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Abstract

The large majority of cases of the autosomal dominant human disease fibrodysplasia ossificans
progressiva (FOP) are caused by gain-of-function Arg206His mutations in the BMP type |
receptor ACVR1 (ALK?2). The Arg206His mutation is located in the GS domain of the type |
receptor. This region is normally phosphorylated by the BMP type 1l receptor, which activates the
type | receptor to phosphorylate its substrate, the signal transducer Smad1/5/8. A small subset of
patients with FOP carry variant mutations in ACVRL1 altering Gly328 to Trp, Glu or Arg. Since
these mutations lie outside the GS domain, the mechanism through which ACVR1 Gly328
mutations cause disease remains unclear. We used a zebrafish embryonic development assay to test
the signaling of human ACVR1 Gly328 mutant receptors comparing them to the Arg206His
mutant. In this assay increased or decreased BMP pathway activation alters dorsal-ventral axial
patterning, providing a sensitive assay for altered BMP signaling levels. We expressed the human
ACVR1 Gly328 mutant receptors in zebrafish embryos to investigate their signaling activities. We
found that all ACVR1 Gly328 human mutations ventralized wild-type embryos and could partially
rescue Bmp7-deficient embryos, indicating that these mutant receptors can activate BMP signaling
in a BMP ligand-independent manner. The degree of ventralization or rescue was similar among
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all three Gly328 mutants. Smad1/5 phosphorylation, a readout of BMP receptor signaling, was
mildly increased by ACVR1 Gly328 mutations. Gene expression analyses demonstrate expanded
ventral and reciprocal loss of dorsal cell fate markers. This study demonstrates that Gly328
mutants increase receptor activation and BMP ligand-independent signaling through Smad
phosphorylation.
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1. INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP, MIM# 135100) is a debilitating human
autosomal dominant disease with episodic heterotopic ossification (HO) of soft tissues and
characteristic malformation of the great toes. These classic features are sufficient to make a
clinical diagnosis of FOP in most cases (Kaplan et al., 2009). FOP is caused by mutations in
the Bone Morphogenetic Protein (BMP) type | receptor ACVRL1 (also called ALK2) (Shore
et al., 2006).

BMPs belong to the highly conserved transforming growth factor beta (TGFB) superfamily
of ligands, and play important roles during embryogenesis and skeletal formation. BMPs
signal on the cell surface through tetramers of two type Il receptors and two type | receptors.
The type 1l receptor phosphorylates the type I receptor in the glycine-serine-rich (GS)
domain, thus activating its serine-threonine kinase, which can then phosphorylate
Smad1/5/8. Phosphorylated Smad1/5/8 (P-Smad) in complex with Smad4 then accumulates
in the nucleus where it regulates gene expression depending on its developmental and tissue
specific context (reviewed in Sieber et al, 2009; Bragdon et al., 2011; Dutko and Mullins,
2011; Wang et al., 2014).

All patients with FOP have mutations in ACVR1 with >95% carrying the recurring mutation
Arg206His in the GS domain (Kaplan et al., 2009; Zhang et al., 2013). Studies in cell culture
assays and zebrafish embryos show that this mutation renders the ACVR1 receptor
constitutively active and confers increased BMP signaling activity in the absence of BMP
ligand (Shen et al, 2009; van Dinther et al., 2009; Fukuda et al., 2010; Song et al., 2010;
Chaikuad et al., 2012). In silico modeling indicates that the introduction of histidine at
position 206 alters the structure of the activation domain of the mutant ACVR1 protein
(Groppe et al., 2007).

A small subset of patients (<5%) has an atypical form of FOP. Kaplan et al., 2009, classified
these patients into two categories: patients with the classic defining FOP features and
additional uncommon manifestations are designated as “FOP-plus”; whereas patients with
manifestations distinct from the range of classic FOP features e.g. a milder or more severe
phenotype, including age of onset of HO after 10 years of age, mild or no toe deformities, or
more severe digit deficits are considered “variant FOP”. Multiple reports of atypical FOP
with varying disease severity have been published in the last several years (Kaplan et al.,
2009; Carvalho et al., 2010; Hiining and Gillessen-Kaesbach, 2014; Kaplan et al., 2015).
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Three different mutations in codon Gly328 of the kinase domain of ACVR1 have been
confirmed in at least ten patients with atypical FOP (Kaplan et al., 2009; Carvalho et al.,
2010; reviewed in Huning and Gillessen-Kaesbach, 2014). Interestingly, the three mutations
in codon 328 are associated with a milder (Gly328Arg) or a variant (Gly328Trp, Gly328Glu)
disease phenotype compared to classic FOP with the Arg206His mutation. Five patients
(including three patients from a single family) with a heterozygous ACVR1 Gly328Arg
mutation had a later age of onset of HO (>10 years) or no HO and normal or only minimal
morphological changes of the great toes. In contrast, two patients with a Gly328Trp
mutation and three patients with a Gly328GIlu mutation had the classic feature of FOP with
childhood onset of HO. In addition, these five patients had severe deficits of digits, mild
cognitive impairment and ectodermal signs with aplastic toenails and sparse scalp hair
(Kaplan et al., 2009; Carvalho et al., 2010). In silico modeling of ACVR1 Gly328 mutations
did not indicate significantly altered conformation of the protein kinase domain, however,
this residue is positioned near the GS domain in the three-dimensional receptor structure and
so these substitutions could alter receptor function (Kaplan et al., 2009; Petrie et al., 2009;
Chaikaud et al., 2012).

The early zebrafish embryo has proven to be an excellent assay system for examining BMP
pathway component function, including the human classic FOP Arg206His mutation in
ACVRL1 (Shen et al., 2009; Little and Mullins, 2009). Zebrafish embryonic development
depends on a tightly regulated BMP activity gradient that specifies distinct tissues along the
dorsal-ventral axis as a morphogen (Tucker et al., 2008; Hashiguchi and Mullins, 2013,
Zinski et al, 2017). Mutations causing a loss or increase of BMP signaling have been
described for many genes in the BMP signaling pathway (Schulte-Merker et al., 1997;
Nguyen et al., 1998; Connors et al., 1999; Hild et al., 1999; Miller-Bertoglio et al., 1999;
Dick et al., 2000; Schmid et al., 2000; Mintzer et al., 2001; Yabe et al., 2003). One of these
components is Acvrll (previously called Alk8), the zebrafish paralog to the human ACVR1
receptor. ACVR1 (ALK2) and Acvrll share 87% protein homology in the GS and protein-
kinase domains and expression of wild-type human ACVR1 can rescue the zygotic acvr1/
zebrafish mutant /ost-a-fin (laf) (Shen et al., 2009). Our knowledge of zebrafish BMP
signaling during early development, together with the relative ease of genetic manipulation
of zebrafish embryos make it a valuable tool to study the activities of the human ACVR1
mutant receptors.

The effect of ACVR1 Gly328 mutations on BMP signaling has not yet been studied /7 vivo.
By misexpressing the ACVR1 Gly328 mutant (Glu328, Trp328, and Arg328) receptors
during early zebrafish development, we demonstrate that ACVR1 Gly328 mutant receptors,
like the classic ACVR1 Arg206His receptor, increase BMP signaling activity and can
phosphorylate Smad1/5 in a BMP7 ligand-independent manner. This is corroborated by gene
expression studies confirming expansion of markers of ventral cell fate and loss of dorsal
cell fate. Thus, although the Gly328 mutations are not in the GS domain, they also can
confer BMP ligand-independent gain-of-function signaling, suggesting that they may
similarly alter ACVR1 receptor function in FOP disease development.
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2. MATERIAL AND METHODS

2.1 Plasmid constructs

ACVRL1 Trp328 and ACVR1 Glu328 in pcDNA3.1D/V5-His-TOPO were generously
provided by M. Xu. The Arg328 plasmid was generated by site directed mutagenesis using a
FLAG-tagged ACVR1 WT plasmid (Shen et al., 2009). All fragments were cloned into
pCS2+ vector and confirmed by Sanger sequencing. The His206 plasmid is previously
described (Shen et al., 2009).

2.2 mRNA microinjections and analysis

Zebrafish bmp761aub mutant embryos were injected at the one-cell stage with bmp7a
MRNA to completely rescue the phenotype; rescued homozygous mutant embryos were then
raised to adulthood, as described previously (Schmid et al., 2000). Crosses between

bmp 7blaub/sblaub adylts provided exclusively bmp701aubsblaub mutant embryos.

Rescue of zygotic acvr1/m100b myutant embryos was also tested by injecting embryos from
crosses of acvr1ffm1006/+ adults with mRNA of the human FOP ACVRI mutants, as
previously described (Mintzer et al, 2001; Shen et al., 2009).

Plasmids of pCS2+ carrying human ACVR1 Trp328 and ACVR1 Glu328 were linearized
with Kpnl and pCS2+ plasmids of ACVR1 Arg328 and ACVR1 His206 were linearized
with Notl. mRNA was obtained using the mMMESSAGE mMACHINE SP6 kit (Ambion).
ACVR1 mRNA with variant mutation (Trp328 [100 pg], Glu328 [150 pg], Arg328 [100 pg])
or His206 [25 pg] was injected into the yolk of wild type (WT) or bmp 701aub/sblaub
embryos at the one-cell stage, as described previously (Westerfield, 2000). Phenotypes were
assessed and classified at 24 hours post fertilization (hpf) for severity of ventralization or
dorsalization (Mullins et al., 1996; Nguyen et al., 1998; Shen et al., 2009; Little and Mullins,
2009). Embryos were anaesthetized in 0.2% tricaine and embedded in 2% methylcellulose
prior to imaging. Specimens were imaged and photographed with an MZ12.5
stereomicroscope equipped with a ColorSNAP-cf digital camera.

2.3 P-Smad1/5 immunostaining and confocal microscopy

Early and mid-gastrula embryos were fixed in 4% PFA in PBS overnight. Fixed embryos
were dechorionated and deyolked followed by several washes in PBS buffer with 0.1%
Triton. After blocking with NCS-PBS buffer with 0.1% Triton, embryos were suspended in a
1:100 dilution of phospho-Smad1/5/8 (P-Smad1/5) primary rabbit antibody (Cell Signaling
9511L) followed by a 1:500 dilution of Alexaflour 647 anti-rabbit secondary antibody
(Invitrogen) to label P-Smad1/5 protein and 1:10,000 dilution of Sytox Orange (Invitrogen)
to label nuclei. Embryos were washed, cleared in benzylbenzoate:benzylalcohol (2:1), and
mounted on glass coverslips using silicon wafers.

Embryos were visualized using a Zeiss 710 confocal line-scanning microscope with a Zeiss
LD LCI Plan-Apochromat 25x/0.8 Imm Corr DIC Objective. To quantify P-Smad1/5
immunofluorescence levels, a single representative z-slice per embryo was divided into 18
subunits. P-Smad1/5 intensity was measured in all nuclei and averaged across one subunit.
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The result was plotted in arbitrary units (AU) according to position in the embryo as either
individual data or a compounded average across all embryos of the same injection condition.
Image processing was done using MATLAB.

2.4 Whole-mount in situ hybridization

Whole-mount in situ hybridization was carried out as described (Schumacher et al., 2011)
using chordin (Miller-Bertoglio et al., 1997), gsc (Schulte-Merker et al., 1994), gata?
(Detrich et al., 1995), and eve? (Joly et al., 1993) on embryos collected at the 60% epiboly
stage. Stained specimens were mounted in methylcellulose prior to imaging with an MZ12.5
stereomicroscope equipped with a ColorSNAP-cf digital camera.

3 RESULTS
3.1 ACVR1 Gly328 mutant receptors ventralize wild-type (WT) embryos

Zygotic null mutant embryos of the human ACV/RI paralog in zebrafish, acvr1/fm10b
exhibit a loss of ventral tail tissue, a class 2 (C2) dorsalization, due to decreased BMP
signaling (Mintzer at al., 2001). To investigate whether the G328 variant mutations encode
functional ACVR1 receptors, human ACVR1 Glu328, Trp328, and Arg328 mRNAs were
injected into embryos of acvr1/fm1106/* incrosses. As expected for a recessive trait, about one
quarter of the uninjected control group fell into the C2 dorsalization category. In contrast,
when the three variant Gly328 mutant human mRNAs were injected into acvrl/mutant
embryos, no dorsalized embryos were observed and instead ventral tail tissues were fully
restored (Fig. 1A).

Next, mRNA for each variant was injected into WT embryaos using the classic human
ACVR1 His206 mutant mRNA as a positive control. All variant mutations caused mild to
moderate ventralization at 24 hours post fertilization (hpf), similar to WT embryos injected
with ACVR1 His206 (Fig. 1B,C) but unlike human WT ACVR1, which does not ventralize
WT embryos (Shen et al., 2009). Only a small fraction of embryos fell into the V4 or V5
category, whereas the majority of embryos were mildly (V1, V1-2) to moderately (V2, V3)
ventralized. Increasing the amount of injected MRNA of ACVR1 Glu328 into WT embryos
by 3-fold increased the proportion of embryos with the most severe degrees of ventralization
(V4 and V5) (Suppl. Fig. S1). These results indicate that ACVR1 Glu328, Trp328, and
Arg328 mRNASs encode functional receptors and that these mutations, like ACVR1 His206,
increase BMP signaling in the early zebrafish embryo.

3.2 ACVR1 codon 328 mutant mRNAs rescue BMP7-deficient embryos

Since the obligate ligand in dorsal-ventral patterning of the zebrafish embryo is a BMP2b-
BMP7a heterodimer (Little and Mullins, 2009), loss-of-function mutants of either brmp2b or
bmp7a causes a loss of BMP signaling upstream of the Acvrll receptor (Nguyen et al., 1998;
Schmid et al., 2000). The zygotic recessive mutation bmp7a%2au6 encodes a null allele of
Bmp7a (Schmid et al., 2000). bmp 7b1aub/sbiaub empryos are severely dorsalized (C5
phenotype) and typically die by the 15-somite stage (Schmid et al., 2000). Previous work
has shown that injection of ACVR1 WT mRNA into Bmp7a-deficient embryos fails to
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rescue the phenotype, whereas His206 mRNA injection causes ventralization, indicating
BMP ligand-independent signaling by the mutant human receptor (Shen et al., 2009).

To determine whether Gly328 mutant ACVRL receptors also confer ligand-independent
signaling, mMRNA of each was injected into bmp7ablaub/sblaub empryos. All three mutant
receptors partially rescued the majority of bmp7ast2aub/sblaub embryos to a C4 or C3
dorsalized phenotype (Fig. 2A), indicating ligand-independent signaling activity. Complete
rescue or ventralization was never observed for the Gly328 receptors (Fig. 2B, Suppl. Fig.
S2). Tripling the amount of Glu328 mRNA injected did not improve the proportion of
embryos rescued or the observed phenotype (Suppl. Fig. S1) in contrast to the effect
observed in WT embryos. These results contrast those of the ACVR1 His206 group of
embryos: overexpression yielded severe ventralization in a large fraction of both WT and
bmp 7sblaub/sblaub embryos (Fig. 1 and 2, Shen et al., 2009).

3.3 ACVR1 codon 328 mutant mRNA increased Smad1/5 phosphorylation in WT and Bmp7-
deficient embryos

Western blot analysis of proteins from WT embryos injected with His206 mRNA
demonstrated increased Smad1/5 phosphorylation (P-Smad1/5) at a mid-gastrula stage (Shen
et al., 2009). Here, we immunostained embryos to visualize P-Smad1/5 expression and
distribution in WT and homozygous bmp 7b1aub/sblaub empryos at an early gastrula stage
after injection of either His206 or Arg328 mutant mMRNAS. In uninjected WT controls, P-
Smad1/5 formed a gradient with peak intensity ventrally and no staining dorsally in the
shield area (the dorsal organizer in zebrafish embryos) (Fig 3A), as described previously
(Tucker et al., 2008; Zinski et al., 2017). In a majority of Arg328 mRNA injected WT
embryos (8 of 11) (Fig 3B), P-Smad1/5 staining was expanded toward the shield area. In
these embryos the P-Smad1/5 gradient was retained with highest levels ventrally. In contrast,
all of the WT embryos injected with His206 mRNA displayed increased P-Smad1/5
activation with the majority of embryos (7 of 10) showing a loss of the P-Smad1/5 gradient
(Fig 3C). Consistently, ACVR1 Arg328 mRNA caused a less overall increase in P-Smad1/5
levels than His206 mRNA.

We next examined the ability of the FOP mutant mMRNAs to induce P-Smad1/5 in bmp7a
null mutant embryos. Uninjected homozygous bmp 701aub/sblaub embryos did not express P-
Smad1/5 beyond background levels (7 of 7 embryos; Fig 3D). In Arg328 injected embryos,
8 of 12 were indistinguishable from uninjected controls on visual inspection (not shown),
and 4 of 12 had slightly increased P-Smad1/5 (Fig 3E). His206 mRNA resulted in high P-
Smad1/5 immunostaining in all 7 injected bmp72tLaubsblaub embryos, two of which lacked a
P-Smad1/5 gradient (Fig 3F), consistent with the severely ventralized phenotype observed

(Fig. 2).

Quantification of P-Smad1/5 fluorescence for both Arg328 and His206 confirmed variably
elevated P-Smad1/5 staining (Fig. 3G’, H”), consistent with the phenotypic range of
ventralization observed in the injected embryos at 24 hpf (Fig. 1, 2). P-Smad1/5 levels were
not significantly elevated in the Arg328 group over uninjected controls when averaged over
all injected embryos, although significant changes were observed in some individual
embryos (Fig 3G’, H"). This contrasted a marked increase in P-Smad1/5 intensity in the

Bone. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mucha et al.

Page 7

His206 group (Fig. 3G, H). This is expected as the degree of ventralization was lower in the
ACVR1 Gly328 injected group compared to the strongly ventralizing mutation His206 (Fig.
1,2).

3.4 ACVR1 Gly328 mutants cause altered expression of markers of ventral and dorsal cell

types

In the zebrafish embryo, the BMP signaling pathway is a tightly regulated network that
patterns tissues along the dorsal-ventral embryonic axis (reviewed in Langdon and Mullins,
2011; Zinski et al., 2017). Thus, changes in gastrula BMP signaling shift or ablate the
expression patterns of ventral and dorsal gastrula markers (Mullins et al., 1996;
Hammerschmidt et al., 1996; Miller-Bertoglio et al., 1999; Mintzer et al., 2001).
Accordingly, overexpression of ACVR1 His206 in WT embryos caused an expansion of
ventral markers and a reduction in dorsal markers compared to controls (Shen et al., 2009).

To examine how misexpression of Gly328 mutant receptors affects dorsoventral patterning,
we investigated the expression of dorsal markers (chordin, goosecoid[gsc]) and ventral
markers (evel, gata2) in WT embryos injected with Gly328 mRNA or His206 mRNA. We
found that expression of dorsal and ventral markers was altered in the Gly328 group, but was
more strongly affected by His206, consistent with the P-Smad1/5 immunostaining analysis.
Expression of chordinand gscwas reduced in almost all embryos, with the proportion of
embryos showing complete loss of chordin highest with His206 (Fig. 4A and C). We found
that eve and gata? were expanded in almost all injected embryos, but were most expanded
in the His206 group (Fig. 4B and C). In summary, marker expression was altered in almost
all injected embryos although less severely in the Gly328 groups than the His206 group.
This is consistent with the observed phenotypic distribution at 24 hpf and confirms the
hyper-activating effect of ACVR1 Gly328 mutations on the BMP signaling pathway.

4. DISCUSSION

This study is the first in vivo examination of the effect of disease causing mutations in the
human ACVR1 serine-threonine kinase domain, a domain highly conserved across species
from zebrafish to humans. The replacement of a small non-polar amino acid (glycine) with a
large non-polar (tryptophan) or a negatively charged amino acid (glutamic acid) in codon
328 has been associated with a more severe human FOP phenotype than the classic ACVR1
Arg206His mutation, whereas the exchange with a positively charged amino acid (arginine)
is found in four patients with a milder presentation of FOP (Kaplan et al., 2009; Carvalho et
al., 2010).

Given the striking differences in FOP patient clinical phenotypes with Gly328Trp/Glu and
Gly328Arg mutations, the similarity in the phenotypes after injection of Gly328 mutant
mRNAs in zebrafish embryos is noteworthy. The effect of each ACVR1 Gly328 mutant
receptor and the classic Arg206His mutation in WT embryos was remarkably similar (Fig.
1), whereas the Gly328 mutants were less potent than Arg206His in bmyp 701aub/sblaub
mutant embryos (Fig. 2, 3). The ACVR1 Gly328 mutant receptors only partially rescued the
dorsalized phenotype of Bmp7 ligand-deficient mutant embryos, whereas Arg206His fully
rescued and ventralized them. Detection of ventral and dorsal cell fate markers by in situ
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hybridization (Fig. 4) confirmed that the ventralizing effects of overexpressed ACVR1
Gly328 mutant mMRNAs are due to changes in patterning during gastrulation, similar to the
effect we observed by the GS-domain mutation Arg206His (Shen et al., 2009).

The classic FOP mutation ACVR1 Arg206His has been suggested to cause a conformational
change of the receptor, permitting leaky activation of the receptor and therefore increased
BMP signaling in the absence of ligand (Groppe et al., 2007; Shen et al., 2009; Groppe et
al., 2011). Although the 206 and 328 residues reside in different domains of the ACVR1
receptor, structural analyses indicate that protein folding brings these domains into
proximity of each other with potential functional interactions (Groppe et al., 2007; Chaikuad
etal., 2012).

Impaired binding of FKBP12 has been suggested as a possible mechanism of increased
ACVR1 activity in FOP patients (Kaplan et al., 2008; Shen et al., 2009) and decreased
binding of FKBP12 to Arg206His ACVR1 has been demonstrated (Groppe et al., 2011). A
recent study (Chaikuad et al., 2012) examined FKBP12 interaction with Arg328 and Glu328
through treatment with FK506, a competitor for FKBP12 binding. Codon 328 mutants, as
well as the Arg206His mutant retained inhibition by FKBP12 suggesting that impaired
FKBP12 binding does not play a significant role in the disease mechanism. However, we
cannot exclude that a significant effect is caused by a subtle reduction in FKBP12 binding to
the ACVR1 mutants.

ACVR1 Gly328 mutations also have been suggested to lead to a more permissive state of
activation (Kaplan et al. 2009). Introducing a bulky side chain (Trp) or a charged amino acid
(Glu, Arg) into a surface area involved in protein-protein interaction could significantly
affect function without changing the tertiary structure of the protein, explaining how
different amino acids cause the same effects in our zebrafish assay. This possibility is
suggested by the crystal structure of the ACVRL1 cytoplasmic domain in complex with
FKBP12 or dorsomorphin. The Gly328 mutations introduce side chains that may break
bonds necessary for auto-inhibition and promote an active kinase conformation of the
ACVRL1 receptor (Chaikuad et al., 2012).

Recent studies show that the Arg206His mutant ACVR1 receptor can be activated by
binding Activin A (Hatsell et al., 2015; Hino et al., 2015; reviewed in Wolken at al., 2017).
Whereas Activin A has an inhibitory effect on the ACVR1 WT receptor, these studies
suggest that the binding of Activin A to the Arg206His mutant receptor can cause
heterotopic ossification, although the presence of Activin A alone without an inflammatory
stimulus may be insufficient to cause the episodic flare-ups seen in FOP. A recent study
overexpressing variant mutant receptors including Glu328 and Trp328, but not Arg328, in
cultured immortalized mouse embryonic fibroblasts (iMEFs) showed activation of the
variant receptors leading to increased levels of pSmad1/5/8 when stimulated with BMP4 or
Activin A (Haupt et al., 2017). It will be interesting to determine if the activity of the variant
ACVR1 mutations is enhanced by Activin A ligand /n vivo as well.

Our study shows that the Gly328 mutant MRNAs can partially rescue the dorsalized
phenotype of bmp7-deficient embryos, showing that the mutant receptor is active in the
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absence of Bmp?7 ligand. We similarly found that the Arg206His ACVR1 human receptor
can rescue mutant embryos deficient for either or both Bmp7 or Bmp2 (Fig 2, Shen et al.,
2009), with possibly increased potency compared to the Gly328 mutants. The notion of
ligand-independent signaling is supported by an /n vitro study with iMEFs that were
transfected with ligand-deficient ACVR1 mutant plasmids. All mutant receptors retained the
ability to induce Smad1/5/8 phosphorylation, although the residual activity was lowest for
the Glu328 and Trp328 constructs (Haupt et al., 2017). Ectopic expression of Activin has
been shown to be a potent inducer of mesoderm in vertebrates (Smith et al., 1990). mMRNA
sequencing data in zebrafish embryos indicate that Activin A is first expressed at 30 hpf
(http://www.ebi.ac.uk/gxa/experiments/E-ERAD-475) and therefore would not be present at
the time of our assays. However, experiments in medaka embryos suggest that maternal
Activin protein is present at earlier stages (Wittbrodt & Rosa, 1994). Further studies will be
required to evaluate the role of Activin A in activating these FOP mutant receptors in our
zebrafish assays.

The phenotypic similarities between zebrafish embryos overexpressing Glu/Trp328 and
Arg328 were unexpected given their different clinical phenotypes in human patients,
however, the patient number is still small making it difficult to make generalized conclusions
yet on their phenotypic effects. In our study, the effect on early zebrafish development and
BMP signaling is comparable among the three ACVR1 Gly328 mutations. It is possible that
these mutations have a more divergent effect at other developmental stages or in different
cellular environments. In addition, our study used an overexpression system that increases
the number of receptors on the cell surface, which could mask differences in effects of the
various mutants. The equilibrium among different receptors could also influence phenotypic
expression. These questions could be further explored in zebrafish transgenic or knock-in
models expressing a single copy of a mutant ACVRL1 receptor under the control of the
endogenous promoter. Alternatively, developing a zebrafish embryo mRNA injection assay
to quantitatively compare protein levels of each variant with phenotypic readouts might also
allow one to distinguish more specifically between their activities. Given that a heterozygous
knock-in mouse with the His206 mutation (Acvr1R206H/*) s perinatal lethal (Chakkalakal et
al., 2012), whereas human newborns with the same mutation are healthy, a stable transgenic
zebrafish model would also allow for more studies into the developmental context of FOP-
causing mutations.

5. CONCLUSION

This work is among the first to explore the effects of the serine-threonine kinase domain
ACVR1 Gly328 mutations in vivo. We demonstrate that ACVR1 Glu328, Trp328, and
Arg328 mutations, like the classic Arg206His mutation, increase BMP signaling activity and
can phosphorylate Smad1/5 in a BMP ligand-independent manner. Additional studies are
needed to further elucidate the pathological mechanism of these mutated ACVR1 receptors
and to explore the causes of the differing patient phenotypes of variant FOP mutations.

Supplementary Material

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

Variant kinase domain mutations of the BMP type | receptor ACVRL1 of
human fibrodysplasia ossificans progressiva (FOP) patients were
characterized in zebrafish

Variant receptors, like the classic GS-domain FOP receptor, caused
overactivity of BMP signaling

BMP ligand independent signaling was found for the variant ACVR1 mutant
receptors
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Figure 1. Effect of Gly328 mutant receptor expression in acvr 2/tm1100 5 W embryos
A. mRNA misexpression in embryos from incrosses of acvr1/fm1100/* fish. One quarter are

acvrl ffm110b/m110b mytant embryos. Phenotypes were scored at 24 hpf.

B. mRNA misexpression in WT embryos. Phenotypes were scored at 24 hpf.

C. Ventralization phenotypes are indistinguishable between WT embryos injected with
ACVRI Gly328 mutant mRNASs and His206 mMRNA.

hpf — hours post fertilization; C2 — lack of ventral tail fin and vein; V1 — mild ventralization
with diminished eye size and broadening of ventral tail fin; VV1-2 — loss of notochord, but
eye present; V2 — lack of eye, reduced head tissue, loss of notochord; V3 — lack of head
tissue; V4 — greatly enlarged yolk extension; V5 — radially ventralized; WT — wild type.
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Figure 2. Effect of human Gly328 mutant receptor expression in bmp73b1'5“m/5bl"’lUb embryos
A. mRNA misexpression in bmp7b1aub/sblaub mytant embryos. Phenotypes were scored at

24 hpf.

B. Phenotypes observed in bmp7blaub/sblaub empryos injected with ACVR1 Glu328 mRNA
and ACVR1 His206 mRNA. In parantheses, percent embryos with the phenotype.
Classifications as in Figure 1 legend; C3 — lack of ventral tail fin and vein, truncated tail, and
at least 14 somites present; C4 — preserved head tissue, less than 14 somites evident; C5 —
disordered tissue development without discernible anatomical structures; lysis — dead
embryos (C5 embryos typically lyse prior to 24 hpf).
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Figure 3. Whole-mount immunostaining of P-Smad1/5
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WT (A, B, C) and bmp7blaub/sblaub (D E, F) embryos at mid-gastrulation. Uninjected
control embryos in A, D (blue); human ACVR1 Arg328 mRNA injected in B, E (green);
ACVR1 His206 mRNA injected in C, F (red). Animal pole views, dorsal (when evident) to
the right. P-Smad1/5 quantification in arbitrary units (A.U.) of ACVR1 Arg328 mRNA
injected embryos (green graphs) and ACVR1 His206 mRNA injected embryos (red graphs)
compared to wild type (G, G”) and bmp7blaub/sblaub (4 H’). The aggregate information is
depicted in G and H; measurements for individual embryos are shown in G” and H’.
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Figure 4. Gene expression analysis
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Whole-mount in situ hybridization of chordin (A), evel (B), and goosecoidand gataZ (C) in

WT embryos injected with human ACVR1 mutant mRNAs, compared to uninjected

controls. Animal pole views with dorsal to the right. Closed arrows delineate the borders of

the ventral markers, open arrows delineate the extent of the dorsal markers.
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