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Abstract

The development of joints in the mammalian skeleton depends on the precise regulation of 

multiple interacting signaling pathways including the bone morphogenetic protein (BMP) 

pathway, a key regulator of joint development, digit patterning, skeletal growth, and 

chondrogenesis. Mutations in the BMP receptor ACVR1 cause the rare genetic disease 

fibrodysplasia ossificans progressiva (FOP) in which extensive and progressive extra-skeletal bone 

forms in soft connective tissues after birth. These mutations, which enhance BMP-pSmad1/5 

pathway activity to induce ectopic bone, also affect skeletal development. FOP can be diagnosed 

at birth by symmetric, characteristic malformations of the great toes (first digits) that are 

associated with decreased joint mobility, shortened digit length, and absent, fused, and/or 

malformed phalanges. To elucidate the role of ACVR1-mediated BMP signaling in digit skeletal 

development, we used an Acvr1R206H;Prrx1-Cre knock-in mouse model that mimics the first digit 

phenotype of human FOP. We have determined that the effects of increased Acvr1-mediated 

signaling by the Acvr1R206H mutation are not limited to the first digit but alter BMP signaling, 

Gdf5+ joint progenitor cell localization, and joint development in a manner that differently affects 

individual digits during embryogenesis. The Acvr1R206H mutation leads to delayed and disrupted 

joint specification and cleavage in the digits and alters the development of cartilage and 

endochondral ossification at sites of joint morphogenesis. These findings demonstrate an 

important role for ACVR1-mediated BMP signaling in the regulation of joint and skeletal 
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formation, show a direct link between failure to restrict BMP signaling in the digit joint interzone 

and failure of joint cleavage at the presumptive interzone, and implicate impaired, digit-specific 

joint development as the proximal cause of digit malformation in FOP.
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Introduction

The development of joints throughout the appendicular skeleton follows a general template 

that is combined with site-specific modifications to produce specific adult morphologies and 

tissues. In all mammalian joints, development proceeds via cavitation of pre-chondrogenic 

condensed mesenchyme to produce distinct nascent skeletal elements separated by a 

primordial tissue called the joint interzone (Mitrovic 1977). Cavitation and separation, or 

cleavage, is the direct effect of the migration, layered organization, and differentiation of 

cells around and within the presumptive interzone (Koyama et al 2008). Down-regulation of 

the bone morphogenetic protein (BMP)-pSMAD1/5 signaling pathway and expression of 

Gdf5 in migrating joint progenitor cells are critical for the initiation and progression of joint 

formation (Storm et al 1994; Koyama et al 2007). This general process of joint formation is 

further influenced by joint-specific sets of gene expression and signaling in order to induce 

the varied joint and skeletal morphologies that permit specialized skeletal functions (Settle et 

al 2003; Chen et al 2016). While extensive and elegant studies have elucidated some of the 

interactions among these regulatory mechanisms, the full suite of molecular actors in this 

generation of site-specific morphology, structure, and function continues to be unraveled.

Failure to regulate the BMP pathway during embryonic development leads to a variety of 

skeletal phenotypes, including failure of joint cleavage and development of joint tissues 

(reviewed Stricker and Mundlos 2011; Singh et al 2018), syndactyly (Merino et al 1999), 

polydactyly (Norrie et al 2014), limb truncation (Ahn et al 2001), and generalized 

chondrodysplasia (Rigueur et al 2015). Related to these are the well-documented roles of 

BMP pathway regulation during the development of the mammalian skeleton, including 

joint formation (Brunet et al 1998), patterning the antero-posterior and proximo-distal 

morphology of the limb (reviewed in Pignatti et al 2014), and chondrogenic and osteogenic 

differentiation (Pizette and Niswander 2000; reviewed in Wu et al 2016). Proper joint 

formation within the developing skeletal elements is in part dependent on reduction and/or 

inhibition of pSMAD1/5 signaling downstream of activated BMP pathway receptors (Singh 

et al 2018). In particular, the process of joint cleavage has been linked to the local regulation 

of BMP pathway signaling (Ray et al 2015), Gdf5 expression (Storm et al 1994; Koyama et 

al 2008), and embryo movement (Singh et al 2018). In genetic mouse models of disinhibited 

BMP signaling, such as knockout of the BMP antagonist Noggin or constitutive activation of 

the type I BMP receptor BMPR1B, enhanced BMP pathway activity causes generalized 

skeletal dysplasia and entirely ablates joint formation (Brunet et al 1998; Ray et al 2015).
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The type I BMP receptor ACVR1 (ALK2) has only recently received attention regarding its 

role in skeletal development, with absence of Acvr1 leading to mild axial and appendicular 

skeletal dysplasia in mouse models (Rigueur et al 2015). Deletion of Acvr1 (Alk2) in the 

limb mesenchyme leads to mild chondrogenic defects in digits 2–5; however, in digit 1, the 

proximal phalanx fails to ossify, and both anterior and interdigital expression of Gdf5 is 

expanded (Hildebrandt et al 2019), suggesting that digit 1 is more highly dependent on 

Acvr1 function. Mildly activating mutations in ACVR1 cause the disease fibrodysplasia 

ossificans progressiva (FOP; MIM #135100), a disabling genetic disorder characterized by 

progressive heterotopic (extra-skeletal) ossification (HO) (Shore et al 2006). This condition 

can often be clinically diagnosed in young children prior to onset of heterotopic ossification 

by a highly penetrant, congenital, characteristic malformation of the great toes (first digits) 

(Schroeder and Zasloff 1980). This digit malformation has been given little clinical attention 

except for noting its extremely high penetrance and thus usefulness as a diagnostic tool 

(Tünte et al 1967; Kaplan et al 2008).

Studies of radiographs from small cohorts of FOP patients identified distal phalangeal 

coalition or fusion (Schroeder and Zaslof 1980) and ectopic ossification centers distal to the 

first metatarsal (Harrison et al 2005), prompting our investigation of a developmental 

regulation of joint cleavage and interzone specification mediated by ACVR1. The majority 

of cases of FOP are caused by a recurrent de novo ACVR1 R206H (c.617G>A) mutation 

(Shore et al 2006). To investigate the role of ACVR1 R206H in malformation of digits and 

digital joints in detail, we used a mouse model, Acvr1R206H/+;Prrx1-Cre, in which the 

mutation is specifically expressed in cells of the developing skeletal elements of the limbs 

(Chakkalakal et al 2016). These mice not only form post-natal heterotopic ossification as 

occurs in human FOP, but also recapitulate the characteristic FOP great toe malformations 

and provide an in vivo model to investigate the role of Acvr1 signaling in skeletal 

development. Using these mice, we investigated the effect of this activating mutation in 

ACVR1 on site-specific joint development and morphology, focusing on the digits.

Methods

Mouse models

A conditional Acvr1R206H/+;Prrx1-Cre knock-in mouse model was previously described 

(Hatsell et al 2015; Chakkalakal et al 2016). The ACVR1 R206H mutation occurs in most 

people who have fibrodysplasia ossificans progressiva (FOP). Acvr1+/+ (with or without 

Cre) and Acvr1R206H/+ (without Cre) littermates have been previously demonstrated to have 

no appreciable phenotype (Logan et al 2002; Chakkalakal et al 2016) and were used as 

controls. P14 and P28 mutants are readily phenotyped by reduced hindlimb mobility and 

foot morphology, whereas all control mice had no phenotype and could thus be grouped 

under the single label “control.” Genotype is indicated when available. All animal 

procedures were reviewed and approved by the Institutional Animal Care and Use 

Committee at the University of Pennsylvania.
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Whole mount immunohistochemistry

Timed pregnant dams were sacrificed by CO2 asphyxiation and embryos harvested and 

transferred to chilled PBS. Embryo age was determined by plug date, limb morphology, and 

cranial morphology (EMAP eMouse Atlas Project, http://www.emouseatlas.org; Richardson 

et al 2014). Embryos were fixed in 4% PFA at 4˚C overnight. Whole mount 

immunohistochemistry was carried out as described in Yokomizo et al 2012, using a 

pSmad1/5 primary antibody (P-Smad1/5 (S463/465)/9(S465/467), Cell Signaling 13820S) at 

1:200 dilution and a goat anti-rabbit secondary antibody (Goat anti-Rabbit IgG (H+L) 

AlexaFluor Plus 647, Invitrogen) at 1:2000 dilution. Nuclei were stained using a 1:2000 

dilution of SYTOX Orange Dead Cell Stain (ThermoFisher Scientific). Cleared samples 

were mounted using custom FastWells between two 1-weight glass slide coverslips and 

imaged with a Leica confocal microscope at 2.4 μm steps through the entire tissue. Three-

dimensional images were reconstructed and rendered using Imaris software (Oxford 

Instruments).

Whole mount staining of cartilage and bone in adult, fetal, and neonatal mice

Skeletal tissue dissection, processing, and staining were performed by standard methods 

(McLeod 1980). Skeletal elements were stained with Alizarin Red S (mineralized tissue/

bone; Sigma) and Alcian Blue GS (glycose-amino-glycans/cartilage; Sigma), then cleared 

and preserved in glycerol for imaging and analysis using an M250C Leica stereomicroscope 

fitted with a Leica DFC450 C camera.

Histological analysis

Samples were decalcified using formic acid (Immunocal; Fisher Scientific) for three days, or 

1% EDTA for a minimum of three days for adult tissues (P14, P28) or a single day for 

embryonic (E14.5) tissues. Samples were processed into paraffin. Serial 5-μm sections were 

stained in Hubert’s Modified Hematoxylin (Fisher) and acid Eosin (Azer Scientific); 1% 

Picrosirius red staining solution (Direct Red 80, Sigma Aldrich) and 3% Alcian Blue 8GX 

(Sigma Aldrich), pH2.5. Embryonic tissues were stained using Nuclear Fast Red (American 

Master Tech) and Alcian Blue, pH2.5. Slides were imaged with an Eclipse 90i upright 

microscope (Nikon) or Leica DM70 (Leica) under brightfield.

Immunohistochemistry

Tissue samples were fixed in 4% PFA overnight at 4˚C. PFA was removed by 2 washes in 

PBS. Limbs were dissected and dehydrated in a methanol gradient for storage at −20˚C until 

needed. Limbs were then rehydrated through a gradient into PBS, floated in 30% sucrose, 

and frozen in blocks in OCT compound (SciGen). 8 μm sections were taken at −22˚C using 

a cryostat microtome (Thermo Scientific) and stored at −20˚C until needed. Sections were 

washed, blocked in Background Buster (Innovex Biosciences), and incubated overnight with 

appropriate dilutions of antibodies (1:50 pSmad1/5/9, Cell Signaling; 1:200 Sox9, Abcam; 

1:200 Sox6, Abcam).
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Whole mount in situ hybridization

In situ hybridization of whole embryonic limbs to detect Gdf5 and Sox9 was carried out as 

described (Wilkinson 1992). An acetylation step prior to hybridization was necessary for 

Gdf5, but not for Sox9. Plasmid containing Sox9 (cDNA clone of nt, 116–856; 

NM_011448) or Gdf5 (cDNA clone of bp 1321–1871; NM_008109), generously provided 

by Dr. Eiki Koyama, was transcribed into anti-sense and sense probes using digoxygenin-

labeled dNTPs (Fisher). Hybridized samples were incubated with a 1:2000 dilution of 

alkaline phosphatase-conjugated anti-DIG antibody (Cell Signaling) and developed using an 

alkaline phosphatase chromogenic substrate (BM Purple, Sigma-Aldrich).

Whole mount in situ hybridization using synthesized digoxygenin labeled LNA probe for 

murine Acvr1 (Exiqon) followed the recommended Exiqon protocol (Sweetman et al 2006, 

2008). Digoxygenin was detected using Vector Blue Alkaline Phosphatase Substrate Kit 

(SK-5300, Vector Laboratories).

Samples were imaged using an M250C Leica stereomicroscope fitted with a Leica DFC450 

C camera.

Results

Acvr1R206H mutation leads to developmental delay in all digits and disrupts digit joint 
patterning

Our previous studies demonstrated that mice expressing Acvr1R206H recapitulate 

morphological features of human FOP, including first digit malformations, when expressed 

globally or in Prrx1+ limb mesenchymal cells (Chakkalakal et al 2012, 2016). To investigate 

the effects of the mutation on skeletal development in further detail, the digits of 

Acvr1R206H/+;Prrx1-Cre and control embryos (at E14.5) and mice (at P0, P14, and P28) 

were examined following whole-mount skeletal Alizarin red/Alcian blue staining (Figure 1). 

At embryonic stage E14.5, cleavage and separation of individual phalanges within the 

developing digit rays in control mice were complete, resulting in distinct skeletal elements in 

both forelimbs and hindlimbs. In contrast, cleavage in digits of E14.5 mutant mice at the 

presumptive digit joints was incomplete in both forelimbs and hindlimbs compared to 

control littermates (Figure 1A–D). At birth (P0), mineralized bone detected by Alizarin red 

staining was present in nearly all digit skeletal elements of control mice, but was 

comparatively reduced in all digits of mutant mice (Figure 1E–H) and was completely 

absent in mutant hindlimb digit 1 (Figure 1H, H’). Most joints in digits 2, 3, and 4 cleaved 

over time and showed appropriate separation in mutant hindlimbs, but not forelimbs, with 

the most notable exception that only two phalanges formed in mutant hindlimb digit 2 

instead of the expected three. However, the incomplete joint cleavage phenotype of digits 1 

and 5 persisted through early post-natal development.

At P14 (Figure 1I, J, K, L) and P28 (Figure 1 M, N, O, P), we observed dysmorphic digits, 

absent joints (hindlimb digits 1 and 5; Figure 1K, L, O, P), and absent medial phalanges 

(hindlimb digits 2 and 5; Figure 1K, L, O, P and forelimb digits 2 through 5; Figure 1I, J, M, 

N). While joints of control digits showed multiple distinct bands of Alcian blue staining 

denoting the growth plates and nascent articular cartilage of the interphalangeal joints, a 
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single band of Alcian blue positive tissue spanned presumptive sites of joint formation in 

digits of mutant mice with absent joints (Figure 1N, P). Notably, skeletal elements were not 

equivalently affected within individual digits, a phenotype that persisted over developmental 

time. At P0, medial and distal phalanges of digits 3 and 4 of mutant mice showed little to no 

Alizarin red staining compared to the same skeletal elements in control littermates (Figure 1 

G, H). Histological analysis was required to assess differences of severity between joints 

within a single digit (Figure 2; see following section).

Phenotypes were consistent between Acvr1R206H/+;Prrx1-Cre mice and globally-expressed 

Acvr1R206H in Acvr1R206H/+;RT;TetO-Cre knock-in mice (Supplemental Figure 1). These 

data support that Acvr1R206H delays digit skeletal development and joint formation, with 

effects most prominent in, but not limited to, digit 1.

Examination of other appendicular skeletal elements in Acvr1R206H/+;Prrx1-Cre mice 

identified minimal effects on the radius, ulna, and humerus in the forelimb (Supplemental 

Figure 2B). In contrast, malformations of the femur, fibula, and tibio-fibular joint in the 

hindlimb (Supplemental Figure 2D) were consistent with previous reports (Chakkalakal et al 

2016) showing comparatively short, thick bones. Interestingly, knees and hips of mutants 

were not fused, supporting site-specific regulation of joint cleavage and development. These 

data support that Acvr1R206H alters skeletal development at multiple sites in addition to the 

digits, with hindlimb skeletal elements showing greater severity of malformation than 

forelimb elements.

Growth plates and fused joints in mice expressing Acvr1R206H show aberrant 
chondrogenesis

The data above suggest a significant disruption of patterning along the proximal-distal axis 

in digits of mice with FOP. To investigate the specific nature of the altered skeletal 

morphology, we histologically examined joints and growth plates of Acvr1R206H/+;Prrx1-
Cre hindlimb digits in sagittal sections at P14, using Alcian blue to detect cartilage and 

picrosirius red to detect collagens in bone (Figure 2). Metatarsophalangeal (MTP) joints 

(between mt and p1 in figure) of controls showed clear separation of skeletal elements, with 

growth plates arranged orthogonal to the proximal-distal axis. In contrast, digit 1 of mutant 

mice showed aberrant, expanded areas of chondrogenesis within the skeletal elements, with 

severely disorganized growth plates aligned along the dorsal-ventral axis rather than the 

usual proximal-distal polarity (Figure 2B). In addition, most of these (6/7) had incomplete 

cavitation between skeletal elements (Figure 2A, B). Analysis of digits 2, 3, and 4 revealed 

more subtle defects (Figure 2C, D; digit 3 is shown). In digit 5 of mutant mice, proximal 

phalangeal growth plates were broad and disorganized compared to controls, MTP 

interzones between phalanges were improperly bridged by persisting chondrocytes (7/7), 

and chondrogenesis was generally expanded within the phalanges (Figure 2E, F).

At P28 (Figure 3), joints of digit 3 and other medial digits in Acvr1R206H/+;Prrx1-Cre mice 

appeared similar to controls in section histology using picrosirius red and Alcian blue, 

although all hindlimb digits of mutant mice were significantly reduced in total length at this 

age (Supplemental Figure 3). The misaligned growth plates that were noted at P14 (Figure 

2) remained disorganized and produced cancellous-like bone (Figure 3B, F; asterisks). The 
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chondrocyte-like joint-bridging cells that were noted at P14 (Figure 2) in mutant digits 1 and 

5 persisted in digit 1 (Figure 3B) but were noted in only 4/7 mice in digit 5 (Figure 3F, 

cleaved example shown). Incomplete cleavage of the MTP joint in digit 1 (6/7) and digit 5 

(4/7) in these digits led to a continuous periosteum and thus immobile joints. Interphalangeal 

joints (between proximal and distal phalanges) of digit 1 and 5 did cleave, however, 

demonstrating differential effects on different joints within the same digit.

Acvr1R206H leads to dysregulated BMP-pSmad1/5 signaling in embryonic digits

Disruption of the BMP signaling pathway during embryogenesis alters digit patterning, 

including patterns of chondrogenesis (Brunet et al 1998; reviewed in Pignatti et al 2014). To 

examine the temporal-spatial activity of the BMP pathway during digit development, we 

used whole-mount immunohistochemistry of embryonic mouse digits to detect pSMAD1/5 

in Acvr1R206H/+ mutant and control embryos at stages during which pre-patterning of the 

skeleton occurs (Figure 4).

Reconstructed 3D images revealed a proximal-to-distal alternating pattern of positive and 

negative staining in control animals, corresponding to regions of bone (pSMAD1/5 positive) 

and joint (pSMAD1/5 negative) development (notated in Figure 4M). Note that the 

formation of the hindlimb during embryonic development lagged behind the forelimb by 

about 12–24 hours, as expected (see control panels in Figure 4A, C, E, G; Shubin and 

Alberch 1986). Mutant Acvr1R206H/+;Prrx1-Cre littermates showed reduced restriction of 

pSMAD1/5 staining in the embryonic digits during the earliest stages (E12.0-E12.5) of digit 

patterning (Figure 4B, D, F, H).

Over developmental time, pSMAD1/5 was progressively restricted to discrete regions within 

the digit rays in controls. In contrast, mutant limbs lacked the usual restriction of BMP 

signaling within the digit rays at all time points. By E13.5 in the hindlimbs of mutant mice 

(Figure 4P), a pattern of proximal-distal BMP pathway activity similar to the control animals 

at age E12.5 (Figure 4G) began to be apparent, supporting that the Acvr1R206H mutation had 

both delayed the progressive restriction of BMP signaling and disrupted the final pattern of 

signaling.

To examine whether altered BMP signaling through Acvr1R206H in the mutant digit rays 

induced downstream effects on chondrogenesis, we performed whole mount in situ 
hybridization to detect expression of Sox9, a key regulator of chondrogenesis (Healy et al 

1999; Akiyama et al 2002) and direct transcriptional target of BMP pathway signaling and 

Acvr1R206H (Yoon and Lyons, 2004; Culbert et al., 2014). At E13.5 and E14.5, both control 

and mutant embryos showed similar diffuse Sox9 expression patterns in all five digit rays 

(Supplemental Figure 4A–D). To determine whether effects on chondrogenesis manifested 

later, we examined histological sections of E16.5 hindlimb digits stained with Alcian Blue. 

No major differences between control and mutant digits were detected (Supplemental Figure 

4E–J). Together, these data indicate that at these early embryonic stages, the effects of the 

Acvr1R206H mutation on digit joint formation is not indicated by significant changes in 

chondrogenesis.
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The FOP toe malformation and the disruption of BMP-pSmad signaling imply that 

molecular or genetic interactions through Acvr1 activity differentially contribute to the 

development and morphology of individual digits. Other BMP type I receptors, such as 

Bmpr1b, have digit-specific expression patterns or gradients of expression (Hildebrand et al 

2019). To examine whether these differences among digits correlate directly to temporal-

spatial Acvr1 expression, we performed whole-mount in situ hybridization for Acvr1 in 

wild-type embryos (Supplemental Figure 5). Acvr1 expression was similar in each of the 

digits. At E12.5, Acvr1 was expressed in all digit rays and in the interdigit space with no 

apparent antero-posterior gradient (Supplemental Figure 5A–D). Expression became more 

restricted to digit periphery at E13.5 (Supplemental Figure 5E–G), and by E14.5 

(Supplemental Figure 5H–K), Acvr1 expression was restricted to digit tips and immediately 

peripheral to each digit ray with no apparent directional bias in either forelimbs or 

hindlimbs. These data suggest that interactions of other receptors or ligands, rather than 

expression bias among digits of Acvr1 itself, drive the severity of malformation in different 

digits.

Acvr1R206H alters the distribution of Gdf5-expressing cells in the developing digits

Joint cavitation and the progressive specification of distinct joint tissues depend upon the 

coordinated migration of Gdf5-expressing cells (Koyama et al 2007; Schwartz et al 2016), 

which can be influenced by the activity of the BMP signaling pathway (Singh et al 2018). 

While the molecular mechanisms regulating GDF5 activity in the developing joint are still 

not fully understood, inactivating mutations in GDF5 in humans are associated with absent 

phalangeal joints (symphalangism) and the complete absence of the medial phalanges of 

digits 2 and 5 (Storm and Kingsley 1996; SYM1, MIM#185800). Digits of 

Acvr1R206H/+;Prrx1-Cre mice consistently lacked these same skeletal elements (Figure 1L, 

asterisk). We investigated patterns of Gdf5 expression in the developing digits of 

Acvr1R206H/+;Prrx1-Cre mice by whole mount in situ hybridization (ISH). In control mice at 

E14.5, all presumptive joints were marked by bands of Gdf5-expression (Stricker and 

Mundlos 2011; Figure 5A). In Acvr1R206H/+;Prrx1-Cre littermates, bands of Gdf5 
expression are discerned in digits 3 and 4, but are absent or diffuse in digits 1 and 2 (Figure 

5B). In digit 5, Gdf5 expression is only visible as a single band, rather than two. However, in 

all digits of mutant mice, Gdf5 expression along the periphery of each digit ray is noticeably 

increased (Figure 5B). To confirm the positions of Gdf5+ cells, we performed ISH on 

sectioned autopods at E15.5. As with whole-mount ISH, representative control digits 1, 3, 

and 5 showed clear transverse bands of Gdf5-expressing cells (Supplementary Figure 6A, C, 

E). Gdf5 expression in Acvr1R206H/+;Prrx1-Cre mice appeared qualitatively unchanged in 

digit 3 (Supplementary Figure 6D), but extended along the perichondrium in digit 5 in 

addition to expression in the location of the presumptive joint (Supplementary Figure 6F). In 

digit 1, Gdf5 expression was detected only peripherally (Supplementary Figure 6B), 

demonstrating a severe disruption of the localization of Gdf5+ presumptive joint progenitor 

cells in this digit. These data suggest that Gdf5 expression patterns are in part determined by 

Acvr1 signaling activity and that digit 1 is acutely sensitive to the effects of dysregulated 

Acvr1 signaling.
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Discussion

We have determined that the expression of the Acvr1-R206H mutant receptor in Prrx1+ cells 

confers a joint formation defect that impacts all embryonic digit rays, resulting in 

developmental delay with impaired interzone formation and joint cavitation. Enhanced 

signaling by this activating mutation, which has been shown to be both ligand-independent 

and ligand-responsive (Shen et al 2009; Allen et al 2020), yields fused, malformed joints and 

digit skeletal elements (phalanges) with disrupted endochondral ossification at growth plates 

that impacts all digits. These effects are most pronounced in the hindlimb first digit (great 

toe), with digit 5 also significantly altered, while digits 2, 3, and 4 are impacted to lesser 

extents. Our current study has focused on digit development; however, we note that the 

Acvr1-R206H mutation also perturbs development and joint formation at multiple sites 

throughout the appendicular skeleton, with hindlimbs more affected than forelimbs.

Disrupted proximal-distal patterning of the digit rays in Acvr1R206H/+ mice

The importance of the BMP pathway in digit and joint development is well established 

(Brunet et al 1998; Gamer et al 2011, reviewed in Lyons and Rosen 2019); however, due to 

its multiple biological roles and interacting pathways, elucidating detailed mechanisms and 

functions of BMP signaling in skeletal development and function continues to be of great 

scientific and clinical interest. Regions of high BMP pathway activity initiate the 

chondrogenic program to pre-pattern the cartilaginous skeleton by (Foster et al 1994). 

Conversely, BMP pathway activity must be restricted during skeletal patterning to permit the 

differentiation and development of joint tissues (Bandyopadhyay et al 2006). Using whole-

mount immunohistochemistry with confocal microscopy to capture the full detail of 

canonical BMP pathway activity during limb embryogenesis, we determined that in 

Acvr1R206H/+;Prrx1-Cre mice, BMP pathway activity is not appropriately restricted at sites 

of presumptive joint formation within the digit rays between E12.0 and E13.5, a period of 

rapid growth and pre-patterning of the cartilage skeleton template. The expanded regions of 

signaling parallel the aberrantly unsegmented cartilaginous skeleton of the digits just 24 

hours later at E14.5 (compare Figure 1B, D and Figure 4H, P) demonstrating a direct effect 

of dysregulated Acvr1-pSmad1/5 signaling.

Joint development and interzone formation occur in a proximal-to-distal pattern as the 

skeleton forms over developmental time during embryogenesis. In genetic and bead-implant 

models of enhanced or dysregulated BMP pathway signaling, failed joint cleavage and 

separation of the affected developing skeletal elements are associated with reduced 

appearance and/or migration of Gdf5+ cells in the nascent joint interzone, preventing 

cleavage and altering the total number of phalanges in the final structure of the digit ray 

(Brunet et al 1998; Dahn and Fallon 2000; Huang et al 2018; Singh et al 2018). In our 

Acvr1R206H model, Gdf5 expression in the presumptive interzone of specific digits is 

drastically reduced and phalanx numbers in digits 2 and 5 are reduced. These data support a 

model in which increased BMP pathway signaling through any means, whether gain-of-

function mutations of receptors and ligands (Klammer et al 2015; Singh et al 2018) or loss-

of-function of inhibitors (Brunet et al 1998), impairs digit joint patterning despite the 

discrete roles of those molecules in development (Zou et al 1997). Thus, not only does the 
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Acvr1-R206H mutation cause delayed restriction of pSmad1/5, but also subsequently 

disrupts the overall process of joint formation in specific joints.

Specific malformation of individual digits through Acvr1 R206H

In Acvr1R206H/+;Prrx1-Cre mice, dysregulated BMP pathway signaling is most evident in 

the first digit of the mutant hindlimb, consistent with the highly penetrant phenotype of 

shortened and/or malformed first digits of the feet of human patients with FOP. We have 

determined that while digit 1 is the most severely affected, other digits and joints of the 

developing skeleton are also altered. Acvr1 expression domains appear similar in all digit 

rays, supporting that a digit-specific bias of where Acvr1 is expressed at the stages we 

examined (E12.5-E14.5) does not correlate with the differences in digit malformations 

induced by the Acvr1 mutation. Indeed, while all digit rays show altered pSmad1/5 

localization during embryogenesis, digits 1 and 5 are more dysmorphic at post-natal stages 

than digits 2, 3, and 4. Therefore, the variability of the phenotype among digits is not solely 

dependent on Acvr1 but likely is due to altered interactions between Acvr1-R206H and 

other components of the BMP signaling pathway, or perhaps other interacting pathways. 

Within a single digit, joints form through an iterative process from proximal to distal over 

developmental time (Suzuki et al 2008). Therefore, the different effects of Acvr1 mutation 

on different joints within a single digit – for example, in Acvr1R206H, the fused 

metatarsophalangeal joint of digit 1 and the fully cleaved distal interphalangeal joint (Figure 

3B) – suggests that the iterative pattern of phalanx and phalanx joint formation in digits may 

be differently affected over developmental time, perhaps by modulating the Turing 

mechanism that has been proposed for regulating digit and digit joint specification 

(Raspopovic et al 2014; Scoones and Hiscock 2020).

Gdf5 is a member of the BMP ligand superfamily that is critical for joint development. 

Deletion of Gdf5 leads to total joint fusion with the most severe phenotypes in the most 

distal skeletal elements, i.e., the digits (Storm et al 1994). Unlike the signaling activity of 

other BMP ligands, such as BMP2, which must be decreased in the joint interzone, Gdf5 
expression is required to specify joint formation (Koyama et al 2008). In normal 

development, Gdf5 expression is observed in nascent skeletal elements, but rapidly resolves 

into bands of expression at the positions of future joints of digits and other long bones, with 

digits 1 and 5 lagging behind digits 2 through 4 (Stricker and Mundlos 2011). Gdf5-

expressing mesenchymal cells first organize in the periphery of the presumptive joints before 

migrating into the joint interzone (Koyama et al 2008; reviewed in Decker 2016) and 

differentiating into specific joint tissues (Schwartz et al 2016). We determined that Gdf5 
expression patterns are perturbed in Acvr1R206H/+;Prrx1-Cre mice, particularly in digits 1 

and 5, with Gdf5-expressing cells localized in a comparatively expanded region of the 

periphery of digits 1 and 5, rather than across the developing joint space. Downstream of 

these developmental events, hindlimb joints of Acvr1R206H mice, particularly in digits 1 and 

5, are severely malformed, fail to fully cleave to form joints, and are not fully functional. 

These results are consistent with findings showing the critical importance of both the timing 

of the influx of Gdf5-expressing cells (Schwartz et al 2016) and the spatial restriction of 

BMP pathway activity (Ray et al 2015) for the appropriate differentiation of joint progenitor 

cells and their contributions to the specific tissues that constitute a properly patterned joint.
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Further, lineage tracing experiments have shown that cells in the most anterior and most 

posterior regions of the autopod (hand and foot) including all of digit 1, the anterior portion 

of digit 2, and much of digit 5, descend from Gdf5-expressing cells, whereas these cells are 

only found in close proximity to digit joints in digits 3 and 4 (Rountree et al 2004). 

Although the digit and joint specificity of Acvr1R206H effects requires further detailed 

examination, we note that this mutant receptor has altered ligand responsiveness (Hatsell et 

al 2015, Allen et al 2020). ACVR1-R206H has been shown to have acquired increased 

responsiveness to known (BMPs) and atypical (Activin A) ligands, as well as possessing 

ligand-independent signaling activity, suggesting the possibility that the available ligand 

repertoire could also influence responses at specific joints and supporting a model in which 

altered interaction between mutant Acvr1 and Gdf5 ligands allows the mutant receptor to 

specifically affect some digits more than others.

An alternative mechanism by which Acvr1 mutation may exhibit different effects on specific 

digits is through variable BMP signaling complex formation during early development and 

patterning due to patterns of expression. During development, Acvr1 is expressed with no 

apparent gradient or bias (Supplemental Figure 5). In contrast, Bmpr1a (Alk3) expression 

during early development shows increased posterior expression compared to anterior 

(Rountree et al 2004) and Bmpr1b (Alk6) is strongly expressed in digits 2–5, but weakly 

expressed in digit 1 (Hildebrandt et al 2019). Thus, digit 1 may be particularly susceptible to 

Acvr1 mutation and/or loss of the other type I receptors. Indeed, our data show that the 

activating FOP Acvr1R206H mutation in mice leads to a phenotype similar to Bmpr1b knock-

out (Baur et al 2000). Additionally, deletion of an extensive region of BMPR1B caused a 

FOP-like digit phenotype (Towler et al 2017). Not just type I receptors, but also relative 

levels of ligand may be similarly responsible. For instance, combinatorial knockouts of 

Bmp2, Bmp4, and Bmp7 yield digit-specific ablations or duplications (Bandyopadhyay et al 

2006). Therefore, digit specificity of the FOP phenotype may be influenced through a 

relative abundance of other type I receptors or responsiveness to specific ligands; however, 

further experiments are needed to confirm such a hypothesis.

Aberrant endochondral ossification due to Acvr1-R206H

In normal development, chondrocytes in long bones differentiate to form either articular 

cartilage at the ends of bones, which persists throughout life, or growth plate cartilage, 

which contributes to the longitudinal growth of the bone via organized, stratified cell growth, 

proliferation, and endochondral ossification (reviewed in Lefebvre and Smits 2005). 

Previous work reported growth plate defects in tibias of P7 and P14 Acvr1R206H mice 

(Chakkalakal et al 2012, 2016). In the current study, a developmental time course identified 

that impaired joint formation during embryonic development is followed by severely altered 

growth plate polarity, delayed turnover of cartilage to bone in the digits, and ectopic, 

disorganized chondrogenesis along interior, medial surfaces of phalanges. In murine digits 1 

and 5, joints failed to fully cleave during embryonic skeletal development. In the 

presumptive joints of these digits, a persistent chondrocytic bridge joined normally separate 

skeletal elements (phalanges), and distinct secondary ossification centers or epiphyses did 

not form. These regions of disordered chondrocytes resulted in a significant impact on the 

final morphology of the bones. These data suggest that Acvr1R206H not only directs aberrant 
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ectopic chondrogenesis and endochondral ossification in soft connective tissues (heterotopic 

ossification) as observed in FOP patients and mouse models, but also leads to disrupted 

endochondral ossification in the endogenous skeleton.

Based on in vitro data showing elevated levels of Sox9 expression in response to BMP 

ligand in Acvr1R206H/+ cells (Culbert et al., 2014) and increased Sox9 detected in 

Acvr1R206H growth plates in vivo at P14 (Chakkalakal et al., 2016), we expected that altered 

Sox9 expression would be detected in the developing Acvr1R206H skeleton. At the early 

embryonic stages examined (E13.5-E14.5), we found no differences in the localization of 

Sox9 expression, and at E16.5, chondrogenic maturation in the mutants and control was 

similar suggesting that elevated BMP signaling and levels of Sox9 were not driving an 

increased rate of chondrogenic differentiation during these developmental stages. However, 

delayed progression to endochondral ossification is evident by birth (P0; Figure 1), 

indicating that chondrogenesis has been impacted prior to this time. A more detailed 

examination of later stages of embryonic development will be necessary to determine the 

molecular mediators and pathways downstream of Acvr1R206H signaling. We also note that 

the Acvr1R206H mutation is not a strongly constitutively activating mutation (Shen et al 

2009, Culbert et al 2014), and therefore suggest that low level activation of Acvr1 signaling 

and Sox9 expression is insufficient to significantly impact chondrogenesis during early 

embryonic development, but over developmental time begins to alter the chondrogenic and 

endochondral phenotype. Previous studies reported that tibial growth plates of Acvr1R206H 

mice at P14 have longer epiphyseal zones and shorter hypertrophic zones (Chakkalakal et al 

2016), suggesting an expansion of proliferative and/or pre-hypertrophic chondrocytes, but 

restricted rates of hypertrophy and maturation in response to Acvr1R206H.

Of note, our findings in the Acvr1R206H digits are highly similar to limb-specific knock-out 

of Indian hedgehog (Ihh), in which Gdf5+ progenitor cells are found flanking the joint 

interzone, but not within the interzone itself (Koyama et al 2007; Amano et al 2016). 

Further, the adult phenotype of our model closely matches the brachypodism Gdf5 loss-of-

function mouse line, including specific disruption of digits 1, 2, and 5 as well as dysmorphic 

sesamoids (Storm et al 1994). Because our data show altered localization of Gdf5 
expression, this may indicate either a direct interaction between Acvr1-R206H and Gdf5 as 

suggested above or an indirect interaction through Ihh. We postulate a direct effect is more 

likely because Gdf5 is a BMP ligand.

Our data clearly demonstrate the impact of Acvr1R206H on processes of digit joint and 

skeletal development. The mutation dysregulates BMP pathway activity within the digit ray, 

which results in altered distribution of Gdf5+ cells and thus joint cavitation. Detailed 

examination of embryonic developmental stages is required to address the precise sequence 

of events and pathways through which Acvr1 signaling regulates Gdf5 and joint formation. 

Future studies investigating interactions among Ihh activity, Gdf5 ligand, and BMP pathway 

signaling through Acvr1 will begin to elucidate this mechanism.

Clinical relevance of skeletal and joint malformation in FOP

Skeletal malformations at multiple anatomic sites have been occasionally noted in FOP 

patients with the ACVR1 R206H mutation (Kaplan et al 2009). The data reported here, 
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together with prior work with this mouse model (Chakkalakal et al 2016), show that Acvr1-

R206H alters chondrogenic differentiation during skeletal development, particularly at sites 

of joint formation, which leads to malformed adult structures with reduced function. This 

altered chondrogenesis appears likely to be the cellular basis of skeletal dysmorphia in the 

FOP population such as in the metatarsal and phalanges of the great toe (Tünte et al 1967; 

Nakashima et al 2010) and femoral neck (Kaplan et al 2009), as well as tibial and femoral 

osteochondromas, which are common features of FOP (Kaplan et al 2009; Morales-Piga et 

al 2015). Further, Acvr1-R206H alters patterns of Gdf5 expression, and GDF5 mutations 

have been associated with joint deformity and dysplasia (Storm et al 1994; Hatzikotoulas et 

al 2018). These data led to a complementary study of the skeleton in a large cohort of FOP 

patients, which identified joint malformations, dysplasia, severe degenerative arthropathy, 

and intra-articular ankylosis in a high percentage of patients at stereotypical sites (Towler et 

al 2019). Together, these and future studies will provide a clearer understanding of the role 

of ACVR1 in joint development, disease, and degeneration, as well as the developmental 

impact of the ACVR1-R206H mutation on skeletal maintenance and function, which will 

support further steps to improve the quality of life for those with FOP.

Conclusions

These studies provide insight into the molecular regulation of site-specific joint and skeletal 

development through ACVR1 and BMP pathway signaling through the lens of a disease-

causing, activating mutation in ACVR1. Dysregulation of the Acvr1-BMP pathway impairs 

skeletal patterning by altering the distribution of Gdf5-expressing joint progenitor cells and 

by delaying and disrupting joint cleavage and endochondral ossification during joint 

formation. These effects are downstream of increased BMP signaling during early 

embryonic limb development that disrupts the usual patterning of BMP pathway activity. 

Our data reinforce the importance of BMP pathway restriction during this critical 

developmental process and the contributions of this pathway through the ACVR1 receptor to 

skeletal and joint morphology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The BMP type I receptor Acvr1 is a key regulator of digit and joint formation 

in early development.

• Dysregulated BMP signaling caused by the R206H mutation in Acvr1, a 

common mutation in the human genetic disorder FOP, inhibits joint 

development in multiple murine digits and induces aberrant endochondral 

ossification at developing growth plates.

• Acvr1-R206H dysregulates temporal-spatial restriction of BMP pathway 

signaling, joint interzone formation, and localization of Gdf5-expressing cells 

during skeletal development.
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Figure 1. Acvr1 R206H delays and disrupts digit development in a mouse model of FOP.
Digits of forelimbs and hindlimbs of Acvr1R206H/+;Prrx1-Cre and control littermate mice 

were stained to detect cartilage (Alcian blue) and mineralized bone (Alizarin red) over time 

from E14.5 to P28. Numbers in (A) indicate digit number from anterior to posterior; all 

panels, same arrangement. (A-D) At E14.5, mineralization has not yet occurred, and only 

cartilage is detected. Cartilaginous digit rays are segmented at presumptive joints in controls 

but not mutants. (E-H) In P0 mutants, Alizarin red staining is limited to digit tips, 

metacarpals/tarsals of digits 2–5, and first phalanges of digits 3 and 4 of hindlimbs. In 
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addition, starting at age P0 and continuing through development, phalangeal joints in 

mutants fail to fully cleave in digits 1 and 5 (insets G’ and H’, with arrowheads showing 

expected sites of cleavage). (I-L) In P14 mutants, this failure to cleave in hindlimb digit 1 

and 5 (asterisks) and all forelimb digits (J) leads to highly dysmorphic joints (insets I’ and 

J’, with arrowheads as in G’ and H’). At this stage, medial phalanges of hindlimb digits 2 

and 5 and forelimb digits 2 through 5 have failed to form. (M-P) By P28, Alcian blue 

staining appears reduced in mutants compared to controls in all digit joints, particularly in 

the area of the growth plates and joints (insets O’ and P’, with arrowheads as in G’ and H’). 

Asterisk in N denotes example of cartilaginous bridge between phalanges that have failed to 

separate in forelimb digit 3. Arrows in P indicates the stunted metatarsal of digit 1. Controls 

were identified by phenotype. All experiments, n≥3.

Towler et al. Page 20

Dev Biol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Fused joints and skeletal malformation in Acvr1R206H/+;Prrx1-Cre P14 hindlimb digits.
Sagittal sections of the metatarsophalangeal joints of digits 1 (A, B), 3 (C, D), and 5 (E, F) 

of P14 mutants and control littermates were stained to detect cartilaginous matrix (Alcian 

blue) and collagens (picrosirius red). While only minimal defects could be detected in digit 3 

in mutants, (C, D), digits 1 and 5 of Acvr1R206H/+ mice exhibited several anomalous features 

including dorsal-ventral orientation of apparent endochondral ossification (asterisk, B; B’), 

ectopic cleavage events (arrow, B), incomplete joint cleavage (arrowheads, B, F, and F”) and 

expanded regions of chondrogenesis (asterisks, B, B’, F, and F’). Ventral, left (with digit 

sesamoids); dorsal, right. mt, metatarsal; p1, phalanx 1; p2, phalanx 2; ss, sesamoid. n≥7, all 

groups. Controls were identified by phenotype. Scale bars, 250μm.
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Figure 3. Malformed joints fail to fully cleave in Acvr1R206H/+;Prrx1-Cre P28 hindlimb digits.
Histological sections of the metatarsophalangeal (MTP) joints of digits 1 (A, B), 3 (C, D), 

and 5 (E, F) of P28 mutants and control littermates were stained to detect cartilaginous 

matrix (Alcian blue) and collagens (picrosirius red). (A,B) In digit 1 of mutant mice, 

endochondral ossification has progressed despite failure to fully cleave at the presumptive 

MTP joint (arrow, B) and nascent osseous tissue has begun replacing the aberrant growth 

plate cartilage present at P14 (Fig. 2B), leading to dysmorphic skeletal elements. The 

metatarsal is also significantly smaller than in controls (mt, B). (C, D) Joints of digit 3 (and 
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other medial digits) remain minimally affected. (E, F) In digit 5 of mutants, 3/7 mice showed 

cleavage of the MTP joint (arrow, F; compare with arrow and bracket in E, indicating normal 

separation between bones) and tissue is disorganized throughout the joint. The morphology 

of the sesamoid is also altered in mutants. mt, metatarsal; p1, phalanx 1; p2, phalanx 2; ss, 

sesamoid. n≥7, all groups. Controls were identified by phenotype. Scale bars, 250μm.
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Figure 4. Dysregulated BMP-pSmad1/5 pathway activity throughout the developing 
Acvr1R206H/+ digit rays.
Whole-mount immunohistochemistry and confocal imaging detected pSMAD1/5 at E12.0 

(A-D), E12.5 (E-H), E13.0 (I-L), and E13.5 (M-P) in forelimbs and hindlimbs of control and 

Acvr1R206H/+;Prrx1-Cre mice. As indicated in panel M, all panels show digit 1 at left; 

pSMAD1/5 (blue) is detected in the interdigital tissue (indicated by asterisks) and in the 

developing skeletal elements (example indicated by arrow) as well as the digit crescent 

(arrowhead). Arrows in P highlight delayed emergence of discrete zones of BMP signaling 

in digit rays 3 and 4. All experiments, n≥3. Controls were pooled wild type and single 
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heterozygotes; no differences were observed among control genotypes. Scale bar panel A, 

500 μm.
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Figure 5. Gdf5 expression is not appropriately localized to the presumptive joints.
(A) Whole mount in situ hybridization of control E14.5 hindlimb digits showed the expected 

bands of Gdf5-expressing cells (dark purple) in the developing digit (n=3). Digits are 

numbered 1 through 5 with developing phalanges numbered 1, 2, or 3 (proximal to distal; 

bolded numbers). (B) In contrast, Gdf5 expression in mutant littermates is at the digit 

periphery (arrowheads, B; n=2; also see Supplementary Figure S6); each digit shows loss of 

at least one band of Gdf5 expression with corresponding reduction in nascent skeletal 

elements (numbers). (C) Sense probe, negative control. Control mice were pooled from 2 

Acvr1fl/+ heterozygotes and 1 Prrx1-Cre hemizygote; Acvr1fl/+ is shown). Scale bar is 

shown in panel A, 500 μm.
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