP periodontal ligament fibroblasts that were cultured in osteogenic medium. 

No particular trend of increased or decreased staining was observed in response 

to GW788388 addition to the osteogenic medium. Higher magnifications revealed 

typical nodular deposits in both control (Fig. 3F) and FOP (Fig. 3G) cultures.
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Figure 3. FOP periodontal ligament fibroblast mediated osteogenesis. a.
Alkaline phosphatase activity over time in the absence or presence of GW788388. Peak activity was present 
at 14 days, both for control (green bars) and FOP derived (red bars) fibroblasts. Presence of GW788388 did not 
significantly affect alkaline phosphatase activity at any time points, neither in control nor in FOP cultures. b-d: 
qPCR results, n=6 control and FOP fibroblast cultures, at 0, 3, 7, 14 and 21 days for control (green) and FOP (red) 
osteogenic cultures in the absence (dashed lines) or presence (solid lines) of GW788388. b. RUNX2. c. Alkaline 
phosphatase and d. TGF-β. See text for significant differences. e-G. Alizarin red staining of the 6 control and 6 
FOP periodontal ligament fibroblasts cultures that were cultured with normal culture medium or with osteo-
genic medium that either or not contained GW788388. e. Low magnification, F. High magnification, showing 
nodules in control and G. FOP cultures.
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3.3. Osteoclastogenesis

3.3.1. Blocking of BMP-receptor activity inhibits FOP periodontal ligament 
fibroblast-mediated osteoclast formation on bone
Periodontal ligament fibroblasts from controls and FOP patients were seeded on 

plastic and on bone in the presence of PBMCs, containing osteoclast precursors with 

or without the TGF-β superfamily inhibitor GW788388. The number of multinucle-

ated cells formed was assessed after visualizing tartrate resistant acid phosphatase 

activity and the nuclei after 21 days of culture.

Osteoclast formation on plastic followed the typical sequence of events as described 

in Sokos et al. [16]. PBMCs adhered to the fibroblasts for approximately 2 weeks, 

followed by retraction of fibroblasts, upon which osteoclast precursors migrated to 

the plastic where multinucleated TRACP-positive cells were formed (Fig. 4A), both 

in control and FOP cultures. GW788388 inhibited the formation of osteoclast-like 

cells (Fig. 4C).

Since osteoclasts exert their function only on bone, we next assessed osteoclast 

formation on bone slices. Here, the trend was apparent that almost two times more 

osteoclasts formed in FOP-fibroblasts driven osteoclastogenesis compared to con-

trols. On bone, GW788388 significantly inhibited osteoclast formation only in FOP 

cultures (Fig. 4 D).

3.3.2. BMP-receptor activity inhibition results in a disturbed RANKL/OPG ratio 
and a decreased expression of TGF-β
In order to explain the decreased osteoclastogenesis in the presence of GW788388 

both in control and in FOP cultures, we assessed gene expression of genes involved 

in osteoclast formation. First of all, the expression of RANKL, considered to be a key 

molecule in osteoclast formation, was determined (Fig. 5A). RANKL expression was 

high during early stages of the co-cultures and significantly declined over time for 

both control and FOP periodontal ligament co-cultures (p<0.001 for time effect for 

both control and FOP). No effect of GW788388 was observed.

Contrasting this, expression of the natural inhibitor of RANKL, osteoprotegerin or 

OPG, was downregulated by GW788388 (p<0.001, Fig. 5B), resulting in an increased 

RANKL/OPG (Fig. 5C), not reflecting the significantly decreased osteoclast formation.

Being confronted with these puzzling results, we next assessed expression of TGF-β, 

which has been described to rescue osteoclast formation in the absence of RANKL/
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RANK signaling [22]. We found increased TGF-β expression over time in both con-

trol and FOP co-cultures (p<0.001, Fig. 5D). Furthermore, expression of TGF-β was 

highly downregulated by GW788388 (p<0.001 for control, p<0.01 for FOP). Together, 

these data suggest that RANKL may play a significant role at the start of osteoclast 

formation, followed by a more prominent role for TGF-β at later stages. Also, inhibi-

tion with GW788388 lowers TGF-β, in line with the reduced osteoclast formation 

outcome.

Figure 4. Periodontal ligament mediated osteoclastogenesis is inhibited by Gw788388.
Osteoclastogenesis was performed on plastic (a, c) and on bone (b, d) in the absence (-) or presence (+) of 
GW788388. Multinucleated cells were visualized with TRAcP activity staining and with nuclear stain DAPI. 
a. Micrograph of osteoclasts (white arrows) induced by periodontal ligament fibroblasts from a control on 
plastic. Fibroblasts have retracted (left corner), and osteoclast-like cells have migrated to the exposed plastic. 
b. Micrograph of osteoclasts (white arrows) formed by FOP-derived fibroblasts on bone. *: p< 0.05; **: p< 0/01; 
***: P<0.001. n=6 co-cultures for both controls and FOP periodontal ligament fibroblasts.
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Figure 5. Quantitative gene expression of ranKl, OPG, TGFβ1 and dcSTaMP over time and in the pres-
ence of Gw788388 in osteoclastogenesis cultures.
Quantitative gene expression in the absence (-) or presence (+) of GW788388 in co-cultures of control and FOP 
periodontal ligament fibroblasts. a. RANKL, b. OPG, c. RANKL/OPG ratio, d. TGFβ1 and e. DCSTAMP. See text 
for significant differences.
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Finally, the expression of osteoclast fusion marker DC-STAMP was assessed (Fig. 5E). 

This expression was significantly decreased by GW788388 of both control (p<0.01) 

and FOP (p<0.05) periodontal ligament fibroblasts mediated osteoclastogenesis 

cultures, in line with the decreased osteoclast formation.

3.3.3. Expression of ACVR1, ACVR1-R206H and FKBP12 in osteoclastogenesis 
cultures
As this is the first study describing osteoclastogenesis orchestrated by cells from FOP 

patients, we next assessed the expression of total ACVR1, ACVR1-R206H and FKBP12 

during osteoclastogenesis.

Figure 6. Quantitative gene expression of acvr1, acvr1-r2006H and FKbP12 over time and in the 
presence of Gw788388 in osteoclastogenesis culture.
Quantitative gene expression in the absence (-) or presence (+) of GW788388 in co-cultures of control and FOP 
periodontal ligament fibroblasts. a. ACVR1, b. ACVR1-R206H, c. FKBP12.See text for significant differences.
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ACVR1 was expressed during osteoclastogenesis and downregulated by GW788388 

at later time points (p<0.05), but no (Fig. 6A). The ACVR1-R206H was detected in 

FOP-PBMC co-cultures and was significantly downregulated over time by GW788388 

(p<0.01, Fig. 6B).

To gain insight in the regulation of ACVR1 inhibitor FKBP12 that does not bind 

properly to the mutated ACVR1, we next investigated the expression of FKBP12 

during osteoclastogenesis over time. FKBP12 was highest at 7 days and significantly 

declined over time both in control and in FOP co-cultures (p<0.01, Fig.6C). No regula-

tion by GW788388 was observed.

4. dIScuSSIOn

4.1. In the ongoing quest for appropriate cell models that can be used to study 

mechanistic aspects of FOP and that can be used for pharmaceutical interference of 

disease progression of FOP, we introduced the periodontal ligament fibroblast. In 

principle, it is a highly biologically relevant model to study both osteogenesis and 

osteoclastogenesis, since periodontal ligament fibroblasts play a role in both [16, 

23]. Furthermore, these fibroblasts are retrieved from a true ligament, a ligament 

that anchors teeth into the bony socket of the jaw. Furthermore, retrieval of peri-

odontal ligament fibroblasts is safe for FOP patients. To the best of our knowledge, 

no reports of heterotopic bone formation at the place of tooth extraction have been 

reported in FOP patients.

4.2. The present study shows only slightly enhanced bone remodeling activities of 

the periodontal ligament fibroblasts from FOP patients. FOP cells primarily differ 

from control cells in containing the enhanced sensitive ACVR1-R206H mutation, 

expression of this variant was confirmed in the cells used in this study. The recent 

discovery of Activin A serving as an activating ligand for the mutated ACVR1 in ad-

dition to the reported BMPs [6, 7] asks for approach of specifically activating the mu-

tated ACVR1 with Activin A. Even though pSmad1/5/8 expression has been reported 

in FOP cells in the presence of FCS [9], it is unclear in this study to which extend the 

ACVR1-R206H receptor is challenged by BMPs [24]. Given the significance of Activin 

A in ACVR1-R206H receptor activation, we expect larger differences between FOP 

and controls in forthcoming studies that will specifically address Activin A-mediated 

activation of the mutant ACVR1. Contributing to the rational of such a study, ACVR1 

was detected at similar levels in both control- and FOP patient-derived periodontal 

ligament fibroblasts and the mutated form was exclusively detected in fibroblasts 
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from FOP patients (Fig. 1). Therefore, such an Activin A effect on the results of the 

present study is unlikely and remains to be investigated.

4.3. By Western blot, it was confirmed that in the presence of the osteogenic culture 

medium used, phosphorylation of Smad3 was inhibited by GW788388. However, 

in contrast to the previous study using human platelet lysate and skin fibroblasts 

[9], GW788388 had no effect on mineralization. This suggests that inhibition of 

Smad3 phosphorylation may have a less pronounced outcome on mineralization in 

periodontal ligament fibroblasts than on skin fibroblasts. It could also mean that, 

compared to human platelet lysate, fetal bovine serum could contain proteins that 

may bypass the GW788388 inhibitory effect on mineralization. This was confirmed 

in the present study for all time points of the alkaline phosphatase enzyme activity 

assay, where no differences were observed between control or FOP cultures with or 

without GW788388. Considering all osteogenesis results together, FOP cultures did 

show a slight enhancement in osteogenesis compared to their normal counterpart 

cells. Alkaline phosphatase activity at day 7, which was reversed (lower expression 

in FOP) at day 21, suggesting enhanced osteogenesis. By specifically addressing BMP-

signaling by adding BMPs, Billings et al., previously also reported a slightly advanced 

osteogenesis from dental pulp cells [11].

4.4. The present study is the first that addresses osteoclast formation by human 

FOP-derived cells. This is not surprising, given that historically the excess of hetero-

topic bone formation in FOP patients guided research more in the direction of osteo-

blastic bone formation. Although the process is thought to start with endochondral 

bone formation, it needs to be followed by bone turnover, which includes both bone 

resorption and bone formation, in order to obtain a normal bone structure. Our 

results showed that also FOP fibroblast-induced osteoclastogenesis was similar on 

plastic and also on bone compared to controls. Bone resorption was not assessed 

as a separate entity, since we previously showed that indeed periodontal ligament 

fibroblasts are capable of forming multinucleated cells, but that additional M-CSF 

and RANKL is required to achieve bone resorption [15]. Nevertheless, bone resorp-

tion can occasionally be seen on TRACP stained bone slices; however, this was not 

observed under the investigated conditions. On bone, GW788388 significantly in-

hibited the formation of multinucleated cells in FOP but not in control periodontal 

ligament fibroblasts mediated osteoclast formation, suggesting that somehow, the 

inhibitor is more powerful in the presence of the mutated ACVR1.

4.5. Periodontal ligament fibroblasts mediated osteoclast formation is mysterious, 

since osteoclasts form despite an excess of OPG, the natural inhibitor of osteoclasts 
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[15, 16]. Also, we recently showed that extra addition of OPG to periodontal ligament 

fibroblasts in osteoclastogenesis cultures had no effect on osteoclast formation 

[20]. Peculiarly, GW788388 strongly inhibited osteoclast formation in the present 

study, despite affecting the RANKL/OPG ratio positively, again an argument against 

the RANKL/RANK/OPG principle in periodontal ligament mediated osteoclast forma-

tion. Groundbreaking work by Kim et al., using several RANK, TRAF6 and RANKL 

knock-out mice has shown that osteoclasts can form in the absence of RANK-RANKL 

signaling [22]. They challenged the RANKL dogma by adding osteoclastogenic cyto-

kines IL-1, TNF-α and TGF-β to RANK knock-out bone marrow and they were able 

to culture bone resorbing osteoclasts from RANK deficient bone marrow [22]. From 

these molecules we can further eliminate TNF-α as a possible osteoclastogenesis 

cytokine in periodontal ligament fibroblasts. We recently showed that TNF-α was 

expressed in these co-cultures, but anti-TNF reagent infliximab was not able to 

interfere with osteoclast formation [20]. Interestingly, the present study somehow 

solves the periodontal ligament fibroblast mediated osteoclastogenesis mystery. The 

TGF-β signaling inhibitor strongly abolished osteoclast formation on plastic (Fig. 4c). 

Furthermore, it significantly inhibited TGF-β expression at all time points (Fig. 5D). 

These data together hint towards a role for TGF-β in periodontal ligament orches-

trated osteoclastogenesis, but should be investigated in depth by comparing the 

osteoclastogenesis in the presence of GW788388 with osteoclast formation where 

TGF-β is added to the culture. Likewise, TGF-β should be measured in the culture 

supernatant or be inhibited with TGF-β antibodies to further establish the role of 

periodontal ligament fibroblast mediated osteoclast formation. TGF-β’s role in osteo-

clast differentiation and survival has been previously reported [25, 26]. Since RANKL 

(this study) and TNF-α [20] were primarily expressed at day 7 and TGF-β is expressed 

at higher levels at day 14 and day 21, one could speculate that TGF-β plays a signifi-

cant role at later stages of osteoclast formation. Interestingly, GW788388 not only 

prevents formation of pSmad3 (this study), but also pSmad2. A previous study, using 

an osteoclastogenesis co-culture system with synovial fibroblasts from rheumatoid 

arthritis patients could correlate TGF-β receptor kinase inhibition with decreased 

osteoclast formation [27]. A recent study showed at the molecular level that TGF-β 

mediated pSmad2/3 expression causes binding to c-Fos, activating the central osteo-

clast differentiation gene NFATc1 in osteoclast differentiation [28]. These studies and 

the present one suggest the importance pSmad 2/3 induced by TGF-β as a co-factor of 

osteoclast differentiation. Though the effect of GW788388 on pSmad formation was 

established (this study), NFATc1 localization in osteoclast precursors should confirm 

whether GW788388 indeed interferes via this mechanism in periodontal ligament 

fibroblasts mediated osteoclastogenesis.
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4.6. We further addressed whether ACVR1 and FKBP12 were expressed during os-

teoclastogenesis. ACVR1 was expressed throughout osteoclastogenesis and FKBP12 

was decreased over time, possibly allowing space for extra ACVR1 signaling to 

take place at later stages of osteoclastogenesis. Although significant at only one 

time point and only in FOP cultures, GW788388 in general seemed to lower the 

expression of ACVR1. Whether ACVR1 and its activity play a role in FOP-mediated 

osteoclastogenesis, will be clarified by using the specific ACVR1-R206H activator 

Activin A.

4.7. Though results were obtained from 6 teeth for FOP patients, they were only 

from two patients. We realize that this is a potential shortcoming of the pres-

ent study, but inevitable when studying an utra-rare disease. Another inevitable 

shortcoming of the osteoclastogenesis assay used here, is that co-cultures of FOP 

fibroblasts with blood bank-derived buffy coats involved osteoclast precursors with 

no ACVR1 mutations. Therefore, the effect of the mutation on the osteoclastogenesis-

driving fibroblasts has been assessed in this study, but whether the mutation has an 

effect on osteoclast precursors from FOP patients has not been addressed in the 

present study. Studies analogous to our previous studies on periodontitis patients 

[29], osteopenic chronic liver disease patients [30] or Crohn’s disease [31] will reveal 

whether osteoclast precursors from FOP patients have a deviant osteoclast forma-

tion capacity, either in the presence or absence of M-CSF and RANKL.

4.8. In conclusion, the present study shows that periodontal ligament fibroblasts 

from FOP patients show mildly enhanced osteogenesis, in agreement with enhanced 

bone formation in FOP, but also slightly enhanced osteoclastogenesis. Since control 

fibroblasts differ in the allelic expression of the non-mutated ACVR1, we expect that 

activation of the mutated ACVR-R206H with Activin A such as possibly occurring 

during a flare-up will amplify these differences. This study also reveals a novel role 

for TGF-β signaling in FOP patient-derived PLF in relation to in vitro osteoclasto-

genesis. Given the scarce information about the role of osteoclastogenesis in FOP, 

this study provides a valuable cell based platform to further elucidate the role of 

osteoclasts. Given their integral part in the dynamic regulation of bone tissue, this 

is necessary to globally understand pathological bone formation in FOP.
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abSTracT

Fibrodysplasia Ossificans Progressiva (FOP) is a rare genetic disease characterized 

by heterotopic ossification (HO). It is caused by mutations in the Activin receptor 

type 1 (ACVR1) gene resulting in enhanced responsiveness to ligands, specifically 

to Activin-A. Though it has been shown that capturing Activin-A protects against 

heterotopic ossification in animal models, the exact underlying mechanisms at the 

gene expression level causing ACVR1 R206H-mediated ossifications and progression 

are thus far unknown. We investigated the early transcriptomic changes induced 

by Activin-A of healthy control and patient-derived periodontal ligament fibroblasts 

(PLF) isolated from extracted teeth by RNA sequencing analysis.

To study early differences in response to Activin-A, periodontal ligament fibroblasts 

from 6 control teeth and from 6 FOP patient teeth were cultured for 24 hours with-

out and with 50 ng/ml Activin-A and analyzed with RNA sequencing.

Pathway analysis on genes upregulated by Activin-A in FOP cells showed an associa-

tion with pathways involved in, among others, Activin, TGFβ and BMP signaling. Dif-

ferential gene expression induced by Activin-A was exclusively seen in the FOP cells. 

Median centered supervised gene expression analysis showed distinct clusters of up 

and down regulated genes in the FOP cultures after stimulation with Activin-A. The 

upregulated genes with high fold changes like SHOC2, TTC1, PAPSS2, DOCK7 and LOX 

are all associated with bone metabolism. Our open ended approach to investigate 

the early effect of Activin-A on gene expression in control and FOP PLF shows that 

the molecule exclusively induces differential gene expression in FOP cells and not 

in control cells.
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1. InTrOducTIOn

Fibrodysplasia ossificans progressiva (FOP) is a rare, one in 2 million occurring, 

autosomal dominant genetic disease, characterized by progressive heterotopic bone 

formation (HO) where especially muscles, tendons, and ligaments are converted into 

bone [1; 2; 3]. The clinical manifestation of the heterotopic ossification is rather 

diverse. HO can occur after a flare up, during inflammation, after injury or even 

spontaneously. In some patients HO is more progressive than in others and episodes 

exist with complete absence of HO formation [4]. Because of these differences in 

clinical manifestations cell biological approaches that can shed light on the bio-

chemical events that precede heterotopic ossification are of great importance as a 

prelude to therapy. Over the past decade our understanding of the pathogenesis of 

the disease has improved considerably. The causative mutation in the gene encoding 

the Activin Receptor Type I receptor (ACVR1) was identified by the group of Shore et 

al [5]. The most frequent R206H mutation changes an Arginine to a Histidine in the 

glycine-serine rich cytoplasmic domain of this bone morphogenetic protein (BMP) 

type I receptor [2; 5]. This amino acid change makes the receptor more sensitive to 

BMP signaling and simultaneously results in decreased binding of the receptor’s 

natural inhibitor FKBP12 likely resulting in leaky signaling of the receptor through 

SMADs, the main signal transducers of the transforming growth factor-beta (TGF-β) 

family [6; 7; 8; 9; 10]. More recently, the discovery by two independent groups that 

Activin-A can also function as an activator of the mutated ACVR1 [11; 12] has given 

great impulse to the FOP research community, since now it is conceivable to specifi-

cally prevent heterotopic bone formation by inhibiting Activin-A. Under normal cir-

cumstances Activin-A signals mainly via ACVR1B receptor complexes through SMAD 

2/3 phosphorylation [13; 14; 15]. Upon binding to ACVR1 it normally inhibits SMAD 

1/5/9 signaling and subsequent osteogenic differentiation [16] but, as mentioned be-

fore, when Activin-A binds to the mutated ACVR1 it activates SMAD1/5/9 phosphory-

lation and subsequent osteogenic differentiation [11; 12]. This was demonstrated 

by Hatsell et al. in their FOP mouse model, but also in the currently conducted 

LUMINA-I trial investigating the Activin-A blocking antibody Garetosmab which has 

revealed promising results in the prevention of newly formed HO [17; 18]. Even 

though it has by now been clearly shown that capturing Activin A protects against 

heterotopic ossification, this knowledge is mainly limited to mouse models for FOP. 

Moreover, the exact underlying mechanism at the gene expression level causing 

ACVR1 R206H-mediated ossification and progression of the disease is unknown. 

Thus, knowledge on the downstream transcriptomic changes after Activin-A-ACVR1 

R206 binding using open ended approaches such as RNA sequencing is warranted.
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One of the challenges that FOP research faces is the lack of primary cells from 

patients, since surgical removal of the heterotopic bone, as a potential source of 

bone-forming osteoblasts, often results in the appearance of new heterotopic bone 

formation. Several alternative sources for bone-forming cells are currently being in-

vestigated as a tool for the unraveling of the FOP HO mechanism. Dermal fibroblasts 

have been demonstrated by Micha et al. to be a source of cells with osteoblastic 

properties. They showed that the FOP-derived fibroblasts have a high osteogenic 

potential [19]. Another source of human primary cells are cells isolated from ex-

tracted teeth. Many FOP patients develop a locked-jaw, making oral care extremely 

difficult. In some cases tooth extraction is the only dental treatment possible. Also, 

teeth are sometimes extracted to provide extra space in the mouth. There have 

been no reports of HO in the sockets at the extraction sites. Some groups have 

made use of the cells from the discarded primary teeth (SHED cells) [7; 20] show-

ing higher osteogenic differentiation in the FOP cells compared to control cells. 

Our group has recently shown that periodontal ligament cells obtained from FOP 

patients after tooth extraction show both osteogenic- as well as osteoclastogenic-

inducing capacities as do PLF from healthy individuals [21; 22; 23; 24]. Here we used 

these cells to investigate the Activin-A induced transcriptome differences between 

controls and FOP patients. This study explored for the first time RNA sequencing as 

an open ended approach for non-biased identification of potential new differences 

in early gene expression between control and FOP fibroblasts, directly following 

Activin-A binding. Given the unique signaling by Activin-A via the mutated ACVR-1 

as described in mouse models [11] and iPS cell approaches [12], we hypothesize that 

Activin-A will induce early transcriptomic differences specifically in primary cells 

from FOP patients.

2. MaTerIalS and MeTHOdS

2.1 Periodontal ligament Fibroblasts
Periodontal ligament cells were retrieved from 6 extracted teeth from 5 FOP patients 

(3 female patients age 26, 28 and 46 years and 2 male patients, age 21 and 69 years) 

and 6 healthy control donors (4 females age 19 – 26 years, 2 males, age 23 – 27 years). 

All FOP patients carried the classical R206H mutation. Written informed consent 

was obtained from each participant and researchers were not able to trace the 

origin of the material to any individual, as required by Dutch law. Extractions were 

performed at the Department of Oral and Maxillofacial Surgery and Oral Pathology, 

Amsterdam UMC, Location VUmc. No differences in bone healing between the FOP 

patients and the control group following tooth removal were reported. Periodon-
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tal ligament cells were isolated as previously described [21; 25; 26]. Shortly, the 

periodontal ligament was scraped off the middle one third of the root, and cells 

were allowed to grow out of the tissue by culturing them in in culture medium, 

which consisted of Dulbecco’s modified eagle medium (DMEM, Gibco BRL, Paisley, 

Scotland) supplemented with 10% FCS (HyClone, Logan, UT), and 1% antibiotics: 100 

U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml amphotericin B (Sigma, St. 

Louis, MO, USA). Cells were propagated and 3rd passage cells were frozen and stored 

in liquid nitrogen. All experiments were performed with 4th passage cells.

2.2 cell culturing and rna isolation
Cells were first allowed to attach by overnight culturing in 6 well plates at a density 

of 3.2 x 104 cells/cm2 (3 x 105 cells/well) in DMEM + 10 % FCS + 1 % antibiotics. The 

following day media were replaced with media without or with 50 ng/ml Activin-A 

(Sigma, St Louis, MO, USA). After 24 hours RNA was isolated using the RNeasy Mini 

kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. RNA yield 

and quality were measured with the Synergy multi-mode reader (Biotek, VT, USA).

2.3 rna sequencing
Sample and library preparation was performed using the NEXTflex Rapid Directional 

mRNA-Seq kit (Bioo Scientific, Austin, USA). Single end 75 bp RNA sequencing was 

performed on the Illumina NextSeq500 (Illumina, San Diego, USA) at the Wilhelmina 

Children’s Hospital in Utrecht. Reads were aligned to the human reference genome 

GRCh37 using STAR version 2.4.2a. Picard’s AddOrReplaceReadGroups (v1.98) was 

used to add read groups to the BAM files, which were sorted with Sambamba v0.4.5 

and transcript abundances were quantified with HTSeq-count version 0.6.1p1 using 

the union mode. Subsequently, reads per kilobase million reads sequenced (RPKMs) 

were calculated with edgeR’s RPKM function. Differentially expressed genes were 

identified using the DESeq2 package with standard settings. In the first analysis 

the genes with a non- false discovery rate corrected p value of < 0.01 were used for 

the pathway and GO analysis. To finally assess on single gene level which genes 

were statistically significant differentially expressed we performed a false discovery 

correction of 10 % generating P adjusted (P(adj)) values. For these P(adj) values we 

used a cut off of 0.1 (P(adj) < 0.1) to determine significance.

2.4 Pathway and Gene enrichment analysis
Pathway analysis and functional enrichment analysis was performed on the dif-

ferentially expressed genes with p <0,01, using the GeneMania application version 

2017-03-14 at www.genemania.org [27] [28; 29] using standard settings . The program 

builds a network based on the interactions between the input genes (e.g. genes 
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upregulated by Activin-A in the FOP cells) and adds genes that are relevant to that 

network. The pathway maps shown in Figure 2 are an adjustment on the enrich-

ment map, consolidated pathways described by Merico et al. [30] . Boxed genes are 

genes from the input list, the other genes are relevant genes added by genemania. 

Size of the nodes is dependent on the number of interactions that gene has with 

the network. The gene enrichment analysis was performed with the ToppGene suite 

application ToppFun version September 2020 [31; 32] using standard settings.

3. reSulTS

3.1 different donors cluster together
To compare the transcription profiles of the different donors we first performed 

non-supervised Principal Component Analysis (PCA) of all samples that passed the 

QC filters. Two control and one FOP (Control 2 + Activin-A, Control 5 – Activin-A and 

FOP 5 – Activin-A) libraries did not pass the Quality Control filter and therefore these 

samples were excluded from further statistical analysis. Figure 1A depicts the inter-

donor variability between the samples. Figures 1B depicts the variability induced 

by the experimental conditions (e.g. without or with Activin-A). This analysis shows 

that the two culture conditions of one donor tend to cluster together, indicating 

that the variability between donors is higher than the variability induced by the 

Activin-A treatment.

3.2 activin-a activates distinct pathways in FOP cells
We next investigated which genes were influenced by Activin-A in the PLF cells. 

Using the non-FDR corrected gene expression data with p<0.01, we found that 131 

genes were differentially expressed in FOP cells (69 upregulated and 62 downregu-

lated genes) as compared to 46 genes in the control cells (18 upregulated and 28 

downregulated genes), see supplementary Tables 1 and 2. Network analysis using 

the genemania application showed that the genes upregulated by Activin-A in the 

FOP cells show an association with different pathways involved in, among others, 

TGF-beta signaling (MSigDB M2642) (Fig. 2A), BMP receptor signaling (MsigDB M181) 

(Fig. 2B) and signaling by Activin (MSigDB M26965) (Fig. 2C) showing Activin-A 

indeed induces its known signaling pathways also in this primary cell system. Also 

functional enrichment analysis performed in GeneMania showed Gene Ontology 

terms enriched among the upregulated genes. These GO terms are involved in Ac-

tivin, TGF-beta and BMP signaling, the top 10 of the associated GO terms are listed in 

Table 1.None of these pathways or GO terms were found to be associated to Activin 

A stimulation in the control cells (data not shown), indicating that Activin-A signals 



83

Activin-A induced differential gene expression in FOP fibroblasts

4

A.

B.

Figure1. donors Group together
Non-supervised principal component analysis shows that donors tend to group together, indicating that the 
variation between the control and FOP samples is larger than the comparison between control and experi-
mental conditions.
Inter-donor variability is shown in Fig. 1A, each control and each FOP sample is represented by two same 
colored dots, one indicating the control condition and one indicating the experimental condition (+ Activin-
A). Inter-experimental variability is shown in Fig. 1B, each experimental condition is depicted by dots of the 
same color. Act:C = Control samples with Activin-A, ACT:F = FOP samples with Activin-A, Con: C = Control 
samples without Activin-A, Con:F = FOP samples without Activin-A. Samples Control 2 with Activin-A, Control 
5 without Activin-A and FOP 5 without Activin-A did not pass the QC filters and were not used in these and 
subsequent analysis.
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C

Figure 2. TGF-beta, bMP and activin signaling pathways are associated with upregulated genes by 
activin-a.
Pathway analysis on non FDR corrected differentially expressed genes with p<0,01 performed with genemania 
(genemania.org).
Figures are adjustments of the enrichment map of consolidated pathways TGF-beta signaling (MSigDB M2642) 
(Fig. 2A), BMP receptor signaling (MSigDB M181) (Fig. 2B) and signaling by Activin (MSigDB M26965) (Fig. 2C), 
Boxed genes are genes from the input list, the other genes are relevant genes added by genemania. Size of the 
nodes is dependent on the number of interactions that gene has with the network.
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distinctly different in the FOP cells as compared to in the control cells. Gene enrich-

ment analysis on the FOP cells using ToppGene Suite showed that the differentially 

expressed genes in biological domain Molecular function, are mainly associated 

with Gene Ontology (GO) terms linked to cytoskeletal and actin binding (Table 2). 

In the biological domain Biological process, the GO terms are linked to cell-cell and 

cell-substrate junctions, and responses to injury and endogenous stimuli (Table 3). 

In the Cellular component domain the genes are associated with focal adhesions, 

cell-cell and cell-substrate junctions (Table 4). The observed association with the 

collagen gene family is possibly also related to bone metabolism (Table 5). None of 

these associations were found in the control cells.

3.3 activin-a induces differential gene expression in FOP cells
Subsequent analysis on individual gene expression level was performed only on 

samples with both libraries - without and with Activin-A – per donor and corrected 

for donor variances in the final model. A false discovery correction of 10 % was 

performed generating P(adj) values. Under these criteria, the final analyses were 

performed on 4 control samples and 5 FOP samples. To graphically display the dif-

ferential gene expression induced by Activin-A, MA plots were generated where the 

Log2 fold change (M) was plotted against the average expression across the samples 

Table 1 GO terms associated with upregulated genes by Activin-A in FOP cells

Id Function Fdr b&H coverage

GO:0032924 Activin Receptor Signaling Pathway 8.03E-17 12 / 31

GO:0007178 Transmembrane receptor Protein/Threonine Kinase Signaling 
Pathway

4.06E-14 18 / 218

GO:0005072* Transforming Growth Factor Beta Receptor, cytoplasmic 
mediator activity

2.25E-11 7/ 10

GO:0090092 Regulation of Transmembrane receptor Protein/Threonine 
Kinase Signaling Pathway

1.25E-10 13 / 132

GO:0030509 BMP Signaling Pathway 2.19E-10 11/ 79

GO:0032925 Regulation of Activin Receptor Signaling Pathway 2.90E-9 7 / 18

GO:0090100 Positive Regulation of Transmembrane receptor Protein/
Threonine Kinase Signaling Pathway

2.53E-7 8 / 53

GO:0060393 Regulation of Pathway-restricted SMAD Protein 
Phosphorylation

4.32E-7 7 / 35

GO:0048185 Activin Binding 7.92E-7 5 / 10

GO:0060389 Pathway-restricted SMAD Protein Phosphorylation 7.92E-7 7 / 39

Top 10 GO terms enriched among the upregulated genes.
Non supervised functional enrichment analysis of GO terms associated with differentially upregulated genes 
by Activin-A in the FOP cells with p<0.01 using GeneMania with default Benjamini and Hochberg’s False Dis-
covery Rate (FDR B&H) settings.
* GO:0005072 is replaced by GO:0000981
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(A) using a p-adjusted cut-off value of 0.1. No differentially expressed genes were 

observed in control samples (Fig. 3A). Interestingly, using these same settings, dif-

ferential gene expression was observed in the FOP samples, shown in the MA plot 

as red dots (Fig. 3B).

3.4 differential gene expression is induced by activin-a in FOP 
cells
Having demonstrated that Activin-A alters gene expression only in FOP cells, we 

next investigated which specific genes were differentially expressed under the 

influence of Activin-A in these cells. Median centered supervised gene expression 

analysis showed distinct clusters of up and down regulated genes in the untreated 

Table 3. Biological Processes regulated by Activin-A in FOP cells

Id name Fdr 
b&H

Genes From 
input

Genes in 
annotation

GO:0034330 cell junction organization 2.48E-2 10 309

GO:0034329 cell junction assembly 2.48E-2 9 245

GO:0007044 cell-substrate junction assembly 2.48E-2 6 103

GO:0009611 response to wounding 2.48E-2 15 756

GO:0009719 response to endogenous stimulus 2.80E-2 25 1834

GO:0071495 cellular response to endogenous stimulus 3.54E-2 22 1541

GO:0045196 establishment or maintenance of neuroblast 
polarity

3.54E-2 2 3

GO:0045200 establishment of neuroblast polarity 3.54E-2 2 3

Non supervised gene enrichment analysis of Biological processes associated differentially expressed genes in 
the FOP cells with p<0.01 using ToppGene suite using a Benjamini and Hochberg’s False Discovery Rate (FDR 
B&H) of 5%

Table 2. Molecular functions regulated by Activin-A in FOP cells

Id name Fdr b&H Genes From 
input

Genes in 
annotation

GO:0044877 protein-containing complex binding 3.60E-3 23 1356

GO:0008092 cytoskeletal protein binding 4.73E-2 17 1061

actin filament binding

GO:0051015 cell adhesion molecule binding 4.73E-2 7 215

actin binding

GO:0050839 protein-containing complex binding 4.73E-2 11 525

GO:0003779 cytoskeletal protein binding 4.73E-2 10 451

actin filament binding

Non supervised gene enrichment analysis of Molecular function associated differentially expressed genes in 
the FOP cells with p<0.01 using ToppGene suite using a Benjamini and Hochberg’s False Discovery Rate (FDR 
B&H) of 5% 
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(-ActA) and Activin-A treated (+ActA) groups (Fig. 3C). From this analysis using a false 

detection rate (FDR) of 10 %, a list of the highest up and down-regulated genes was 

constructed as shown in table 6. The genes that are more than 2 fold upregulated by 

Activin-A in the FOP cells are somehow involved in bone metabolism. For instance, 

SHOC2 is a positive regulator of the MAP/ERK pathway, possibly involved in patholo-

gies with bone and skeletal defects [33; 34]. TTC1 activates RAS signaling, which 

regulates osteoprogenitor cell proliferation [35; 36]. PAPSS2 is needed for sulfation 

of extracellular matrix molecules during bone development, deficiencies result in 

osteochondrodysplasias [37; 38]. DOCK7 is a guanidine nucleotide exchange factor. 

Misty mice, with a loss of function mutation in this gene show uncoupled bone 

remodeling and reduced bone formation probably linked to reduced brown fat 

production [39; 40]. LOX is involved in the crosslinking of collagen and elastin, and 

knock-out mice show decreased osteoblast differentiation [41; 42]. A link to more 

direct Activin-A signaling can be found in RAB27B which is involved in pituitary 

Table 4. Cellular components regulated by Activin-A in FOP cells

Id name Fdr b&H Genes From input Genes in annotation

GO:0005925 focal adhesion 6.75E-8 17 411

GO:0030055 cell-substrate junction 6.75E-8 17 421

GO:0005912 adherens junction 4.90E-7 18 560

GO:0070161 anchoring junction 5.55E-7 18 575

GO:0030054 cell junction 5.46E-5 24 1352

GO:0030424 axon 1.88E-2 14 817

GO:0030426 growth cone 2.16E-2 7 226

GO:0030427 site of polarized growth 2.16E-2 7 231

GO:0030496 midbody 2.82E-2 6 177

GO:0005911 cell-cell junction 3.08E-2 10 506

GO:0150034 distal axon 3.62E-2 9 432

Non supervised gene enrichment analysis of differentially expressed genes in the FOP cells with p<0.01 using 
ToppGene suite using a Benjamini and Hochberg’s False Discovery Rate (FDR B&H) of 5%

Table 5. Gene families regulated by Activin-A in FOP cells

Id name Fdr b&H Genes From 
input

Genes in 
annotation

939 Plakins 2.73E-2 2 8

490 Collagens 2.73E-2 3 46

634 Low density lipoprotein receptors 2.73E-2 2 13

1149 NADH:ubiquinone oxidoreductase core subunits 2.73E-2 2 14

596 Armadillo repeat containing|Importins 3.63E-2 2 18

Non supervised gene enrichment analysis of differentially expressed genes in the FOP cells with p<0.01 using 
ToppGene suite using a Benjamini and Hochberg’s False Discovery Rate (FDR B&H) of 5% 
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A.

C.

B.

Figure 3. activin-a induces differential gene expression only in FOP cells.
Graphic display of differential gene expression (MA plot) in which the Log2 Fold Change induced by Activin-A 
treatment is plotted against the mean of normalized counts. Differentially expressed genes
(Padj <0,1) depicted as red dots.(A.) MA plot of control samples shows no differentially expressed genes. (B.) 
MA plot of FOP shows some differential gene expression induced by Activin-A, n=4 for control and n=5 for FOP 
samples
(C.) Gene expression heatmap from median centered supervised gene expression analysis of the differentially 
expressed genes in the FOP cells. (Padj < 0,1, Z score is Log2 scale), n=5



89

Activin-A induced differential gene expression in FOP fibroblasts

4

hormone secretion like FSH, the secretion of which is stimulated by Activin-A [43; 

44].

Except for COL6A3, the 1.3 to 3.9 fold downregulated genes seem to be less clearly 

associated with muscle and bone metabolism. COL6A3, which encodes for the al-

pha3 chain of collagen type VI, is associated with the extracellular matrix of skeletal 

muscle, skin and cartilage [45; 46]. PLEC is an important molecule in muscle fibers 

[47]. CD9 is involved in cell fusion processes as seen in osteoclast formation and 

muscle cell fusion [48; 49]. TGFBRAP1 finally, is a Smad4 chaperone that associates 

with inactive TGFβ and Activin receptor complexes [50].

4. dIScuSSIOn

The discovery of the causative mutation in the ACVR1 gene resulting in the altered 

responsiveness of this BMP receptor [5] has paved the way to investigating the exact 

mechanism that underlies the heterotopic ossification seen in FOP. Especially dur-

ing the last decade great progress has been made and the discovery of Activin-A as 

an activator of the mutated ACVR1 receptor [11; 12] has stimulated the scientific FOP 

community to explore new therapeutic avenues. Here we investigated the effect on 

early transcriptome differences induced by Activin-A in our recently established hu-

man primary FOP cell culturing system using periodontal ligament fibroblasts [21].

Our data show that indeed the mutated ACVR1 receptor has an altered responsive-

ness to Activin-A as compared to the non-mutated receptor. Initial gene expression 

analysis without false discovery rate correction showed that, when using a p-value 

cutoff of p<0.01, 131 genes are differentially expressed in FOP cells as compared 

to 46 genes in the control cells. Pathway analysis on these genes using genemania 

shows an association with pathways involved in Activin, BMP and TGFβ signaling 

only in the FOP cells. FOP is an autosomal dominant genetic disease meaning that 

both the non-mutated as well as the mutated gene is being expressed, which has 

been demonstrated in FOP derived SHED cells and monocytes [22; 51]. The associa-

tion with the Activin and TGFβ signaling pathways indicates signaling via the non-

mutated receptor, whereas the BMP signaling via SMAD1, 5 and 9 shows that the 

altered responsiveness of the mutated receptor to Activin-A as described by other 

groups [20; 52] is also present in the periodontal ligament fibroblasts from FOP pa-

tients. Also, the gene enrichment analysis on these genes show a stronger reaction 

of the mutated receptor when exposed to Activin-A. There is an association with 

different GO terms, whereas no such association could be found in the control cells. 
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HO in FOP often occurs after inflammation or injury [3], a process which is possibly 

mediated by an increase in Activin-A [3; 11]. The altered gene expression profile seen 

here in the FOP cells after short exposure to Activin-A shows an association with GO 

terms GO 0009611 (response to wounding), GO:0009719 (response to endogenous 

stimulus) and GO:0071495 (cellular response to endogenous stimulus). This prob-

ably reflects the altered reaction described in FOP after injury or infection [53; 54; 

55]. Under normal circumstances when Activin-A binds to the non-mutated ACVR1 

receptor, it acts as an inhibitor of the canonical BMP-mediated signaling via ACVR1 

and subsequent osteogenic differentiation. In FOP however, the mutation results 

in activation of the mutated ACVR1 upon Activin-A binding, resulting in enhanced 

osteogenic differentiation. The association with the Activin-A induced upregulated 

genes in the FOP cells with the collagen gene family observed in this study probably 

reflects the osteogenesis process taking place as a response to this altered signaling 

of the mutated ACVR1.

The inter donor variability has a higher impact on the difference in overall expres-

sion compared to the experimental condition (e.g. without or with Activin-A) as 

described in figure 1, suggesting that differences on single gene expression level 

induced by Activin-A treatment could be difficult to detect above the “noise” in-

duced by above mentioned inter donor variability. Surprisingly, despite this fact, 

supervised gene expression analysis using a false discovery rate of 10% showed that 

differential expression was seen but only in the FOP cells. Some of the genes that 

showed a higher than 2 fold upregulation in the FOP cells under the influence of 

Activin-A, can be related to bone metabolism or heterotopic ossification and can 

thus be regarded as potential targets to inhibit HO in FOP. These genes will be dis-

cussed next in the context of the process of endochondral bone formation.

Heterotopic ossification, as seen in FOP, is believed to be formed via endochon-

dral bone formation where chondrogenic differentiation of stem cells results in 

cartilage formation that is subsequently converted to bone. We find an increase in 

DOCK7 expression in the FOP cells, possibly resulting in increased chondrogenesis 

and osteogenesis, ultimately resulting in enhanced HO. The mutated ACVR1 has 

been shown to play an important role in enhanced chondrogenic differentiation 

in a gain-of-function mouse model [56]. In mouse models of HO one of the early 

steps in the formation of HO is the biogenesis of brown adipose tissue (BAT) [57]. 

This BAT creates a hypoxic environment which is suggested to induce chondrogenic 

differentiation of mesenchymal stem cells [58] and subsequent endochondral bone 

formation. Misty mice lack BAT and show decreased osteogenesis and increased 

osteoclast activity [40]. This uncoupling of bone formation and bone resorption is 
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the result of a loss of function mutation in the DOCK7 gene [39; 59]. Also the 2.3 fold 

upregulation of PAPPS2 observed in the FOP cells here may relate to the increased 

early stage endochondral ossification. The cartilage matrix that is produced during 

the early stages of endochondral ossification contains high concentrations of sulfate 

groups bound to several extracellular matrix proteins. PAPPS2 is a phosphosulphate 

phosphatase that catalyzes the sulfation of these extracellular matrix proteins [38]. 

Expression of PAPPS2 is partly regulated by TGFβ [60]. Mutations in PAPPS2 result 

in different types of osteochondrodysplasias, examples of which are described by 

Wang et al [37]. The upregulation of TTC1 expression suggests that the RAS signaling 

pathway, which belongs to the osteogenic differentiation program, is activated. Os-

teogenic differentiation may take place via different pathways. One of the signaling 

pathways involved in osteogenic differentiation is the RAS signaling [61; 62]. TTC1 is 

an adaptor protein that binds to Gα proteins resulting in an interaction with small 

GTPase RAS that activates the RAS signaling pathway[35; 36]. Similarly, the higher 

expression of SHOC2 seen here is an implication of increased RAS-MAPK signaling. 

SHOC2 is a leucine rich repeat scaffolding protein that is involved in the RAS-MAPK 

signaling [33; 34]. Mutations in this gene are linked to RASopathies like the Maz-

zaniti syndrome and the Noonan syndrome [63; 64], both of which result in reduced 

postnatal growth. At a later stage of endochondral bone formation the formation of 

collagen cross links is an important step that determines the integrity and strength 

of the bone. One of the enzymes involved in the formation of these crosslinks is 

Lysil Oxidase (LOX), a copper-dependent enzyme that catalyzes the deamination of 

lysine and hydroxylisine residues, thereby initiating the crosslinking of collagen 

molecules [41; 42; 65; 66]. LOX deficient mice show lower osteoblast differentiation 

and activity [42] and lower numbers of crosslinks are related to bone fragility in, for 

instance, aging and osteoporosis [65]. Interestingly, expression of LOX is partly regu-

lated by the hypoxia-induced transcription factor HIF1 [67; 68]. HIF-1 is, together 

with Activin-A, upregulated during injury [20; 53] providing potential links between 

hypoxia, FOP and LOX expression.

Taken together the upregulated genes described above play a role in either the 

early, chondrogenic, stages of endochondral bone formation (DOCK7 and PAPPS2) 

or at the later, more osteogenic, stages of this process (TTC1, SHOC2 and LOX). This 

indicates that the altered responsiveness of the mutated ACVR1 gene to Activin-A 

could induce heterotopic bone formation. Further studies to elucidate the exact role 

of above described genes in HO in FOP cells need to be performed. In these studies 

blocking experiments with, for instance, follistatin will be included. We and other 

groups have previously shown that follistatin indeed inhibits the effect of Activin-A 

on other FOP derived primary cells [22; 20]. We did not include such blocking experi-
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ments in this RNA sequencing experiment because we first wanted to investigate 

which genes were influenced in the first place. Also, the subsequent data- and statis-

tical analysis where we would compare 4 different experimental conditions would 

become rather complex.

As discussed above, the up- and downregulated genes were identified only in FOP 

patient-derived cells. Nevertheless, and strikingly, the fold-change was relatively 

small, between 1.3 and 2.5 fold changes in the upregulated genes and 1.3 and 3.9 

fold changes in the downregulated group. This suggests that the advanced hetero-

topic ossification in FOP could be the result of additive gene expression effects, 

rather than being caused by one dominantly over- or under expressed gene. QPCR 

experiments did not confirm the statistical differences as seen in the RNAsequenc-

ing data analysis. This could be due to the fact that, as stated in figure 1, the inter 

donor variability is even higher than the differences induced by the experimental 

condition (e.g. addition of Activin-A), but probably more importantly, the fact that 

the average expression differences induced by Activin-A were below 2-fold. In our 

experience it is hard to reach statistical differences in QPCR experiments on human 

material with a low n as used here. In this paper we use the periodontal ligament 

fibroblast as a cell biological tool to study early effects of Activin-A on osteogenic dif-

ferentiation. Different groups have previously shown the osteoblast like properties 

of these cells, making them a relatively accessible source of cells to study osteogenic 

differentiation in, for instance, FOP research [69; 70; 71; 72]. However, as previously 

stated, following tooth extraction no HO formation in the socket has been reported. 

This may imply that the periodontal ligament fibroblasts exhibit HO formation in-

hibiting properties, which may be the underlying reason for the relatively small fold 

changes witnessed. Though an alternative possibility is the short incubation time 

with Activin-A. Longer exposure to the molecule might reveal more and possibly 

stronger effects on the transcriptome, resulting, when using osteogenic medium, in 

Activin-A enhanced osteogenesis, as recently shown with tooth associated cells by 

Wang et al. [20]. Gene enrichment and pathway analysis did not identify many or 

any new pathways associated to Activin-A signaling through the mutated receptor. 

This may be due to the relatively small number of differentially expressed genes 

which does not allow for extensive pathway analysis. Nevertheless, when applying 

supervised gene expression analysis with a false discovery rate of 10% our data show 

that Activin-A only induces differential gene expression in the FOP cells bearing 

the R206H mutation. The highest upregulated genes have all been linked to bone 

metabolism and some even to heterotopic ossification in general, but none of these 

genes have, to our knowledge, previously been described to be linked to HO in 

FOP. The differential expression of genes somehow involved in bone formation by 
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Activin A exclusively in cells carrying the FOP mutation is in strong support of the 

therapeutic treatment rational of inhibiting Activin A. This study adds evidence to 

the notion that when disarming Activin A’s malevolent effect, heterotopic bone 

formation can be tempered in the lives of people who suffer the daily anxiety of 

progressive ectopic bone formation with all its disabling consequences.

Funding
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94

Chapter 4

Supplementary table 1a Non-FDR corrected Upregulated genes by Activin-A in Control cells

ensembl_id gene_name Fold change P value

ENSG00000110925 CSRNP2 5,02 0,000

ENSG00000196505 GDAP2 3,72 0,001

ENSG00000100523 DDHD1 3,62 0,001

ENSG00000171466 ZNF562 3,60 0,001

ENSG00000058804 NDC1 3,44 0,002

ENSG00000162624 LHX8 3,21 0,003

ENSG00000131459 GFPT2 3,21 0,004

ENSG00000168769 TET2 2,94 0,007

ENSG00000175414 ARL10 2,91 0,008

ENSG00000134717 BTF3L4 2,88 0,008

ENSG00000089022 MAPKAPK5 2,85 0,009

ENSG00000087586 AURKA 2,84 0,008

ENSG00000068784 SRBD1 2,83 0,010

ENSG00000164211 STARD4 2,77 0,009

ENSG00000010017 RANBP9 2,69 0,006

ENSG00000074842 MYDGF 2,17 0,004

ENSG00000139278 GLIPR1 1,91 0,002

ENSG00000148848 ADAM12 1,69 0,002
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Supplementary table 1b Non-FDR corrected Downregulated genes by Activin-A in Control cells

ensembl_id gene_name Fold change P value

ENSG00000198899 MT-ATP6 -1,58 0,003

ENSG00000103335 PIEZO1 -1,60 0,005

ENSG00000248527 MTATP6P1 -1,93 0,005

ENSG00000116786 PLEKHM2 -2,05 0,009

ENSG00000198695 MT-ND6 -2,13 0,007

ENSG00000078804 TP53INP2 -2,20 0,006

ENSG00000134697 GNL2 -2,21 0,009

ENSG00000167671 UBXN6 -2,38 0,001

ENSG00000144791 LIMD1 -2,50 0,006

ENSG00000185000 DGAT1 -2,54 0,007

ENSG00000169375 SIN3A -2,60 0,005

ENSG00000086504 MRPL28 -2,67 0,009

ENSG00000124299 PEPD -2,67 0,001

ENSG00000005175 RPAP3 -2,69 0,007

ENSG00000168411 RFWD3 -2,70 0,004

ENSG00000126821 SGPP1 -2,71 0,006

ENSG00000130299 GTPBP3 -2,77 0,008

ENSG00000103152 MPG -2,82 0,006

ENSG00000149557 FEZ1 -2,84 0,005

ENSG00000188177 ZC3H6 -2,88 0,007

ENSG00000164039 BDH2 -2,89 0,006

ENSG00000137221 TJAP1 -2,90 0,005

ENSG00000128185 DGCR6L -2,91 0,007

ENSG00000164687 FABP5 -2,96 0,006

ENSG00000146350 TBC1D32 -2,99 0,005

ENSG00000175063 UBE2C -3,01 0,006

ENSG00000125703 ATG4C -3,32 0,003

ENSG00000154642 C21orf91 -3,40 0,002

Non-FDR corrected differentially expressed genes with p<0.01 in control cells
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Supplementary table 2a Non-FDR corrected Upregulated genes by Activin-A in FOPcells

ensembl_id gene_name Fold change pvalue

ENSG00000100523 DDHD1 3,39 0,000

ENSG00000095485 CWF19L1 2,79 0,001

ENSG00000164815 ORC5 2,76 0,002

ENSG00000064651 SLC12A2 2,74 0,001

ENSG00000175283 DOLK 2,61 0,002

ENSG00000166925 TSC22D4 2,53 0,004

ENSG00000185619 PCGF3 2,52 0,002

ENSG00000162688 AGL 2,51 0,002

ENSG00000041353 RAB27B 2,50 0,000

ENSG00000253626 EIF5AL1 2,50 0,000

ENSG00000108061 SHOC2 2,49 0,000

ENSG00000120693 SMAD9 2,48 0,005

ENSG00000185418 TARSL2 2,47 0,005

ENSG00000168566 SNRNP48 2,46 0,005

ENSG00000204291 COL15A1 2,43 0,006

ENSG00000171204 TMEM126B 2,42 0,005

ENSG00000113312 TTC1 2,40 0,000

ENSG00000187713 TMEM203 2,40 0,007

ENSG00000141219 C17orf80 2,36 0,008

ENSG00000085721 RRN3 2,34 0,008

ENSG00000173193 PARP14 2,32 0,008

ENSG00000105849 TWISTNB 2,32 0,009

ENSG00000234741 GAS5 2,32 0,007

ENSG00000106012 IQCE 2,31 0,004

ENSG00000156256 USP16 2,30 0,003

ENSG00000157110 RBPMS 2,30 0,002

ENSG00000080802 CNOT4 2,28 0,009

ENSG00000198682 PAPSS2 2,28 0,000

ENSG00000116641 DOCK7 2,23 0,000

ENSG00000136603 SKIL 2,14 0,003

ENSG00000135446 CDK4 2,13 0,006

ENSG00000114450 GNB4 2,13 0,001

ENSG00000165525 NEMF 2,10 0,008

ENSG00000114346 ECT2 2,10 0,002

ENSG00000066044 ELAVL1 2,08 0,010

ENSG00000035681 NSMAF 2,07 0,008

ENSG00000010404 IDS 1,96 0,008

ENSG00000065809 FAM107B 1,94 0,002
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Supplementary table 2a Non-FDR corrected Upregulated genes by Activin-A in FOPcells (continued)

ensembl_id gene_name Fold change pvalue

ENSG00000157680 DGKI 1,94 0,004

ENSG00000163629 PTPN13 1,88 0,002

ENSG00000134108 ARL8B 1,88 0,000

ENSG00000111817 DSE 1,85 0,001

ENSG00000116199 FAM20B 1,84 0,005

ENSG00000174695 TMEM167A 1,83 0,008

ENSG00000138095 LRPPRC 1,80 0,003

ENSG00000145495 MARCH6 1,78 0,004

ENSG00000186318 BACE1 1,78 0,001

ENSG00000104164 BLOC1S6 1,78 0,003

ENSG00000163069 SGCB 1,78 0,008

ENSG00000115760 BIRC6 1,77 0,002

ENSG00000162704 ARPC5 1,77 0,004

ENSG00000197111 PCBP2 1,73 0,008

ENSG00000102753 KPNA3 1,72 0,009

ENSG00000089693 MLF2 1,66 0,000

ENSG00000151239 TWF1 1,63 0,008

ENSG00000107863 ARHGAP21 1,60 0,005

ENSG00000089737 DDX24 1,56 0,006

ENSG00000096696 DSP 1,55 0,004

ENSG00000084733 RAB10 1,53 0,003

ENSG00000113083 LOX 1,47 0,000

ENSG00000152377 SPOCK1 1,39 0,007

ENSG00000140575 IQGAP1 1,38 0,001

ENSG00000167601 AXL 1,36 0,007

ENSG00000122641 INHBA 1,32 0,008

ENSG00000198899 MT-ATP6 1,31 0,000

ENSG00000198840 MT-ND3 1,29 0,006

ENSG00000134363 FST 1,27 0,001

ENSG00000166598 HSP90B1 1,27 0,007

ENSG00000198763 MT-ND2 1,20 0,006
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Supplementary table 2b Non-FDR corrected Downregulated genes by Activin-A in FOPcells

ensembl_id gene_name Fold change P value

ENSG00000142156 COL6A1 -1,20 0,008

ENSG00000100345 MYH9 -1,23 0,007

ENSG00000163359 COL6A3 -1,25 0,000

ENSG00000196924 FLNA -1,26 0,002

ENSG00000123384 LRP1 -1,27 0,002

ENSG00000140526 ABHD2 -1,35 0,007

ENSG00000204262 COL5A2 -1,36 0,009

ENSG00000110880 CORO1C -1,39 0,006

ENSG00000188229 TUBB4B -1,45 0,003

ENSG00000174231 PRPF8 -1,45 0,008

ENSG00000167526 RPL13 -1,48 0,002

ENSG00000178209 PLEC -1,50 0,000

ENSG00000198542 ITGBL1 -1,52 0,002

ENSG00000143947 RPS27A -1,60 0,007

ENSG00000129103 SUMF2 -1,65 0,010

ENSG00000122642 FKBP9 -1,66 0,007

ENSG00000197226 TBC1D9B -1,69 0,008

ENSG00000164587 RPS14 -1,71 0,002

ENSG00000125991 ERGIC3 -1,76 0,010

ENSG00000089159 PXN -1,78 0,008

ENSG00000010278 CD9 -1,80 0,000

ENSG00000172053 QARS -1,83 0,005

ENSG00000140264 SERF2 -1,85 0,000

ENSG00000182446 NPLOC4 -1,89 0,004

ENSG00000160007 ARHGAP35 -1,90 0,000

ENSG00000128245 YWHAH -1,96 0,008

ENSG00000168066 SF1 -1,96 0,001

ENSG00000136193 SCRN1 -1,99 0,001

ENSG00000159461 AMFR -2,00 0,002

ENSG00000120256 LRP11 -2,01 0,010

ENSG00000129245 FXR2 -2,05 0,006

ENSG00000063438 AHRR -2,11 0,005

ENSG00000100297 MCM5 -2,13 0,004

ENSG00000079308 TNS1 -2,14 0,002

ENSG00000140181 -2,18 0,010

ENSG00000120063 GNA13 -2,19 0,001

ENSG00000167118 URM1 -2,21 0,008

ENSG00000042753 AP2S1 -2,21 0,005
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Supplementary table 2b Non-FDR corrected Downregulated genes by Activin-A in FOPcells (continued)

ensembl_id gene_name Fold change P value

ENSG00000105520 LPPR2 -2,23 0,003

ENSG00000105058 FAM32A -2,25 0,002

ENSG00000108592 FTSJ3 -2,29 0,004

ENSG00000158122 AAED1 -2,31 0,010

ENSG00000165688 PMPCA -2,35 0,003

ENSG00000117713 ARID1A -2,42 0,000

ENSG00000092470 WDR76 -2,44 0,005

ENSG00000143774 GUK1 -2,44 0,001

ENSG00000116514 RNF19B -2,45 0,006

ENSG00000115107 STEAP3 -2,47 0,002

ENSG00000257621 PSMA3-AS1 -2,48 0,004

ENSG00000068903 SIRT2 -2,54 0,003

ENSG00000010803 SCMH1 -2,56 0,004

ENSG00000108292 -2,64 0,002

ENSG00000111361 EIF2B1 -2,73 0,001

ENSG00000142634 EFHD2 -2,74 0,001

ENSG00000033011 ALG1 -2,80 0,002

ENSG00000064932 SBNO2 -2,83 0,001

ENSG00000116791 CRYZ -2,87 0,001

ENSG00000099899 TRMT2A -2,90 0,001

ENSG00000117408 IPO13 -3,19 0,000

ENSG00000135709 KIAA0513 -3,47 0,000

ENSG00000135966 TGFBRAP1 -3,90 0,000

ENSG00000174442 ZWILCH -3,98 0,000

Non-FDR corrected differentially expressed genes with p<0.01 in FOP cells
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abSTracT

Fibrodysplasia Ossificans Progressiva (FOP) is a genetic disease characterized by het-

erotopic ossification (HO). The disease is caused by a mutation in the activin receptor 

type 1 (ACVR1) gene that enhances this receptor’s responsiveness to Activin-A. Bind-

ing of Activin-A to the mutated ACVR1 receptor induces osteogenic differentiation. 

Whether Activin-A also affects osteoclast formation in FOP is not known. Therefore 

we investigated its effect on the osteoclastogenesis-inducing potential of periodontal 

ligament fibroblasts (PLF) from teeth of healthy controls and FOP patients.

We used Western Blot analysis of phosphorylated SMAD3 (pSMAD3) and quantita-

tive polymerase chain reaction (QPCR) to assess the effect of Activin-A on the PLF. 

PLF-induced osteoclast formation and gene expression was studied by coculturing 

control and FOP PLF with CD14-positive osteoclast precursor cells from healthy do-

nors. Osteoclast formation was also assessed in control CD14 cultures stimulated by 

macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear fac-

tor kappa-B ligand (RANKL). Although Activin-A increased activation of the pSMAD3 

pathway in both control and FOP PLF, it increased ACVR1, FK binding protein 12 

(FKBP12) and inhibitor of DNA binding 1 protein (ID-1) expression only in FOP PLF. 

Activin-A inhibited PLF mediated osteoclast formation albeit only significantly when 

induced by FOP PLF. In these cocultures, it reduced M-CSF and dendritic cell-specific 

transmembrane protein (DC-STAMP) expression. Activin-A also inhibited osteoclast 

formation in M-CSF and RANK-L mediated mono-cultures of CD14+ cells by inhibit-

ing their proliferation.

This study brings new insight on the role of Activin A in osteoclast formation, which 

may further add to understanding FOP pathophysiology; in addition to the known 

Activin-A-mediated HO, this study shows that Activin-A may also inhibit osteoclast 

formation, thereby further promoting HO formation.
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1. InTrOducTIOn

Fibrodysplasia ossificans progressiva (FOP) is a severe genetic disease, character-

ized by progressive heterotopic bone formation by which muscles, tendons and 

ligaments are converted into bone [1; 2; 3]. Heterotopic ossification (HO) in FOP 

appears in flare-ups during inflammation, following injury or spontaneously. The 

newly formed extra-skeletal bone ultimately connects to the existing skeleton, 

hereby gradually causing irreversible movement impairments throughout the body. 

Additionally, mobility limitations of the thorax often result in a shortened life span 

due to respiratory problems [4]. The worldwide prevalence of FOP is approximately 

1 in 2 million people. There is no cure for FOP, current disease management and 

treatment predominantly consists of prevention and corticosteroids to counteract 

flare-ups [5; 6].

FOP is caused by mutations in the gene encoding the Activin receptor type 1/activin 

kinase 2 (ACVR1/ALK2) bone morphogenetic protein (BMP) type 1 receptor, most 

frequently by the single nucleotide 617G>A mutation. This results in the replace-

ment of the amino acid arginine by histidine (R206H) [2; 7]. In healthy subjects 

ACVR1 receptor dimers stimulate the SMAD1/5/8 pathway and subsequent osteo-

genesis by forming a complex with a BMP type 2-receptor dimer upon binding of 

different ligands of the transforming growth factor beta (TGF-β) superfamily. The 

ACVR1-R206H mutation causes decreased binding of the ACVR1-inhibitor FK binding 

protein 12 (FKBP12), resulting in leaky signalling of the receptor in the absence of 

ligand [8; 9]. Also, various reports have shown altered BMP signalling and increased 

responsiveness to BMP4 [10; 11; 12]. Recently it has been shown that the mutation 

also results in an increased responsiveness of the receptor to Activin-A [13; 14]. This 

TGF-β superfamily ligand is known to induce SMAD2/3 signalling [15], and normally 

inhibits BMP signalling through ACVR1 [16]. However, in FOP patient-derived in-

duced pluripotent stem cells [14] and in a mouse model of FOP [13], Activin-A was 

specifically shown to signal through the canonical BMP-pSMAD1/5/8 pathway, thus 

stimulating osteogenesis. Activin-A is upregulated during inflammation [17], a state 

that is able to induce flare-ups and HO in FOP patients. In a mouse model for FOP, 

antibodies against Activin-A resulted in complete inhibition of HO [13].

Bone is a highly dynamic tissue which is constantly remodelled. Bone remodelling 

is the continuous process of bone formation (osteogenesis) by osteoblasts, and 

bone resorption by multinucleated osteoclasts, that form through fusion of CD14+ 

monocytes from blood [18]. In healthy bone tissue there is a balance between bone 

formation and bone resorption [19]. The metabolism, structure and composition of 



110

Chapter 5

heterotopic bone formed in FOP patients are assumed to be comparable to healthy 

bone [1]. During the active phase of HO formation under influence of Activin-A how-

ever, bone resorption activity is likely reduced, ultimately resulting in the formation 

of extra, heterotopic bone. Therefore, in this study we aimed to investigate the role 

of Activin-A in osteoclast formation in FOP.

Little is known about the effect of Activin-A on osteoclast formation from human 

CD14+ osteoclast precursor cells. In vivo the necessary signals for osteoclast for-

mation are derived from osteoblast-like stromal cells [19]. In the present study, 

periodontal ligament fibroblasts (PLF) are used as osteoclast formation-stimulating 

cells. These cells reside in the periodontal ligament between the root surface of the 

tooth and the alveolar bone and exhibit both bone forming (osteogenic) - [20; 21; 22] 

and osteoclastogenesis-inducing [23; 24] capacities, the latter in combination with 

osteoclast precursor cells.

The use of tooth-related cells as a cell model is especially relevant in FOP studies. 

Bone biopsies, as a source for osteoblastic cells cannot be taken in FOP patients 

because of the risk of heterotopic bone formation as a result of the surgical trauma. 

After tooth extraction however, no HO occurs at sites of extraction. Billings et al. 

and Wang et al. [9; 25] used cells from discarded primary teeth (SHED cells) from FOP 

patients showing higher osteogenic differentiation which was shown to be driven 

by the FOP mutation restricted induction by Activin-A. We have recently reported 

the use of PLF as a tool to study osteoclastogenesis in FOP [26], where a stronger 

inhibitory effect of TGF-β inhibitor on osteoclast formation was observed in FOP 

fibroblasts-mediated osteoclast formation. Here we use this model to study the effect 

of Activin-A on osteoclastogenesis driven by FOP PLF. We hypothesize that Activin-A 

reduces the osteoclastogenesis-inducing capacity of the PLF that express the mutant 

R206H ACVR1 resulting in less bone resorption.

2. MaTerIalS and MeTHOdS

2.1 cells
2.1.1 Periodontal Ligament Fibroblasts
Periodontal ligament cells were retrieved from 4 extracted third molars from a 

female FOP patient aged early 20s, 3 molars from a female FOP patient aged early 

40s and 6 third molars from 5 controls (2 males, 3 females, age range: 15-24). Both 

FOP patients carried the classical R206H mutation. Written informed consent was 

obtained from each participant. Researchers were not able to trace the origin of 



111

Activin-A and PDL mediated osteoclast formation in FOP

5

the material to the person, as required by Dutch law. There were no differences in 

bone healing between the FOP patients and the control group after tooth removal. 

Periodontal ligament was scraped off the middle one third of the root and cells were 

propagated in culture medium, consisting of Dulbecco’s minimal essential medium 

(DMEM, Gibco BRL, Paisley, Scotland) supplemented with 10% FCS (HyClone, Logan, 

UT), and 1% antibiotics: 100 U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml 

amphotericin B (Sigma, St. Louis, MO, USA). Cells were propagated and third passage 

cells were frozen and stored in liquid nitrogen. All experiments were performed 

with 4th passage cells.

2.1.2 CD14+ cells
CD14+ monocytes were isolated as described before [27]. 

Briefly, peripheral blood mononuclear cells were isolated from human buffy coats 

from healthy donors (Sanquin, The Netherlands) using Ficoll-Paque density gradi-

ent centrifugation. Subsequently cells were incubated with CD14-antibody tagged 

microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and sorted using a 

manual MACS magnetic cell sorter (Miltenyi Biotec) according to the manufacturer’s 

instructions [28]. The purity of the cells was determined with flow cytometry (FAC-

Sverse™, BD Biosciences, Piscataway, USA). For analysis, cells were incubated with 

fluoresceine isothiocyanate (FITC) labeled anti-human CD14 (Miltenyi Biotec) or its 

equivalent isotype control IgG2a (Miltenyi Biotec), and incubated for 30 minutes in 

the dark on ice. After incubation, cells were washed to remove unbound antibodies, 

recovered in FACS buffer and analyzed (30 secs or 100,000 viable events) on a BD 

Bioscience FACSverse flow cytometer. Purity was confirmed to be at least 80%.

2.2 Osteoclastogenesis
2.2.1 In PLF and CD14+ cells coculture
For the coculture experiments PLF were cultured overnight in a 48 wells plate at a 

density of 1,5 x 104 cells/well. Cells were seeded both on plastic and on bovine corti-

cal bone slices of 650 µm thickness which were soaked in a 48 well plate with 400 

µl culture medium for 2 h prior to seeding. The next day purified CD14+ cells were 

seeded on top of the PLF at a density of 1 x 105 cells/well and the cells were cultured 

without or with 50 ng/ml Activin-A (Sigma, St Louis, MO, USA).

The cocultures were performed in minimal essential medium alpha modification 

(αMEM) supplemented with 10% FCS and 1% antibiotics at 37°C, in a humidified 

atmosphere under 5% CO2. Culture media were replaced every 3-4 days.
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Six different PLF cell isolates from both control and FOP donors were cocultured with 

CD14 + cells isolated from one buffy coat. The different experimental conditions 

were cultured in duplicate. Cells were cultured for 7days (for RNA isolation) and 21 

days (for RNA isolation and Tartrate Resistant Acid Phosphatase (TRAcP) staining).

2.2.2 In CD14+ cells monoculture
Purified CD14+ cells were suspended in culture medium consisting of αMEM 

supplemented with 10% FCS, and 1% antibiotics: 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 250 ng/ml amphotericin B. Cells were cultured in a 96 well plate 

at a density of 1 x 105 cells/well, for the first three days with macrophage colony-

stimulating factor (M-CSF) (R&D systems, Oxon, UK) 25 ng/ml, without or with 50 ng/

ml Activin-A. After three days the medium composition was changed to M-CSF 10 ng/

ml and receptor activator of nuclear factor kappa-B ligand (RANKL) (R&D Systems) 2 

ng/ml, without or with 50 ng/ml Activin-A. All cultures were maintained at 37°C, in 

a humidified atmosphere under 5% CO2. Culture media were replaced every 3-4 days.

The different experimental conditions were cultured in triplicate. The effect of 

Activin A on CD14+ cell and cytokines M-CSF and RANKL driven osteoclast forma-

tion was re-established in 3 different experiments using control CD14+ cells from 

4 healthy volunteers. Cells were cultured for 7 days (DNA measurement), 14 days 

(TRAcP staining, DNA measurement) and 21 days (TRAcP staining).

Activin-A was measured with the Human Activin-A enzyme-linked immunosorbent 

assay (ELISA) kit (ABCAM,Cambridge, UK). No detectable Activin-A (sensitivity < 12 

pg/ml) was found in the culture media, nor in the supernatants after 3 days of cultur-

ing (data not shown).

2.3 western blot analysis
For the western blot analysis PLF were cultured in 6 well plates, 3 x 105 cells/well. 

After overnight culture under serum free conditions cells were incubated without 

or with 50 ng/ml Activin-A for 1 hour. Whole cell lysate preparation and western 

blotting was performed as described before [29]. Shortly, cells were lysed using the 

NuPAGE LDS Sample Buffer with NuPAGE reducing agent (Thermo Fisher Scientific, 

Waltham, MA, USA). Proteins were separated on NuPAGE 4-12% BT gels and were 

subsequently transferred to nitrocellulose membranes using the iBlot Dry Blotting 

system (Thermo Fisher Scientific). Immunoblotting was performed overnight with 

primary antibodies against phosphoSmad3 (Abcam, Cat#ab52903) and actin (Abcam, 

Cat#ab14128). Secondary antibody incubation was carried out for 1 h with the IRDye 

800CW goat anti-rabbit IgG and the IRDye 680CW goat anti-mouse IgG antibodies 
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(LI-COR Biosciences, Lincoln, NE, USA). Fluorescence was visualized and quantified 

by the Odyssey infrared imaging system equipped with the Odyssey version 4 soft-

ware (LI-COR Biosciences).

2.4 TracP staining and osteoclast quantification
TRAcP staining was performed with the Leukocyte Acid Phosphatase Staining Kit 

(Sigma, St. Louis, MO, USA) as previously described [23]. Nuclei were stained with 

diamidino-2 phenylindole dihydrochloride (DAPI). Micrographs of cultures on 

plastic were taken from five fixed positions per well, with a digital camera (Leica, 

Wetzlar, Germany) and analysed for the number of TRACP+ multinucleated cells 

(MNCs) containing three or more nuclei. For the cultures on bone the total number 

of TRACP+ MNCs on the complete bone slice was counted under the microscope and 

corrected for the area of the bone slice. Each experimental condition was assessed in 

duplicate for the cocultures and in triplicate for the CD14+ monocultures.

2.5 rna isolation and real-time quantitative polymerase chain 
reaction (Q-Pcr)
For the RNA isolation cells were cultured under different conditions; PLF were 

cultured in a 48 wells plate, 1,5 x 104 cells /well, samples were taken after 24 hour 

incubation without or with 50 ng/ml Activin-A (four wells were pooled per condi-

tion). For the coculture 1,5 x 104 PLF were cultured together with 1 x 105 CD14+ cells 

in a 48 wells plate without or with 50 ng/ml Activin-A, samples were taken after 7 

and 21days of culture (two wells were pooled per condition).

RNA was isolated using the RNeasy mini kit (QIAGEN, Hilden, Germany) follow-

ing manufacturer’s instructions. The reverse transcriptase reaction was performed 

with the first strand cDNA synthesis kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol, using both the Oligo(dT)18 and the D(N)6 primers.

Q-PCR primers were designed using Primer Express software, version 2.0 (Applied 

Biosystems, Foster City, CA, USA) (Table 1). To avoid amplification of genomic DNA, 

each amplicon spanned at least one exon-exon junction. Q-PCR was performed with 

the LC480 light cycler (Roche, Basel, Switzerland). 3 ng cDNA was used in a total 

volume of 20 µl containing Light Cycler SybrGreen1 Master mix (Roche) and 1 µM 

of each primer. Tm for all primers are listed in table 1. In the PLF monocultures 

hypoxanthine phosphoribosyltransferase 1 (HPRT1) was used as housekeeping gene. 

In the cocultures porphobilinogen deaminase (PBGD) was used. Expression of house-

keeping genes was not affected by the different experimental conditions. Samples 

were normalized based on the expression of the housekeeping gene by calculating 



114

Chapter 5

the ΔCt (Ct,gene of interest - Ct,housekeeping gene) and expression of the different genes was 

expressed as 2-(ΔCt). All qPCRs had equal efficiencies

2.6 Proliferation assay
Proliferation was assessed by measuring the amount of DNA after 7 and 14 days 

of cell culturing using the CyQuant cell proliferation assay kit (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Briefly, sample lysate was 

incubated with GR dye reagent (1x) following the manufacturer’s instructions. Fluo-

rescence (excitation = 480 nm, emission = 520 nm) was detected using the synergy 

multi-mode reader (Biotek, VT, USA). Each experimental condition was assessed in 

triplicate.

2.7 Statistical analysis
Differences between cultures without and with Activin-A were tested using the 

Wilcoxon matched-pairs signed rank test. For differences between control and FOP 

cultures the Mann-Whitney test was used. Differences were considered to be signifi-

cant when the p-value was lower than 0.05.

Table 1. Primers used for quantitative Pcr.

Gene Sequence 5’-3 amplicon 
length (bp)

ensemble Gene Id

HPRT1 TgACCTTgATTTATTTTgCATACC 101 ENSG00000165704

CgAgCAAgACgTTCAgTCCT

PBGD TgCAgTTTgAAATCATTgCTATgTC 84 ENSG00000113721

AACAggCTTTTCTCTCCAATCTTAgA

CSF1 CCgAggAggTgTCggAgTAC 100 ENSG00000184371

AATTTggCACgAggTCTCCAT

DCSTAMP ATTTTCTCAgTgAgCAAgCAgTTTC 101 ENSG0000016493

AgAATCATggATAATATCTTgAgTTCCTT

ACVR1 CAgCTgCCCACTAAAggAAAAT 68 ENSG00000115170

AATAATgAggCCAACCTCCAAgT

FKBP1A/FKBP12 gATCCgAggCTgggAAgAAg 68 ENSG00000088832

ggAgATATAgTCAgTTTggCTCTCTgA

ID-1 ACgTgCTgCTCTACgACATgA 56 ENSG00000125968

TgggCACCAgCTCCTTgA

HPRT1, hypoxanthine phosphoribosyltransferase 1; PBGD, porphobilinogen deaminase; CFS1, colony-stim-
ulating factor1 (coding for macrophage-colony stimulating factor (M-CSF)); DC-STAMP: dendritic cell-specific 
transmembrane protein; ACVR1, Activin A receptor type I; FKBP1A, FK506 Binding Protein 1A (coding for FK 
binding protein 12 (FKBP12)); ID-1: Inhibitor of DNA binding 1 protein. For each gene, the first oligonucleotide 
sequence represents the forward primer, the second sequence the reverse primer.
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3. reSulTS

3.1 activin-a induces SMad 3 phosphorylation in Periodontal 
ligament Fibroblasts
To show the induction of the SMAD3 signaling pathway by Activin-A in PLF, we cul-

tured the cells for 1 hour with Activin-A. Cell lysates were prepared and western blot 

analysis was performed with a phospho-Smad3 antibody. p-SMAD3 was significantly 

increased by Activin-A in both control and FOP cells (Fig. 1 A and B).

3.2 activin-a induces acvr1, FKbP12 and Id-1 expression in FOP 
Periodontal ligament Fibroblasts
To establish whether the R206H mutation indeed results in altered responsiveness 

of the receptor to Activin-A, we investigated mRNA expression of several genes after 

a 24 hour incubation of the PLF with Activin-A. Both the ACVR1 receptor and its 

inhibitor FKBP12 are significantly upregulated by Activin-A in the FOP PLF (Fig. 2 A 

Figure 1. western blot analysis of SMad phosphorylation in fibroblasts.
Control or FOP PLF were cultured for 1 hour with 50 ng/ml Activin-A. Whole cell lysates were used for west-
ern blotting analysis for pSMAD3, actin was used as the loading control (only one of the two gels analyzed is 
shown) (a). Activin-A upregulates Smad3 phosphorylation in both control and FOP cells (b). Control n=4, FOP 
n=6. (Wilcoxon matched-pairs signed rank test, *: p≤0.05, ***: p≤0.001).
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and B). To test if the SMAD1/5/8 signaling pathway was differentially affected in the 

FOP PLF we investigated the expression of the ID-1 gene in both the PLF monocul-

tures as well as in the cocultures. ID-1 is one of the target molecules of SMAD1/5/8 

signaling which has been shown to be upregulated by Activin-A especially in FOP 

cells [25]. In the PLF monocultures ID-1 was significantly higher expressed in FOP 

PLF as compared to control PLF both without and with Activin-A (Fig. 2 C).

Activin-A significantly increased ID-1 expression only in cocultures with the FOP PLF 

after 21 days. After 7 days of coculture this increase was not significant (P = 0.0625, 

Fig. 2D).

Figure 2. r206H mutation in acvr1 causes altered responsiveness of the receptor
Control or FOP PLF were cultured for 24 hour without and with Activin-A 50 ng/ml. Gene expression of ACVR1, 
FKBP12 and ID-1 was assessed and normalized for expression of the housekeeping gene HPRT (a, b and c).
Both ACVR1 and FKBP12 are significantly upregulated by Activin-A in FOP PLF (a and b). n=6 for both Control 
and FOP (Wilcoxon matched-pairs signed rank test, *: p≤0.05).
ID-1 is significantly higher expressed in FOP PLF, both without and with Activin-A (c). n=6 for both Control and 
FOP (Mann-Whitney test, *: p≤0.05).
Control or FOP PLF were co-cultured with CD14+ cells from healthy subjects without and with Activin-A 50 ng/
ml. After 7 and 21 days RNA was isolated and QPCR was performed on ID-1 and normalized for expression of 
the housekeeping gene PBGD (d).
Activin-A upregulates ID-1 expression in cocultures with FOP cells. n=6 for both Control and FOP. (Wilcoxon 
matched-pairs signed rank test, *: p≤0.05).
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3.3 activin-a inhibits periodontal ligament fibroblasts-induced 
osteoclast formation
Having shown the altered responsiveness of the mutated receptor in PLF to Activin-

A, we next assessed whether this alteration also affected their osteoclastogenesis-

inducing capacity. Osteoclasts were differentiated in cocultures of PLF and CD14+ 

cells without and with Activin-A both on plastic and on bone. After 21 days the 

cells were fixed and stained for TRACP and the nuclei were stained with DAPI. As 

described before, osteoclasts are formed at places were the fibroblasts retract to 

form cell free areas where the osteoclast precursors can fuse [30; 31]. Micrographs 

show the formation of cell free areas and subsequent formation of osteoclasts in 

cocultures with control and FOP fibroblasts without and with Activin-A on plastic 

(Fig. 3A-D). The number of TRACP positive multinucleated cells (with 3 and more 

nuclei) was counted (Fig. 3E and 3F). Activin-A inhibited osteoclast formation in the 

cocultures of CD14+ cells with both the control as well as the FOP PLF, but only 

significantly in the cocultures of FOP PLF, both on plastic and on bone.

3.4 activin-a downregulates genes involved in osteoclast 
formation
In an earlier study we already showed by allele-specific QPCR that the mutated re-

ceptor is only expressed by the FOP PLF [26]. To find a molecular mechanism under-

lying the osteoclastogenesis inhibition observed in the cocultures in the presence of 

Activin-A, QPCR experiments were performed after 7 days of culturing. In line with 

the decreased number of osteoclasts that formed, Activin-A significantly inhibited 

M-CSF (Fig. 4A) expression in both control and FOP cultures. Furthermore, it lowered 

expression of the fusion molecule DC-STAMP (Fig. 4B). This was only significant in 

the FOP cultures, in line with the significant decrease in osteoclast formation.

3.5 activin-a inhibits osteoclast formation and activity in cd14+ 
monocultures
The above suggests that Activin-A has an effect on osteoclastogenesis driven by 

both control as well as FOP patient-derived PLF, albeit that the effect in the FOP 

cultures was more pronounced. To investigate whether Activin-A also directly af-

fected osteoclast precursors, that is in the absence of PLFs, the influence of Activin-A 

on osteoclastogenesis in a CD14+ monoculture, derived from healthy subjects, was 

assessed. Cells were cultured in the presence of M-CSF and RANK-L, without and 

with Activin-A and osteoclasts were counted after 14 and 21 days. When the CD14+ 

cells were cultured in the presence of Activin-A the cells appeared to be more elon-

gated compared to the cultures without Activin-A (Fig. 5A and 5B). Osteoclasts were 
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formed under both culture conditions (Fig. 5A and 5B, white arrows) and Activin-A 

significantly inhibited osteoclastogenesis at both time points (Fig.5C).

Figure 3. activin-a inhibits osteoclast formation in cocultures
Control or FOP PLF were co-cultured with CD14+ cells from a healthy subject without and with Activin-A 50 ng/
ml for 21 days on plastic and on bone. Typical micrographs of osteoclast formation on plastic in a co-culture of 
CD14+ cells with (a) control PLF without Activin-A (b) control PLF with Activin-A (c) FOP PLF without Activin-A 
(d) FOP PLF with Activin-A are shown, osteoclasts indicated with arrows. Osteoclasts indicated with solid ar-
rowheads are shown at a higher magnification in the left lower corner of the corresponding micrographs. The 
number of TRAcP positive multinucleated (more than 3 nuclei) cells was counted on (d) plastic and (e) bone 
and were conferred to the number of cells/cm2.
Activin-A inhibits osteoclast formation in co-cultures with FOP PLF. n=6 for both control and FOP (Wilcoxon 
matched-pairs signed rank test, *: p≤0.05).
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3.6 activin-a decreases proliferation in cd14+ monocultures
Since osteoclasts arise through fusion of precursors, one of the possible reasons 

for a diminished osteoclast formation could be a decreased proliferation. This was 

tested by measuring DNA content after 7 and 14 days of culturing in the presence 

of M-CSF and RANK-L, without and with Activin-A. In both the cultures without and 

with Activin-A there was a significant increase in proliferation between day 7 and 14 

(Fig. 6). In the cultures with Activin-A however, this increase was significantly less as 

compared to the cultures without Activin-A.

Figure 4. activin-a down regulates expression of osteoclast- and osteoclastogenesis related genes after 
7 days of coculture
Control or FOP PLF were co-cultured with CD14+ cells from healthy subjects without and with Activin-A 50 ng/
ml. After 7 days RNA was isolated and QPCR was performed on (a) M-CSF and (b) DC-STAMP. Expression was 
normalized for expression of the housekeeping gene PBGD. n=6 for both control and FOP (Wilcoxon matched-
pairs signed rank test, *: p≤0.05).
Activin-A significantly down-regulates expression of M-CSF in the cocultures with the control PLF and of M-CSF 
and DC-STAMP in the cocultures with the FOP PLF.
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Figure 5. activin-a inhibits osteoclastogenesis in cd14+ monocultures
CD14+ cells isolated from a buffy coat from a healthy donor were cultured for 14 and 21 days in the presence of 
M-CSF and RANK-L (a) without, and (b) with 50 ng/ml Activin-A. The number of TRAcP positive multinucleated 
cells (more than 3 nuclei) was counted (c). n=3 (Wilcoxon matched-pairs signed rank test, *: p≤0.05).
Activin-A significantly inhibits osteoclast formation.
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4. dIScuSSIOn

In this study we investigated the potential role of Activin-A, the distinct activator of 

heterotopic bone formation by activating R206H mutated ACVR1, on osteoclast for-

mation in a recently established cell model for FOP [26]. In this model we cocultured 

osteoclast precursors with PLF cells isolated from extracted teeth from controls and 

FOP patients. These PLF cells come from a ligament, the kind of tissue that is being 

converted into bone in FOP patients. After extraction of the teeth no heterotopic 

bone formation at the place of the extraction has been reported. Therefore, such 

tooth extractions can be regarded as a safe model to obtain primary cells from FOP 

patients. Here we have refined the osteoclastogenesis cell model by using isolated 

CD14+ cells as a relatively pure source of osteoclast precursors to avoid possible 

interactions of Activin-A with non-osteoclast precursors present in peripheral blood.

QPCR results for ACVR-1 and FKBP12 expression shows an altered responsiveness of 

the mutated receptor to Activin-A. The upregulation of the inhibitor FKBP12 could 

be a response to the lost binding capacity of FKBP12 to the mutated receptor. The 

two-fold upregulation of the ID-1 expression in the FOP PLF monocultures suggests 

leaky signalling of the mutated receptor due to the inability of FKBP12 to bind to it 

[8]. Also the higher ID-1 expression in response to Activin-A stimulation in the PLF 

cocultures shows the altered responsiveness of the mutated receptor. This response 

to Activin-A was not seen in fibroblasts from control subjects. Recently Wang et al. 

reported that Activin-A activates the SMAD 1/5/8 pathway in human primary FOP 

Figure 6. activin-a decreases proliferation in cd14+ monocultures
CD14+ cells isolated from a buffy coat from a healthy donor were cultured for 7 and 14 days in the presence 
of M-CSF and RANK-L without and with 50 ng/ml Activin-A. Proliferation from day 7 to day 14 is shown (aver-
age increase without Activin-A 2.98 ± 0.18, with Activin-A 2.00 ± 0.22, **). n=3 (Wilcoxon matched-pairs signed 
rank test, **: p≤0.01).
Activin-A significantly inhibits proliferation of CD14+ cells.
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cells, using the tooth-associated SHED cells retrieved from the primary dentition of 

patients [25]. Here we show altered responsiveness of the ACVR1 receptor to Activin-

A in tooth-associated PLF from FOP patients.

Our results show that the PLF-induced osteoclast formation of CD14+ cells was inhib-

ited in the presence of Activin-A. This inhibition was only significant in cocultures 

with FOP PLF, but this should be regarded with some caution, due to the relatively 

low numbers of control and FOP samples. The same trend was observed in controls. 

Considering the role of ACVR1 in osteoclastogenesis, the present study shows that 

activation of the receptor leads to less osteoclasts. Interestingly, deletion of the recep-

tor, such as done in Osterix-Cre mice, causes an increased osteoclast formation and 

alveolar bone with higher porosity [32]. Together, the present study and the study by 

Zhang et al. suggest a modulatory role of ACVR1 in osteoclast formation. Osteoclast 

formation in a coculture of PLF and osteoclast precursors is mediated by cell-cell 

interaction [30; 33]. This cell interaction, the binding of fibroblasts and osteoclast 

precursors by adhesion molecules, stimulates the production of osteoclastogenic 

factors such as M-CSF and RANKL by fibroblasts, concomitant with osteoclast pre-

cursor expression of DC-STAMP [33]. In our coculture experiments we observed a 

significant downregulation of M-CSF and DC-STAMP expression in the presence of 

Activin-A, probably resulting in the observed decrease in osteoclast formation.

The current study demonstrated that the inhibition of osteoclast formation appears 

to be partially due to a direct effect on CD14+ cells. Activin-A significantly inhibited 

osteoclast formation in CD14+ cells from healthy subjects. Even though M-CSF was 

added to the cultures, there was a decrease in cell proliferation in cultures with 

Activin-A, an observation also noted by Fuller et al. [34] in a murine bone marrow 

cell culture system. The effect of Activin-A on osteoclast formation and activity has 

thus far only been investigated in murine cells, and shows contradictory results, 

partly owing to the used population of osteoclast precursors. An enhanced osteoclast 

formation and activity was found in several studies using mouse total bone marrow 

or RAW264.7 cells as the source of osteoclast precursors [34; 35; 36; 37]. However, 

Fowler et al, using bone marrow macrophages [36], showed a decrease in osteoclast 

formation due to decreased motility of the precursors as well as a decrease in os-

teoclast activity due to lower Cathepsin K expression and higher apoptosis. In our 

culture system we have used CD14+ cells as osteoclast precursors, a cell population 

that has some resemblance with the bone marrow macrophages used by Fowler et 

al. Using this culture system we observed a decreased osteoclast formation under 

the influence of Activin-A, probably due to the diminished proliferation of the 

precursors.
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As described above, the effects of Activin-A on osteoclast formation in the coculture 

of PLF with CD14+ cells were similar to the effects found in the mono-culture of 

CD14+ cells from healthy donors. This suggests that the effect seen in the cocultures 

is probably due to a direct effect on the CD14+ precursor cells. The observation that 

the inhibitory effect is significant when using the FOP fibroblasts, indicates that 

the mutated receptor might play an extra role in the osteoclast formation through 

a mechanism yet to be discovered. The lower M-CSF and DC-STAMP expression, 

molecules important in the proliferation and fusion of the osteoclast precursors, 

provide a potential mechanism for the decrease in osteoclastogenesis-inducing 

potential of the FOP fibroblasts.

It has been described that Activin-A induces bone formation in FOP by activating 

osteogenic differentiation through the mutated ACVR1 receptor. In this study we 

investigated the potential effect of Activin-A on the osteoclast formation induced 

by PLF from FOP patients, an issue that is all the more important since the first 

clinical trials using Activin-a blocking antibodies are underway. Our study shows 

that, parallel to the already known positive effect on heterotopic ossification, the 

osteoclast formation and activity is reduced by Activin-A in control CD14+ osteoclast 

precursors, and that the osteoclastogenesis-inducing capacity of FOP PLF seems to be 

inhibited when exposed to this molecule. In line with our findings, Upadhaya et al. 

recently showed in their FOP mouse model that blocking Activin-A with antibodies 

not only inhibited HO, but also resulted in partial resorption of already existing 

HO indicating that Activin-A might be involved in tempering the recruitment or 

activation of osteoclasts [38]. Taken together our data show that the inhibitory ef-

fect of Activin-A on osteoclast formation is probably due to a direct effect on the 

CD14+ osteoclast precursors rather than an effect via the PLF .This indicates that 

blocking Activin-A in FOP might block heterotopic ossification by both reducing 

bone formation as well as by increasing bone resorption. This adds another level of 

understanding to the regulation of bone formation in HO, the exploitation of which 

can lead to therapeutic gain.
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abSTracT

Fibrodysplasia Ossificans Progressiva (FOP) is a rare genetic disease characterized 

by heterotopic ossification (HO) that occurs in muscle tissue, tendons and liga-

ments. The disease is caused by mutations in the Activin receptor type I (ACVR1) 

gene resulting in enhanced responsiveness to Activin-A. Binding of this molecule to 

the mutated receptor induces HO. Bone metabolism normally requires the coupled 

action of osteoblasts and osteoclasts, which seems to be disturbed during HO. We 

hypothesize that Activin-A may also counteract the formation of osteoclasts in FOP 

patients. In this study we investigated the effect of Activin-A on osteoclast differen-

tiation of CD14+ monocytes from FOP patients and healthy controls.

The lymphocytic and monocytic cell populations were determined by FACS analysis. 

Expression of the mutated R206H receptor was assessed and confirmed by allele 

specific PCR. The effect of Activin-A on osteoclastogenesis was assessed by counting 

the number and size of multinucleated cells. Osteoclast activity was determined by 

culturing the cells on Osteo Assay plates. The influence of Activin-A on expression of 

various osteoclast related genes was studied with QPCR.

Blood from FOP patients contained similar percentages of classical, intermediate or 

non-classical monocytes as healthy controls. Addition of Activin-A to the osteoclas-

togenesis cultures resulted in fewer osteoclasts in both control and FOP cultures. 

The osteoclasts formed in the presence of Activin-A were, however, much larger 

and more active compared to the cultures without Activin-A. This effect was tem-

pered when the Activin-A inhibitor follistatin was added to the Activin-A containing 

cultures. Expression of osteoclast specific genes Cathepsin K and TRAcP was upregu-

lated, gene expression of osteoclastogenesis related genes M-CSF and DC-STAMP was 

downregulated by Activin-A.

Since Activin-A is a promising target for inhibiting the formation of HO in FOP, it is 

important to know its effects on both osteoblasts and osteoclasts. Our study shows 

that Activin-A induces fewer, but larger and more active osteoclasts independent of 

the presence of the mutated ACVR1 receptor. When considering FOP as an Activin-

A driven disease that acts locally, our findings suggest that Activin-A could cause 

a more pronounced local resorption by larger osteoclasts. Thus, when targeting 

Activin-A in patients with neutralizing antibodies, HO formation could potentially 

be inhibited, and osteoclastic activity could be slightly reduced, but then performed 

dispersedly by more and smaller osteoclasts.
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1. InTrOducTIOn

Fibrodysplasia ossificans progressiva (FOP) is a autosomal dominant severe genetic 

disease characterized by heterotopic bone formation where muscles, tendons and 

ligaments are being converted into bone [1; 2; 3]. Heterotopic ossification (HO) in 

FOP might appear after a flare-up, during inflammation, following injury or spon-

taneously. The new extra-skeletal bone is formed by endochondral ossification [1], 

the metabolism and composition of this heterotopic bone formed in FOP patients 

appears to be comparable to skeletal bone in healthy subjects. It ultimately connects 

to the existing skeleton, hereby gradually causing irreversible movement impair-

ments throughout the body [4].

FOP is caused by mutations in the gene encoding the Activin receptor type 1/ac-

tivin kinase 2 (ACVR1/ALK2), a bone morphogenetic protein (BMP) type 1 receptor 

[2; 5]. Upon binding of different ligands of the TGF-β superfamily, ACVR1 receptor 

dimers normally form a complex with a BMP type 2-receptor dimer stimulating the 

SMAD1/5/8 pathway and thereby osteogenesis. The most frequent mutation causing 

FOP is the single nucleotide c.617G>A mutation resulting in the replacement of the 

amino acid arginine by histidine (R206H). This replacement stimulates osteogenic 

differentiation of osteoblast-like cells by causing both decreased binding of the 

ACVR1-inhibitor FK binding protein 12 (FKBP12) [6; 7] and increased responsiveness 

to BMP4 [8; 9; 10]. Recently Activin-A, a TGF- β superfamily ligand that normally 

inhibits BMP signalling through ACVR1[11] has been shown to induce osteogenic 

differentiation via the mutated receptor. In FOP-patient derived induced pluripotent 

stem cells [12] as well as in a mouse model of FOP [13] Activin-A was specifically 

shown to signal through the canonical BMP-pSMAD1/5/8 pathway, thus stimulating 

osteogenesis. FOP mice that received an inhibitory antibody against Activin A were 

protected for HO formation, holding promise for therapies addressing Activin A ac-

tivity [13; 14]. Recently the first results from the LUMINA-1 trial using the Activin-A 

antibody Garetosmab indeed showed a reduction in the formation of new lesions in 

patients. This study also showed a small decrease in bone lesion volume, suggesting 

that osteoclasts could be activated in this process (https://newsroom.regeneron.com/

index.php/news-releases/news-release-details/regeneron-announces-encouraging-

garetosmab-phase-2-results).

Over the past years, research on FOP has focused on the osteogenic properties of 

osteoblast-like cells harbouring the R206H mutation. Endochondral ossification as 

well as normal bone remodelling however, requires the coupled action of both the 

bone forming osteoblasts as well as the bone resorbing osteoclasts [15; 16]. There-



132

Chapter 6

fore, it is pivotal to investigate the potential role of the ACVR1 R206H mutation on 

osteoclast formation as well as the influence of Activin-A on this process.

Osteoclasts are multinucleated cells that arise through fusion of CD14 positive 

(CD14+) monocytic cells [17]. This fusion is mediated by Macrophage Colony 

Stimulating Factor (M-CSF) and Receptor Activator of Nuclear factor Kappa-B Ligand 

(RANK-L). These molecules are normally produced by, amongst others, osteoblast 

like cells when bone resorption is required [15]. Our group previously described 

the use of human periodontal ligament fibroblasts (PLF) from healthy controls and 

FOP patients as osteoblast-like cells. When these PLF were cocultured with non-

mutated CD14+ osteoclast precursors, no significant difference in PLF induced 

osteoclastogenesis between the control and FOP PLF was observed [18]. In addition, 

adding Activin-A to these cocultures inhibited osteoclast formation regardless of the 

mutation in the PLF cells [19]. This suggests a direct effect of Activin-A on the CD14+ 

osteoclast precursors. All these experiments however, were performed with CD14+ 

not bearing the mutation of ACVR1. Monocytes from FOP patients might respond 

differently to Activin-A.

Elucidating the effect of Activin-A on human osteoclastogenesis in cells bearing the 

ACVR1-R206H mutation is especially relevant since the first clinical trial in FOP us-

ing Activin-A blocking antibodies is currently in phase II.

In this study we investigated osteoclast formation from CD14+ cells from healthy 

controls and FOP patients, and the potential effect of Activin-A on this osteoclasto-

genesis. Since the CD14+ cells express ACVR-1 [19], we hypothesize that Activin-A 

interacts more strongly with FOP-patient derived CD14+ cells resulting in a stronger 

inhibition of osteoclast formation in FOP patients compared with the healthy con-

trols.

2. MaTerIalS and MeTHOdS

2.1 Flow cytometry
Blood was drawn from six sex and age matched controls and patients (2 males, 4 

females, age range 20-68 years, maximal age difference between control and FOP 2 

years). Five of the FOP patients harbor the R206H mutation, one patient harbors a 

variant mutation (Q207E). This Q207E mutation is adjacent to the classical R206H 

mutation and also located in the GS domain. Patients with this mutation show 

comparable phenotypes with the R206H patients [20; 21]. Written informed consent 
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was obtained from all donors as required by the Medical Ethics Review Committee 

of the Amsterdam UMC, Vrije Universiteit Amsterdam (research protocol 2012.467). 

The blood cell composition was analyzed by four color Flow Cytometry using the 

FACSCanto Flow Cytometry system (BD Biosciences, Franklin Lakes, NJ, USA). First 

the erythrocytes were lysed using Pharmlyse (BD Biosciences, Franklin Lakes, NJ, 

USA) and washed once with phosphate-buffered saline (PBS) containing 0.1% human 

serum albumin. The cells were incubated for 15 min. at room temperature with 

either fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinyl chlorophyllin 

(PerCP), Phycoerythrin-Cyanine 7 (PC7), allophycocyanin (APC) allophycocyanin-

cyanine (APC-H7) or Krome Orange (KO) conjugated monoclonal antibodies and 

washed once with PBS containing 0.1% human serum albumin. The pan-leucocyte 

marker CD45 (KO-labelled) was used to discriminate between white blood cells and 

unlysed red blood cells or debris. Lymphoid markers (CD4 APC-H7, CD8 FITC, CD19 

APC) were used to discriminate between T-cells (CD4, CD8), B-cells (CD19). CD8 

(FITC-labelled) and CD4 (APC-H7-labelled) were included to identify the cytotoxic/

suppressor T-cells and T-helper/inducer cells, respectively. CD14 (PercP-labelled) 

and CD16 (PE labelled) were used to discriminate between classical monocytes 

(CD14++CD16-), intermediate monocytes (CD14++CD16+) and non-classical mono-

cytes (CD14+CD16+), all of which have the capacity to differentiate into osteoclasts 

[22]. The different monoclonal antibody clones used are listed in Supplementary 

Table 1. Data acquisition was performed on the FACSCanto system and analysis was 

performed using Infincyt software (Cytognos).

2.2 cd14+ cell isolation
For the initial TRAcP staining and QPCR experiments CD14+ monocytes were iso-

lated from the blood from 6 FOP patients and sex- and age- matched controls (20 

– 40ml blood per donor), for all other experiments human buffy coats (Sanquin, The 

Netherlands) or blood from healthy donors was used. The CD14+ cells were isolated 

as described before [23].

Briefly, peripheral blood mononuclear cells were isolated using Ficoll-Paque density 

gradient centrifugation. Subsequently cells were incubated with CD14-antibody 

tagged microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and sorted using a 

manual MACS magnetic cell sorter (Miltenyi Biotec) according to the manufacturer’s 

instructions [24]. The purity of the cells was determined with flow cytometry (FACS-

verse™, BD Biosciences, Piscataway, USA). For the analysis, cells were incubated with 

FITC labeled anti-human CD14 (Miltenyi Biotec) or its equivalent isotype control 

IgG2a (Miltenyi Biotec) for 30 minutes in the dark on ice. After incubation, cells 

were washed to remove unbound antibodies, recovered in FACS buffer and analyzed 
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(30 seconds or 100,000 viable events) on a BD Bioscience FACSverse flow cytometer. 

Purity was confirmed to be at least 80%.

2.3 Osteoclastogenesis
Purified CD14+ cells were suspended in culture medium consisting of αMEM (Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with 10% FCS (HyClone, Logan, 

UT), and 1% antibiotics: 100 U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml 

amphotericin B (Sigma, St. Louis, MO, USA). Cells were cultured in a 96 well plate 

at a density of 1 x 105 cells/well, for the first three days with 25 ng/ml macrophage 

colony-stimulating factor (M-CSF) (R&D systems, Oxon, UK), without or with 50 ng/

ml Activin-A (Sigma). After three days the medium composition was changed to 10 

ng/ml M-CSF and 2 ng/ml receptor activator of nuclear factor kappa-B ligand (RANKL) 

(R&D Systems), without or with 50 ng/ml Activin-A. In the blocking experiments 

cells were also cultured with 50 ng/ml Activin-A and 500 ng/ml follistatin (R&D sys-

tems) according to advice from H. Wang [25]. All cultures were maintained at 37°C 

in a humidified atmosphere under 5% CO2 for 21 days. Culture media were replaced 

every 3-4 days.

In the experiments with CD14+ cells from control and FOP, blood from 6 controls 

and 6 FOP patients were used. For the TRAcP staining all experimental conditions 

were plated in triplicate. For the counting of the osteoclasts five designated fields 

per well were counted and the number of TRAcP positive multinuclear cells (> 3 

nuclei) were counted. For the follistatin experiments blood from 3 healthy donors 

was used and each experimental condition was plated in quadruplicate. Counting 

of osteoclasts was performed as described above. For the size of the osteoclasts four 

low magnification (10X) pictures per well were taken at designated fields with a 

digital camera (Leica, Wetzlar, Germany). Subsequently the size was measured using 

Image-Pro Plus (MediaCybernetics, Rockville, USA). Osteoclast size is depicted in um2 

per osteoclast or as the percentage of surface area that is occupied by the osteoclasts.

2.4 TracP staining
Tartrate Resistant Acid Phosphatase (TRACP) staining was performed with the 

Leukocyte Acid Phosphatase Staining Kit (Sigma, St. Louis, MO, USA) as previously 

described [18, 19]. Nuclei were stained with diamidino-2 phenylindole dihydrochlo-

ride (DAPI). For the counting of the osteoclasts five designated fields per well were 

selected and the number of TRAcP positive multinuclear cells (> 3 nuclei) were 

counted.
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2.5 rna isolation and real-time quantitative polymerase chain 
reaction (Q-Pcr)
Cells were cultured for 7, 14 and 21 days in 96 well plates. For each experimental 

condition 3 wells were pooled.

RNA was isolated using the RNeasy mini kit (QIAGEN, Hilden, Germany) follow-

ing manufacturer’s instructions. The reverse transcriptase reaction was performed 

with the first strand cDNA synthesis kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol, using both the Oligo(dT)18 and the D(N)6 primers.

Allele specific PCR primers were used to distinguish between c.617G>A and non-

mutated ACVR-1. Primers were described by Kaplan et al. [26]. To detect the FOP 

allele 300 nM of the ACVR1 c.617A primers were used in a standard two step QPCR 

program with an annealing temperature of 63 ˚C. To detect the control allele 150 nM 

of the ACVR1 c.617G primers were used in a standard two step QPCR program with an 

annealing temperature of 63 ˚C. For the other genes Q-PCR primers were designed 

using Primer Express software, version 2.0 (Applied Biosystems, Foster City, CA, USA) 

(Table 1). To avoid amplification of genomic DNA, each amplicon spanned at least one 

intron. Q-PCR was performed on the LC480 light cycler (Roche, Basel, Switzerland). 

3 ng cDNA was used in a total volume of 20 µl containing Light Cycler SybrGreen1 

Master mix (Roche) and 1 µM of each primer. A standard two step QPCR program 

with an annealing temperature of 60 ˚C was performed. Sequence information for 

all primers is listed in Table 1. Expression of housekeeping gene porphobilinogen 

deaminase (PBGD) was not affected by the experimental conditions. Samples were 

normalized for the expression of PBGD by calculating the ΔCt (Ct,gene of interest - Ct,PBGD) 

and expression of the different genes was expressed as 2-(ΔCt). All qPCRs had equal 

efficiencies.

2.6 Osteoclast activity on Osteo assay surface
CD14+ cells were isolated from blood from 4 healthy donors as described in the 

CD14+ cell isolation section. Osteoclastogenesis was performed on 96 well Osteo 

Assay surface plates (Corning Costar, Lowell, MA, USA) as described in the osteo-

clastogenesis section either without or with Actvin-A and with both Activin-A and 

Follistatin. Each experimental condition was plated in quadruplicate. Cells were 

cultured for 14 and 21 days. To visualise the lysis of the calcium phosphate coating, 

wells were incubated for 5 minutes in 10 % bleach, washed with H2O and air dried. 

For the quantification of the total resorbed area, 4 pictures were taken per well at 10 

x magnification. Resorbed area was measured using Image-Pro Plus (MediaCybernet-

ics, Rockville, USA) and depicted as percentage of resorption per well.
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2.7 Statistical analysis
Differences between cultures without and with Activin-A were tested using the 

Wilcoxon matched-pairs signed rank test. For differences between Control and FOP 

cultures the Mann-Whitney test was used. In the follistatin experiments the Fried-

mans test with the Dunn’s multiple comparison test was used. Differences were 

considered to be significant when the p-value was lower than 0.05.

Table 1. Primer sequences used for quantitative Pcr.

Gene Sequence 5’-3 amplicon 
length (bp)

ensemble Gene Id

PBGD TgCAgTTTgAAATCATTgCTATgTC 84 ENSG00000113721

AACAggCTTTTCTCTCCAATCTTAgA

ACVR1 c.617G TggTACAAAgAACAgTggCTAg 101 ENSG00000115170

CCATACCTgCCTTTCCCgA

ACVR1 c.617A TggTACAAAgAACAgTggCTTA 101

CCATACCTgCCTTTCCCgA

ACVR1 CAgCTgCCCACTAAAggAAAAT 68

AATAATgAggCCAACCTCCAAgT

CSF1 CCgAggAggTgTCggAgTAC 100 ENSG00000184371

AATTTggCACgAggTCTCCAT

DCSTAMP ATTTTCTCAgTgAgCAAgCAgTTTC 101 ENSG0000016493

AgAATCATggATAATATCTTgAgTTCCTT

ID-1 ACgTgCTgCTCTACgACATgA 56 ENSG00000125968

TgggCACCAgCTCCTTgA

TRAcP CACAATCTgCAgTACCTgCAAgAT 128 ENSG00000102575

CCCATAgTggAAgCgCAgATA

CTSK CCATATgTgggACAggAAgAgAgTT 149 ENSG00000143387

TgCATCAATggCCACAgAgA

NFATc1 AgCAgAgCACggACAgCTATC 143 ENSG00000131196

ggTCAgTTTTCgCTTCCATCTC

AlphaV Integrin TACAgCAggTCCCCAAgTCACT 100 ENSG00000138448

AATTCAgATTCATCCCgCAgAT

PBGD, porphobilinogen deaminase; ACVR1c.617G, Activin A receptor type I, control allele;ACVR1c.617A, Activin 
A receptor type I, FOP allele; ACVR1, Activin A receptor type I, CFS1, colony-stimulating factor1 (coding for 
macrophage-colony stimulating factor (M-CSF)); DC-STAMP, dendritic cell-specific transmembrane protein; ID-
1: Inhibitor of DNA binding 1;  protein; TRAcP, tartrate resistant acid phosphatese; CTSK, Cathepsin-K; NFATc1, 
nuclear factor of activated T-cells 1; Alpha V Integrin, Integrin subunit Alpha V. For each gene, the first oligo-
nucleotide sequence represents the forward primer, the second sequence the reverse primer. 
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3. reSulTS

3.1 no difference in lymphocyte and monocyte subsets between 
controls and FOP patients
Although CD14+ cells were isolated for subsequent osteoclastogenesis experiments, 

blood composition was first determined, since cellular composition of peripheral 

blood may prime osteoclast precursors (Reviewed in [27]). No difference was found 

between the percentage B-lymphocytes and CD4 or CD8 positive T-lymphocytes 

between the control and FOP blood samples (Fig. 1A). Also, there were no differences 

in the total CD14 positive monocytic cell populations. Since osteoclasts differentiate 

from CD14 positive cell populations, and different CD14 cell populations show dis-

tinct osteoclastogenesis dynamics [23], we next investigated the CD14 cell composi-

tion in the blood of the controls and FOP patients. There were no differences between 

classical monocytes (CD14++CD16-), intermediate monocytes (CD14++CD16+) and 

non-classical monocytes (CD14+CD16+) between controls and FOP (Fig. 1B, Gating 

strategy is shown in Supplementary Fig. 1).

3.2 acvr-1 is expressed in cd14+ monocytes; the c.617G>a FOP 
allele is only expressed in monocytes from FOP patients
To show that the CD14+ cells undergoing osteoclast differentiation indeed express 

the ACVR1 gene and that only FOP monocytes from the R206H patients express the 

c.617G>A FOP allele we performed allele specific QPCR as described by Kaplan et al. 

[26], where the 3’ last nucleotide of the forward primer is complementary to either 

the control (c.617G) or the FOP (c.617A) allele. The second last 3’ nucleotide is a 

deliberate mismatch. The reverse primer is the same for both PCR reactions.

After 7 days of culture the wild type c.617G allele is expressed in both the control 

and the FOP cells at similar levels (Fig. 2A). The FOP c.617A allele however, is only 

expressed by the FOP cells (Fig. 2B). Expression of ACVR1 increases from day 7 to 14 

and stays the same to day 21 (data not shown). The expression of both the control 

and the FOP allele was not influenced by Activin-A (Fig. 2A, B).

3.3 activin-a inhibits osteoclast formation but increases 
osteoclast size in both control and FOP cultures
Having shown that both control and FOP-derived osteoclast precursors express 

ACVR1, and that only FOP-derived precursors express the c.617G>A variant, we 

next investigated whether this mutation alters the effect of Activin-A on osteoclast 

formation. Cells were cultured with M-CSF and RANK-L without and with Activin-A. 

After 21 days the cells were fixed and stained for TRAcP and the nuclei were stained 
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with DAPI. Similar numbers of osteoclasts formed in control and FOP cultures (Fig 

3A, B). Although the osteoclasts were significantly larger in the presence of Activin-

A, the total number of osteoclasts was significantly inhibited by this molecule in 

both control and FOP cultures (Fig. 3A, B and C).

Figure 1. blood cell composition does not differ between control and FOP blood.
Control or FOP blood cell populations were analyzed with FACS analysis. There are no significant differences in 
the percentages of B-lymphocytes, CD4-lymphocytes or CD8-lymphocytes between control and FOP blood (A). 
The percentage of classical CD14++CD16-, intermediate CD14++CD16+ and non-classical CD14+CD16+ was also 
similar between control and FOP blood (B). n=6 for both control and FOP (unpaired t-test).
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Figure 2. expression of the FOP c.617G>a allele is only present in the FOP osteoclast precursors.
Control or FOP CD14+ cells were cultured with M-CSF and RANK-L, without and with Activin-A 50 ng/ml. RNA 
was isolated after 7 days and QPCR was performed. (A) The control c.617G allele is equally expressed in both 
control and FOP cells. (B) The FOP c.617A allele is only expressed in FOP cells harboring the R206H mutation 
(the cells from the patient with the Q207E mutation did not show any expression of the c.617A allele, data not 
shown). Activin-A does not alter the expression of either allele. Expression was normalized based on expres-
sion of the housekeeping gene PBGD. n=6 for both control and FOP.
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Figure 3. activin-a inhibits osteoclast formation in both control and FOP cultures. Control or FOP 
CD14+ cells were cultured with M-CSF and RANK-L, without and with Activin-A 50 ng/ml. Cells were stained 
for TRAcP and nuclei were stained with DAPI after 21 days of culture. (A) Micrograph of the stained cultures 
of the four different conditions after 21 days. (B) Equal numbers of osteoclasts were formed in the control and 
FOP cultures. Activin-A significantly inhibited osteoclast formation in both cultures. (C) The average size of the 
osteoclasts was significantly increased when Activin-A was added to the cultures. n=6 for both control and FOP 
(Wilcoxon matched-pairs signed rank test, *: p≤0.05)
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3.4 activin-a alters osteoclast related gene expression in both 
control and FOP cultures
In order to elucidate the molecular mechanisms by which Activin-A inhibits osteo-

clast formation in these cultures we analyzed gene expression with qPCR at several 

time points on osteoclast related genes. Two of the key role players in osteoclast 

formation, M-CSF and DC-STAMP, were significantly downregulated in the presence 

of Activin-A after 7 days of culture (Fig. 4A, B). In contrast, ID-1, one of the target 

molecules of SMAD1/5/8 signaling, was significantly upregulated in both cultures 

after 7 days in the presence of Activin-A (Fig. 4E). Osteoclast-specific genes TRAcP 

and Cathepsin-K were both upregulated in the presence of Activin-A after 21 days 

(Fig. 4C, D).

3.5 Inhibition with follistatin reverses the activin-a effect
To further prove that Activin-A results in the formation of less but larger osteoclasts, 

we performed inhibition experiments with follistatin, a natural inhibitor of Activin-

A that can reverse Activin-A effects [25]. Initial titration experiments showed that 

Activin-A’s effect on osteoclast formation was reduced at a concentration of 500 

ng/ml follistatin (data not shown). Since nor osteoclast formation, nor osteoclast-

related gene expression nor the effect of Activin-A is different between control and 

FOP osteoclast cultures, these experiments were performed on CD14+ cells isolated 

from buffy coats from healthy donors.

After 21 days of culturing with follistatin the inhibitory effect of Activin-A on os-

teoclast formation and inductive effect on size was reduced (Fig. 5A, C and D). The 

total percentage of area covered by the osteoclasts however, did not differ between 

the different culture conditions (Fig. 5 E). Early gene expression data also show that 

the increased expression of NFATc1, AlphaV Integrin, TRAcP and Cathepsin K by 

Activin-A is reversed by follistatin (supplementary Figure 2).

3.6 activin-a increases overall resorptive activity
We next investigated the effect of Activin-A on the resorptive activity of the osteo-

clasts. Osteoclastogenesis was performed with CD14+ cells from buffy coats from 

healthy donors on Osteo Assay plates (Corning Costar) in the absence or presence of 

Activin-A or with both Activin-A and Follistatin. The lysis of the inorganic calcium 

phosphate coating was used as a measure of the resorptive activity of the osteoclasts. 

In line with the finding that the osteoclasts are larger in the presence of Activin-A, 

also the total percentage of resorbed area was increased in this culture condition 

(Fig. 5B and F).
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Figure 4. Osteoclast related gene expression is altered in the presence of activin-a.
Control or FOP CD14+ cells were cultured with M-CSF and RANK-L, without and with Activin-A 50 ng/ml. RNA 
was isolated after 7 and 21 days and QPCR was performed. Gene expression of tested genes was similar in con-
trol and FOP cultures. (A) Expression of M-CSF was downregulated after 7 days of culturing in the presence of 
Activin-A. (B) Expression of DC-STAMP was downregulated after 7 days of culturing in the presence of Activin-A. 
(C) Expression of TRAcP was upregulated after 21 days of culturing in the presence of Activin-A. (D) Expression 
of Cathepsin K was upregulated after 21 days of culturing in the presence of Activin-A. (E) Expression of ID-1 
was upregulated after 7 days of culturing in the presence of Activin-A. n=6 for both control and FOP (Wilcoxon 
matched-pairs signed rank test, *: p≤0.05)
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Figure 5. Follistatin reduces the activin-a effect.
CD14+ cells from three healthy donors were cultured with M-CSF and RANK-L, without and with Activin-A (50 
ng/ml). Experiments were plated in quadruplicate. To block the Activin-A effect a third experimental condition 
was added where follistatin (500 ng/ml) was present in the cultures. After 21 days cells were stained for TRAcP 
and nuclei were stained with DAPI. (A) Micrographs of the stained cultures of the three different conditions. (B) 
Micrographs of the lysed calcium phosphate surface from the osteo assay plates of the three different culture 
conditions. (C) Follistatin reduces the inhibitory effect of Activin-A on the number of formed osteoclasts. (D) 
Follistatin reduces the increasing effect of Activin-A on the size of the formed osteoclasts. (E) The percentage 
of the total area occupied by the formed osteoclasts does not differ between the three culture conditions. (F) 
The percentage of resorbed area in the osteo assay plates is higher when Activin-A is present in the cultures, 
implicating a higher activity per osteoclast. This effect is nullified when Follistatin is added. n=3 (Friedmann 
test with Dunn’s multiple comparisons, *: p≤0.05)
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4. dIScuSSIOn

Heterotopic bone from FOP patients displays similar histological bone parameters 

such as osteoblast and osteoclast activity as normal skeletal bone. This assumes that 

remodelling of heterotopic bone is comparable to that of normal bone, but this has 

not been extensively investigated. One of the recent discoveries is the activating 

effect of Activin-A specifically on the mutated ACVR1 receptor that induces HO in 

muscle, tendons and ligaments [12; 13]. The effect of Activin-A on osteoclast forma-

tion from monocytes from FOP patients has not been previously investigated. In this 

study we show for the first time that Activin-A induces fewer but larger osteoclasts 

from both control and FOP derived human monocytes. Studies using murine cells 

have reported contradictory findings on the effect of Activin-A on osteoclasts, prob-

ably depending on the source of osteoclast precursors used. Some groups show that 

Activin-A enhances osteoclast formation and activity when using murine whole 

bone marrow cultures or the mouse macrophage cell line RAW246.7 [28; 29; 30]. 

In contrast, Fowler et al. [31] showed that Activin-A suppressed osteoclastogenesis 

when using stromal cell depleted murine bone marrow macrophages.

We show that control as well as FOP monocytes expressed ACVR-1 at a similar level 

and only the FOP monocytes expressed the mutated variant of this gene, as expected. 

This was tested for the 5 out of 6 patients, bearing the classical R206H mutation. 

Expression of the rarer mutant Q207E, which is one amino acid further on the 

ACVR-1 protein, was not assessed. At the biochemical level, binding of osteogenic 

signaling inhibitor FKBP12 is less efficient in both R206H and Q207E. We therefore 

have reasons to assume that the addition of Activin-A may result in similar effects 

in both mutations.

Given the expression of the mutated version of ACVR1 in FOP monocytes, which 

seemed higher even than the unaffected allele, we hypothesized that Activin-A 

would have a more profound effect on the mutated CD14 cells compared to the 

control cells. However, we did not observe any difference in osteoclastogenesis 

between the control and FOP cultures. The addition of Activin-A had an inhibitory 

effect on the number of osteoclasts. However, these fewer osteoclasts were on av-

erage 5-8 fold larger in both cultures, suggesting this effect is not mediated via 

the mutated receptor. Binding of Activin-A to ACVR1 normally inhibits BMP signal-

ing via this receptor [13; 32]. In contrast to the generally accepted role of BMPs 

in osteogenesis, several studies have shown that BMP signaling is also important 

for osteoclast formation. Inhibition of this signaling, either via deletion of BMPR2 

[33] or by inhibiting SMAD 4 or SMAD 1/5 [34; 35] reduces DC-STAMP expression 
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and inhibits osteoclastogenesis. Similarly, the inhibitory effect of Activin-A on BMP 

signaling could be the cause of the inhibited osteoclastogenesis seen in this study. 

QPCR analysis however, showed a higher expression of ID-1, a downstream target 

molecule of SMAD1/5/8 phosphorylation [25], in the presence of Activin-A especially 

in the FOP cells, suggesting that enhanced SMAD1/5/8 signaling may occur in FOP 

patients derived monocytes. The fact that this does not seem to influence osteo-

clastogenesis might be related to the timing of effects. During the early stages of 

osteoclastogenesis signaling via the non-canonical BMP pathway seems to be more 

important, whereas during the later stages the canonical signaling pathway seems 

to play a more important role [33]. The lower expression of M-CSF and DC-STAMP 

by Activin-A could explain the inhibition of osteoclastogenesis. Next to an inhibi-

tory effect on osteoclast formation we also observed that the presence of Activin-A 

induced larger osteoclasts. Osteoclast precursors with lower expression of the fusion 

receptor DC-STAMP have been shown to give rise to higher TRAcP expression and 

bigger osteoclasts compared to precursors with higher DC-STAMP expression [36]. 

This could be the explanation for our observed difference in osteoclast size, since we 

also see a decreased DC-STAMP and increased TRAcP expression in the presence of 

Activin-A. Omi et al. recently reported that ACVR1 plays a role in osteoclast forma-

tion via BMP7 induced canonical SMAD signaling pathways [37]. They also showed 

that signaling via BMPR1A seems to be more important for the fusion of osteoclast 

precursors. Possibly the observed increase in osteoclast size in our experiments is 

due to signaling of Activin-A via a BMPR1A receptor complex, probably bypassing 

ACVR-1. The correlation between osteoclast size and activity is not entirely clear. In 

some cases giant osteoclasts seem to be an indication of less active osteoclasts. This 

is especially apparent when osteoclast activity is inhibited by bisphosphonates. In 

other pathological conditions such as Paget Disease, the giant osteoclasts are also 

highly active [38; 39]. A positive correlation between size and activity has been de-

scribed by Piper et al., who correlated activity to the number of nuclei per osteoclast 

[42]. We could later confirm this in another way, by correlating osteoclast area to 

actin ring surface [43]. We showed that osteoclast size is proportional to the number 

of actin rings per osteoclast and that the percentage of actin ring area per osteoclast 

is relatively constant, being approximately 20%. Together, these two studies imply 

that larger osteoclasts are more active in resorption, albeit that per osteoclast a 

constant area is used for resorption. Our results, less, but larger and more active 

osteoclast when cultured with Activin-A that cover a similar area as the more but 

smaller osteoclasts without Activin-A, also suggest that indeed the larger osteoclasts 

are more active, but that this activity is performed more localized since the the area 

covered by osteoclasts is the same in the two conditions. In the context of Activin-A, 

it is likely the local in vivo circumstances that determine overall osteoclast activity. 
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Upadhyay et al. [40] recently described a partial resorption of HO after treatment 

with Activin-A antibodies in their FOP mouse model. This implies that osteoclast 

function is inhibited by local access of Activin-A and that the osteoclast function can 

be restored after Activin-A antibody treatment. Our results, with the obvious limita-

tion of the cell biological approach using CD14+ cells and differentiation factors 

M-CSF and RANKL in the presence of Activin A, suggest an increase of resorption. 

Whether inhibition of Activin-A in vivo may have different effects, cannot be ruled 

out. In conjunction with the heterotopic bone formation potential of Activin A in 

FOP, our results rather show that Activin-A may contribute to an increased bone 

metabolism altogether.

Our study is the first to investigate the effect of Activin-A on human FOP-patient 

derived osteoclasts. We demonstrated that Activin-A induces fewer but larger os-

teoclasts irrespective of the presence of the mutated ACVR1 receptor, but further 

studies on FOP-patients derived cells are necessary for understanding the full 

width of the mode of action of Activin-A. This is even more important in the light 

of promising ongoing clinical trials in FOP that specifically target mutant ACVR-1 

in general or Activin-A in particular [41]. It remains intriguing that Activin A only 

causes heterotopic bone formation, and only in FOP, leaving the normal skeleton 

seemingly untouched. Likewise, it is conceivable that osteoclasts that remodel het-

erotopic bone, could respond differently to anti-Activin A in the microenvironment 

of heterotopic bone. We propose that when inhibiting osteogenesis by anti-Activin 

A in a heterotopic bone context, osteoclast activity could be reduced but more dis-

persed since it is performed by more but smaller osteoclasts,
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Supplementary Figure 1. Gating strategies for the FacS analysis.
Gating strategy used to discriminate between classical monocytes (CD14++CD16−), intermediate monocytes 
(CD14++CD16+) and non-classical monocytes (CD14+CD16+).
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Supplementary Figure 2. Follistatin reduces the activin-a effect on osteoclast related gene expression.
CD14+ cells from one healthy donor were cultured with M-CSF and RANK-L, without and with Activin-A (50 ng/
ml). Experiments were plated in quadruplicate. To block the Activin-A effect a third experimental condition 
was added where follistatin (500 ng/ml) was present in the cultures. RNA was isolated after 7 days and QPCR 
was performed. The inductive effect of Activin-A on the gene expression of (A) the early transcription factor 
NFATc1, (B) the on osteoclasts abundantly expressed AlphaV integrin, (C, D) the osteoclast specific markers 
TRAcP and Cathepsin K is reduces by follistatin. N = 1, mRNA was isolated from one of the confirmative ex-
periments shown in Figure 5, n = 4 wells per condition (Friedmann test with Dunn’s multiple comparisons).
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Supplementary Table 1. Monoclonal antibody clones used in FacS analysis.

Monoclonal antibodies clone company

CD45 Krome-Orange J.33 Beckman Coulter

CD4 APC-H7 SK3 BD bioscience

CD8 FITC SK1 BD bioscience

CD19 APC SJ2C1 BD bioscience

CD14 PercP MoP9 BD bioscience

CD16 PE 3G8 Beckman Coulter
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abSTracT

Fibrodysplasia Ossificans Progressiva (FOP) is a very rare genetic disease character-

ized by progressive heterotopic ossification (HO) of soft tissues leading to immobil-

ity and premature death. FOP is caused by mutations in the Activin receptor type 1 

(ACVR1) gene, resulting in altered responsiveness to Activin-A. We recently revealed 

that Activin-A induces fewer, but larger and more active osteoclasts irrespective of 

the presence of the mutated ACVR1 receptor. The underlying mechanism of Activin-

A-induced changes in osteoclastogenesis at the gene expression level remains 

unknown.

Transcriptomic changes induced by Activin-A during osteoclast formation from 

healthy control and patient-derived CD14-positive monocytes were studied using 

RNA sequencing. CD14-positive monocytes from six age- and sex-matched healthy 

controls and six FOP patients were differentiated into osteoclasts in the absence 

or presence of Activin-A. RNA samples were isolated after 14 days of culturing and 

analyzed using RNA sequencing.

Non-supervised Principal Component Analysis (PCA) showed that samples of the 

same culture condition (e.g., without or with Activin-A) tend to cluster, indicating 

that the variability induced by Activin-A treatment is larger than the variability 

between control and FOP samples. RNA sequencing analysis revealed 1480 differ-

entially expressed genes induced by Activin-A in both healthy control and FOP os-

teoclasts with a p(adj)<0.01 and log2 fold change ≥ ± 2. Pathway and Gene Ontology 

enrichment analysis revealed several significantly enriched pathways for Activin-A 

upregulated genes that can be linked to osteoclast differentiation or function, cell 

fusion or inflammation.

Elucidating the mechanisms by which Activin-A induces changes in osteoclastogen-

esis has become increasingly relevant given the promising preliminary results in the 

prevention of HO in FOP patients in the first clinical trial with Activin-A antibodies. 

Our data show that Activin-A has a substantial effect on gene expression during 

osteoclast formation and that this effect is regardless of the presence of the mutated 

ACVR1 receptor that causes FOP. This implicates that, when blocking Activin-A with 

antibodies, its effect on osteoclast formation in general should be taken into ac-

count.
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1. InTrOducTIOn

Fibrodysplasia ossificans progressiva (FOP) is a severe, disabling autosomal-dominant 

genetic disorder [1], with a prevalence of one in 2 million cases worldwide. FOP is 

characterized by progressive heterotopic ossification (HO) particularly in ligaments, 

tendons and muscles [2; 3]. The extra skeletal bone is formed by endochondral os-

sification [4]. Attachment of the new extra-skeletal bones to the existing skeleton 

leads to cumulative immobility, a wheelchair-bound life, and premature death [1; 5]. 

Moreover, there are no validated treatments and cures available yet [3]. Therefore, 

identification of biochemical and cellular events that induce HO is one of the impor-

tant goals of FOP research.

In the majority of FOP patients, the underlying cause is a single nucleotide c.617G>A 

mutation that substitutes arginine with histidine at codon 206 (R206H), located 

at the glycine-serine-rich activation domain of the bone morphogenetic protein 

(BMP) type 1 receptor called Activin Receptor type 1/Activin Kinase 2 (ACVR1/

ALK2). Normally, activation of a BMP type 1-receptor requires phosphorylation at 

the glycine-serine domain by a BMP type 2-receptor dimer / ligand complex, which 

activates the SMAD1/5/8 pathway, and osteogenic differentiation [2]. The R206H 

mutation results in both increased sensitivity to BMP4 signaling [6; 7] and decreased 

natural inhibition of ACVR1 by FK binding protein 12 (FKBP12) [8]. Research using 

FOP-patient derived induced pluripotent stem cells, FOP cell lines, and a FOP mouse 

model recently discovered that in particular Activin-A, a transforming growth fac-

tor (TGF)-β superfamily ligand [9], enhances osteogenic differentiation in FOP via 

the mutated ACVR1R206H receptor [10; 11]. Normally, binding of Activin-A inhibits 

canonical BMP-mediated signaling subsequent to dimerization of type I and II ACVR 

receptors, creating a dead-end complex and inhibiting osteoblast differentiation 

[9]. In FOP however, Activin-A has a reverse role, acting as a BMP on the ACVR2-

ACVR1R206H complex. Once Activin-A binds to the mutated ACVR2-ACVR1R206H 

complex, it stimulates signaling trough the canonical BMP-pSMAD1/5/8 pathway, 

ultimately leading to osteogenic gene expression [10]. Despite these landmark 

findings, upregulation of osteoblastic signaling via ACVR1R206H mutation cannot 

explain all the clinical features seen in FOP and may not be the only factor driving 

disease progression.

The focus of previous research in FOP has been on bone-forming cells, as the disease 

is characterized by extensive bone formation. The role of bone-degrading osteoclasts 

in FOP has not been extensively studied. However, normal bone remodeling and 

endochondral ossification require communication between the bone-forming 
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osteoblasts and bone-degrading multinucleated osteoclasts [12; 13]. This coupled 

action of osteoblasts and osteoclasts balances bone metabolism. Osteoclasts arise 

through fusion of their mononuclear hematopoietic precursor stem cells located in 

bone marrow and peripheral blood, amongst others [14; 15]. Osteoclast formation 

is mediated by the expression of Macrophage Colony Stimulating Factor (M-CSF) 

and Receptor Activator of Nuclear factor Kappa-B Ligand (RANK-L) by osteoblast-like 

cells, which in turn induces fusion of CD14-positive (CD14+) monocytic cells into 

multinucleated osteoclasts [12; 16]. This multinucleation appears pivotal for proper 

functioning of osteoclasts [17]. In FOP, there is extra-skeletal bone formation that 

is not removed by osteoclasts, implying that the coupled action of osteoblasts and 

osteoclasts is disrupted during HO formation in FOP. The role of the ACVR1R206H 

mutation on osteoclast formation and function is unclear, as is the effect of Activin-

A on human osteoclast formation in general. Recently, we described that Activin-A 

induces fewer, but larger and more active osteoclasts regardless of the presence 

of the ACVR1R206H mutation in the osteoclast precursors [18]. We described that 

the osteoclasts that were formed in the presence of Activin-A were at least 4-fold 

larger. Osteoclasts thus formed were more active in bone resorption and expressed 

more Cathepsin K, one of the crucial proteases for bone resorption. This implies an 

increased fusion of osteoclast precursors or even osteoclasts themselves, however, 

the underlying molecular mechanisms of this effect of Activin-A remains unknown. 

In the present study we used RNA sequencing as an open-ended, non-biased ap-

proach to identify pathways and genes associated to this process. We show that, in 

agreement with no differences in osteoclast formation between control and FOP, at 

the gene expression level differences between control and FOP cells were neglect-

able. Activin-A does, however, induce major transcriptomic changes in both control 

and FOP cells during osteoclastogenesis. This gains new fundamental insight on the 

molecular effect of Activin-A on human osteoclast formation. This knowledge could 

be important when targeting Activin-A to prevent new HO in FOP.

2. MaTerIal and MeTHOdS

2.1 Osteoclastogenesis and rna isolation
Osteoclastogenesis was performed as described before (16). Briefly, blood was drawn 

from six sex and age matched controls and patients (2 males, 4 females, age range 

20-68 years, maximal age difference between control and FOP 2 years). Five of the 

FOP patients harbor the R206H mutation, one patient harbors a variant mutation 

(Q207E). This Q207E mutation is adjacent to the classical R206H mutation and also 

located in the GS domain. Patients with this mutation show comparable phenotypes 
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with the R206H patients [19; 20]. Written informed consent was obtained from all 

donors as required by the Medical Ethics Review Committee of the Amsterdam 

UMC, Vrije Universiteit Amsterdam (research protocol 2012.467). CD14+ monocytes 

were isolated using CD14-antibody tagged microbeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany). Purified CD14+ cells were suspended in culture medium con-

sisting of αMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 

10% FCS (HyClone, Logan, UT, USA), and 1% antibiotics: 100 U/ml penicillin, 100 µg/

ml streptomycin, and 250 ng/ml amphotericin B (Sigma, St. Louis, MO, USA). Cells 

were cultured in a 96 well plate at a density of 1 x 105 cells/well, for the first three 

days with 25 ng/ml macrophage colony-stimulating factor (M-CSF) (R&D systems, 

Oxon, UK), without or with 50 ng/ml Activin-A (Sigma). After three days the me-

dium composition was changed to 10 ng/ml M-CSF and 2 ng/ml receptor activator 

of nuclear factor kappa-B ligand (RANKL) (R&D Systems), without or with 50 ng/

ml Activin-A. RNA was isolated after 14 days using the RNeasy mini kit (QIAGEN, 

Hilden, Germany) following manufacturer’s instructions.

2.2 rna sequencing
Preceding the actual RNA-seq analysis, RNA quality was assessed at the Amsterdam 

UMC, location AMC, core facility genomics in Amsterdam using the High Sensitivity 

RNA ScreenTape analysis (Agilent Technologies, Santa Clara, CA, USA) on the Agilent 

2200 TapeStation system, following manufacturer’s instructions. Samples not meet-

ing the requirement of a RNA Integrity Number equivalent (RINe) value ≥ 7 were 

excluded from further analysis [21].

Sample and library preparation was performed using the Kapa mRNA HyperPrep 

kit (Roche, Basel, Switserland). Single-end 50 bp RNA sequencing was performed 

on the Illumina HiSeq 4000 (Illumina, San Diego, CA, USA). Reads were aligned 

to the human reference genome GRCh38 using HiSat version 2.2.1. Subsequently, 

the alignments were processed with featureCount version 2.0.1 to produce a count 

matrix. The library preparation, sequencing and data processing were performed by 

the Core Facility Genomics Amsterdam UMC.

2.3 real time quantitative polymerase chain reaction (Q-Pcr)
After RNA isolation using the RNEasy mini kit cDNA synthesis was performed using 

the first strand cDNA synthesis kit (Thermo Fisher Scientific) according to the manu-

facturer’s protocol, using both the Oligo(dT)18 and the D(N)6 primers. Q-PCR primers 

were designed using Primer Express software, version 2.0 (Applied Biosystems, Fos-

ter City, CA, USA) (Table 1). To avoid amplification of genomic DNA, each amplicon 

spanned at least one intron. Q-PCR was performed on the LC480 light cycler (Roche, 
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Table 1. Primer sequences used for quantitative Pcr.

Genes Oligonucleotide sequence 5’-3’
amplicon 
length (bp)

enSeMbl Id

PBGD TgCAgTTTgAAATCATTgCTATgTC 84 ENSG00000256269

AACAggCTTTTCTCTCCAATCTTAgA

HTRA1 ATCAAGGATGTGGATGAGAAAGC 61 ENSG00000166033

GCTTGCCCTGGTGGTCAAT

RHOBTB1 CAGTGTATGCTCCAAGTTCCGTAA 75 ENSG00000072422

CGGTGCCGCTCGAAGTATT

USP2 GGGAACACGTGCTTCATGAA 64 ENSG00000036672

AATCTCTCAACTCCCGAGTGTTG

ANOS1 CAGTGGCCCAGACCACAGA 59 ENSG00000011201

CCATCGGCTGGGTCTTATGT

LINC01215 AGAATGCACCTATTGGCTCACA 66 ENSG00000271856

CTGCATTGTTATCATCACGACTTTC

HLA-DOA CAATCAAAGCCCATCTGGACAT 137 ENSG00000204252

GTCCACGATGCAGATGAGGAT

GAL3ST4 TCCTCTGTCACCACATGAGGTT 142 ENSG00000197093

AAGGCTGATGAGGTGGATTTATAGTAG

KCNJ1 TTCGGAAATGGGTCGTCACT 62 ENSG00000151704

GGAGACTAGCCTTGCTCTTTGC

NEDD9 CTGGATGGATGACTACGATTACGT 68 ENSG00000111859

GCTCTTTCTGTTGCCTCTCAAAC

CIITA GCTCTACTCAGAACCCGACACA 63 ENSG00000179583

TCACACAACAGCCTGCTGAAC

ADD2 CCCAAGACCACGTGGATGA 75 ENSG00000075340

TGGGTTTTCGATGCGAATC

OLFML3 GGTGACAGACTGTGGCTACACAA 66 ENSG00000116774

CCACCAAATCGCTTCAGAATC

PARM1 CGTGGTGCTGCTGGTGTTT 61 ENSG00000169116

TCCATAGGAGGAATGCCTGATT

NPAS2 GGCAGCATCATCTATGTCTCTGA 67 ENSG00000170485

CCATGACATCCGACGGTAAAT

OLR1 CCAGCCTGATGAGAAGTCAAATG 72 ENSG00000173391

AGGCACCACCATGGAGAGTAA

PBGD, porphobilinogen deaminase; HTRA1, HtrA serine peptidase; RHOBTB1, Rho related BTB domain contain-
ing 1; USP2, ubiquitin specific peptidase 2; ANOS1, anosmin-1; LINC01215, long intergenic non-protein coding 
RNA 1215; HLA-DOA, major histocompatibility complex, class II, DO alpha; GAL3ST4, Galactose-3-O-Sulfotrans-
ferase 4 ; KCNJ1, potassium inwardly-rectifying channel subfamily J member; NEDD9, neural precursor cell 
expressed, developmentally down-regulated 9; CIITA, class II major histocompatibility complex transactivator; 
ADD2, Adducin 2; OLFML3, olfactomedin like 3; PARM1, prostate androgen-regulated mucin-like protein 1; 
NPAS2, neuronal PAS domain 2; OLR1, oxidized low density lipoprotein receptor 1
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Basel, Switzerland). 3 ng cDNA was used in a total volume of 20 µl containing Light 

Cycler SybrGreen1 Master mix (Roche) and 1 µM of each primer. A standard two step 

Q-PCR program with an annealing temperature of 63 ˚C was performed. Expression 

of housekeeping gene porphobilinogen deaminase (PBGD) was not affected by the 

experimental conditions. Samples were normalized for the expression of PBGD by 

calculating the ΔCt (Ct,gene of interest - Ct,PBGD) and expression of the different 

genes was expressed as 2-(ΔCt). All qPCRs had equal efficiencies.

2.4 data analysis and Statistics
Inter- and intragroup variability was assessed and visualized with non-supervised 

principal component analysis (PCA) plots combined with Pearson’s correlation heat-

map visualizing the correlation (r) values between samples. Differentially ex-pressed 

genes (DEGs) were identified using the DESeq2 package with standard settings on 

the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). Vulcano 

plots were generated using the same platform. A correction for multiple testing was 

performed using a false discovery rate (FDR) threshold, which was adaptive to the 

amount of signal in our data. Adjusted P-value (p(adj)-value) < 0.01 was considered 

as the critical value to determine significance.

Inter- and intragroup variability was determined by the correlation between RNA-seq 

samples using the Pearson’s correlation coefficient [22]. The correlation coefficients, 

represented as r-values, were generated using R-log values.

Pathway and gene enrichment analysis were performed on the differentially ex-

pressed genes with p(adj)-value < 0.01 and log2 fold change ≥ ±2. Both pathway 

analysis and gene enrichment analysis were performed with ToppGene suite ap-

plication ToppFun version March 2021 [23] using standard settings. The application 

performed an overrepresentation analysis on all genes of the pathways in the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database and generates gene lists from 

the KEGG data-base where the number of genes from our list of differentially ex-

pressed genes is more presented than expected. Also a gene enrichment analysis was 

performed to investigate association with Gene Ontology (GO) terms. Gene Ontology 

describes the current knowledge of genes in three biological domains: molecular 

function, cellular component and biological process.

For the Q-PCR data systematic differences between related samples −Acta and +Acta 

were statistically tested using the Wilcoxon matched-pairs-signed rank test. Addi-

tionally, the Mann-Whitney test was used to determine the systematic difference 

between the independent FOP and control samples. Differences were considered 
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to be significant when p<0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. We 

present numerical data according to the recommendations of Cole (22).

3. reSulTS

3.1 experimental treatment samples cluster together
After RNA quality control one control and one FOP sample were excluded from 

further analysis because they showed a RIN value < 7 (Control 3 + Activin-A and FOP 

2 – Activin-A (Supplementary Table1). Further analysis was performed on 11 control 

and 11 FOP samples.

We first performed Principal Component Analysis (PCA) to assess the inter- and 

intragroup variability. Figure 1A depicts the inter- donor variability between the 

samples showing no clear clustering. In Figure 1B on the other hand a clear intra 

– group clustering is seen between the experimental conditions – Activin-A and + 

Activin- A in both control and FOP samples. This clustering is also apparent in the 

Pearson’s correlation heatmap visualizing the correlation (r) values between samples 

(Figure 1C), showing that rather addition of Activin-A and not the FOP genotype is 

the main clustering factor for the clustering. Taken together this shows that the 

variability induced by the Activin-A treatment is higher than the variability between 

the different donors, and that the control and FOP samples react in a similar way to 

the presence of Activin-A.

3.2 activin-a activates osteoclast related pathways
Since the control and FOP samples react in a similar way to Activin-A and samples of 

the experimental groups cluster together independent on presence of the mutated 

ACVR1 receptor (Figure 1B), we grouped both control and FOP samples with the 

same experimental condition together for further analysis (e.g. control and FOP – 

Activin-A vs control and FOP + Activin-A).

When applying cut- off values of p(adj)<0.01 and Log2Fold change ≥ 2 on the ex-

pression data to identify differentially expressed genes (DEGs) we found 1418 sig-

nificantly differentially expressed genes in the presence of Activin-A, 566 of which 

were upregulated and 914 were downregulated. The top 100 most significant DEGs 

were divided in up- and downregulated genes and are shown in supplementary 

tables S2 and S3. When focusing on the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways we found an association with several pathways for the genes that 

were upregulated in the presence of Activin-A, but surprisingly none for the down-
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Figure 1. Samples cluster by experimental condition
PCA plots and heatmap showing clustering of the samples. Fig. 1A, PCA plot depicting inter-donor variability. 
Fig. 1B, PCA plot depicting inter-experimental variability. Fig. 1C, Pearson’s correlation heatmap showing 
grouping of samples with similar experimental conditions. Both the non-supervised principal component anal-
ysis and the Pearson’s correlation show that samples with the same experimental treatment cluster together, 
indicating that the variation induced by the treatment is larger than the variation induced by the different 
donors (control n=11, FOP n=11).
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regulated genes (Fig. 2). Genes upregulated by Activin-A show an association with 

different osteoclast differentiation or function pathways involved in, among others, 

hematopoietic lineage, cell adhesion molecules (CAMs), PI3K/Akt signaling, Th17 

cell differentiation, and Rap1 signaling pathways. This shows that Activin-A is asso-

ciated with signaling pathways involved in osteoclast differentiation and function. 

We also found an association with a number of different inflammatory pathways 

involved in, among others, Staphylococcus aureus infection, Rheumatoid arthritis, 

Th1 and Th2 cell differentiation, and Inflammatory bowel disease. The enrichment 

of several these inflammatory pathways shows that Activin-A indeed plays a role in 

the inflammatory response.

Figure 2. KeGG pathways enriched among the upregulated genes
Bubble plot showing KEGG pathways that were enriched among the genes upregulated by Activin-A treatment. 
No enrichment was found among the downregulated genes. The Size of the circle represents the number of 
DEGs (p(adj)<0.01, Log2FoldChange ≥2) in that pathway. The color of the circle represents the significance 
depicted as q-value, with default Benjamin and Hotchberg’s False Discovery rate settings (FDR B&H). The gene 
ratio represents the ratio between the number of DEGs in our data set and the total number of genes in that 
pathway.
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To identify the biological processes, molecular functions, and cellular compo-

nents associated to the differentially expressed genes regulated by Activin-A, we 

performed Gene Ontology (GO) analysis. Bubble plots of the top 20 GO terms of 

each of the three GO domains that were associated with the genes upregulated in 

the presence of Activin-A are depicted in Figure 3A, B and C. Bubble plots of the 

top 20 GO terms most significantly associated with the downregulated genes are 

depicted in figure 4A, B and C. For the upregulated genes more than 900 GO terms 

were overrepresented and for the down regulated genes more than 350 GO terms 

were overrepresented in the biological process domain. Some of these GO terms 

that were most significantly associated with the upregulated genes could be linked 

to the osteoclast differentiation process such as “regulation of cell differentiation” 

(GO:0045595), “extracellular matrix organization” (GO:0030198), “positive regula-

tion of cell population proliferation” (GO:0008284), “cell migration” (GO:0016477), 

“chemotaxis” (GO: 0006935), ), “cell adhesion” (GO:0007155), and ‘‘inflammatory 

response (GO: 0006954) (Figure 3B.).

Figure 3. Gene Ontology terms enriched among the upregulated genes
Bubble plot showing Gene Ontology (GO) terms that were enriched among the genes upregulated by Activin-
A treatment. The Size of the circle represents the number of DEGs (p(adj)<0.01, Log2FoldChange ≥2) in that 
pathway. The color of the circle represents the significance depicted as q-value, with default Benjamin and 
Hotchberg’s False Discovery rate settings (FDR B&H). The gene ratio represents the ratio between the number 
of DEGs in our data set and the total number of genes in that GO category. Top 20 most significant GO terms 
enriched in (A.) the molecular function domain, (B.) the biological process domain and (C.) the cellular com-
ponent domain.
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GO terms that were most significantly associated with the downregulated genes that 

could be related to osteoclast formation and Activin-A signaling were “cell morpho-

genesis involved in differentiation” (GO:0000904), “negative regulation of ERK1 and 

ERK2 cascade” (GO:0070373), “negative regulation of cell migration” (GO:0030336), 

“negative regulation of cell adhesion” (GO:0007162), “negative regulation of trans-

forming growth factor beta receptor signaling pathway” (GO:0030512), and “ossifica-

tion” (GO:0001503).

We next focused on the biological processes in more detail. Cell fusion, such as seen 

in osteoclast formation, can be roughly divided in five distinct processes, namely 

differentiation, actin reorganization, cell migration, cell adhesion and membrane 

fusion [24; 25]. Interestingly, from all the GO terms in the biological process domain 

associated with the upregulated genes several could be clearly divided in these 

different processes, as depicted in the bubble plot in Figure 5A. This indicates an 

induction of processes such as “positive regulation of leukocyte differentiation” 

(GO:1902107), “actin filament organization” (GO:0007015), “hematopoietic stem 

cell migration to bone marrow” (GO:0097241), “positive regulation of chemotaxis” 

Figure 4. Gene Ontology terms enriched among the downregulated genes
Bubble plot showing Gene Ontology (GO) terms that were enriched among the genes downregulated by Ac-
tivin-A treatment. The Size of the circle represents the number of DEGs (p(adj)<0.01, Log2FoldChange ≥2) in 
that pathway. The color of the circle represents the significance depicted as q-value, with default Benjamin and 
Hotchberg’s False Discovery rate settings (FDR B&H). The gene ratio represents the ratio between the number 
of DEGs in our data set and the total number of genes in that GO category. Top 20 most significant GO terms 
enriched in (A.) the molecular function domain (only 13 GO terms in this domain were found to be enriched) 
, (B.) the biological process domain and (C.) the cellular component domain.
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Figure 5. Gene Ontology terms in the biological process domain
Bubble plot showing selected Gene Ontology (GO) terms in the biological process domain that were enriched 
among the genes up- or downregulated by Activin-A treatment. The Size of the circle represents the number of 
DEGs (p(adj)<0.01, Log2FoldChange ≥2) in that pathway. The color of the circle represents the significance de-
picted as q-value, with default Benjamin and Hotchberg’s False Discovery rate settings (FDR B&H). (A.) Selected 
GO terms enriched among the upregulated genes that can be divided in the different biological processes 
involved in cell fusion. Different stages of cell fusion process are depicted in different colors (B.) Selected GO 
terms enriched among the downregulated genes that can be linked to osteoclasts in general.
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(GO:0097241), “cell-cell adhesion mediated by cadherin” (GO:0044331), “positive 

regulation of myoblast fusion” (GO:1901741), and “positive regulation of syncytium 

formation by plasma membrane fusion” (GO:0060143), which shows a clear associa-

tion with the different stages of cell fusion. A selection of GO terms associated with 

the downregulated genes is shown in the bubble plot in Figure 5B. This shows a 

negative regulation of processes such as “cell morphogenesis involved in differentia-

tion” (GO:0000904), “negative regulation of ERK1 and ERK2 cascade” (GO:0070373), 

“negative regulation of cell migration” (GO:0030336), “negative regulation of cell 

adhesion” (GO:0007162) and “negative regulation of transforming growth factor 

beta receptor signaling pathway” (GO:0030512), all further stimulating the cell fu-

sion process.

3.3 activin-a induced differentially expressed genes can be 
linked to cell fusion
To identify which specific genes are differentially expressed under the influence of 

Activin-A we next focused on the individual gene expression in the different groups. 

The heatmap in figure 6A. shows a clear clustering of the top 100 DEGS between 

samples without and with Activin-A. Also the Vulcano plot (Figure 6B) shows a clear 

pattern of up and down regulated genes under the influence of Activin-A. The top 

100 most significant DEGs were divided in up- and downregulated genes and are 

shown in supplementary tables S2 and S3. To confirm the RNAseq results, expression 

of some of these genes was also analyzed with Q-PCR (Figure 7 and 8). Based on the 

Vulcano plot (Figure 6), we selected the most distinctly up- or downregulated genes.

When again dividing the cell fusion process in the different stages as described 

above, 20 of the upregulated genes could be linked to differentiation, 54 to actin 

organization, 26 to migration / chemotaxis, 18 to adhesion and 36 to processes 

linked to membrane fusion (Supplementary Table 4). Several of these genes have 

been associated before with cell differentiation (HTRA1 and CIITA [26; 27]), actin or-

ganization (EPHA2 and RHOBT1B [28; 29]), cell adhesion and migration (CXCL12 and 

S1PR1 [30; 31]), and membrane fusion (DNM1 [32]), but others have not previously 

been associated with osteoclast formation: CXCR3, TRPV4, ASAP3, ANTXR1, ARL4C, 

ACTN2, ADAM12, and ADGRB1. We observed several downregulated genes that have 

previously been shown to be down-regulated by RANK-L, such as NEDD9 [33] and 

ATF3 [34]. The transcription factor SOX8 was not previously linked to osteoclasts 

but is known to be an inhibitor of myogenesis [35] and is known to be expressed in 

osteoblasts [36]. We also observed several downregulated genes with a function in 

cell migration and adhesion regulation, including CX3CL2, NPAS2, and FLT1. FLT1 

is also known to be expressed by osteoclasts and to function in chemotaxis and cell 
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proliferation [37; 38]. The genes mentioned above and their relation to the different 

stages of cell fusion are depicted in Table 2.

Some of the genes that show the most distinct up regulation as shown in the vol-

cano plot and that were confirmed to be overexpressed by Q-PCR (Figure 7), show 

interesting associations with different GO terms. For instance HTRA1 is associated 

with GO:0030514 “negative regulation of BMP signaling”. CIITA, a molecular switch 

of antigen presentation that is essential for expression of genes encoding MHC-II 

molecules [25], is probably reflecting the role of Activin-A in inflammation since it 

is associated with GO:006954 “inflammatory response”. RHOBTB1 is associated with 

GO:0051493 “regulation of cytoskeleton organization” and ANOS1 with GO:006935 

“chemotaxis”. Interestingly, OLR1 is, next to the above mentioned GO:006954, also 

associated with GO:0016477 “cell migration”, GO:0099500 “vesicle fusion to plasma 

membrane”, GO:0098609 “cell-cell adhesion” and GO:0061025 “membrane fusion”, 

suggesting an important role for this molecule in the Activin-A enhanced fusion 

Figure 6. activin-a induced differential gene expression
Activin-A induced DEGs with p(adj)<0.01, Log2FoldChange ≥2. (A.) Heatmap showing the 100 most significant-
ly DEGs under the influence of Activin-A. (B.) Vulcano plot showing the up – and downregulated genes under 
the influence of Activin-A, plotted as the Log2FoldChage (x-axis) against the statistical significance (y-axis). 
Annotated dots are the genes that were confirmed by QPCR (see Figure 7 and 8).
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process. The downregulated genes (Figure 8) did not show such a clear association 

with cell fusion processes. However, a few of these genes have been previously 

described to play a role in osteoclast formation. For instance NEDD9 and AFT3 have 

been shown to be downregulated during RANK-L induced osteoclast differentiation 

Figure 7. QPcr confirms rnaseq data
QPCR data for the most significantly differentially expressed genes as depicted in the volcano plot. The QPCR 
data confirm the RNAsequencing data. (A - I) QPCR of genes upregulated by Activin-A.
– Activin-A n=11, + Activin-A n=11. Wilcoxon matched-pairs signed rank test *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 8. QPcr confirms rnaseq data
QPCR data for the most significantly differentially expressed genes as depicted in the volcano plot. The QPCR 
data confirm the RNAsequencing data. (A - F) QPCR of genes downregulated by Activin-A.
– Activin-A n=11, + Activin-A n=11. Wilcoxon matched-pairs signed rank test *p < 0.05, **p < 0.01, ***p < 0.001
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[33; 34]. KCNJ1 has been described to play a role early in the course of hematopoietic 

progenitor cell differentiation [39]. The fact that this gene was downregulated in our 

data can possibly be attributed to the fact that at the 14 days of culture at which we 

sampled this differentiation process is already at a later stage.

4. dIScuSSIOn

So far, the potential role of osteoclasts in FOP has not been investigated extensively. 

We have previously reported that M-CSF and RANK-L induced osteoclast formation 

from control and FOP CD14+ monocytes is comparable (16). Adding Activin-A to 

these cultures induces fewer, but significantly larger osteoclasts in both control and 

FOP cultures, suggesting that Activin-A induces increased fusion. In order to gain 

mechanistical insight we performed RNAsequencing analysis on these cultures to 

Table 2. Individual genes related to pre-fusion and fusion events.

downregulated genes upregulated genes

  Known novel Known novel

differentiation

NEDD9 SOX8 HTRA1 PARM1

ATF3 KCNJ1 CIITA

CAV1 USP2

Migration and 
adhesion

FLT1 CX3CL1 CXCL12 CXCR3

NPAS2 S1PR1 TRPV4

ASAP3

ANOS1

OLR1

actin organization

EPHA2 ASAP3

RHOBT1B ANTXR1

ARL4C

Membrane fusion

DNM1 ADAM12

ACTN2

ADGRB1

NEDD9, neural precursor cell expressed, developmentally down-regulated 9; ATF3, activating transcription 
factor 3; CAV1, caveolin 1; SOX8, SRY-box transcription factor 8; KCNJ1, potassium inwardly-rectifying chan-
nel subfamily J member; USP2, ubiquitin specific peptidase 2; HTRA1, HtrA serine peptidase; CIITA, class II 
major histocompatibility complex transactivator; PARM1, prostate androgen-regulated mucin-like protein 1; 
FLT1, fms related receptor tyrosine kinase 1; CX3CL1, C-X3-C motif chemokine ligand 1; CXCL12, C-X-C motif 
chemokine ligand 12; S1PR1, sphingosine-1-phosphate receptor 1; CXCR3, C-X-C motif chemokine receptor 3; 
TRPV4, transient receptor potential cation channel subfamily V member 4; ASAP3, ArfGAP with SH3 domain, 
ankyrin repeat and PH domain 3; ANOS1, anosmin-1 EPHA2, EPH receptor A2; OLR1, oxidized low density lipo-
protein receptor 1; RHOBTB1, Rho related BTB domain containing 1; ANTXR1, ANTXR cell adhesion molecule 1; 
ARL4C, ADP ribosylation factor like GTPase 4C; DNM1, dynamin 1; ADAM12, ADAM metallopeptidase domain 12; 
ACTN2, actinin alpha 2; ADGRB1, adhesion G protein-coupled receptor B1.
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elucidate the transcriptomic differences induced by Activin-A during the osteoclast 

formation process.

It has been described that Activin-A signals via the SMAD2/3 pathway and normally 

inhibits signaling via ACVR1 and subsequent SMAD1/5/8 phosphorylation by forming 

a non-signaling complex (NSC) with this receptor [40]. The mutation in the ACVR1 

gene in FOP is believed to alter the sensitivity of the receptor and results in Activin-A 

stimulating signaling via ACVR1 rather than inhibiting it [10; 11]. The fact that we 

did not observe any differences in response to Activin-A between control and FOP 

cells with regard to osteoclast formation suggests that this signaling is not mediated 

via the mutated ACVR1 receptor but via the canonical SMAD2/3 signaling pathway, 

which has previously been identified in osteoclasts [41]. The lack of an FOP mutation 

specific induction by Activin-A is in sharp contrast to our previous study, where we 

showed that Activin-A exclusively regulated genes present in FOP-mutation contain-

ing periodontal ligament fibroblasts [42]. Apparent cell-type specific differences of 

concentrations and combinations of type I and type II bone morphogenic protein 

receptors between osteoblast- and osteoclast precursors could explain such a differ-

ent response for Activin-A between these cell types [43; 44; 45]. This lack of diseases 

specific effect of Activin-A on osteoclasts could suggest that other Activin-A recep-

tors on osteoclast precursors overrule the mode of action of Activin-A binding to 

ACVR1, albeit that ACVR1 is transcribed in osteoclasts, and the mutated form even 

at a 9-fold higher level in FOP patients derived osteoclasts [18]. Also the upregulation 

of HTRA1 and its association with GO:0030514 “negative regulation of BMP signal-

ing” suggests the inhibition of signaling via ACVR1, possibly by forming a NSC as 

described before. It has to be noted however, that conflicting data exist on the role 

of HTRA1. It has been described to inhibit osteogenic differentiation [46; 47], but 

others have reported an osteogenic [48; 49] inducing effect. Interestingly HTRA1 has 

also been identified as an OPG degrading enzyme [26], a property that could partly 

explain the increased fusion observed in this study.

Our study reveals that the effect of Activin-A on the pre-osteoclast fusion process 

is not dependent on the presence of the mutated ACVR1 receptor that causes FOP 

since the transcriptomic changes induced by the molecule are similar in the con-

trol and FOP cells. The genes that were differentially expressed in the presence of 

Activin-A show a clear association with biological processes that are linked to cell 

fusion. Especially the upregulated genes can be divided in the different stages of 

cell fusion. Not surprisingly some of these genes show some overlap and are associ-

ated with several stages of cell fusion. Our data show that especially IL-6 can play 

a role in all stages except for the final membrane fusion process. IL-6 is produced 
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by human monocytes [50] and IL-6 together with its soluble receptor have been 

described to induce osteoclast formation [51]. Activin-A has been described to induce 

IL-6 synthesis in cancer cells [52]. Possibly the Activin-A induced upregulation of 

IL-6 expression detected during the osteoclast formation in this study increases 

the fusion and is one of the reasons for the large osteoclasts seen here. Another 

molecule that showed association with several biological processes involved in cell 

fusion is OLR1 (or LOX1). This receptor has been described to play a role in osteoclast 

formation, but with conflicting results, probably dependent on its location and local 

activator. OLR1 activated by NF-κB plays an enhancing role in adhesion and migra-

tion in monocytic and breast cancer cells [53]. However, when activated by oxidized 

LDL, OLR1 inhibits macrophage migration [54]. Nakayatchi et al. 2015 showed that 

OLR1 reduces cell-cell fusion and thereby acts as a negative regulator of osteoclast 

formation, although no effect on osteoclast genes like NFATc1 and Cathepsin K was 

observed [55; 56]. On the other hand, when OLR1 is activated it stimulates expression 

of adhesion molecules and pro-inflammatory signaling pathways and proangiogenic 

proteins in macrophages such as NF-kB and VEGF [57]. VEGF itself has been proposed 

to be able to substitute for M-CSF during osteoclastogenesis [58]. Another possible 

explanation for the large osteoclasts that are formed in the presence of Activin-A 

could be found in the upregulation of RHOBTB1. This RhoGTPAse family member 

has been shown to be downregulated by OPG resulting in decreased osteoclast activ-

ity because of disrupted sealing zone formation [59]. Interestingly, RhoGTPAses have 

been implicated to play a role in self contact-induced membrane fusion observed 

in epithelial cells, which is a very fast and efficient way of cell fusion [60]. Possibly 

the very large osteoclasts arise through self-contact induced membrane fusion of 

osteoclasts.

Some of the differentially expressed genes have also been described to play a role in 

myoblast fusion. Dynamin-1 (DNM1) was one of upregulated genes associated with 

GO:0061025 “membrane fusion” and has previously been associated with osteoclast 

precursor and myoblast fusion [32]. The upregulated genes ADAM metallopeptidase 

domain 12 (ADAM12), Actinin Alpha 2 (ACTN2), and adhesion G protein-coupled 

receptor B1 (ADGRB1) were all associated with GO:0061025 “membrane fusion” and 

have been previously described to play a role in myoblast fusion [61; 62]. ADAM12 

was shown to be present in later stages of human osteoclast formation [63] and to 

promote myoblast fusion via ACTN2 binding [61]. ACTN2 was previously found to 

be expressed in osteoclasts [64; 65]. ADAM12 has been identified as a downstream 

target of Activin-A in hepatocytes [66], indicating a role for ADAM12 in osteoclast 

precursor fusion after Activin-A stimulation. In our data, ADGRB1 shows an associa-

tion with GO term “positive regulation of myoblast fusion” (GO:1901741). ADGRB1 
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has previously been associated with recognition of apoptotic cells by phagocytes 

and also appears to have a role in the promotion of myoblast fusion for which myo-

blast apoptosis appears to be an essential component [62; 67]. This appears to be a 

common mechanism of myoblast and osteoclast fusion, as ADGRB1 has also been 

shown to play a pivotal role in osteoclast apoptosis during osteoclast formation [68]. 

The uptake of apoptotic cells, such as apoptotic osteocytes, has been previously 

described for osteoclasts. Another recently described osteoclast feature, is that they 

can undergo fission to produce smaller more motile cells, called osteomorphs, and 

then fuse to form osteoclasts at a different location [69]. One of the downregulated 

genes that has been described to be an inhibitor of myogenesis but has not been 

described to play a role in monocyte fusion is the transcription factor SOX8 [35]. 

Possibly SOX8 plays a similar inhibitory role in osteoclast formation and the down-

regulated SOX8 levels detected here might thus enhanced fusion.

Since HO formation often starts at the site of injured muscles, probably partly medi-

ated by locally increased levels of Activin-A due to an inflammatory response as a 

result of the damage [70; 71], it is worthwhile to further explore the different and 

similar genes and processes involved in both myoblast and monocyte fusion.

Activin-A has been described to be an inflammation marker [72; 73], and one of the 

molecules we found to be associated with GO:006954 “inflammatory response” is 

CIITA. Benascuitti et al. showed that overexpression of CIITA in monocytes enhanced 

osteoclastogenesis mediated by increased c-fms and RANK signaling [27], a process 

that also in our experiments could induce enhanced fusion. Interestingly CIITA has 

also been shown to be involved in regulation of MHC class II molecules, thereby 

playing a role in antigen presentation and immune responses. Regulation of CIITA 

expression is complex and appears to be location and cell type specific [74]. It has 

been proposed that osteoclasts, next to their physiological role as bone resorbing 

cells also have a more immunological function as antigen presenting cells and can 

play a role in the immune response [75; 76]. Possibly the Activin-A induced upregula-

tion of CIITA as shown here steers the osteoclasts towards a more immunological 

cell under local high Activin-A concentrations, a possibility that requires further 

investigation.

Taken together our present study shows that the mutated ACVR1 receptor present in 

FOP cells does not play a significant role in the Activin-A induced formation of large 

osteoclasts. The transcriptomic changes induced by Activin-A are similar in control 

and FOP cells. But in general osteoclast biology terms, our results identified Activin-

A regulated genes that could be associated with fundamentally different osteoclasts. 
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We identified several upregulated genes that could be involved in the enhanced cell 

fusion. Together with the downregulated genes that are associated with negative 

regulation of cell adhesion and migration this may explain the formation of the 

larger and more actively resorbing osteoclasts in the presence of Activin-A (16). One 

of the potential modalities to reduce new HO formation in FOP is to neutralize 

Activin-A with specific antibodies. This report shows that this could impact osteo-

clast biology general, possibly resulting in less active and smaller osteoclasts.
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Supplementary Table 1. rna Quality control

control FOP

Sample rIne value   Sample rIne value

Con1−ActA 8.3 FOP1−ActA 8.6

Con1+ActA 8.0 FOP1+ActA 9.3

Con2−ActA 7.9 FOP2−ActA 1.8

Con2+ActA 8.4 FOP2+ActA 9.0

Con3−ActA 7.8 FOP3−ActA 8.0

Con3+ActA 1.0 FOP3+ActA 8.5

Con4−ActA 8.4 FOP4−ActA 8.4

Con4+ActA 9.1 FOP4+ActA 8.9

Con5−ActA 8.7 FOP5−ActA 7.6

Con5+ActA 8.2 FOP5+ActA 7.6

Con6−ActA 8.3 FOP6−ActA 8.2

Con6+ActA 9.0   FOP6+ActA 9.0

Supplementary Table 1. RNA integrity number (RIN) values were determined on RNA isolated from CD14-
positive monocytes from a group of FOP patients and a group of healthy controls treated with (+ActA) or 
without (−ActA) Activin-A.
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Supplementary Table 2. Most significantly upregulated genes

enSeMbl Id Gene name p(adj)-value log2 fold change

ENSG00000173391 OLR1 3,79E-77 4,30

ENSG00000204252 HLA-DOA 1,76E-53 4,20

ENSG00000179583 CIITA 2,34E-53 3,15

ENSG00000011201 ANOS1 5,05E-46 2,12

ENSG00000197093 GAL3ST4 4,42E-45 5,61

ENSG00000166033 HTRA1 3,53E-42 2,17

ENSG00000072422 RHOBTB1 5,50E-41 2,07

ENSG00000151117 TMEM86A 7,76E-35 2,26

ENSG00000102996 MMP15 3,70E-34 2,20

ENSG00000134508 CABLES1 8,39E-34 4,04

ENSG00000166927 MS4A7 4,61E-33 3,05

ENSG00000116774 OLFML3 1,40E-32 5,21

ENSG00000198286 CARD11 2,95E-32 3,01

ENSG00000124225 PMEPA1 6,07E-32 2,92

ENSG00000169116 PARM1 4,71E-31 4,59

ENSG00000182985 CADM1 4,66E-30 2,70

ENSG00000182578 CSF1R 1,04E-29 2,01

ENSG00000145284 SCD5 5,80E-28 3,60

ENSG00000102221 JADE3 2,35E-26 2,41

ENSG00000232629 HLA-DQB2 1,11E-25 2,65

ENSG00000179715 PCED1B 3,20E-25 2,99

ENSG00000184588 PDE4B 3,74E-25 2,54

ENSG00000163995 ABLIM2 4,94E-25 2,95

ENSG00000137642 SORL1 7,87E-25 2,72

ENSG00000188070 C11ORF95 8,51E-25 2,13

ENSG00000120708 TGFBI 1,00E-24 3,31

ENSG00000196664 TLR7 2,77E-24 3,09

ENSG00000134042 MRO 6,46E-24 3,48

ENSG00000204174 NPY4R 6,46E-24 5,05

ENSG00000164176 EDIL3 7,46E-24 4,32

ENSG00000148400 NOTCH1 9,59E-24 2,32

ENSG00000164171 ITGA2 1,98E-23 4,22

ENSG00000213420 GPC2 4,49E-23 2,99

ENSG00000223865 HLA-DPB1 4,73E-23 2,54

ENSG00000273415 LINC02725 8,63E-23 2,67

ENSG00000104059 FAM189A1 2,04E-22 4,10

ENSG00000164037 SLC9B1 2,15E-22 3,49

ENSG00000106976 DNM1 5,99E-22 3,56

ENSG00000183019 MCEMP1 6,24E-22 4,36

Supplementary Table 2. Most significantly upregulated genes present in the 100 most significantly differen-
tially expressed genes sorted on p(adj) value
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Supplementary Table 3. Most significantly downregulated genes

enSeMbl Id Gene name p(adj)-value log2 fold change

ENSG00000271856 LINC01215 9,23E-54 -4,18

ENSG00000174370 C11ORF45 1,53E-39 -3,01

ENSG00000180509 KCNE1 2,46E-39 -2,36

ENSG00000151704 KCNJ1 5,09E-38 -3,70

ENSG00000118971 CCND2 1,44E-37 -2,79

ENSG00000111859 NEDD9 1,10E-34 -3,66

ENSG00000168350 DEGS2 3,37E-34 -3,14

ENSG00000036672 USP2 9,74E-34 -2,33

ENSG00000075340 ADD2 1,23E-33 -4,20

ENSG00000243742 RPLP0P2 7,24E-33 -2,93

ENSG00000117586 TNFSF4 9,50E-33 -2,44

ENSG00000181634 TNFSF15 1,40E-32 -3,15

ENSG00000245248 USP2-AS1 6,07E-32 -3,59

ENSG00000166501 PRKCB 6,27E-32 -2,84

ENSG00000286872 AC024270.4 1,31E-30 -2,53

ENSG00000170485 NPAS2 2,27E-30 -4,25

ENSG00000129451 KLK10 4,45E-30 -4,48

ENSG00000147509 RGS20 5,60E-30 -2,96

ENSG00000147168 IL2RG 5,77E-30 -2,13

ENSG00000203685 C1ORF95 9,06E-30 -3,77

ENSG00000256508 MRGPRF-AS1 5,70E-29 -4,18

ENSG00000254740 AP003396.3 3,75E-28 -3,66

ENSG00000156011 PSD3 5,49E-28 -2,73

ENSG00000152413 HOMER1 5,80E-28 -2,92

ENSG00000276289 KCNE1B 7,98E-28 -2,47

ENSG00000232453 LOC105378753 3,52E-27 -3,99

ENSG00000073712 FERMT2 5,46E-27 -2,95

ENSG00000157470 FAM81A 6,61E-27 -3,26

ENSG00000147231 CXORF57 8,03E-27 -2,44

ENSG00000172575 RASGRP1 1,13E-26 -2,15

ENSG00000232258 TMEM114 4,20E-26 -3,18

ENSG00000162551 ALPL 5,17E-26 -4,24

ENSG00000119866 BCL11A 9,93E-26 -2,59

ENSG00000175175 PPM1E 1,08E-25 -2,85

ENSG00000077782 FGFR1 2,20E-25 -2,34

ENSG00000176928 GCNT4 3,18E-25 -2,80

ENSG00000162896 PIGR 6,60E-25 -3,61

ENSG00000175356 SCUBE2 7,21E-25 -3,45
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Supplementary Table 3. Most significantly downregulated genes (continued)

enSeMbl Id Gene name p(adj)-value log2 fold change

ENSG00000155886 SLC24A2 1,16E-24 -5,53

ENSG00000228486 LINC01125 1,36E-24 -3,05

ENSG00000188613 NANOS1 1,57E-24 -3,20

ENSG00000163803 PLB1 1,89E-24 -2,10

ENSG00000117245 KIF17 2,59E-24 -2,79

ENSG00000185022 MAFF 4,36E-24 -2,33

ENSG00000107736 CDH23 4,64E-24 -3,09

ENSG00000234572 LOC101927438 4,71E-24 -4,14

ENSG00000011347 SYT7 4,83E-24 -3,97

ENSG00000263325 AC003965.2 5,01E-24 -3,52

ENSG00000111371 SLC38A1 9,23E-24 -4,07

ENSG00000166949 SMAD3 1,59E-23 -2,96

ENSG00000284240 LINC02801 1,67E-23 -3,82

ENSG00000076706 MCAM 4,74E-23 -4,13

ENSG00000180720 CHRM4 7,51E-23 -4,52

ENSG00000000938 FGR 1,08E-22 -2,16

ENSG00000135525 MAP7 2,00E-22 -2,58

ENSG00000162894 FCMR 2,15E-22 -3,11

ENSG00000214212 C19ORF38 2,23E-22 -2,15

ENSG00000102003 SYP 2,56E-22 -3,18

ENSG00000155893 PXYLP1 2,58E-22 -2,07

ENSG00000196395 AC244505.1 4,78E-22 -2,75

ENSG00000172935 MRGPRF 4,81E-22 -3,33

Supplementary Table 3. Most significantly downregulated genes present in the 100 most significantly dif-
ferentially expressed genes sorted on p(adj) value
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Supplementary Table 4. upregulated genes per cellular process during cell fusion

differentiation
actin 

Organization
chemotaxis adhesion Fusion

APLP1 ACTN2 ANGPT1 ADAM19 ACTN2

AXL ASAP3 CALCR CARD11 ADAM12

CALCR CADM1 CCL18 CD244 ADCY1

CNGB1 CDC42EP5 CMKLR1 CDH5 ADGRB1

CSF1R CDH5 CSF1R EFNB3 CHRNA6

DNM1 CLDN4 CXCL12 GRAP2 CST3

F2 CSF1R CXCR3 HLA-DPA1 CXCL1

GAS6 CTNNA2 EXT1 HLA-DPB1 CXCL12

GIPR CTNND2 FFAR4 HLA-DRA DGKI

HLA-DRA CXCL12 FLT4 IGF1 DNM1

IL2RA DGKI GAS6 IL2RA EHD2

IL6 EPHA2 GPBAR1 IL6 F5

IL7R ESPNL IL6 IL7R FPR1

ITGB3 EXT1 ITGA2 KIF26B FUCA1

PDE4B F2 ITGB3 NOTCH1 GAS6

PPEF1 F2R JAM3 PLEKHA7 HGF

RGS10 F2RL2 NOTCH1 SPTA1 HPSE

RGS4 GJA1 P2RY6 WNT5A IGF1

ROR2 GPBAR1 PDGFD ITGB3

SLC9B2 GPR35 PTN LCN2

GRIP1 ROR2 LRRC7

ID1 S1PR1 MCEMP1

IGF1 SELL NCAM1

IL6 THBS1 NOTCH1

ITGB3 TRPV4 OLR1

JAM3 WNT5A PFN2

MAP1A PRSS12

MARCKSL1 RAB3B

MARVELD3 RETN

MID1 RNASE2

MYO1B RNASE3

NET1 SCGB3A1

NLGN4X SELL

NOTCH1 SYT3

P2RY8 TCN1

PEAK3 THBS1

PFN2

PLEKHA7
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Supplementary Table 4. upregulated genes per cellular process during cell fusion (continued)

differentiation
actin 

Organization
chemotaxis adhesion Fusion

PMP22

PROX1

PTN

RASAL1

RGS4

RHOBTB1

S1PR1

SEMA3E

SEMA4D

SLC39A12

SPTA1

SYT3

TRPV4

WASF3

WNT5A

ZNF664-RFLNA

Supplementary Table 4. Significantly upregulated genes with cut- off values of p(adj)<0.01 and Log2Fold 
change ≥ 2, divided into the different stages of cell fusion they are associated with.
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abSTracT

Worldwide, a mandatory course in Molecular Cell Biology is often part of the (para-) 

medical curricula. Student audiences are regularly not receptive to such relatively 

theoretical courses and teachers often struggle to convey the necessary informa-

tion. Here, positive experience is shared on rigorously embedding a genetic disease 

that severely affects the movement apparatus, fibrodysplasia ossificans progressiva 

(FOP), in all aspects of a course for an international group of Research Master Hu-

man Movement Sciences students. Various molecular cell biological aspects of FOP 

were systematically implemented in the course, covering genetics, the biochemi-

cal consequences of the mutation, signaling pathways that affect bone formation 

and lectures on how to clone the mutation or cure the mutation. Students were 

invited to critically think about how to use the theories learned in the course to 

analyze a research paper. During the practical part of the course, students assisted 

in novel, cutting edge research on FOP patient derived or control cells. Research 

findings were reported in a research paper format. By building a Molecular Cell 

Biology course around an appealing disease, we managed to increase the general 

motivation of the students for the course as reflected in two specific questions of 

the course evaluations (p<0.05). It convincingly taught the relevance of a course 

of Molecular Cell Biology to students with a primary background in biomechanics 

and physiotherapy for their paramedical professional life. This approach of embed-

ding an audience-tailored human disease with a known genetic cause into a course 

can be implemented to many medical curriculum related courses and will increase 

students’ perception of the relevance of a course.
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1. InTrOducTIOn, ObJecTIveS

It is probably a widespread and recognizable experience for many teachers of 

courses in the medical curriculum that when finishing the course we like most of 

our repertoire, we get wonderful acknowledgements from our students, but that 

a considerable proportion of students ask the question we do not want to hear: 

“Thanks for the nice course, but what is in it for us? I do not see how it fits into the 

program.” And, despite wonderful course evaluations, such a question keeps on nag-

ging for some time. We have organized such a molecular cell biology course for Hu-

man Movement Sciences students. Although most aspects of the course evaluation 

scored satisfactorily from the start and gradually further improved, this “What’s in 

it for us?” question persisted until by chance we got involved in research material 

of a disease that appealed to the students because it severely affects the movement 

of these patients. This allowed us to integrate this disease, fibrodysplasia ossificans 

progressiva (FOP), fully in virtually all aspects of the Molecular Cell Biology course. 

By this rigorous integration, the course lost its level of abstraction and came closer 

to all students. It uplifted the course further, resulting in students who kept their 

interest and attention throughout the course and in teachers that could tell a logical 

follow-up story. Here, we would like to share this positive experience, which we 

believe can be extrapolated to other courses of the paramedical curriculum.

2. MeTHOdOlOGy

2.1 The students, the course, the position in the program, the 
challenges
Some ten years ago, a two-year Research Master’s program Human Movement Sci-

ences has seen the light at the Faculty of Human Movement Sciences at the Vrije 

Universiteit (VU) Amsterdam in the Netherlands. For this international, English 

taught program, 15-25 top students per year are selected based on grade average 

of their Bachelor’s degree and a motivational interview. From its founding, Molecu-

lar Cell Biology was part of the curriculum for 3 European Credits (ECTS), which 

is roughly 1.5 American Credits, or 2 weeks full time-basis equivalent, where 1 

ECTS=28 hours. For most students, Molecular Cell Biology was the first encounter 

of a course in that category and therefore non-central to what they had learned 

before. Human Movement Scientists primarily have a background in biophysics, 

biomechanics, neuroscience and physiotherapy. The course has always contained a 

theoretical part and a practical part of one and a half days, during which students 

actively participated in laboratory work, isolating RNA and performing quantitative 
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real-time PCR (qPCR) of genes of interest. A written report that has the format of a 

research article was the requested output format for the practical, which made up 

one third of the grade. A written exam on the theory made up for the remaining 

two thirds of the final mark. The challenges have always been twofold: to bridge 

the theoretical part with the practical, which until a few years ago was a separate 

entity, and to convince students of the broader context of Molecular Cell Biology, 

such as how to apply it to a disease-related research question. The course has long 

been considered an unusual requirement of the curriculum of the Research Master 

of Human Movement Sciences, as compared to other courses.

2.2 The disease FOP
As a coincidence, some five years ago, we were approached for culturing cells from 

extracted teeth, from a patient with fibrodysplasia ossificans progressiva (FOP). The 

VU medical center is the FOP center of expertise in the Netherlands [link: https://

www.vumc.com/departments/fop-amsterdam-info-research-and-trials/fop-patient-

care-vumc.htm:]. Teeth were extracted from patients with a closing jaw joint for the 

purpose of creating more space, such as in patients with a bony bridge that locks 

the jaw joint (1). All material was surgical waste material and permission to culture 

cells for research purposes was obtained through informed consent and further 

institutional ethics approval. The disease manifests itself as a disease with abnormal 

progressive bone formation of the connective tissue, hence the name. Especially 

connective tissue of tendons, ligaments and muscles turn into bone. Gradually, the 

ability to move declines. Patients often end up in a wheelchair, see for instance this 

informative clip on youtube, presented by the FOP specialist Dr. Frederick Kaplan 

[link: https://www.youtube.com/watch?v=GksggHYAA7M ]. The causative mutation 

was discovered in 2006 (2). This one in two million occurring dominant mutation is 

located in ALK-2 or ACVR-1, a subunit of a bone morphogenesis protein receptor. To 

sum up, by this mutation, the off-switch of bone formation is defective. It was only 

in 2015 that the preferred ligand Activin A for this mutant ACVR-1 was discovered 

(3,4). By this ligand-receptor interaction, pSmad1/5/8 signaling is elevated specifi-

cally by the mutated ACVR-1. Also an inhibitory molecule, FKBP12 does not interact 

properly with the mutated ACVR-1, allowing leaky signaling. Together this results in 

ectopic bone formation in FOP patients, disabling their possibility to move properly. 

Our involvement in this research came as a blessing in disguise, since now we could 

fully integrate a disease that severely impairs the movement apparatus into our 

course for human movement scientists, highly relevant for the future work field 

of students who will deal with patients with movement impairment. And, when 

supervised properly, students could even participate using the patient-derived and 

control cells in the practical. It further synergized expertise at Amsterdam Medi-
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cal Center of the Vrije Univeristeit (VUmc) and at Academic Centre for Dentistry 

Amsterdam (ACTA), where expertise in tooth-associated osteoclast formation (5) and 

osteogenesis exists (6). Since taking a biopsy could lead to a flare-up inducing het-

erotopic bone formation, this is an absolutely forbidden procedure in FOP clinical 

research. Therefore, traditionally, relevant patients derived cell models has always 

been cumbersome. Cells obtained from teeth have been explored to some extent 

(7,8). Extracted teeth are surrounded by an ultrathin layer of periodontal ligament 

fibroblasts, which can be readily cultured and propagated. Since these are cells 

from a true ligament, anchoring teeth into bone, they are potentially a valuable cell 

model to study FOP associated bone remodeling processes.

3. reSulTS

3.1 a disease integrated course of Molecular cell biology
The course became a disease-integrated course of Molecular Cell Biology Students 

benefited from this approach, by connecting aspects of Molecular Cell Biology to a 

disease relevant for them. The course also provided the opportunity to contribute 

to cutting edge research. When using chapters of regularly used text books such as 

Essential cell biology (9) the incorporation of the Molecular Cell Biology of the disease 

FOP was relatively easy (See Table 1).

Teachers experienced a tremendous difference when teaching this course compared 

to the years before a disease was embedded. Remarkably, when critically analyzing 

the changes, approximately 80% of the course remained the same. It was easier for 

one teacher to continue where the other teacher had left, primarily because the 

disease was the main theme of the course. Students incorporated Molecular Cell 

Biology at a level that was relevant for them, since the overarching disease was in 

the limelight, as an example of a disease affecting the movement apparatus.

The practical, which was without exaggeration announced in phrases like “you can 

contribute to unique work that has not been performed yet and outcomes are rel-

evant for our understanding of the disease” nicely connected to the theory. Students 

following the Research Master of Human Movement Sciences are supposed to write a 

research paper in their second year, based on their individual, one-year long research 

project. The course helped them to prepare for this, but now in a group setting, 

exploiting the individual talents of students like writing, structuring data and final 

editing of a text. In the last couple of years, we assessed bone formation markers 

in these unique cells from FOP patients and also osteoclast markers in co-cultures 
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of these cells and peripheral blood cells. Results contributed by the students have 

become part of two publications (10,11) and it is foreseeable that they will do so in 

some future publications. Through the years, we have addressed differences in gene 

expression between control and FOP derived cell periodontal ligament fibroblasts, 

or osteoclasts. Since Activin A seems the disease specific activator, recent years have 

investigated its role in osteoclast formation and osteogenesis.

Table 1. example of course schedule of a Molecular cell biology course and how a disease, here FOP, 
can be embedded throughout.

activity Subject Integration of the disease FOP in the 
course

Class 1 Introduction of the course
DNA- RNA- Protein central dogma of
Molecular Biology

Introduction of disease, with movie 
from internet, take time to discuss all 
patient related aspects of disease.
How to explain inheritance of a 
dominant gene when parents are not 
affected?  

Class 2 Structure of genes
RNA transcription and modulation

Structure of ACVR-1 gene
Structure of ACVR-1 mRNA transcript 
and protein

Class 3 Molecular techniques I
Sequencing
Cloning

How does a mutation in ACVR-1 gene 
affect the cell function?
Strategies for cloning and bio-assays for 
normal and mutated ACVR-1

Class 4 Molecular techniques II
QPCR
Microarray/RNAseq

Gene expression comparison (one or 
multiple genes) between healthy cells 
and cells with FOP mutation.
Display own results of RNAseq control 
vs. FOP

Class 5 Signaling
Flow of information from outside cell 
towards effects inside
General aspects of signaling

Signaling with normal and mutated 
ACVR-1 and its negative regulator 
FKBP12 and downsteam molecules 
pSmad1/5/8, role of Activin A

Seminar Consolidation of knowledge, both Molecular 
cell biology and FOP:
Reading a research paper together. 

A research paper on FOP such as when 
osteoclasts were central issue (12); 
or on Activin A (3).

Class 6 Bridge to practical Explain the experiment, qPCR, and 
what is expected during practical on 
FOP patients derived cells.

Practical RNA isolation, cDNA synthesis and qPCR 
of genes expressed by fibroblasts or in 
co-cultures of fibroblast-and osteoclast 
precursors
Students learn laboratory techniques and 
how to calculate expression data in one and 
a half day

Control vs. FOP, such as published in 
(10,11,13). Typical genes to be assessed: 
ACVR-1, FKBP12, bone formation 
proteins RUNX-2; Osteopontin, 
Osteocalcin, Alkaline phosphatase and 
osteoclast genes TRACP, DC-STAMP.

Exam On theory Class 1-5 and research paper Class 
6

Both questions on general molecular 
cell biology and related to FOP.
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Pedagogically, our course set-up has similarities with novel teaching methods such 

as (hybrid forms of ) Problem Based Learning (PBL), which more and more seem 

attractive ways to teach medical students complex diseases from many perspectives 

(14).

3.2 Motivation and relevance improved
The Vrije Universiteit Amsterdam has a thorough tradition of evaluating each course. 

Students are asked to fill-out the course evaluation a couple of days after finalizing 

the course. Over the years, this questionnaire has varied to some extent, but it has 

always contained approximately 20 questions on Course content, Course organiza-

tion, Student Commitment, Quality of the Teachers, and on the Exam. We specifi-

cally analyzed the effect of implementing a disease on two items of the yearly course 

evaluations by comparing two items before (3 years) and after (4 years) embedding 

a disease. These items were: (1) It was an interesting course and (2) The relevance of 

the course to the program was clear to me. Both aspects scored significantly higher 

after incorporation (Table 2). Besides the generic questions, the opportunity is pro-

vided to ask additional questions that seemed relevant for the changes that were 

implemented. One such question was: “We deliberately incorporated a disease, FOP 

that affects the movement apparatus throughout the course. Did it help to make 

Molecular Cell Biology more lively?” We asked this question in the year in which we 

first implemented the integration of FOP throughout the course and his question 

received a 4.68 out of 5 +/- 0.58 (S.D.) from the 19 responders.

4. dIScuSSIOn

Translatability to other courses
When considering the enormous impact of incorporating this disease into how this 

course was experienced by both students and teachers, we would like to put our 

experience into a much broader perspective. Teacher-researchers should be encour-

aged to make their courses tailor-made to the specific (para-)medical audience they 

face. For instance, some of us (TJdV) have experience in teaching oral hygienist 

Table 2. effect of incorporation (before and after) of a disease in experiencing relevance of the course, 
5-point scale

Question before (n=3 years)
response: 13 ± 6 
(S.d.)

after (n=4 years)
response: 13 ± 5 
(S.d.)

p-value (t-test)

It was an interesting course 3.62 +/- 0.42 (S.D.) 4.46 +/- 1.29 (S.D.) 0.0366

The relevance of the course to the 
program was clear to me

3.20 +/- 0.45 (S.D.) 4.11 +/- 0.35 (S.D.) 0.0266
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students histology of the oral tissues. For quite a few, this is a challenging and pos-

sibly even boring subject from beginning to the end, since such an audience is much 

more practically oriented. But, when designing a seminar where genetic defects that 

affect protein function have a disastrous outcome for the patient, histology can be ap-

proached at a different, integrated level, since the proteins do not function properly 

and hence the tissue structure is disrupted. This way, knowledge on histology is con-

veyed as extremely relevant for the working paramedical professionals. Likewise, 

but then in a more extensive course with more techniques, we have successfully 

engaged students in ongoing research (15). Compared to approximately 30 years 

ago, when the genetic causes of diseases were still in their infancy, we as scientist-

teachers now have the opportunity to make courses much more audience-tailored 

for specialized (para-)medical specialists. This provides tantalizing opportunities 

to explain anatomy, histology, cell biology, biochemistry and molecular biology 

making use of the genetic and biochemical knowledge of relevant diseases. When 

incorporating relevant diseases, such courses increase in relevance.
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Fibrodysplasia Ossificans Progressiva (FOP) is a very rare genetic disease char-

acterized by progressive heterotopic ossification (HO) of soft tissues. The disease 

is caused by mutations in the Activin receptor type 1 (ACVR1) gene, resulting in 

altered responsiveness of the receptor to different ligands, which ultimately leads 

to extra bone formation. Research on the cell biological and molecular mechanisms 

that cause HO in FOP has expanded considerably over the past decades. However, 

one of the major issues basic FOP research encounters is the limited availability of 

primary cells derived from FOP patients. This is mainly due to the fact that invasive 

techniques, such as biopsies used to collect such cells, are contraindicated since 

it may cause new HO formation. Despite the fact that the causative mutation has 

been discovered in 2006, its consequences on the cell biological and molecular level 

are still not fully understood. Knowledge about the effect of the mutation on the 

bone forming osteoblasts has increased over the past years but the exact molecular 

mechanisms underlying the disease remain unclear. The possible effect of the muta-

tion on the bone resorbing osteoclasts has so far hardly been investigated.

The aim of the work in this thesis therefore was twofold. First the use of periodontal 

ligament fibroblasts, which can be easily cultured from extracted teeth, as a cell 

biological tool to study cell biological mechanisms in FOP was explored. Second, 

osteoclast formation in FOP and the potential role of Activin-A in this process was 

investigated.

brief summary of the main findings
In chapter 2, the jaw related clinical problems in FOP was reviewed. One of the 

key findings of this review was that there was a significant difference in maximum 

mouth opening depending on the different ossified locations in the maxillofacial 

region, with ossification of the masseter muscle or between the pterygoid muscle 

and coronoid process resulting in the smallest maximal mouth opening. Also, het-

erotopic bone formation in the maxillofacial region as a result of trauma appears 

to occur earlier than heterotopic bone formation without prior trauma. In chapter 

3 the osteogenic and osteoclastogenic inducing potential of the tooth related peri-

odontal ligament fibroblasts (PLF) of FOP patients was studied. Periodontal ligament 

fibroblasts were shown to be a valuable primary cell culture model to study both 

the osteogenic and osteoclastogenic aspects in FOP research. To further explore the 

properties of these fibroblasts, the influence of Activin-A on early transcriptomic 

changes in both control and FOP PLFs using RNA sequencing was investigated as 

described in chapter 4. Activin-A induces early differential gene expression only 

in the FOP fibroblasts. The genes that were upregulated seem to be involved in the 

early stages of endochondral ossification. chapters 5-7 describe the influence of 
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Activin-A on PLF steered osteoclast formation, and M-CSF and RANKL steered osteo-

clast formation from osteoclast precursor cells from FOP patients. First of all the 

osteoclastogenic inducing properties of the periodontal ligament fibroblasts and the 

influence Activin-A has on this process was explored in chapter 5. Both control and 

FOP fibroblasts induced osteoclast formation from monocytes from healthy donors 

in a similar manner. Activin-A significantly inhibited the osteoclast formation in 

both the control and the FOP fibroblast co-cultures with non-mutated monocytes. 

Since there was no difference in PLF induced osteoclastogenesis between control 

and FOP fibroblasts the next focus was on the direct effect of Activin-A on osteoclast 

formation from CD14 positive monocytes. In chapter 6, it is shown that Activin-A 

induced fewer but larger osteoclasts with more nuclei from both control and FOP 

CD14+ monocytes, indicating there is no major difference in osteoclast formation 

between control and FOP cells. To further investigate this surprising effect of Ac-

tivin-A on osteoclast formation on both control and FOP CD14+ monocytes, an RNA 

sequencing experiment was performed. The transcriptomic differences induced by 

this molecule during osteoclast differentiation is described in chapter 7. This study 

revealed that there was no significant transcriptomic difference in the response 

to Activin-A between control and FOP monocytes, but Activin-A does induce dif-

ferential gene expression of over 1000 genes during osteoclastogenesis. Many of 

the differentially expressed genes showed an association with biological processes 

involved in the immune response and in the process of cell fusion. chapter 8 finally 

describes the incorporation of FOP related research in the molecular cell biology 

course for the Research Masters’ programme of Human Movement Science students 

with a primary background in biomechanics and physiotherapy. Embedding FOP in 

this course taught the students the relevance of a course of Molecular Cell Biology 

for their paramedical professional life, which significantly increased the general 

motivation of the students.

limitations of jaw movement in FOP
Approximately 70 % of the FOP patients experience limitations of jaw movement, 

often resulting in a decreased maximum mouth opening, in some cases ultimately 

resulting in a complete locked jaw [1; 2]. Natural history studies show that FOP usu-

ally first occurs in the neck and back and then progresses from axial to appendicular 

regions, with the exception of the jaw / maxillofacial area which is most commonly 

affected at a later stage as described in chapter 2 [3; 4]. Why the maxillofacial area 

does not appear to follow the head to toe progression of HO as seen in the other 

parts of the skeleton has not been studied, but it might be because of the different 

mode of ossification of the bones in the maxillofacial area. While most of the axial 

skeleton develops via endochondral ossification (the mode of ossification also fol-
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lowed during the HO in FOP), the majority of the bones in the maxillofacial area 

develop via intramembranous ossification [5; 6]. Possibly the fact that HO in FOP 

follows the same mode of ossification as the bones in the axial skeleton is the reason 

these parts are affected earlier compared to the bones with a intramembranous 

origin.

The reduced maximum mouth opening which FOP patients experience has seri-

ous consequences for eating, oral hygiene, dental treatment and may even cause 

emetophobia or fear of vomiting, which has been reported to considerably reduce 

quality of life [1; 7; 8]. Because of the problems associated with reduced maximum 

mouth opening, sometimes teeth are extracted in FOP patients to allow an entrance 

for food or as a hygiene purpose due to recurrent inflammation. These teeth have 

served as a source of primary cells we used in the work of this thesis, namely the 

periodontal ligament fibroblasts. These cells are attached to the extracted teeth and 

can be easily harvested.

The periodontal ligament fibroblast as a cell biological tool in 
FOP research
The periodontal ligament fibroblasts (PLF) have been described to play a dual role. 

On one hand they can induce osteoclast formation by presenting M-CSF and RANK-L, 

the key molecules necessary for osteoclastogenesis, to osteoclast precursor cells. On 

the other hand the PLF have osteogenic capacities. They contain various character-

istics that are similar to osteoblasts, but their in vivo function is to prevent ossifica-

tions, since this would lead to ankylosis of a tooth in the alveolar bone. We and 

others have shown that these fibroblasts express osteogenic genes such as RUNX2, 

ALP, Collagen Type I, Osteonectin and Osteopontin, when providing osteogenic stimuli 

such as β-glycerolphosphate and Vitamin C. When cultured in osteogenic medium, 

these cells are able to form mineralization nodules [9; 10; 11; 12] and thus can be 

used to study osteogenesis. Also the PLF derived from the teeth of FOP patients 

undergo osteogenic differentiation when cultured under osteogenic conditions, 

as described in chapter 3. One of the novel findings of chapter 3 was the effect 

of TGF-β/activin receptor inhibitor GW788388, which seemed to inhibit osteoclast 

formation in co-cultures of FOP or control fibroblasts with control PBMC as source of 

osteoclast precursors. This sheds important light on the osteoclastogenesis inducing 

capacity of periodontal ligament fibroblasts. These cells play a role in the formation 

of osteoclasts [13], despite a 100-fold excess in expression of the decoy receptor 

osteoprotegerin over RANKL at the mRNA level, which would indicate inhibition 

rather than induction of osteoclast formation. Results of Chapter 3 indicate that 

TGF-β signaling plays an important role in the formation of osteoclasts. Previously, 
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it was shown using RANK knock-out mouse models, that TGF-β could indeed cause 

RANKL-independent signaling [14] during osteoclastogenesis. Since TGF-β normally 

signals through phosphorylation of SMAD2/3 this implies a role for this signaling 

pathway in osteoclast formation, a topic which will be discussed later in this discus-

sion.

Both control and FOP periodontal ligament fibroblasts express RUNX2 and ALP and 

show mineralization after 21 days of culture. The intrinsic difference (e.g. without 

any additional stimuli such as BMP’s or Activin-A) in osteogenic capacity between 

control and FOP PLF is, however, quite small, and can only be seen in a slightly in-

creased ALP activity after 14 days of culture. FOP fibroblasts express both the mutated 

and non-mutated ACVR1 receptor. Apparently, only the presence of the mutated 

R206H ACVR1 receptor is not enough to induce such differences, and stimuli such as 

Activin-A might be necessary to manifest effect of the presence of the R206H ACVR1 

receptor. Indeed, the transcriptomic differences described in chapter 4 showed that 

Activin-A induced differential gene expression of 18 genes exclusively in the FOP 

PLF cells. This relatively modest effect could be due to the fact that the FOP cells 

express both the wild type and the R206H ACVR1 genes to a similar extend on mRNA 

level [9]. Also, possibly the 24 hour incubation as described is too short to induce 

more extensive transcriptomic differences in these cells under these conditions. The 

effect of longer (21 days) incubation with Activin-A on the osteogenic differentiation 

of the PLFs should be studied as one of the follow-up studies of this thesis.

Notably, no formation of HO at the sites of tooth extraction has been reported. This 

could imply that the FOP derived PLF are not easily stimulated to form (extra) bone 

and are thus not the optimal cell model to study osteogenesis in FOP. Although 

various upregulated osteogenic markers have been reported in PLF, in essence, 

these cells in vivo and in homeostasis are anti-osteogenic, preventing ankylosis. But, 

interestingly, these cells are derived from a ligament, a tissue that connects bone to 

other tissue, and is one of the target tissues of ossification in FOP.

It has been described that the TGF-β superfamily signaling is a result of complex 

interactions between receptors, ligands and other modulators depending on the 

local biological environment. Also the signaling via Activin-A is likely dependent 

on which type I and II receptors are being expressed and to what extent, under the 

specific local environment [15; 16; 17]. It could be that the local environment of the 

periodontal ligament results in a lower expression of R206H ACVR1 receptor in PLF 

cells compared to the expression of the receptor in the more differentiated osteo-

blast. Aykul et al. described that Activin-A inhibits signaling via the non-mutated 
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ACVR1 by forming a Non Signaling Complex (NSC) with the receptor [18]. In other 

words, more local expression of non-mutated ACVR1 could form more NSC’s with 

Activin-A, thereby reducing HO formation through Activin-A signaling via the R206H 

ACVR1 receptor. As mentioned before, the FOP PLF cells need external stimuli such 

as Activin-A to exhibit their increased osteogenic capacity. Sugii et al. described that 

Activin-A levels increased around the lesion after surgical damage [19], but little is 

known about the local levels of Activin-A in the periodontal ligament under normal 

conditions or after tooth extraction.

The HO seen in FOP occurs mostly in tendons, ligaments and muscles, but the pro-

genitor cell that locally drives this heterotopic osteogenic differentiation and bone 

formation has not been clearly identified yet. Dey et al. suggested that the Scleraxis 

positive (Scx+) tendon-derived stem cells that bear the R206H mutation, which can 

also be found in ligaments, could be the progenitors responsible for spontaneous 

HO in FOP [20]. They showed that expression of R206H ACVR1 in transgenic Scx-

Cre mice show progressive ossification in tendons and ligaments without external 

injury to induce the HO. Scleraxis is also expressed in the periodontal ligament 

tissue, but Scx+ cells seem to be localized in the unmineralized middle zone of the 

PDL and expression decreases when moving more towards the perialveolar zone 

[21]. The (FOP) PDL cells that were used in the studies of this thesis were isolated 

from the tooth root surface which is the unmineralized part of the ligament. This 

would be the area where the Scx+ cells reside, but apparently these PDL derived Scx+ 

cells do not show high osteogenic potential, in contrast to the Scx+ cells described 

earlier. Therefore this Scx+ cell population in the PDL is probably not the osteogenic 

progenitor cell population as studied by Dey et al. In their report Dey et al. [20] also 

suggested that the HO progenitor cell that is activated after injury could be the 

Mx1+ cells. This cell population has later been redefined to be the fibro/adipogenic 

progenitor cells (FAPs) and shown to be important for HO formation in FOP mice 

[22]. Recently it has been shown that the FAPs that reside in the area around skeletal 

muscles play an important role in muscle repair and regeneration after injury, and 

that FAPs bearing the R206H mutation inhibit this muscle repair and are probably 

the progenitor cells for HO after muscle injury [23]. Given the absence of skeletal 

muscle in the periodontal ligament tissue it is likely that the FAPs are not present 

in this tissue. The absence of the HO progenitor cells that play a role after injury 

could be another reason why there is no HO formation in the tooth socket after 

tooth extraction.

Despite the limitations and considerations described above, the work in this thesis 

shows that the FOP PLF do express the mutated form of ACVR-1 and these cells 
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show higher expression of ID-1, one of the target genes for SMAD1/5/9 signaling, 

after exposure to Activin-A as compared to control PLF [9; 24]. Also, a short exposure 

to Activin-A induces differential gene expression only in the FOP cells and not in 

the control cells as described in chapter 4. Although, with 18 genes being up- or 

down-regulated in the FOP cells, the differences are not very big (rarely exceeding 

a two-fold increase or decrease), the upregulated genes can all be linked to bone 

metabolism [25]. Taken together, these results indicate that the FOP PLF are different 

from control cells and react distinctly different on Activin-A stimulation, thereby 

making this a valuable primary cell model to study osteogenesis in FOP. When 

considering that these cells are isolated from teeth that had to be extracted for 

clinical reasons, this makes these cells relatively easily obtainable without the need 

for extra, unnecessary, interventions.

Osteoclast formation in FOP
Another feature of the above mentioned osteoblast-like properties of the periodon-

tal ligament fibroblasts is their osteoclastogenesis inducing properties. This means 

that these cells can induce the differentiation of osteoclast precursor cells towards 

osteoclasts [9; 10; 13; 24]. The osteoclast is a cell that has not been investigated in-

tensively in FOP research. Normal bone formation is the result of the tightly coupled 

bone formation by osteoblasts on one hand and bone resorption by osteoclasts on 

the other hand [26; 27]. The heterotopic bone formed in FOP is histologically indis-

tinguishable from normal skeletal bone, suggesting that also during the formation 

of HO the coupled actions of both osteoblasts and osteoclasts are required. The 

heterotopic bone formed in FOP often fuses with bones of the normal skeleton, 

a process that requires the combined action of osteoblasts and osteoclasts. As the 

name implies, heterotopic bone is formed at places where it does not belong. One 

could imagine that this misplaced bone is recognized as unwanted and therefore 

resorbed by the osteoclasts. Such processes have been observed in for instance myo-

sitis ossificans traumatica where misplaced heterotopic bone formed after trauma 

has been described to disappear without surgical intervention in roughly 35 % of the 

cases [28; 29]. This is not seen in FOP. The focus of cell biological research in FOP has 

been on osteoblasts and clinical trials aim to inhibit new heterotopic bone forma-

tion, but the question remains why this extra skeletal bone is not being resorbed 

by the osteoclasts and what triggers this bone to fuse with the existing skeleton. 

Knowledge about the potential signaling of the mutated ACVR1 receptor during 

osteoclast formation could help to understand the role of the osteoclasts in FOP.

Since PLF possesses both osteogenic and osteoclastogenesis-inducing capacities, 

one could speculate that differentiation towards a more osteoblastic phenotype 
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reduces the osteoclastogenesis-inducing capacities of these cells [21; 30]. Therefore 

the hypothesis that FOP PLF, especially when challenged with Activin-A, show less 

osteoclastogenesis inducing capacity than control PLF was investigated in chapter 

5. When not stimulated with Activin-A the osteoclastogenesis inducing capacity of 

both control and FOP PLF appeared to be the same. Adding Activin-A to the co-

cultures containing either control or FOP-derived PLF inhibited the formation of 

osteoclasts, in a similar way. As described above, the control and FOP PLF show small 

intrinsic differences in osteogenic potential and Activin-A induces only a modest 

differential gene expression. These small differences probably reflect the relatively 

modest contribution of the presence of the R206H ACVR1 receptor on the osteo-

clastogenesis inducing capacities of the FOP PLF. Also the fact that, as described in 

chapter3, blocking TGF-β/Activin signaling with a specific inhibitor decreases both 

control- and FOP PLF induced osteoclast formation in a similar manner indicates 

that signaling via pSMAD2/3, rather than via pSMAD1/5/9, is the driving force of the 

PLF osteoclastogenesis inducing capacity. This SMAD2/3 signaling has been shown 

to play an important role in Activin-A induced osteoclastogenesis in RAW264.7 

osteoclast precursor cells [31]. The findings from chapter 5 in combination with 

the findings of chapter 6, where control and FOP CD14+ monocytes were directly 

cultured with M-CSF, RANKL and Activin-A further suggest that the effect of Activin-

A on osteoclastogenesis is mediated directly on the monocytic osteoclast precursors 

rather than via the PLF.

The effect of Activin-A on osteoclast formation and activity has thus far only been 

investigated in mouse models showing contradictory results. Enhanced osteoclasto-

genesis under the influence of Activin-A has been described by several groups [31; 

32; 33; 34], but a decreased osteoclast formation has also been described [32]. These 

differences can be partly attributed to the difference in osteoclast precursor cells 

used in these experiments which probably reflects the complex nature and cell type 

dependency of TGF-β superfamily signaling as described above. Silbermann et al. 

suggested that in myeloma bone disease the upregulation of IL-3 induces Activin-A 

expression which in turn increases osteoclast formation from human bone mar-

row cells in a RANK-L independent mechanism [35]. Apart from that study, the 

influence of Activin-A on human osteoclast formation has not been studied before. 

In this thesis this was further investigated by studying the effect of Activin-A on 

osteoclast formation from monocytes as described in chapter 6 and 7. Similar to 

the co-cultures described in chapter 5, also in these CD14+ mono-cultures less 

osteoclasts were formed in the presence of Activin-A, both in the control as well 

as the FOP cultures. The R206H ACVR1 gene is expressed, as expected, only by the 

FOP monocytes, but surprisingly 10 times higher than the non-mutated ACVR1 
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gene. This higher expression of the mutated receptor does not alter the FOP cells 

reaction to Activin-A suggesting that R206H ACVR1 mediated SMAD1/5/9 signaling 

does not play a significant role in the osteoclast formation as studied here. The 

comparable osteoclast formation despite these differences in ACVR1 expression 

between control and FOP monocytes, suggests that the canonical Activin-A signal-

ing via SMAD2/3 phosphorylation plays an important role here. Interestingly the 

TGF blocking studies in the co-cultures described in chapter 3 show a decreased 

osteoclast formation, which also suggests that TGF-β signaling via SMAD2/3 plays 

an important role in this process. Although, as described in chapter 6, there were 

less osteoclasts in the cultures with Activin-A, the osteoclasts that were formed from 

the CD14+ monocultures in the presence of Activin-A were, however, significantly 

larger and slightly more active, properties that were not investigated in chapter 5. 

Kajita et al. demonstrated in their mouse studies that Activin-A indeed stimulates 

osteoclast formation and function via SMAD2/3 signaling [31], probably by SMAD2/3 

and c-fos interaction and upregulated expression on NFATc1. In their report they 

show increased osteoclast formation and resorption pit area. Although they did 

not elaborate on this in their report, it appears that the osteoclasts that formed 

in the presence of Activin-A are also bigger which is similar to our findings. This 

suggests that Activin-A has a positive effect on the fusion of osteoclast precursors. 

In fact, most reports that describe a stimulating effect of Activin-A on osteoclast 

formation conclude that this effect is mediated during the early stages of osteoclast 

differentiation [31; 34; 35; 36]. Nevertheless, there does not seem to be an agreement 

on the effect of Activin-A on osteoclast activity. This thesis and Kajita et al. found 

an increase in resorption pit area when differentiating osteoclasts in the presence 

of Activin-A on Osteo Assay plates, which essentially is a calcium phosphate coating 

on a cell culture plate. It has to be noted however, that, strictly speaking, this assay 

does not show resorption, but rather the ability of the cells to acidify the coating 

thereby dissolving it. The involvement of the proteinases normally involved in bone 

resorption such as Cathepsin K, is not taken into account here. Further studies on 

the actual bone resorptive capacities of these osteoclasts and the influence Activin-A 

has on this process should be conducted.

There are few types of multinucleated cells in our body. A cell type that shows re-

semblance with the osteoclasts is the multinucleated foreign body giant cell, other 

than that the myoblast cells that form the skeletal muscle fibers and the syncytio-

trophoblasts of the placental tissue are known to be multinucleated under normal 

conditions. Cell fusion is a complicated process and the proteins involved depend 

on the cell type and local circumstances [37; 38; 39]. The data described in chapter 

5 and 6 suggest an effect of Activin-A on osteoclast precursor fusion. In order to 
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investigate the molecular mechanism underlying the novel Activin-A induced fu-

sion an RNAsequencing experiment on the samples of chapter 6 was performed. 

As described in chapter 7 this experiment showed a clear association of especially 

the upregulated genes with the immune response and with the different biological 

processes involved in cell fusion such as differentiation, actin reorganization, cell 

migration, cell adhesion and membrane fusion [38; 39]. On the individual gene ex-

pression level several genes were identified that could explain the increased fusion 

seen in the presence of Activin-A which gives direction for further investigating this 

topic. Interestingly some the differentially expressed genes have been proposed to 

play a role in myoblast fusion indicating that the process of multinucleation during 

muscle fiber development and osteoclast formation share some similarities. Since 

heterotopic ossification in FOP often occurs in the skeletal muscles after injury it is 

worthwhile to further study the exact role of these genes. Furthermore, in light of 

the potential use of Activin-A antibodies to inhibit HO formation in FOP, its effect on 

bone resorption in general should be taken into account.

Taken together the data described in chapters 5, 6 and 7 indicate that the R206H 

ACVR1 mutation, either present on the PDL fibroblasts or the CD14+ monocytes, 

only plays a minor role in osteoclast formation in FOP. Even when Activin-A is 

present there is hardly any difference between the effect on control or FOP cells, 

suggesting that the osteoclasts do not play a major role in the HO development seen 

in FOP. Activin-A does however have a profound positive effect on osteoclast size, 

regardless of the ACVR1 mutation. The role of this molecule on osteoclast formation 

has not been studied extensively, especially not in human cells. Understanding the 

effect of Activin-A on osteoclast formation in general can be important in patholo-

gies where this molecule seems to play an important role in the development of the 

disease, such as in FOP.

Future perspectives
In addition to answers that the research in this thesis has provided to the questions 

posed, as is usual with research, the results described in this thesis also raise new 

questions and considerations. Several are summarized below.

Clinically it is important to raise awareness of how to treat patients with FOP in the 

dental practice. The review on the onset of HO in the maxillofacial region, clearly in-

dicates that trauma is a risk factor for early development of HO. Since trauma can be 

induced by various dental interventions, specific guidelines should be developed for 

treating FOP patients. Especially mandibular block anesthesia should be avoided in 

FOP patients whenever possible, since this could lead to ossification of the pterygoid 
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muscles which can reduce maximum mouth opening considerably. Another point 

of consideration is the effect of Activin-A on the formation of osteoclasts in general. 

When inhibiting HO in FOP by targeting Activin-A with antibodies, the effect on 

osteoclast formation and activity in normal bone metabolism should be considered.

Several topics described in this thesis direct to further (fundamental) research.

To understand the full potential of the PDL in FOP research, studying the long 

term effect on osteogenic differentiation of Activin-A exposure to these cells is es-

sential. In line with that, it is also of interest to study the local Activin-A levels 

in the periodontal ligament tissue. Regarding osteoclast formation it is first of all 

worthwhile to investigate whether the large osteoclasts that are formed in the 

presence of Activin-A are able to resorb real bone, this counts for both control and 

FOP osteoclasts. Next to that, unraveling the exact mechanism by which Activin-A 

induces these large osteoclasts is of interest both for general bone metabolism as 

well as for bone diseases were inflammation plays a role. The findings from chapter 

7 direct us to specific pathways and genes to explore. For instance the possibility 

that Activin-A induced upregulation of CIITA could steer the osteoclasts towards a 

more immunological cell under local high Activin-A is worthwhile to investigate. 

The results from chapter 3, 6 and 7 indicate that both TGF-β and Activin-A exert 

their effects on osteoclast formation via the SMAD2/3 pathway, a topic that could be 

further explored in more fundamental osteoclast biology research.

In general, the research described in this thesis shows that periodontal ligament 

fibroblasts are very suitable to study both osteogenesis and osteoclastogenesis as-

pects in research concerning rare bone diseases like FOP. Use of this elegant model 

could be meaningful in various rare bone diseases in dentistry and beyond. PLF can 

relatively easy be harvested from otherwise discarded “waste” material (a tooth after 

its necessary extraction). Therefore, these PLF can be a suitable tool to study both 

the osteogenic as well as the osteoclastogenic processes, both of which are of utmost 

importance in bone development and adaptation, in health and disease.
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For laymen
Fibrodysplasia Ossificans Progressiva (FOP) is a rare genetic disease that affects ap-

proximately 1 in every 2 million people worldwide. The disease is characterized 

by the formation of new bone in areas of the body where bone normally never 

develops, known as heterotopic bone growth. This takes place mainly in muscles, 

tendons, and ligaments, which can be converted to bone locally, eventually resulting 

in a kind of “second skeleton”. The newly-formed bone often fuses to the existing 

bone of the normal skeleton, resulting in greatly reduced mobility. The heterotopic 

bone arises after so-called “flare-ups”, a local inflammatory reaction. This can arise 

spontaneously, or be caused by inflammation or trauma such as injury; but also by, 

for example, the placement of an anesthetic, or a surgical procedure. The progres-

sion of the disease varies from person to person, but on average, patients experience 

their first flare-up around the age of 6. Initially, the formation of the heterotopic 

bone often occurs in the muscles of the chest, back, and neck. As patients age, 

bone formation next takes place in other locations such as the shoulders, elbows, 

hips, and knees, resulting in further decreased mobility. Consequently, many FOP 

patients end up wheelchair-bound by their third decade. The jaw is another area 

where formation of heterotopic bone occurs that is detrimental to quality of life. 

Eventually, a large proportion of patients experience limitations in their jaw move-

ment, and many go on to exhibit a greatly reduced maximum mouth opening. At 

present there is no effective treatment to prevent flare-ups and the formation of 

heterotopic bone. However, scientific knowledge increases about the biological 

background and mechanisms of the disease. This progress offers starting points 

for the development of medication and the development of clinical trials, some of 

which are currently in progress.

FOP is caused by a mutation in the ACVR1 gene that codes for a Bone Morphogenetic 

Protein (BMP) type I receptor. This ACVR1 receptor plays an important role during 

bone formation, and is normally activated by BMPs. Because of the mutation, the 

receptor is active even without the presence of BMPs, but it also reacts more strongly 

when BMPs are present, ultimately leading to more bone formation. Another conse-

quence of the mutation is that a molecule named Activin-A that normally prevents 

bone formation, actually stimulates bone formation by activating ACVR1. The 

biological background of this altered sensitivity of the ACVR1 receptor is becoming 

clearer, but the exact mechanism by which the mutation causes heterotopic bone 

formation is still not fully understood.

Contrary to popular belief, the bones of our body constitute a dynamic tissue that 

is continuously broken down and rebuilt. This process of bone remodeling occurs 
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because the bone-forming cells, the osteoblasts, communicate with the bone-

degrading cells, the osteoclasts, and vice versa. In this way, bone breakdown and 

new bone formation are in balance, and the bone remains strong and adaptable to 

new circumstances. The heterotopic bone in FOP is also formed and maintained by 

communication between osteoblasts and osteoclasts. Since FOP is characterized by 

the formation of extra bone, the focus of cell biological research in FOP has been 

mainly on the bone-forming osteoblasts. The role of the bone-degrading osteoclasts 

in FOP has so far been neglected, despite the fact that the formation of the hetero-

topic bone requires the coupled action of both the osteoblasts and the osteoclasts.

As mentioned earlier, surgery is one of the causes that may induce heterotopic bone 

formation. This means that the heterotopic bone cannot be removed because such 

intervention will result in new, and often more, heterotopic bone formation. To 

study the development of heterotopic bone formation in FOP, bone-related cells 

from patients are needed to study the altered behavior at the cellular level. Because 

the heterotopic bone cannot be removed, there is no bone tissue as a source for 

such cells. However, due to the jaw problems that many patients experience, teeth 

are occasionally extracted from FOP patients, and these teeth provide a source of 

bone-related cells, the periodontal ligament fibroblasts (PLF). These cells are located 

between the tooth root and the alveolar bone (the bone of the tooth socket), and 

play an important role in the production and breakdown of the alveolar bone. Like 

all cells in the body of an FOP patient, they also carry the mutation of the ACVR1 

receptor. Therefore, PLF cells of teeth appear to be a good model for cell biological 

research, with which FOP-specific mechanisms may be investigated.

The research described in this thesis had two aims: First, to see if the PLF can be 

used as a cell biological model to further study the cell biological mechanisms of 

FOP. Second, it was investigated whether the formation of the osteoclasts, which 

arise from fusion of osteoclast-precursor cells in FOP, is different from normal. Also, 

the effect of Activin-A on the PLF and the osteoclast-precursor cells was investigated.

Summary of the findings
First, in chapter 2, a review was conducted of the jaw-related clinical problems 

in FOP. One of the main findings was that there is a significant difference in the 

maximum mouth opening depending on in which area of   the jaw the heterotopic 

bone is formed. Bone formation that results in the smallest maximum mouth open-

ing occurs at the masseter muscle (which is important for closing the mouth), or 

between the lateral pterygoid muscle (which is important for opening the mouth) 

and the coronoid process (the front upright part of the lower jaw). The temporalis 
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muscle attaches to this coronoid process, and is the strongest chewing muscle we 

have, and like the masseter muscle, is involved in closing the mouth. In addition, 

heterotopic bone formation in the jaw area as a result of trauma appears to occur 

earlier than heterotopic bone formation without prior trauma. In chapter 3, the 

osteogenic (bone-forming) and osteclastogenesis-inducing (bone-resorbing) proper-

ties of the PLF of FOP patients were studied. These cells proved to be a valuable and 

useful cell-culture model to study both aspects of bone turnover in FOP. To study the 

properties of the PLF in more detail, the influence of Activin-A on gene expression of 

both control and FOP PLF was studied by RNA sequencing as described in chapter 4. 

In a cell-culture experiment Activin-A induced early differences in gene expression 

only in the FOP cells and not in control cells. The higher expressed genes appeared 

to be involved in the early stages of bone formation. chapters 5-7 describe the effect 

of Activin-A on osteoclast formation induced by PLF, or on osteoclast formation from 

monocyte precursor cells of FOP patients, but induced by M-CSF and RANK-L, two 

molecules important for the formation of osteoclasts. First, as described in chapter 

5, the osteoclastogenesis-inducing properties of the PLF, and the effect of Activin-A 

on this process were investigated. Control or FOP PLF were cultured together with 

osteoclast-precursors, called monocytes, from healthy donors. Both control and FOP 

PLF induced osteoclast formation from monocytes in a similar manner. Activin-A 

significantly reduced osteoclast formation when the PLF cells were co-cultured with 

control monocytes. Since there was no difference between the osteoclastogenesis-

inducing capacity of the control and the FOP PLFs, the direct effect of Activin-A 

on osteoclastogenesis from monocytes was investigated. chapter 6 describes that 

under the influence of Activin-A, fewer but larger osteoclasts with more nuclei were 

formed from both the control and the FOP monocytes. This indicates that there does 

not appear to be a major difference in osteoclast formation between control and 

FOP cells, but that Activin-A does have an effect on osteoclast formation in general, 

namely inducing the formation of very large osteoclasts. To further investigate 

this surprising effect of Activin-A on osteoclast formation on both control and FOP 

monocytes, an RNA sequencing experiment was again performed in chapter 7, this 

time on monocytes cultured with, or without, Activin-A. This showed that there 

was indeed no big difference at the gene expression level in the response of control 

and FOP monocytes to Activin-A. It turned out that Activin-A was responsible for 

differential expression of more than 1000 genes, and that many of these genes are 

involved in different stages of osteoclast formation and immune response. Based 

on the gene expression profiles described in Chapter 7, these larger osteoclasts in 

cultures with Activin-A appeared to share properties of osteoclasts associated with 

the immune system, such as antigen presentation. Finally, chapter 8 describes how 

FOP related research was incorporated in all aspects of a molecular biology course 
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for the Research Masters’ program of Human Movement Science students with a 

primary background in biomechanics and physiotherapy. It was found that intro-

ducing FOP into all aspects of this course showed the students the relevance of the 

Molecular Biology course to their paramedical professional life, thereby improving 

the students’ overall motivation.

In summary, the studies in this thesis show that periodontal ligament fibroblasts 

are very useful for research on rare bone diseases such as FOP. They provide us with 

an elegant and relatively easily available model for studying osteogenesis (bone pro-

duction) and osteoclast formation (bone resorption), both of which are important 

in bone development and adaptation. In addition, the described studies show that 

the mutation that causes FOP does not appear to have a significant influence on 

the formation of osteoclasts. Even in the presence of Activin-A, there is hardly any 

difference in effect between control and FOP cells, suggesting that the osteoclasts do 

not appear to play a major role in the formation of the heterotopic bone seen in FOP. 

However, it appears that Activin-A has a large positive influence on the size of the 

osteoclast independent of the presence of the mutated ACVR1 receptor. The effect 

of Activin-A on osteoclast formation has not been extensively studied in human-

derived cells to date. Understanding the effect of Activin-A on osteoclast formation 

in general may be important in disease states where this molecule has an important 

role in disease development, such as in FOP.
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voor niet-ingewijden
Fibrodysplasia Ossificans Progressiva (FOP) is een zeldzame erfelijke ziekte die 

wereldwijd bij ongeveer 1 op de 2 miljoen mensen voorkomt. De ziekte wordt geka-

rakteriseerd door zogenaamde heterotope botvorming: de vorming van nieuw bot 

op plekken in het lichaam waar normaal nooit bot onstaat. Dit vindt voornamelijk 

plaats in spieren, pezen en ligamenten die plaatselijk in bot worden omgezet, waar-

door er uiteindelijk een soort “tweede skelet” ontstaat. Dit extra, nieuw gevormde 

bot vergroeit vaak aan het bestaande bot van het normale skelet, wat resulteert 

in sterk verminderde mobiliteit. Het heterope bot ontstaat na zogenaamde “flare-

ups”, lokale ontstekingsreacties. Deze kunnen spontaan ontstaan, of als gevolg 

van een ontsteking of trauma zoals verwonding; maar ook door bijvoorbeeld het 

plaatsen van een verdoving of door een chirugische ingreep. Het verloop van de 

ziekte verschilt van persoon tot persoon, maar gemiddeld krijgen patiënten rond 

hun 6e levensjaar de eerste flare-up. In eerste instantie vindt de vorming van het 

heterotope bot vaak plaats in de spieren van de borstkas, rug en nek. Naarmate de 

patiënten ouder worden vindt botvorming in steeds meer ledematen plaats, zoals 

in de schouders, ellebogen, heupen en knieën waardoor er steeds minder beweging 

mogelijk is. Hierdoor eindigen veel FOP patiënten al rond het derde decennium 

in een rolstoel. Het kaakgebied is een ander gebied waar heterotoop bot wordt 

gevormd, met ingrijpende gevolgen voor de kwaliteit van leven. Uiteindelijk ervaart 

een groot deel van de patiënten beperkingen in de beweging van de kaak, en in veel 

gevallen is er ook sprake van een sterk verminderde maximale mondopening. Er is 

tot nu toe geen effectieve behandeling om flare-ups en de vorming van heterotoop 

bot tegen te gaan. Wel is er steeds meer bekend over de biologische oorzaak en 

mechanismen van de ziekte. Dit biedt aanknopingspunten voor het ontwikkelen 

van medicijnen en het ontwikkelen van klinische trials, waarvan er enkele op dit 

moment ook daadwerkelijk worden uitgevoerd.

FOP wordt veroorzaakt door een mutatie in het zogenaamde ACVR1 gen dat codeert 

voor een Bone Morphogenetic Protein (BMP) typeI receptor. Deze ACVR1 receptor 

speelt een belangrijke rol tijdens botvorming en wordt normaal gesproken geacti-

veerd door BMP’s. De mutatie in de receptor zorgt ervoor dat het ook actief lijkt te 

zijn zonder de aanwezigheid van BMP’s, maar ook veel sterker reageert als er wel 

BMP’s aanwezig zijn, waardoor er uiteindelijk meer botvorming plaatstvindt. Een 

ander gevolg van de mutatie is dat een molecuul dat normaal gesproken botvorming 

tegengaat, het zogenaamde Activine-A, nu juist botvorming stimuleert door ACVR1 

te activeren. De biologische achtergrond van deze veranderde gevoeligheid van de 

ACVR1 receptor wordt steeds duidelijker, maar het exacte mechanisme waardoor de 

mutatie zorgt voor heterotope botvorming is nog steeds niet helemaal achterhaald.



232

Chapter 11

Het bot in ons lichaam is, in tegenstelling tot wat veel mensen denken, een dyna-

misch weefsel dat continu wordt afgebroken en weer wordt opgebouwd. Dit proces 

van botmodellering gebeurt doordat de botvormende cellen (osteoblasten), commu-

niceren met de botafbrekende cellen (osteoclasten) en vice versa. Op deze manier is 

botafbraak en botaanmaak in balans, blijft het bot sterk en kan het zich aanpassen 

aan nieuwe omstandigheden. Het heterotope bot in FOP wordt ook gevormd en 

onderhouden door een samenwerking tussen osteoblasten en osteoclasten. Omdat 

FOP wordt gekarakteriseerd door de vorming van extra bot ligt de nadruk van 

celbiologisch onderzoek bij FOP dan ook bij de botvormende osteoblasten. De rol 

van de botafbrekende osteoclasten in FOP is tot nu toe onderbelicht, ondanks het 

feit dat voor de vorming van het heterotope bot de gekoppelde actie van zowel de 

osteoblasten als de osteoclasten nodig is.

Zoals eerder genoemd is een chirurgische ingreep één van de oorzaken die hete-

rotope botvorming kan veroorzaken. Dit betekent dat het heterotope bot niet 

verwijderd kan worden omdat een dergelijke ingreep zal zorgen voor nieuwe – en 

vaak meer – heterotope botvorming. Om onderzoek te kunnen doen naar de ontwik-

keling van heterope botaanmaak in FOP, zijn botgerelateerde cellen van patiënten 

nodig om het veranderde gedrag op celniveau te kunnen bestuderen. Omdat het 

heterotope bot niet verwijderd kan worden is er geen botweefsel als bron voor 

dergelijke cellen voorhanden. Wel worden er, vanwege de kaakproblemen die veel 

patiënten ondervinden, soms tanden getrokken bij FOP patiënten. Deze tanden 

bieden een bron van botgerelateerde cellen, de parodontaal ligament fibroblasten 

(PLF). Deze cellen bevinden zich tussen de tandwortel en het alveolaire bot (het bot 

van de tandkas) en spelen een belangrijke rol bij de aanmaak en afbraak van het 

alveolaire bot. Zoals alle cellen in het lichaam van een FOP patiënt bevatten deze 

cellen ook de mutatie in de ACVR1 receptor. Zo lijken de cellen van tanden een mooi 

model voor celbiologisch onderzoek, waarbij mogelijk FOP-specifieke mechanismen 

onderzocht kunnen worden.

Het onderzoek dat in dit proefschrift beschreven wordt had twee doelen. Ten eerste 

wilden we vaststellen of de PLF gebruikt kunnen worden als celbiologisch model om 

het mechanisme achter FOP verder te bestuderen. Ten tweede werd onderzocht of 

de vorming van osteoclasten, die ontstaan door fusie van osteoclast-voorlopercellen, 

in FOP anders is dan normaal. Ook werd het effect van Activine-A op de PLF en de 

osteoclast-voorlopercellen onderzocht.
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Samenvatting van de bevindingen
Allereerst werd in Hoofdstuk 2 een overzicht gemaakt van de kaakgerelateerde 

klinische problemen in FOP. Eén van de belangrijkste bevindingen was dat er een 

significant verschil is in de maximale mondopening, afhankelijk van in welk gebied 

van de kaak het heterotope bot wordt gevormd. Botvorming die resulteert in de 

kleinste maximale mondopening, vindt plaats bij de masseterspier (die belangrijk 

is voor het sluiten van de mond), of tussen de laterale pterygoide spier (die juist 

belangrijk is voor het openen van de mond) en de processus coronoideus mandi-

bulae (het voorste uitsteeksel van het opstaande deel van de onderkaak). Hier is de 

temporalisspier aangehecht, de sterkste kauwspier die we hebben, en net als de 

masseter betrokken bij het sluiten van de mond. Daarnaast blijkt dat heterotope 

botvorming in het kaakgebied als gevolg van trauma eerder ontstaat dan heterotope 

botvorming zonder voorafgaande trauma. In Hoofdstuk 3 werden de osteogene 

(botvormende) en osteclastogenese-inducerende (botafbrekende) eigenschappen 

van de PLF van FOP-patiënten bestudeerd. Deze cellen bleken een waardevol en 

bruikbaar celkweekmodel te bieden om beide aspecten van botombouw in FOP te 

bestuderen. Om de eigenschappen van de PLF in meer detail te bestuderen werd 

de invloed van Activine-A op genexpressie van zowel controle als FOP PLF bestu-

deerd door middel van RNA sequencing zoals beschreven in Hoofdstuk 4. In een 

celkweekexperiment bleek Activine-A vroege verschillen in genexpressie alleen 

in de FOP-cellen te induceren en niet in de controlecellen. De genen die meer tot 

expressie kwamen leken betrokken te zijn bij de vroege stadia van botvorming. 

Hoofdstukken 5–7 beschrijven het effect van Activine-A op de vorming van botaf-

brekende cellen (osteoclastogenese) geïnduceerd door PLF en op osteoclastvorming 

vanuit osteoclast-voorlopercellen van FOP patiënten, maar dan geïnduceerd door 

M-CSF en RANK-L, twee moleculen die belangrijk zijn voor de vorming van osteo-

clasten. Ten eerste, zoals beschreven in Hoofdstuk 5, werden de osteoclastogenese-

inducerende eigenschappen van de PLF en het effect van Activine-A op dit process 

onderzocht. In een celkweekmodel werden controle- en FOP-PLF samen gekweekt 

met osteoclast-voorlopercellen (monocyten) van gezonde donoren. Zowel controle- 

als FOP-PLF induceerden osteoclast vorming vanuit monocyten op een vergelijkbare 

manier. Activine-A zorgde wel voor significant minder osteoclastvorming als de PLF 

cellen werden gekweekt samen met controlemonocyten. Aangezien er geen verschil 

was tussen de osteoclastogenese-inducerende capaciteit van de controle- en de FOP-

PLF werd er vervolgens onderzocht wat het directe effect van Activine-A was op de 

osteoclastvorming vanuit monocyten. Hoofdstuk 6 beschrijft dat er onder invloed 

van Activine-A er minder, maar wel grotere osteoclasten met meer kernen werden 

gevormd vanuit zowel de controle- als de FOP-monocyten. Dit geeft aan dat er geen 

groot verschil lijkt te zijn in osteoclastvorming tussen controle- en FOP-cellen, 
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maar dat Activine-A wel een effect heeft op osteoclastvorming in het algemeen, 

namelijk door het induceren van de vorming van hele grote osteoclasten. Om dit 

verrassende effect van Activine-A op osteoclastvorming vanuit zowel controle- als 

FOP-monocyten verder te onderzoeken, werd in Hoofdstuk 7 wederom een RNA 

sequencing-experiment uitgevoerd, maar nu op monocyten die of wel of niet 

met Activine-A gekweekt waren. Hieruit bleek dat er ook op genexpressieniveau 

inderdaad geen groot verschil was in de reactie van controle- en FOP-monocyten op 

Activine-A. Wel bleek dat Activine-A zorgde voor differentiële expressie van meer 

dan 1000 genen en dat veel van deze genen betrokken zijn bij verschillende stadia 

van osteoclastvorming en bij de immuunrespons. Op basis van de genexpressieprof-

lielen zoals beschreven in Hoofdstuk 7, leken deze grotere osteoclasten in kweken 

met Activine-A eigenschappen te bevatten van osteoclasten die verbonden zijn met 

het immuunsysteem, zoals antigeenpresentatie. Tot slot wordt in Hoofdstuk 8 

beschreven hoe FOP-gerelateerd onderzoek werd geïncorporeerd in alle aspecten 

van een cursus moleculaire biologie in het programma van de onderzoeksmaster 

van studenten bewegingswetenschappen met een achtergrond in voornamelijk bio-

mechanica en fysiotherapie. Het bleek dat de introductie van FOP in alle aspecten 

van deze cursus de studenten bewust maakte van de relevantie van moleculaire 

biologie voor hun paramedische professionele leven, wat de algemene motivatie 

van de studenten verbeterde.

Samenvattend laten de studies in dit proefschrift ten eerste zien dat parodontaal 

ligament fibroblasten zeer nuttig zijn voor onderzoek naar zeldzame botziektes 

zoals FOP. Ze verschaffen ons een elegant en relatief makkelijk verkijgbaar model 

voor het bestuderen van osteogenese (botaanmaak) en osteoclastvorming (botaf-

braak), processen die beide van belang zijn in botontwikkeling en -aanpassing. 

Daarnaast laten de beschreven studies zien dat de mutatie die FOP veroorzaakt geen 

noemenswaardige invloed lijkt te hebben op de vorming van osteoclasten. Zelfs in 

aanwezigheid van Activine-A is er nauwelijks verschil in effect te zien tussen con-

trole- en FOP-cellen, wat suggereert dat osteoclasten geen grote rol lijken te spelen 

in de vorming van heterotoop bot zoals we zien in FOP. Wel blijkt dat Activine-A 

een grote postieve invloed heeft op de grootte van de osteoclast, onafhankelijk van 

de aanwezigheid van de gemuteerde ACVR1 receptor. Het effect van Activine-A op 

osteoclastvorming is tot dusverre niet uitvoerig onderzocht in uit mensen verkre-

gen cellen. Het begrijpen van het effect van Activine-A op osteoclastvorming in het 

algemeen kan belangrijk zijn in ziektebeelden waarbij dit molecuul een belangrijke 

rol speelt in de ontwikkeling van de ziekte, zoals bij FOP.
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lIST OF abbrevIaTIOnS

ACVR1 = activin A receptor type 1

ALK = activin receptor-like kinase

ATP6i = ATPase H+ Transporting V0 Subunit A3

BMP = bone morphogenetic protein

C-FMS = colony-stimulating factor 1 receptor

CD14 = cluster of differentiation 14

cFOS = Fos Proto-Oncogene, AP-1 Transcription Factor Subunit

c-SRC = Proto-oncogene tyrosine-protein kinase

DC-STAMP = Dendrocyte Expressed Seven Transmembrane Protein

TGF = transforming growth factor

GS domain = glycine-serine rich domain

hiPSC = human induced pluripotent stem cells

IGF = insulin-like growth factor

FKBP12 = FK506 binding protein 12

FOP = fibrodysplasia ossificans progressiva

HO = heterotopic ossification

MMP = matrix metallo proteinase

MSC = mesenchymal stem cell

MOT = myositis ossificans progressive

M-CSF = macrophage colony stimulating factor

Nell-1 = Neural EGFL Like 1

NFATc1 = Nuclear Factor Of Activated T Cells 1

NSAID = nonsteroidal anti-inflammatory drug

OPG = osteoprotegerin

PLF = periodontal ligament fibroblast

PU.1 = purine rich box 1

QOL = quality of live

RANK = Receptor Activator of Nuclear Factor kappa-B

RANKL = Receptor Activator of Nuclear Factor kappa-B ligand

RUNX2 = RUNX Family Transcription Factor 2

SMAD = mothers against decapentaplegic

TRAcP = tartrate resistant acid phosphatase

TRAF6 = TNF Receptor Associated Factor 6

TWSG1 = Twisted Gastrulation BMP Signaling Modulator 1

VATPase = vacuolar H+-ATPase

Wnt = Wingless and Int-1
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Presentations

Grant: Stichting vrienden van FOP Grant Program

Title: Activin-A induced transcriptomal differences in FOP osteoclasts 

Institute Stichting vrienden van FOP

Date: September 2020

Grant: IFOPa’s acT for FOP Grant Program

Title: Elucidation of the Activin A mechanism for FOP using primary cells 
from fibrodysplasia ossificans progressiva patients 

Institute International Fibrodysplasia Ossificans Association (IFOPA)

Date: October 2018

award: Outstanding paper award

Title: Activin-A induces fewer, but larger osteoclasts from monocytes in both 
healthy controls and fibrodysplasia ossificans progressiva patients

Institute: Amsterdam Movement Sciences

Date: March 2021

award: curaphar best presentation award 

Title: The Activin-A transcriptome in fibrodysplasia ossificans progressiva

Institute: NVCB

Date: November 2020

congress: nvcb, Zeist, The netherlands

Title: Jaw related functional restrictions in Fibrodysplasia Ossificans
Progressiva (FOP): A Systematic Review

Presentation: Oral presentation

Date: November 2021

congress: FOP patientendag, Haarlem, The netherlands

Title: Kaakproblemen bij FOP

Presentation: Oral presentation

Date: October 2021
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congress: FOP patientendag, Haarlem, The netherlands

Title: FOP cellen onder het vergrootglas, het vervolg

Presentation: Oral presentation

Date: October 2021

congress: ecTS (online)

Title: Activin-A induces differential gene expression exclusively in periodontal 
ligament fibroblasts from fibrodysplasia ossificans progressiva patients 

Presentation: Poster presentation

Date: May 2021

congress: nvcb, Zeist, The netherlands

Title: The Activin-A transcriptome in fibrodysplasia ossificans progressiva

Presentation: Oral presentation

Date: November 2020

congress: FOP patientendag, Haarlem, The netherlands

Title: FOP cellen onder het vergrootglas

Presentation: Oral presentation

Date: October 2020

congress: FOP patientendag, Haarlem, The netherlands

Title: Laboratorium onderzoek FOP expert centre Amsterdam

Presentation: Oral presentation

Date: October 2019

congress: FOP patientendag, Haarlem, The netherlands

Title: Activin-A inhibits osteoclast formation in healthy controls and 
fibrodysplasia ossificans progressiva patients 

Presentation: Oral presentation

Date: October 2019

congress: ddF, Orlando, uSa

Title: The Activin-A transcriptome in fibrodysplasia ossificans progressiva; 
preliminary results

Presentation: Poster presentation

Date: September 2019
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congress: aSbMr, Orlando, uSa

Title: Activin-A induces fewer, but larger osteoclasts from monocytes in both 
healthy controls and fibrodysplasia ossificans progressiva patients

Presentation: Poster presentation

Date: September 2019

congress: FOP patientendag, Haarlem, The netherlands

Title: Laboratorium onderzoek FOP expert centre Amsterdam

Presentation: Oral presentation

Date: November 2018

congress: nvcb, Zeist, The netherlands

Title: Osteoclast formation is inhibited by Activin-A in healthy controls and 
fibrodysplasia ossificans progressiva patients

Presentation: Oral presentation

Date: November 2018

congress: aSbMr, Montreal, canada

Title: Osteoclast formation is inhibited by Activin-A in healthy controls and 
fibrodysplasia ossificans progressiva patients

Presentation: Poster presentation

Date: September 2018

congress: nvcb, Zeist, The netherlands

Title: Activin-A and Osteoclast formation in Fibrodysplasia Ossificans 
Progressiva 

Presentation: Oral presentation

Date: November 2017

congress: FOP patientendag, Haarlem, The netherlands

Title: Effect of Activin-A on bone degradation in FOP

Presentation: Oral presentation

Date: November 2017

congress: ddF, Sardinia, Italy

Title: Activin-A and Osteoclast formation in Fibrodysplasia Ossificans 
Progressiva 

Presentation: Oral presentation

Date: October 2017
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“Willen jullie een jongetje of een meisje?” Dit was de vraag van Vincent aan zijn 

toenmalige team van de Experimentele Orale Biologie (EOB) van het ACTA, bestaande 

uit Ineke, Laura, Monique en Erica. Ik was op dat moment een van de twee laatste 

kandidaten voor een baan als research analist bij de EOB, de andere kandidaat was 

een vrouw. Ik was er zelf niet bij, maar er schijnt volmondig “een jongetje!” geroe-

pen te zijn, en zo begon mijn loopbaan aan het ACTA ruim 20 jaar geleden.

Na jaren als research analist werkzaam te zijn geweest op diverse projecten raakte 

ik een aantal jaar geleden betrokken bij het onderzoek naar de ziekte fibrodysplasia 

ossificans progressiva (FOP). Ik was zo onder de indruk van de ziekte zelf, maar met 

name ook van de patiënten en hun families die ik tijdens dit onderzoek heb mogen 

leren kennen, dat ik besloot dat ik hier graag een promotie onderzoek aan wilde 

wijden. Gelukkig kreeg ik die kans, en het werk dat u nu in uw handen heeft is het 

resultaat van dat onderzoek.

Over alle jaren heen dat ik bij ACTA heb gewerkt heb ik natuurlijk verschillende 

mensen ontmoet die elk op hun eigen manier belangrijk zijn geweest in mijn 

ontwikkeling. Het zal helaas niet lukken iedereen in dit dankwoord persoonlijk 

te benoemen. Dus hierbij wil ik in ieder geval iedereen bedanken met wie ik heb 

mogen samenwerken gedurende de afgelopen jaren!

Teun, al vrij snel nadat ik bij de EOB was begonnen kwam jij aan boord. Onze 

samenwerking was vanaf het begin meteen heel erg fijn. Op de een of andere manier 

begrepen we elkaar erg goed en het was een genot om in het begin samen met jou 

die grote experimenten in te zetten die we op de een of andere manier altijd wisten 

te bedenken. Mensen op de afdeling vergeleken ons af en toe met een getrouwd 

stel, ik weet nog steeds niet precies waar dat vandaan kwam, maar ik heb het altijd 

als een compliment opgevat J. Tot op de dag van vandaag kan ik me geen betere 

collega voorstellen! Ik heb in de loop der jaren, en zeker de laaste jaren tijdens mijn 

promotie heel veel van je geleerd. Maar ook buiten het werk ben je heel belangrijk 

voor me geweest. Je hebt me door moeilijke periodes heen geholpen en me altijd 

alle ruimte gegeven om er voor mijn vrienden en familie te zijn als dat nodig was, ik 

vind dat heel waardevol. Heel erg bedankt voor alles en zeker ook voor het feit dat 

je mijn promotor wilde zijn! Ik hoop dat we nog heel lang samen mogen werken.

Marelise, ik ken weinig mensen die zo enthousiast zijn als jij! Je gaat met volle 

energie overal in en ik heb daar veel bewondering voor. Het is mooi om te zien hoe 
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jij wordt gewaardeerd om alles wat je doet in de FOP community. Omgekeerd heb jij 

mij vanaf het eerste moment dat wij samenwerkten altijd het gevoel gegeven dat ik 

gewaardeerd word voor wat ik doe, dat is heel waardevol!

bruno, toen ik aan dit avontuur begon was jij nog hoofd van de afdeling Parodonto-

logie. Ik heb je in het begin een beetje moeten overtuigen om dit promotie traject 

te steunen, maar dat heb je uiteindelijk gedaan. Ik wil je daarvoor, en voor het het 

vertrouwen wat je daarbij aan mij gaf, heel erg bedanken!

vincent, jij hebt mij vanaf de eerste dag dat ik bij jou kwam werken altijd ge-

stimuleerd om verder te denken. Jij leerde mij dat het feit dat ik als analist was 

aangenomen niet wilde zeggen dat ik niet meer kon doen of bereiken. Over de jaren 

heen heb je me een aantal keer een promotie plek aangeboden, maar door verschil-

lende omstandigheden kon ik daar nooit op ingaan. Nu sta ik hier toch eindelijk, 

mede dankzij jouw positieve input al die tijd. Heel veel dank daarvoor!

eOb, de afdeling waar het ooit allemaal begon en die toen ik erbij kwam bestond uit 

Vincent, Theo, Ineke, Laura, Monique en Erica. Ineke, Laura, Monique en Erica, zoals 

aan het begin beschreven is het uiteindelijk jullie schuld dat ik bij ACTA ben komen 

werken, dank daarvoor! Ineke, vanaf dat moment zijn wij dus al collega’s. Wij zijn 

het niet altijd met elkaar eens, maar hebben wel veel plezier samen. Ook kon ik 

tijdens moeilijke momenten bij je terecht om mijn verhaal te doen, dank daarvoor!

Ocb, de club waar wij als EOB mee werden samengevoegd toen we van het AMC naar 

het VUmc verhuisden. Wat was dat een warm onthaal! Ik heb me vanaf het begin 

bij jullie thuis gevoeld. Jolanda, de allom aanwezige, op wie je altijd kunt bouwen! 

Dank voor al jouw hulp op het lab, maar ook bij alle dingen daarbuiten zoals de bor-

rels die we met enige regelmaat pleegden te organiseren. Marion, in tegenstelling 

tot Jolanda juist de stille kracht van de afdeling, jij ook heel erg bedankt voor al je 

hulp! Cor, vriend, wat kan ik zeggen? Vanaf het moment dat we samen werken zijn 

we naast collega’s ook goede vrienden geworden. Met jou samenwerken op het lab 

is heel fijn, maar daarbuiten dingen doen misschien nog wel leuker J! Je gaat een 

nieuw avonuur beginnen. De afdeling zal je missen, maar ik nog meer! Dank dat je 

mijn paranimf wil zijn!

Paro, de afdeling waar ik dus al vanaf het begin bij hoor. In het begin zaten wij 

op het AMC en de afdeling Parodontologie op de Louwesweg waardoor er niet veel 

contact was, maar dat is behoorlijk veranderd sinds we allemaal in het “nieuwe” 

ACTA gebouw zitten. Marja, toen jij hoofd van de afdeling werd kreeg jij mij erbij als 
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analist die niet altijd als zodianig ingezet kon worden omdat hij met zijn promotie 

onderzoek bezig was. Toch heb je me altijd gesteund en ben je altijd geïnteresseerd 

geweest in m ijn onderzoek, dat is fijn! Er zijn mensen die onmisbaar zijn voor een 

afdeling. Dinie, jij bent die persoon voor Paro. Jij staat altijd voor iedereen klaar en 

hebt dingen al gedaan nog voordat ik mijn vraag goed en wel heb geformuleerd. 

Dank voor al je hulp!

FOP club, mijn extra familie J. Nathalie, toen er ooit een tand getrokken werd van 

een FOP patient was jij degene die Teun en mij erbij heeft gehaald om de gingiva 

en pdl cellen daarvan te gaan kweken, heel veel dank daarvoor!. Hierdoor kwam ik 

plots in een wonderlijke familie tercht; Gerard als wijze oom die over alles iets weet 

en altijd voor iedereen klaar staat. Dimitra als de stille kracht die ook ongeloofelijk 

veel weet. En Coen als hyperactieve en zeer goed onderlegde vader (opa?), met 

Marlise als enthousiaste en energieke moeder (oma?) daarnaast. Maar als Coen en 

Marelise vader en moeder zijn weet ik even niet hoe ik jou moet omschrijven Elinor, 

misschien als de altijd actieve tante die altijd voor iedereen klaar staat en voor mij 

een grote steun is geweest, dank daarvoor! En Edith, de andere stille kracht die het 

geheel in het gareel probeert te houden. Wat niet makkelijk is met de neefjes en 

nichtjes Sanne, Ruben, Bernard en Sylvia die vol goede moed overal een zootje van 

proberen te maken J En natuurlijk mijn echte familielid Esmee. Wat ben ik blij dat 

ik met jou mocht samen werken. Ook onze samenwerking veranderde al snel in een 

vriendschap. We hebben veel samengewerkt tijdens de clinical trial, dat was een 

zeer leerzame periode voor mij, maar vooral heel plezierig omdat het zo goed klikte 

tussen ons. En onze trips naar Sardinië, Montreal en Orlando waren onvergetelijk! 

Ik hoop dat we in de toekomst veel mogen samenwerken, Esmee!

En bij deze FOP club horen natuurlijk ook alle patiënten en hun families. Ik had 

de eer om mee te mogen werken aan de LIMUNA I clinical trial van Regeneron. 

Tijdens deze trial heb ik veel FOP patiënten en hun families ontmoet. Ik heb met 

bewondering gekeken naar de postitieve manier waarop jullie in het leven staan. Dit 

gaf mij nog meer motivatie om mee te werken aan de trial, maar ook om verder te 

gaan met het meer fundamentele onderzoek waar ik mee bezig ben. Ik dank jullie 

allen hier voor!

Phd’s, in de loop der jaren heb ik er veel van jullie zien komen en gaan. Zeker 

teveel om jullie hier allemaal te beschrijven (hoewel ik dat best leuk zou vinden). 

Toch wil ik een paar van jullie hier even benoemen. Het begon dus allemaal met 

Laura, Monique en Erica, die bij de EOB werden opgevolgd door Soledad en Susanne. 

Daarna raakte ik ook betrokken bij de begeleiding van PhD’s van andere afdelingen. 
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Elena, jammer dat we zover van elkaar wonen, ik had je graag vaker gezien. Veerle, 

je bent voor altijd mijn favoriete Belg, dat weet je. Aviral, it was pleasure working 

with you, but I enjoyed our long conversation about almost everything the most. 

And attending your wedding in India was an unforgettable experience! Brenda, 

Angela, Eelkje, Noel, het was voor mij een leerzame periode om jullie te mogen 

helpen met jullie promotie onderzoek. Yixuan en Sara, onze Euroclast PhD’s. Sara, 

voor mij weer een stapje serieuzer waarbij ik jou echt mocht begeleiden, dat was 

een hele fijne samenwerking! Jenny, ik heb genoten van je humor, maar ook van je 

nuchtere instelling in het leven. En onze reis naar Brazilie was een beleving! Caro-

lyn, ik mocht bij jouw solliciatiegesprek aanwezig zijn en wist meteen dat je op alle 

vlakken een goede aanwinst voor de afdeling zou zijn, en dat bleek! Angela, Thijs 

en Cindy, jullie maakten de afdeling een stuk gezelliger! Bas, het was een achtbaan, 

maar je hebt het gelukkig wel afgemaakt! Hessam, mede door jouw gezeur over 

waarom ik niet zelf een PhD ging doen is dit proefschrift ontstaan J.

Brazilians, over the years we had different collaborations with Brazilian universities. 

As a result we had several Brazilians in our lab with whom I was working. Ana Paula, 

you are a very sweet and kind person with a big heart. I am very happy you are 

doing so well nowadays! Pedro, it was very nice to work together and I enjoyed our 

conversations about social and ethical aspects of live. Marina, I miss your smile and 

laughter on the lab! You know how to enjoy things in live and it is a pleasure to be 

around you. And thanks for inviting us to your wedding in Brazil! It was a great trip 

that we often still talk about here at home!

Studenten, daarvan heb ik er zeker veel voorbij zien komen. Een paar van jullie 

wil ik hier toch even noemen omdat jullie eraan bij hebben gedragen dat dit proef-

schrift er nu is. Fenne, tijdens jouw stage heb je zo ongveer heel hoofdstuk 5 bij 

elkaar gepipeteerd. Het was heel fijn en gezellig om zo aan het begin van mijn PhD 

dit project samen met jou te kunnen doen, dank! Semih en Amine, jullie hebben een 

heel goed review geschreven dat de basis vormde voor hoofdstuk 2, dank daarvoor. 

Ik vond het een heel prettig samenwerken met jullie! Joy, jij bent veantwoordelijk 

voor hoofdstuk 7. Je begon tijdens de corona periode, dus het was een wat lastige 

start, maar je hebt erg goed werk geleverd. Ik vond het fijn om met je te brainstor-

men over de rol van de verscillende genen die uit de RNAseq kwamen, maar vond 

het daarnaast ook heel gezellig dat je er was!

Pa, ik vind het vreselijk jammer dat je dit moment niet mee kan maken. Jij hebt mij 

geleerd dat het allemaal niet perse precies binnen de lijntjes of volgens de regeltjes 

moet, maar dat een eigen invulling vaak juist fijn is. Zo dus ook met mijn promotie. 
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Ik weet dat je trots op me was, maar ik had je enthousiaste reactie op mijn promotie 

heel graag willen meemaken J. De noten in dit proefschrift zijn voor jou!

Ma, ik weet dat jij je vroeger wel hebt afgevraagd of het allemaal wel goed zou 

komen met me. Maar, zeker sinds Alice en ook Marek in mijn leven zijn gekomen, 

heb je daar meer vertrouwen in gekregen. Ik hoop dat dit proefschrift je laat zien 

dat het echt allemaal goed is gekomen J.

Mea, de allerliefste zus van de hele wereld! We hebben samen heel veel gelachen 

maar ook gehuild. We hebben redelijk wat meegemaakt samen, en hebben elkaar 

en de rest laten zien dat wij samen sterk staan. Je bent een onvermoeibare enthou-

siasteling die altijd voor iedreen klaar staat, maar verlies jezelf niet uit het oog! 

Dankjewel dat je mijn paranimf wilt zijn!

alice, jij hebt mij altijd geleerd dat ik meer kan dan ik denk. Op die manier heb je 

mij gestimuleerd om uiteindelijk dit promotieonderzoek te gaan doen. Dank voor je 

steun daarin, het was niet altijd even makkelijk het hele project te combineren met 

alle andere bezigheden in ons gezin! Ik ben ontzettend blij dat je in mijn leven bent 

en super blij en trots op ons gezinnetje. Ik hou van je!

Marek, wat ben ik trots op jou kerel! En wat ben ik blij dat jij in ons leven bent 

gekomen. Je laat mij het leven op een andere manier bekijken, iets waarvan ik 

iedere dag weer leer. Dank dat je er bent vriendje!
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