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Heterotopic ossification is a disorder caused by abnormal mineralization of
soft tissues in which signaling pathways such as BMP, TGF3 and WNT are
known key players in driving ectopic bone formation. Identifying novel genes
and pathways related to the mineralization process are important steps for
future gene therapy in bone disorders. In this study, we detect an inter-
chromosomal insertional duplication in a female proband disrupting a topo-
logically associating domain and causing an ultra-rare progressive form of
heterotopic ossification. This structural variant lead to enhancer hijacking and
misexpression of ARHGAP36 in fibroblasts, validated here by orthogonal

in vitro studies. In addition, ARHGAP36 overexpression inhibits TGF[3, and
activates hedgehog signaling and genes/proteins related to extracellular
matrix production. Our work on the genetic cause of this heterotopic ossifi-
cation case has revealed that ARHGAP36 plays a role in bone formation and
metabolism, outlining first details of this gene contributing to bone-formation

and -disease.

Bone development and growth is a continuous process that starts during
prenatal development and plays an important role throughout life in
regenerating and repairing the skeleton. In some rare cases, soft tissues
can mineralize due to anomalies in the repair mechanism resulting in
heterotopic ossification (HO), which can be caused by genetic and non-
genetic factors'. Non-genetic induced HO often shows ectopic bone
formation as a consequence of soft tissue trauma after injury, resulting
in the ossification of connective tissue'. Genetic HOs are often caused
without trauma/injury, and very few genes have been associated with
this condition. The most studied genetic form of HO is the autosomal

dominant fibrodysplasia ossificans progressiva (FOP)’, with a prevalence
of one in 2.5 million births’. In FOP patients, extra-skeletal bone forma-
tion (either spontaneous or in response to trauma) begins during early
childhood and progresses throughout life**. Aside from the progressive
ossification of muscle, tendon, and ligaments, the classical FOP pheno-
type presents feet and spine deformity and/or hearing loss®’.
Gain-of-function mutations in the activin receptor type 1 (ACVRI),
a type | bone morphogenic protein (BMP) receptor, cause FOP’. BMP
and transforming growth factor beta (TGF) signaling pathways are
key players in natural bone formation and also contribute to ectopic
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osteo-differentiation in HO patients®. Pathogenic variants in genes
related to bone-development pathways are associated with other
forms of HO; for instance, GNASI loss- or gain-of-function mutations
account for the protein kinase A (PKA) and WNT pathways activation,
respectively®'®. TGF, BMP, and WNT pathways converge on RUNX2, a
transcription factor associated with osteoblast differentiation, con-
sidering that their crosstalk can either promote or attenuate osteoblast
maturation™. Therefore, a convergent mechanism for bone-related
pathways has been proposed to explain the majority of HO forms™.
In this study, we report on an isolated, ultra-rare, rapidly pro-
gressive form of HO leading to premature death due to extensive
ossification of connective tissue. We showed that this unique pheno-
type is caused by an inter-chromosomal insertional duplication, dis-
rupting a topologically associating domain (TAD) structure of the X
chromosome, resulting in enhancer hijacking and ARHGAP36 mis-
expression. Our work on the genetic cause of this disease revealed that
ARHGAP36 activation interferes with gene expression of important
pathways related to bone formation and heterotopic ossification.

a CT-scan - 5 years old b

Log-ratio

¢ Genome sequencing
chr2:69,342,699-69,343,679

Results

Clinical findings and disease progression of a rare case of het-
erotopic ossification (HO)

We reported a female individual of a non-consanguineous family
presenting with an isolated, ultra-rare, rapidly progressive form of
HO (Fig. 1a). At 5 months old; the parents noticed decreased body
mobility, especially of distal joints, including hands, feet, wrists, and
ankles, which could be attributed to marked calcifications in the
surrounding tissues. At 8 months, magnetic resonance imaging
(MRI) scans showed calcifications progression with almost complete
apparent ossification of the posterior longitudinal ligament and
involvement of masticatory and inter-costal muscles®. At 3 years, a
CT scan revealed further progression of the disease with spots of
calcium deposition in muscles of the jaw, the limbs, over the
shoulders and scapulae, and especially in the hips and pelvis. After
5 years, most of her skeletal muscles were turned into bone, inevi-
tably causing her death at the age of 8 due to respiratory compli-
cations (Fig. 1a).

Array-CGH
689Mb  695Mb 70 Mb 70,6 Mb
chr2 .
0
2
o
o 820 kb duplication
2 |

chrX:130,258,372-130,259,352

chr2

chrX

Chimeric reads t)

d Sanger sequencing
chrX:130,259,064 - chr2:69,343,058

chr2:70,165,537 - chrX:130,260,484

AGACTTTGCTGAAGTTGCTTAGAGGACATTACAGTGGG

T ——

e Schematic representati02n

GTGTCCCACCTTGACCAAAATGTAGTTGAGCGGTTTTG

13.3 Xq26.1
69|4 Mb 69,|6 Mb 69I8 Mb 70|Mb 70,2 !V|b 1|30 Mb 130,l2 Mb 130,I4 Mb 130,6 Nllb
T
. :ANTXR1 ANXé4 GMCLL»:/MXD.] ENOX2 ARHGAF;36 ! |GSF1
———— —— - — ! n
' GFPT1 € <NFU1 AAK1< SNRNP27 | « y' -
1 . . 1 4\0‘-‘ - - -
820 kb duplication . _ __ L _\"‘,5?“—
Derivative X
139 Mb 130,2 IMb 69,|4 Mb 69,|6 Mb 69,|8 Mb 70|Mb 130|,4 Mb  130,6 ’\|/1b
ENOX2 ARHGAP36: ANXA4 GMCLL IGSF1
— - — — —— -
< 1 GFPT1€ < NFU1 AAK1< SNRNP27 ' <

Fig. 1| Extreme case of heterotopic ossification. a Computed tomography (CT)
scan at the age of 5 years shows the muscle-to-bone transformation in the proband.
b Array-CGH detected an 820 kb duplication on chr2. ¢ Whole genome sequencing

mapped the duplication to the chrX (orange: chrX; blue: chr2). d Sanger sequencing
mapped the breakpoints at the base pair level. e Schematic representation of the
duplicated genes from chr2 and the insertion at the ARHGAP36/IGSF1 locus in chrX.
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De novo microduplication on chromosome 2 inserted into Xq26
While several genes have been associated with HO/ossification dis-
orders (Table S1)>*?, trio whole exome sequencing did not reveal any
pathogenic variant, suggesting a yet unknown underlying mechanism.
No deleterious variants in functionally relevant genes based on the
clinical presentation, however, were identified. Next, array-CGH
detected a heterozygous ~-820 kb duplication on 2p13.3 encompass-
ing eight coding genes: two partially (ANTXRI and MXDI) and six
completely open reading frame (ORF)-duplicated (GFPTI, NFUI, AAKI,
ANXA4, GMCL1, and SNRNP27) (Fig. 1b). Fluorescence in situ hybridi-
zation (FISH) revealed de novo inheritance and insertion of the dupli-
cated fragment on Xq26.1 [der(X)ins(X;2)(q26.1;p13.3)] (Fig. Sla, b).
Trio whole genome sequencing confirmed the previous observations,
and Sanger sequencing further mapped the breakpoint at the insertion
site at base pair resolution (Fig. 1c-e; Fig. Sic).

Restructured 3D genome architecture on derivative X creates a
novel chromatin domain granting enhancer hijacking
Copy number variation of genomic regions (e.g., deletions and dupli-
cations) can influence gene dosage per se, while copy neutral variants
(e.g., cut and paste insertions) can disrupt genes and have additionally
the potential to disrupt or create new enhancer-promoter interactions?.
Structural variants spanning TAD boundaries are at risk of granting
enhancer adoption, therefore causing gene dysregulation or
misexpression”**. To evaluate the local chromatin landscape on the
derivative chrX (der(X)), we performed chromosome conformation
capture analysis (Hi-C) in proband-derived fibroblasts and observed
ectopic signals on the Hi-C trans-map (chr2-chrX) (Fig. 2a; Fig. S2a). The
820 kb duplication was inserted into a -0.8 Mb TAD containing two
coding genes, ARHGAP36 and IGSF1, resulting in loss of chromatin con-
tacts in the proband Hi-C (Fig. 2b). We next created a customized der(X)
containing the “chrX-chr2-chrX” genomic sequence and re-mapped the
genome-wide Hi-C reads, in both proband and control (Fig. 2¢, Fig. S2a).
Based on visual inspection of the custom der(X) cis-map, two
possible novel chromatin domains could be formed: TAD #1 on the left
breakpoint by connecting ARHGAP36 to partially ORF-less ANTXRI
region; and TAD #2, a domain containing ANXA4, GMCL1, SNRNP27,
ORF-less MXD1, and IGSF1 (Fig. 2c). Control custom-map shows blank
spaces in TADs #1 and #2, as expected because there is no physical
connection between chr2 and chrX in this sample. On the other hand,
the proband custom-map shows a novel chromatin domain (Shuffled-
TAD) on der(X) left breakpoint (TAD #1) (Fig. 2c, d). The Shuffled-TAD
contains ARHGAP36 and putative enhancers on the ANTXRIgene body,
while the right breakpoint (TAD #2) shows weak novel chromatin
interaction. We next evaluated the gene expression of all candidate
genes within the duplication and surrounding the insertion on chrX.

The chr2 duplicated region partially maintains its chromatin

activity despite being inserted in an inactive part of the genome
First, we excluded the ORF-duplicated genes as candidates to be cau-
sative for the phenotype (see the comprehensive explanation of the
rationale behind discarding these genes as candidates in Supplemen-
tary Information). Second, in order to assess the chromatin activity in
both chr2 and chrX loci, we took advantage of an in-house ChIP-seq
dataset of H3K4mel, H3K4me3, and H3K27ac epigenetic marks gener-
ated from two different MSC types and fibroblasts from healthy donors
(Fig. S2b). Visual inspection of local chr2 and chrX regions revealed two
regimes of chromatin signature shared by wild-type MSCs and fibro-
blasts: the chr2 locus contains several active epigenetic marks, named
“active chromatin domain,” whereas the ARHGAP36 and IGSF1 TAD on
chrX showed no epigenetic signal (inactive chromatin domain) (Fig.
S2¢). Lastly, we performed fibroblast RNA-seq expression data as a read-
out of the chromatin status at the der(X) region. The ORF-duplicated
GFPTI1, NFUI, and AAK1 genes were upregulated in the proband, indi-
cating that the chr2 active chromatin region kept its activity on der(X)

(Fig. 3a). The remaining ORF-duplicated genes (ANXA4, GMCL1, and
SNRNP27) as well as IGFS1, all located in TAD #2, show no difference in
expression (Fig. 3a, b). We further excluded skewed X chromosome
inactivation as an explanation for the silencing of duplicated genes on
TAD #2 (see Supplementary Information; Fig. S3).

While the gene expression profiles in the chromatin domain #2
did not reveal any changes, ARHGAP36 - which is located in the
Shuffled-TAD #1, was upregulated in RNA of the proband fibroblasts;
additionally, western blot confirmed activation of ARHGAP36 protein
in the proband samples (Fig. 3b, c). This upregulation of ARHGAP36
suggests an enhancer hijacking of regulatory elements located within
the inserted ANTRX1 gene body. Interestingly, ARHGAP36 shows the
highest upregulation in the whole RNA-seq dataset (Fig. S4a). We next
ran the CRUP tool to infer regulatory elements from epigenetic marks
to identify potential MSCs and fibroblast enhancers in both loci. CRUP
analysis revealed several putative enhancers located within the
Shuffled-TAD #1 (Fig. 3a).

Role of ARHGAP36 in bone formation
ARHGAP36 encodes a RhoGAP signal transduction protein® that acti-
vates the non-canonical hedgehog (HH) pathway*® and works as a
potent antagonist of the protein kinase A (PKA) signaling (Eccles et al.,
2016). Interestingly, Arhgap36 overexpression in mouse fibroblast-like
cells induced osteoblasts differentiation via the HH pathway®. There-
fore, we investigated the role of ARHGAP36 by analyzing the differen-
tially expressed genes (DEGs) in proband fibroblast RNA-seq data.
First, expression data analysis showed 3.1% of DEGs in the proband
compared to the controls (Fig. S4c). Next, we observed an enrichment
of DEGs for HH (20.5%; chi-square p <0.00001), BMP-TGF( (10.8%;
p=0.000081), and WNT (15.9%; p<0.00001) related genes
(Fig. S4b, ¢), important pathways associated with different forms of
HO®. The pathway enrichment analysis detected in the proband might
be related to ARHGAP36 activation or to the effect of background
genetic variation, independent of ARHGAP36 overexpression.
Therefore, we transiently transfected ARHGAP36 (and GFP as
control) in human MSCs to evaluate the global expression profile in
response to ARHGAP36 overexpression (Fig. 4a). DEG analysis showed
a high variance between ARHGAP36 and GFP transfected cells, where
ten clusters of co-expressed genes (hereafter named K1-K10) were
observed (Fig. S5). We selected four co-expression clusters showing
high variability in ARHGAP36-transfect samples and minor variance
among GFP ones (K1, K3, K4, and K5) for further analysis (Fig. 4b).
Interestingly, gene ontology analysis revealed that K1 and K3 contain a
set of downregulated co-expressed genes that are part of the BMP-
TGF[ pathways (K1) and are involved in osteogenesis regulation (K3)
(Fig. 4c). Many TGF[3 pathway target genes are downregulated in K3,
such as CEBPD, DAPK1, GBP2, and SELENOP (Fig. S6). Cluster K4 shows
enrichment for tight junction (cell-adhesion) genes, all characteristic
of extracellular matrix (ECM) production.

ARHGAP36 overexpression inhibits TGFp and BMP pathway
activities

In order to validate the results showing reduced BMP-TGF3 pathway
activity upon ARHGAP36 induction, we transfected NIH/3T3 (fibro-
blasts) and C2C12 (myoblast-like) with empty vector (control), human
ARHGAP36 (hARHGAP36) or mouse Igsfl (migsf1; positive control) for
dual-luciferase reporter gene assay (Fig. 5a; Fig. S7). To measure the
activity of the BMP-TGF[1 pathway, we co-transfected either a BMP- or
a TGFp-sensitive reporter (BRE2-Luc or CAGAI2-Luc, respectively),
stimulated with either BMP2 or TGF31 and measured luciferase activity
(Fig. 5a; Fig. S7). Cells transfected with hARHGAP36 showed significant
decreased TGF(B pathway activity (p<0.05) in both cell lines and
concentrations, more prominently at higher TGFp1 concentration in
C2C12 (Fig. 5a). migsfI overexpression, here used as a positive control,
inhibits the TGFp pathway only in myoblast-like cells at 0.1 (p < 0.05)
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no mapped Hi-C reads in control, as expected. On the other hand, proband
custom-map shows Hi-C reads in #1, indicating not only physical proximity
between chr2-chrX but also the formation of a new chromatin domain (Shuffled-
TAD). A weak Hi-C signal is observed at the right breakpoint (#2). d Schematic
representation of the rearranged der(X). Putative enhancers located on the ANTXRI
gene body may ectopically activate ARHGAP36 in a cell-type specific manner.

and 0.2 nM concentrations (p < 0.01). Interestingly, the BMP-reporter
activity is significantly influenced by the transient expression of either
hARHGAP36 or migsfl in both cell lines at the higher BMP2 con-
centration (Fig. S7).

In order to evaluate the BMP/TGF[3 pathway activity in proband
and control fibroblasts, we stimulated with TGFf31 (0.2 nM), BMP2
(5nM), or Activin A (3 nM) for three-time points, and measured for

SMAD1/3/5 phosphorylation levels via western blot. We observed
slightly reduced TGFpl-induced phospho-SMAD3 levels (i.e.,
pSMAD3/GADPH ratio) for proband cells (p = 0.05) after 30 min of
exposure, when compared to three independent controls (Fig. 5b;
Fig. S8c¢), and a significant reduction after 60 min (p < 0.05) (Fig. 5c).
We excluded that the reduction of phosphorylated SMAD3 was
caused by low levels of SMAD3 in the proband, as we did not observe
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a Schematic representation of the customized “chrX-chr2-chrX” 3D genomic
landscape (top). Active and inactive chromatin domains were classified based on
histone mark signals from MSCs (middle) (Fig. S2c). MSC enhancers were called by
the enhancer tool CRUP and showed enrichment at the ANTXRI gene body. RNA-
seq in fibroblasts in the proband and controls (bottom). Purple color represents the
proband sample, and gray represents the controls. Expression data is VST nor-
malized. Pb: proband; Ct: control. b ARHGAP36 is upregulated (activated) in the

proband in comparison to controls, while /GSFI is not expressed in all tested
fibroblasts. Statistical significance within the indicated groups was calculated using
the Wald test (DESeq2) and Benjamini-Hochberg multiple comparisons test with a
95% confidence interval of the fitted general linear model; p-value *<0.05; **<0.01;
*+*<0.001. ¢ Western blot confirmed activation of ARHGAP36 in the proband
fibroblasts (n =2 technical replicates). Source data are provided as a Source

Data file.

differences in total SMAD3 protein levels in comparison to controls
(Fig. S8d). Moreover, we performed a western blot to evaluate the
non-canonical TGFP signaling by measuring the phosphorylation
levels of TAKI, in which we observed no changes in proband cells
compared to controls (Fig. S8e). However, we evaluated the phos-
phorylation of the TAKl-downstream target p38 (pp38) and
observed a significant increase of p38 phosphorylation in proband
cells compared to controls, independent of TGFf1-induced TAK1
phosphorylation (Fig. S8e). BMP2-induced pSMAD1/5 showed no
difference between patient and control samples (Fig. 5c; Fig. S8b, c).
In contrast to FOP, where Activin A induces SMAD1/5 phosphoryla-
tion, proband fibroblasts here treated with Activin A showed neither
differences in SMAD1/5 nor in SMAD3 phosphorylation (Fig. S8b).
Taken together, the TGFp signaling pathway, which is important for
chondrogenesis and osteogenesis, is marginally reduced in proband
fibroblasts upon TGFp1 stimulation and in transiently ARHGAP36
overexpressing cells.

Human MSCs and chondrocytes overexpressing ARHGAP36
show increased ECM deposition

HO-related diseases are characterized by the capability of connective
tissues to turn into bone. Here we transiently transfected human
connective tissue cells (MSCs and chondrocytes) from healthy donors
with ARHGAP36 (and GFP as control) to evaluate this gene function
during osteogenic differentiation (Fig. S9a). On day 1, osteogenic
markers (COL1AL, COLX, and RUNX2) are upregulated in ARHGAP36
transfected cells when compared to the control (Fig. S9b-e). COL1A],
one of the most abundant proteins in bone, shows strong expression
after day 1 of differentiation in both MSCs and chondrocytes; COLX
appears to be upregulated only in chondrocytes transfected with
ARHGAP36 in comparison to control (Fig. S9b). The same pattern is
observed up to day 4 of differentiation in both cell types for COL1A1
and RUNX2 (Fig. S9d, e). Collectively, ARHGAP36 expression in MSCs
and chondrocytes induces early osteogenic differentiation markers
and extra-cellular matrix proteins.
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Fig. 4 | RNA-seq in MSCs upon ARHGAP36 and GFP transfection. a Schematic
representation of ARHGAP36 and GFP transfection in MSCs. RNA-seq was per-
formed in samples collected at 1 and 4 days after transfection. b Four clusters (K1,
K3, K4, and K5) show high variability in ARHGAP36-transfect samples and minor

variance among GFP ones. ¢ Gene ontology and KEGG analysis revealed enrichment
for TGFB-BMP pathways in K1, regulation of osteogenesis in K3, and tight junction
(cell-adhesion) in K4.

Osteogenic differentiation occurs faster in proband cells and is
independent of the HH pathway

in vitro, osteogenic differentiation of MSC and fibroblasts are a gold
standard for studying bone formation in a dish”-**. Hence, we induced
osteogenesis in fibroblasts from proband and controls for up to five
weeks and tested for calcium deposition via alizarin red (AR) staining
(Fig. 6a). The control values at each time point were set to 1.0, and the
proband values were plotted as fold-change relative to the controls at
the corresponding weekly time point. After two weeks of stimulation
with an osteoinductive medium, proband cells showed increased
in vitro calcium deposition compared to controls (Fig. 6b). The
increase in calcium deposition reaches its peak after three weeks of
differentiation, followed by a likely saturation of ECM production at
week four. We then evaluated the influence of the HH pathway via GL/1
expression during the osteogenic differentiation in these samples

(Fig. 6¢). GLII expression was reduced by 50% via the inhibitor GANT61,
exposed for 48 h (Fig. 6d). GLI-blocking experiments revealed no dif-
ference in calcium deposition in both proband and controls in three
different time points (Fig. 6d, e). We observed a reduction of roughly
10% of AR staining in all tested samples. We hypothesize that the
molecular mechanism involved in the proband might be independent
of the canonical HH pathway activity, as blocking GL/I is not sufficient
to rescue the in vitro phenotype during osteogenic differentiation.
Hence, crosstalk between several pathways such as HH, BMP-TGFf3 and
WNT, may result in synergistic effects in the proband (Fig. S10)***°*°.

Discussion

Here we describe an ultra-rare condition presenting progressive
ectopic calcification, in which various soft tissues of the proband were
turned into the bone by an enhancer hijacking mechanism that
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Fig. 5 | ARHGAP36 function in TGF pathway in mouse and human cell lines.
a Schematics of transfection protocol in NIH/3T3 (fibroblast) and C2C12 (myoblast-
like) mouse lines (top). Murine cells were transfected with an empty plasmid (as
control), hARHGAP36 (purple), and migsfI (as positive control; blue) to evaluate
TGFp pathway activity. These cells were co-transfected with CAGA;;MLP-Luc plas-
mid (TGF-sensitive reporter). Two different TGFf1 ligand concentrations were
used in this assay (0.1 and 0.2 nM, plus MOCK). TGF1 in NIH/3T3 cells: Mock and
0.1 nM, n =4 technical replicates; TGFf1 in C2CI2 cells: Mock and 0.1nM, n=35;
0.2nM, n =4 technical replicates. NIH/3T3 cells showed a reduction of TGF3
activity after TGFf1 induction at two concentrations (bottom). TGFp inhibition is
more dramatic in C2C12 cells at higher TGFB1 concentrations. mlgsfl, here used as a
positive control, only inhibits TGFf in myoblast-like cells. Statistical significance

within the indicated groups was calculated using two-way ANOVA and Dunnett’s
multiple comparisons tests; p-value: *<0.05, **<0.01. Relative Luminescence Units
(RLU) are expressed as mean fold induction +SD over unstimulated transfected
control cells. b Schematic representation of the TGFp experiment in proband
fibroblasts and controls (top). Cells were seeded for 24 h in fibroblast media; on the
next day, media was replaced by media without serum for 5 h. Cells were induced
with TGFP1 at 0.2 nM and collected at three-time points for SMAD3 phosphoryla-
tion analysis. ¢ Proband cells show decreased pSMAD3 levels by western blot at 30
and 60 min after TGFpB1 induction (bottom) (n=1 proband, n=3 controls; 6 tech-
nical replicates of each sample). Densitometric quantification of pSMAD3 and
PSMADI/5 relative to GAPDH levels expressed as mean fold induction +SD in
arbitrary units. Source data are provided as a Source Data file.
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Fig. 6 | Osteogenic differentiation in fibroblasts from the patient and controls.
a Schematic representation of the osteogenic protocol. Cells (n=1 proband, n=3
controls; 3 technical replicates of each sample) were stimulated with glyceropho-
sphate (10 mM), ascorbic acid (50 uM), and dexamethasone (100 nM), were col-

lected in six-time points (0-5 weeks) and stained for alizarin red (AR) for calcium
deposition. b Patient samples showed a faster osteogenic differentiation after two
weeks of stimulation, lasting 3-4 weeks. The control values at each time point were
set to 1.0. The translucent band shows the confidence interval for each replicate for
the respective time point. ¢ Schematic representation of HH inhibition by GANT61

(1and 5 uM) during the osteogenic differentiation. d GANT61 (5 uM) reduces by half
GLI1I expression in both patient and control samples after 48 h of molecule expo-
sure (n=1 proband, n =1 control). Pb: proband; Ct: controls. RT-qPCR quantifica-
tion is expressed as mean fold +SD in arbitrary units. Source data are provided as a
Source Data file. e HH inhibition by GANT61 (5 uM) revealed a minor decrease of
10% of AR staining in all samples. The median score is represented by the horizontal
line in the center. The 25th and 75th percentile values are indicated by the lower and
upper limits of the box. Source data are provided as a Source Data file.

activated ARHGAP36. The genetic cause was an inter-chromosomal
insertion that reshuffled the 3D chromatin architecture at the ARH-
GAP36 locus and had a significant impact on gene expression of bone-
related signaling pathways.

FOP, the most studied HO disease by far, is caused by mutations in
ACVRI, a gene encoding for a BMP receptor that induces osteogenic
differentiation. In FOP, ectopic calcifications appear in the first decade
of life*, caused by increased SMAD1/5 phosphorylation downstream
of the BMP signaling pathway*. The most frequent FOP mutation
(ACVR1”*%") modifies important pathways in response to injury,
causing a chronic pro-inflammatory state and abnormal skeletal mus-
cle repair in patients*>*’, Consequently, in FOP, the transition of tissue-
resident fibroblasts to early chondrocytes and further to hypertrophic
chondrocytes causes endochondral ossification instead of muscle
repair’. In this study, we describe a HO phenotype that occurred
spontaneously, without external triggers, characterized by a con-
genital rapidly progressive calcifications in the joints, diagnosed at the
age of 5 months. The ectopic calcifications further progressed into the
muscle of the jaw, hips, pelvis, shoulders, and limbs, and later on to
general skeletal muscle until her death at the age of 8". This unique
and aggressive phenotype led us to investigate in greater detail the
molecular mechanism causing the disease.

The 820 kb duplication from chr2 piggybacked six protein-coding
genes and several regulatory elements to chrX in an intergenic region
between ARHGAP36 and IGSF1. First, we discarded the ORF-duplicated
genes as causative for the disease (details in Supplementary Informa-
tion). Next, we showed that the duplicated chr2 region had signals of
chromatin activity in wild-type MSCs and fibroblasts (Fig. S2c). Thus,
we analyzed the RNA-seq dataset as a proxy for the chromatin state of
the der(X). Three genes, ANXA4, GMCL1, and SNRNP27, located within a
novel putative chromatin domain (TAD #2), were expressed in both
MSCs and fibroblasts wild type samples, but unexpectedly, they were
silenced on der(X), even if duplicated. /GSF1, an important inhibitor of
the TGFp pathway in the testis and the pituitary gland**, and therefore
a suitable candidate to explain the disease, showed no expression in

both proband and controls. These data suggest that the chr2 active
domain containing ANXA4, GMCL1 and SNRNP27 became inactive as a
consequence of its insertion on der(X). On the other hand, the chr2
TAD containing the GFPTI, NFU1, and AAKI genes kept its chromatin
activity considering their upregulation in proband fibroblasts. Lastly,
in the Hi-C custom map, we observed a novel chromatin domain
(Shuffled-TAD) at the left breakpoint (TAD #1), connecting ARHGAP36
to regulatory elements located at the ANTXRI gene body (Fig. 2c, d).
Interestingly, ARHGAP36 is the gene with highest fold-change in the
fibroblast RNA-seq dataset, suggesting this gene was likely activated in
proband fibroblasts by enhancer hijacking.

ARHGAP36 is a poorly studied protein member of the RhoGT-
Pases family, and its function in health and disease remains largely
unknown. Previous studies have shown that ARHGAP36 is an agonist of
the non-canonical HH signaling pathway and an antagonist of PKA
signaling??**, In the absence of HH ligands, SUFU represses the
transcription factor Glil thereby inhibiting the HH pathway®**. Its
function in the non-canonical HH signaling pathway is mediated
through promoting PKA degradation, subsequently leading to the
activation of Gli transcription factors?***#¢*’, Using the RNA-seq data
generated in this work, we evaluated the influence of ARHGAP36 in the
HH signaling pathway. We observed downregulation of GL/3, but GLI/1
and CUL1 overexpression in the proband fibroblasts, all known mar-
kers of HH activation**. However, we cogitated that the HH signaling
pathway alone might not be responsible for the extreme HO disease
studied here since HH pathway inhibition in proband-differentiated
osteoblasts did not cause changes in calcium deposition. Our data
suggest that the HH pathway, coupled with other factors/pathways,
may play a synergetic role in this disease.

Signaling pathways such as BMP-TGF 3, Notch, and WNT are known
to be involved in the osteogenic process in health and disease**~', and
HH and TGFp signaling have overlapping synergistic effects in bone
formation via Gli1/2°*>*, In the fibroblast’s RNA-seq data, the BMP-TGF[3
and WNT pathways showed enrichment of DEGs in the proband sample.
It is important to note that most of the WNT downregulated genes are
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upstream inhibitors of this pathway, i.e., WNT signaling is active in the
proband fibroblasts. Previous studies in osteoblasts have shown that
PKA signaling activates WNT through inhibition of GSK3f, a known
inhibitor protein of WNT signaling®>. Here we hypothesized that
ARHGAP36 overexpression in the proband plays a role in several sig-
nificant pathways related to bone formation. Therefore we validated
these results via orthogonal in vitro experiments.

To overcome the genetic background potential bias from the
proband fibroblasts, we transiently overexpressed ARHGAP36 in MSCs
and evaluated co-expression clusters (K1 to K10) showing variation in
ARHGAP36 transfected cells (at day 1 or 4) in comparison to GFP.
Interestingly, the K1 co-expression cluster contains genes enriched for
the TGF pathway in skeletal development®. Furthermore, another co-
expression cluster (K3) showed several TGF-B target genes being
downregulated in ARGHAP36 samples (Fig. S6). For instance, the death-
associated protein kinase (DAPKI) is involved in TGFf3 dependent
apoptosis, where its activation is mediated by SMAD2/3%, and the
selenoprotein P (SELENOP), which role is related to chondrocyte
hypertrophy during development®, Indeed, orthogonal experiments
overexpressing ARHGAP36 in murine cell lines exposed to
TGFpB1 showed reduced gene-reporter activity when compared to
control. It is important to note that TGFf1 strongly enhances bone
formation induced by BMP2, indicating an important connection
between TGFB and BMP signaling in osteoblast differentiation®®. This
effect was more prominent in muscle-like cells (C2C12) than in
fibroblast-like NIH/3T3 cells, suggesting that the genomic background
plus the transcription factors related to specific cell types are impor-
tant factors to be considered in this disease. Moreover, TGFf1 expo-
sure to fibroblasts slightly reduced TGF( activity in the proband cells
when compared to controls. Further, we observed independent TGFf31-
stimulation and enhanced baseline phosphorylation of p38 in proband
cells. As p38 plays a pivotal role in different steps of osteoblast dif-
ferentiation, mainly through the induction of pro-osteogenic tran-
scription factors like RUNX2°%¢°, it remains an interesting downstream
effector of ARHGAP36-dependent enhanced pro-osteogenic capa-
cities. While p38 activation can be induced by a variety of upstream
triggers, including different biochemical and mechanical signaling
cascades and cellular stresses, future studies should evaluate the link
between ARHGAP36 function and p38 activation. Interestingly, extra-
cellular matrix production directly modulates the WNT signaling
pathway and other pathways involved in bone formation®..

In summary, we identified novel—and validated known—functions
of ARHGAP36, relating the expression of this gene to a severe case of
HO. Moreover, these results merit a further functional exploration of
this gene as a potential player in other connective tissue-to-bone for-
mation diseases.

Methods

Samples collection and ethics committee approval

Healthy parents provided written informed consent on behalf of the
female proband in this study. Blood collection for DNA screening and
skin biopsy for fibroblast culture was performed after obtaining writ-
ten consent from the parents. The study adhered to the Declaration of
Helsinki standards and was approved by the internal Ethics Committee
of the Department of Medical Sciences, University of Torino, Italy,
under protocol number 0053916. Written informed consent was
obtained for the collection of tissue samples for isolation human
fibroblasts, mesenchymal stromal cells and chondrocytes, and ethics
approval was obtained from the local ethics committee/institutional
review board of Charité-Universitdtsmedizin Berlin (EA2/089/20) and
the province of Salzburg, Austria (415-E/1776/4-2014).

Cell culture and samples
Fibroblasts were grown in DMEM supplemented with 10% fetal bovine
serum (FBS), 1% i-glutamine, and 1% penicillin-streptomycin. Age-

matched fibroblasts from three unrelated healthy female individuals
were used as controls. NIH/3T3 and C2C12 cells were maintained and
expanded in the media described above.

Mesenchymal stromal cells (MSCs), n=2 male and n=1 female,
were isolated from human bone marrow from three donors and their
phenotype was confirmed as previously described®>®*. Mesenchymal
stromal cells (MSCs) and chondrocytes were cultured in DMEM low
glucose (Sigma-Aldrich) containing 10% human platelet lysate (pHPL),
1% 1-glutamine and 1% penicillin-streptomycin.

Plasmids

ARHGAP36 isoform 2 (ENST00000412432.6; UniProt ID: Q6ZRI8-2)
plasmid was used for murine cell lines experiments. Full length mouse
Igsfl cDNA (ENSMUST00000033442.14; UniProt ID: Q7TQAI-1) was
synthesized via GENEWIZ (Leipzig, Germany), PCR amplified using
Phusion High-Fidelity DNA Polymerase (NEB) and subsequently pur-
ified, restriction digested and cloned into pcDNA3.1(-)myc-his
(Thermo Fisher Scientific). Primer sequences for mlgsfl cloning are:
Forward: CTCGAGCGGCCGCgccaccatgatgcttcggaccttcactc; Reverse:
GGGCCCAAGCTTtattggaactgtcagttccactgag.

In order to transiently express ARHGAP36 and GFP in vitro tran-
scribed mRNAs in MSC, the ARHGAP36 sequence was codon-
optimized via the GeneArt Online tool (Thermo Fisher Scientific) for
efficient overexpression. In vitro transcription was performed using
different sets of nucleotides containing ATP, 5-methyl-CTP, GTP, 5-
methoxy-UTP, and +ARCA cap analog. The plasmid vector pRNA2-(A)
was used as a template for in vitro transcription of mRNA coding GFP**.

IBMP response element reporter construct (BRE,-Luc)®® or a TGF3
response element reporter construct (CAGA;,-Luc)®® were used in
this work.

Western blot and antibodies
Antibodies used in this study for western blot analysis were diluted
(Primary; 1:1000; Secondary, 1:10.000) in 3% w/v bovine serum albu-
min (BSA)/fraction V (Carl Roth) in TBST (0.1% Tween). The following
antibodies were used: ARHGAP36 (HPA002064, Atlas Antibodies); GFP
(2956, Cell Signaling Technologies); phosphorylated SMAD1/5
(Ser463/465), clone 41D10 (Cell Signaling Technologies); phosphory-
lated SMAD3 (Ser423/425), clone C25A9 (Cell Signaling Technologies);
SMAD], clone D59D7 (Cell Signaling Technologies); SMAD3, clone
C67H9 (Cell Signaling Technologies); SMAD2/3, clone D7G7 (Cell Sig-
naling Technologies); GAPDH, clone 14C10 (Cell Signaling Technolo-
gies); phosphorylated PKA substrate (RRXS/T) 100G7 Lot.:4 rabbit
mAb 9624S (Cell Signaling Technologies); phosphorylated TAK1
(Ser412) #9339 (Cell Signaling Technologies); phospho-p38 MAPK
(Thr180/Tyr182) (28B10) Mouse mAb #9216 (Cell Signaling Technolo-
gies); RUNX2 (6H4L27, Thermo Fisher Scientific); COL1A1 (E3EIX, Cell
Signaling Technologies); and COLX (JF0961, Thermo Fisher Scientific).
Protein lysates were subjected to SDS-PAGE and transferred to
PVDF membranes by western blotting. Membranes were blocked for
1hin 0.1% TBS-T containing 3% w/v BSA, washed three times in 0.1%
TBS-T, and incubated with indicated primary antibodies overnight at
4 °C. For HRP-based detection, goat-a-mouse or goat-a-rabbit IgG HRP
conjugates (Dianova) were used. Chemiluminescent reactions were
processed using WesternBright Quantum HRP substrate (Advansta)
and documented on a FUSION FX7 digital imaging system.

Cytogenetics, transcriptomic, and genomics analyses
Fibroblast total RNA from the proband and three controls were
extracted using RNeasy Mini Kit (Qiagen), and MSCs RNA was extrac-
ted using TRIzol Reagent (Thermo Fisher Scientific).

RT-qPCR was performed using the PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific), submitted to the QuantStudio 6 System
(Applied Biosystems). GLI1 expression was calculated using the 2744
method®”, and TBP was used as a normalizer. Each experiment was
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performed with three technical replicates. Protein lysates were
extracted using RIPA buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 1%
NP-40 Alternative).

Exome (ES) and genome sequencing (GS) were performed using
the genomic DNA of the trio (average depth 30x) on Illumina HiSeq X
machines with lllumina TruSeq PCR-free chemistry. Sanger sequencing
was performed to map the breakpoints at the base pair level. Primer
sequences are: (1) BP1-Forward: GCTAATGAATTTCAACCCTGG; BPI-
Rreverse: GAAGATTCAAAGCCGAATGG; (2) BP2-Forward: GCTGCAGG
ACAGTCACAAGG:; BP2-Reverse: GTCAGAGTCGCTCACACTGC. Break-
points identified by inverse PCR have been validated on the proband’s
genomic DNA using: (3) BPI-ChrX-Forward: CCTTCACATCCCTT
GTAAGTTG; BP1-Chr2-Reverse: TTGGACAGGCTGAACAGTGG; (4) BP2-
Chr2-Forward: TCCCTGTTGGTTCTGATTAGG; BP2-ChrX-Reverse:
GGGAAGTAAAGCTCTCCTCAGC.

Array-based comparative genomic hybridization (Array-CGH) was
performed using the Agilent Human Genome Microarray Kit 244K
(Agilent Technologies). The detected duplication/insertion was
detected by trio fluorescence in situ hybridization (FISH) metaphases
using BAC probes overlapping the MXDI gene, further confirmed by
fiber-FISH on metaphases of the proband.

Hi-C libraries were performed using a protocol described
elsewhere®®, with minor adaptions®®. The DNA was prepared for Illu-
mina short-reads sequencing by ligating adapters to the DNA frag-
ments using the NEBNext Multiplex Oligos kit and amplified by PCR.
Four libraries per case were sequenced for 100 M fragments each,
PE-100 bp on a HiSeq4000 (Illumina).

RNA-seq was performed in fibroblasts and MSCs using the poly(A)
mRNA capture and the KAPA mRNA HyperPrep Kit (KR1352) in three
technical replicates. Libraries were sequenced on a HiSeq4000 (lllu-
mina; PE-75 bp), with ~50 million fragments per sample.

Bioinformatics analyses

Exome and genome sequencing analyses. lllumina sequencing reads
were mapped to the GRCh37/hgl9 genome of reference with BWA-
MEM” and variants were called using GATK”. Using trio-genome
sequencing (GS) data, the proband haplotypes were phased using the
GATK HaplotypeCaller’”. We developed an allele-of-origin prediction
tool based on the number of phased-variants per read, comparing to
the reference annotation. Reads carrying variants with known maternal
or paternal inheritance are clustered together and the read coverage of
each cluster supports the parent of origin for the target-duplicated
region.

RNA-seq. RNA-seq PE reads were mapped to the human genome build
hs37d5 using STAR”, and gene expression was retrieved using DESeq™.
We consider differentially expressed genes (DEG) those that show
adjusted p-value<0.001 and an absolute log, fold change>2. X
chromosome inactivation was evaluated by using GS-phased variants
and RNA-seq expression data to detect allele-specific gene expression.

Hi-C. Hi-C paired-end sequencing data were processed using the
Juicer pipeline””, and the bioinformatics pipeline is detailed
elsewhere®’. We used one female fibroblast Hi-C map as a control. We
generated a customized genome based on hgl9 to reflect the dupli-
cation and insertion detected in the proband and repeated the data
processing with the Juicer pipeline described above. In the customized
genome, chrX was replaced by der(X), and the original sequence of the
duplicated region on chr2 was masked to allow the mapping of short
reads to the chimeric part of der(X). Note, as a consequence, the Hi-C
reads from the original region on chr2 are also mapped to der(X),
creating an overlay of the Hi-C signal. Genome-wide Hi-C maps were
visualized using Juicebox”, and for the visualization of inter-
chromosomal maps for the locus of interest, we used an in-house
program and the Hi-C maps are displayed as heatmaps rotated by 45°.

Values above the top 99.2th percentile were truncated to improve the
display of smaller count values.

Enhancer prediction. We used the condition-specific regulatory units
prediction tool (CRUP)’ for enhancers prediction in MSC and fibro-
blasts using the ChIP-seq epigenetic dataset containing H3K27ac,
H3K4mel, and H3K4me3 marks, described elsewhere (Hochmann
et al.”’). CRUP uses the information of the three above-mentioned
histone marks to calculate the probability that a given region in the
genome harbors an enhancer element.

In vitro experiments

Human fibroblasts. Fibroblasts were induced to osteogenic tissue
using a protocol detailed elsewhere’, In short, 8 x10* cells (one pro-
band and three controls; three biological replicates per sample) were
seeded onto a 12-well plate. After 24 h, cells were stimulated with
osteogenic media (OM) containing DMEM low glucose, 10% FCS, 1% pen/
strep, glycerophosphate (10 mM), ascorbic acid (50 uM), and dex-
amethasone (100 nM) over five weeks. We added Ficoll 70 (37.5 mg/ml)
and Ficoll 400 (25 mg/ml) to the OM to avoid cell detachment during
differentiation. Cells were fixed in 4% PFA at six different time points
(0-5 weeks) for alizarin red (AR) staining. Samples were measured on
Infinite® 200 PRO (wavelength 562 nm; two technical replicates per
biological replicate).

Cell stimulation with growth factors. To evaluate the BMP and TGF[3
pathways, we stimulated fibroblasts with rhBMP2, rhTGFf1 (Pepro-
Tech) or rhActivinA (R&D Systems) reconstituted in PBS for three time
points (three biological replicates per sample). At day 1, 2 x 10° fibro-
blasts were seeded in 6-well plates in 2 mL DMEM, 10% FCS, 1% L-Glu-
tamine, and 1% pen/strep. The next day, media was changed to
starvation media (DMEM without serum, 1% L-Glutamine and 1% pen/
strep) and cells were starved for five hours. Next, cells were stimulated
with BMP2 (5 nM), TGFp1 (0.2 nM) or Activin (3nM) in PBS for 0, 30,
and 60 min. After stimulation, cells were washed with 1x PBS and
added 1x SDS Laemmle buffer. Scraped protein lysates were boiled at
95 °C for 5 min and froze at -20 °C. At day 3, we analyzed SMAD1/5 and
SMAD2/3 phosphorylation via western blot.

Mouse cell culture and dual luciferase reporter gene assay. NIH/
3T3 and C2CI12 cells (1.5 x 10*) were seeded for luciferase reporter gene
assay in a 96-well plate. BRE-Luc or the CAGA,-Luc plasmids were
transfected together with pcDNA.1/myc-His(-) empty vector (Thermo
Fisher Scientific), migsfl-myc-His or isoform 2 ARHGAP36-N-mCherry*
using Lipofectamine 2000 (Thermo Fisher Scientific) according to
manufacturer’s instructions. A constitutively expressing construct
encoding renilla luciferase (RL-TK, Promega) was co-transfected as
internal control. The next day, cells were starved in serum-free DMEM
for four hours and stimulated with BMP2 or TGF31 overnight. Cell lysis
was performed using passive lysis buffer (Promega) and measurement
of luciferase activity was carried out according to the manufacturer’s
instructions using a TECAN infinite f200 Luminometer. Data are shown
as relative light units (RLU) normalized to the empty vector control.
The experiments were performed with n=3, 4, or 5 technical repli-
cates, as stated in respective figure legends.

MSCs and chondrocytes transiently overexpressing ARHGAP36.
MSCs from one healthy donor were seeded in a 48-well plate in MSC
media for 24 h in triplicate. ARHGAP36-optimized codon and GFP
in vitro transcription (IVT)-mRNA were produced using TranscriptAid
T7 High Yield Transcription Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. On the next day, mRNA was tran-
siently transfected at 200 ng with 0.3 ul Lipofectamine MessengerMax
per well (Thermo Fisher Scientific). Cells were collected at 1 and 4 days
after the transfection for RNA-seq.
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MSCs and chondrocytes were seeded in a 48-well plate in MSC
media for 24 h in triplicate. In the next day, the cells were exposed to
OM for up to 14 days. One day after OM stimulation, MSCs and
chondrocytes were transiently transfected with ARHGAP36-optimized
codon sequence and GFP plasmids. Plasmids retransfection was per-
formed after 7 days and cells were collected at different time points for
Western blot.

Statistical analysis

Statistical analyses of densitometric protein level quantification, dual
luciferase assay, and quantitative image analysis were performed using
GraphPad Prism 8. Two-way ANOVA with Bonferroni’s or Dunnett’s
multiple comparisons post hoc test were used to check for statistical
significance, respectively. For all experiments, statistical significance
was assigned with an alpha-level of p <0.05.

Additional software
We used biorender to create schematic representations of Figs. 3-6
and Figs. S2, S4-S9. STAR

DESeq: Juicer and Juicebox: http://aidenlab.org/documentation.
html, HaplotypeCaller (V:3.2-2-gec30cee):

BWA-MEM (0.7.10-r789): GATK (3.4-46-gbc02625).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Informed consent in this work does not cover the deposition of
sequencing data from the proband sample. The whole genome
sequencing data and Hi-C generated in this study are available under
restricted access for patient privacy; access can be only obtained by
request via data use agreements, which must be signed by our group
and the applicant University/Research Institute. The processed
sequencing data are available upon request from M.Spielmann (mal-
te.Spielmann@uksh.de) with the period for respond to the access
request of one calendar month. The processed data cannot be shared
with third parties; if the data will be used for scientific presentations
and/or publications, the applicant should contact M.Spielmann for
further details. The raw sequencing data are protected and are not
available due to data privacy laws. Data can only be shared for research
purposes with permission of the patient’s legal guardian(s). All other
data supporting the findings described in this manuscript are available
in the article, Supplementary Information, and source data file. Source
data are provided with this paper.

Code availability
Code for haplotyping and RNA-seq phasing, and X-inactivation analy-
sis:https://github.com/moeinzadeh/parent-of-origin.

References

1.  Kaplan, F. S., Glaser, D. L., Hebela, N. & Shore, E. M. Heterotopic
ossification. J. Am. Acad. Orthop. Surg. 12, 116-125 (2004).

2. Shore, E. M. et al. A recurrent mutation in the BMP type | receptor
ACVR1 causes inherited and sporadic fibrodysplasia ossificans
progressiva. Nat. Genet. 38, 525-527 (2006).

3. Baujat, G. et al. Prevalence of fibrodysplasia ossificans progressiva
(FOP) in France: an estimate based on a record linkage of two
national databases. Orphanet J. Rare Dis. 12, 1-9 (2017).

4. Kaplan, F. S. et al. Early diagnosis of fibrodysplasia ossificans pro-
gressiva. Pediatrics 121, €1295-e1300 (2008).

5. Sanchez-Duffhues, G. et al. Generation of fibrodysplasia ossificans
progressiva and control integration free iPSC lines from periodontal
ligament fibroblasts. Stem Cell Res. 41, 101639 (2019).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

Kaplan, F. S. et al. The phenotype of fibrodysplasia ossificans pro-
gressiva. Clin. Rev. Bone Miner. Metab. 3, 183-188 (2005).

Zhang, W. et al. The phenotype and genotype of fibrodysplasia
ossificans progressiva in China: a report of 72 cases. Bone 57,
386-391 (2013).

Wu, M., Chen, G. & Li, Y.-P. TGF-3 and BMP signaling in osteoblast,
skeletal development, and bone formation, homeostasis and dis-
ease. Bone Res. 4, 1-21 (2016).

Aldred, M. A. & Trembath, R. C. Activating and inactivating muta-
tions in the human GNAS1 gene. Hum. Mutat. 16, 183-189 (2000).
Regard, J. B. et al. Wnt/3-catenin signaling is differentially regulated
by Ga proteins and contributes to fibrous dysplasia. Proc. Natl Acad.
Sci. USA 108, 20101-20106 (2011).

McCarthy, T. L. & Centrella, M. Novel links among Wnt and TGF-f3
signaling and Runx2. Mol. Endocrinol. 24, 587-597 (2010).

Kan, C. et al. Conserved signaling pathways underlying heterotopic
ossification. Bone 109, 43-48 (2018).

Silengo, M. et al. Progressive extreme heterotopic calcification. Am.
J. Med. Genet. Part A 161, 1706-1713 (2013).

Glatz, A. C., Pawel, B. R., Hsu, D. T., Weinberg, P. & Chrisant, M. R.
Idiopathic infantile arterial calcification: two case reports, a review
of the literature and a role for cardiac transplantation. Pediatr.
Transplant. 10, 225-233 (2006).

Pollak, M. R. et al. Familial hypocalciuric hypercalcemia and neo-
natal severe hyperparathyroidism. Effects of mutant gene dosage
on phenotype. J. Clin. Investig. 93, 108-1112 (1994).

Rutsch, F. et al. Mutations in ENPP1 are associated with 'idiopathic'
infantile arterial calcification. Nat. Genet. 34, 379-381 (2003).
Benet-Pages, A., Orlik, P., Strom, T. M. & Lorenz-Depiereux, B. An
FGF23 missense mutation causes familial tumoral calcinosis with
hyperphosphatemia. Hum. Mol. Genet. 14, 385-390 (2005).
Topaz, O. et al. Mutations in GALNT3, encoding a protein involved in
O-linked glycosylation, cause familial tumoral calcinosis. Nat.
Genet. 36, 579-581 (2004).

Shore, E. M. et al. Paternally inherited inactivating mutations of the
GNAS1 gene in progressive osseous heteroplasia. N. Engl. J. Med.
346, 99-106 (2002).

Ichikawa, S. et al. A homozygous missense mutation in human
KLOTHO causes severe tumoral calcinosis. J. Clin. Investig. 117,
2684-2691 (2007).

Topaz, O. et al. A deleterious mutation in SAMD9 causes normo-
phosphatemic familial tumoral calcinosis. Am. J. Hum. Genet. 79,
759-764 (2006).

Spielmann, M., Lupiafiez, D. G. & Mundlos, S. Structural variation in
the 3D genome. Nat. Rev. Genet. 19, 453-467 (2018).

Lupianez, D. G. et al. Disruptions of topological chromatin domains
cause pathogenic rewiring of gene-enhancer interactions. Cell 161,
1012-1025 (2015).

Franke, M. et al. Formation of new chromatin domains determines
pathogenicity of genomic duplications. Nature 538, 265-269 (2016).
Miiller, P. M. et al. Systems analysis of RhoGEF and RhoGAP reg-
ulatory proteins reveals spatially organized RACT signalling from
integrin adhesions. Nat. Cell Biol. 22, 498-511 (2020).

Rack, P. G. et al. Arhgap36-dependent activation of Gli transcription
factors. Proc. Natl Acad. Sci. USA 111, 11061-11066 (2014).

Stanley, A., Heo, S. J., Mauck, R. L., Mourkioti, F. & Shore, E. M.
Elevated BMP and mechanical signaling through YAP1/RhoA poises
FOP mesenchymal progenitors for osteogenesis. J. Bone Miner. Res.
34, 1894-1909 (2019).

Valenti, M. T., Dalle Carbonare, L. & Mottes, M. Osteogenic differ-
entiation in healthy and pathological conditions. Int. J. Mol. Sci. 18,
41 (2016).

Eccles, R. L. et al. Bimodal antagonism of PKA signalling by ARH-
GAP36. Nat. Commun. 7, 1-16 (2016).

Nature Communications | (2023)14:2034


https://biorender.com/
https://github.com/alexdobin/STAR
https://www.huber.embl.de/users/anders/DESeq/
http://aidenlab.org/documentation.html
http://aidenlab.org/documentation.html
https://gatk.broadinstitute.org/hc/en-us/articles/360037225632-HaplotypeCaller
https://github.com/lh3/bwa
https://gatk.broadinstitute.org/hc/en-us/articles/360037225632-HaplotypeCaller
https://github.com/moeinzadeh/parent-of-origin

Article

https://doi.org/10.1038/s41467-023-37585-8

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Suzuki, A. et al. PTH/cAMP/PKA signaling facilitates canonical Wnt
signaling via inactivation of glycogen synthase kinase-3f3 in osteo-
blastic Saos-2 cells. J. Cell. Biochem. 104, 304-317 (2008).

Van Den Brink, G. R. et al. Indian Hedgehog is an antagonist of Wnt
signaling in colonic epithelial cell differentiation. Nat. Genet. 36,
277-282 (2004).

Wang, B., Fallon, J. F. & Beachy, P. A. Hedgehog-regulated pro-
cessing of Gli3 produces an anterior/posterior repressor gradient in
the developing vertebrate limb. Cell 100, 423-434 (2000).
Maeda, O. et al. Enhancement of GLI1-transcriptional activity by (3-
catenin in human cancer cells. Oncol. Rep. 16, 91-96 (2006).
Katoh, M. & Katoh, M. Transcriptional regulation of WNT2B based on
the balance of Hedgehog, Notch, BMP and WNT signals. Int. J.
Oncol. 34, 1411-1415 (2009).

Bond, A. M., Bhalala, O. G. & Kessler, J. A. The dynamic role of bone
morphogenetic proteins in neural stem cell fate and maturation.
Dev. Neurobiol. 72, 1068-1084 (2012).

Liem, K. F. Jr, Tremml, G., Roelink, H. & Jessell, T. M. Dorsal differ-
entiation of neural plate cells induced by BMP-mediated signals
from epidermal ectoderm. Cell 82, 969-979 (1995).

Fan, Q. et al. Requirement of TGF3 signaling for SMO-mediated
carcinogenesis. J. Biol. Chem. 285, 36570-36576 (2010).

Tachi, K. et al. Enhancement of bone morphogenetic protein-2-
induced ectopic bone formation by transforming growth factor-f31.
Tissue Eng. Part A 17, 597-606 (2011).

Dituri, F., Cossu, C., Mancarella, S. & Giannelli, G. The interactivity
between TGFf and BMP signaling in organogenesis, fibrosis, and
cancer. Cells 8, 1130 (2019).

Shore, E. M. &Kaplan, F. S. Inherited human diseases of heterotopic
bone formation. Nat. Rev. Rheumatol. 6, 518-527 (2010).

Fukuda, T. et al. Constitutively activated ALK2 and increased
SMAD1/5 cooperatively induce bone morphogenetic protein sig-
naling in fibrodysplasia ossificans progressiva. J. Biol. Chem. 284,
7149-7156 (2009).

Convente, M. R. et al. Depletion of mast cells and macrophages
impairs heterotopic ossification in an AcvrIR206H mouse model of
fibrodysplasia ossificans progressiva. J. Bone Miner. Res. 33,
269-282 (2018).

Barruet, E. et al. NF-kB/MAPK activation underlies ACVR1-mediated
inflammation in human heterotopic ossification. JCI Insight 3,
€122958 (2018).

Garcia, M. et al. The syndrome of central hypothyroidism and
macroorchidism: IGSF1 controls TRHR and FSHB expression by
differential modulation of pituitary TGF3 and Activin pathways. Sci.
Rep. 7, 1-18 (2017).

Zhang, B. et al. Patched1-ArhGAP36-PKA-Inversin axis determines
the ciliary translocation of Smoothened for Sonic Hedgehog path-
way activation. Proc. Natl Acad. Sci. USA 116, 874-879 (2019).

Pan, Y., Bai, C. B., Joyner, A. L. & Wang, B. Sonic hedgehog signaling
regulates Gli2 transcriptional activity by suppressing its processing
and degradation. Mol. Cell. Biol. 26, 3365-3377 (2006).

Tempé, D., Casas, M., Karaz, S., Blanchet-Tournier, M.-F. & Con-
cordet, J.-P. Multisite protein kinase A and glycogen synthase kinase
33 phosphorylation leads to Gli3 ubiquitination by SCFRTrCP. Mol.
Cell. Biol. 26, 4316-4326 (2006).

Wen, X. et al. Kinetics of hedgehog-dependent full-length Gli3
accumulation in primary cilia and subsequent degradation. Mol.
Cell. Biol. 30, 1910-1922 (2010).

Thomas, S. & Jaganathan, B. G. Signaling network regulating
osteogenesis in mesenchymal stem cells. J. Cell Commun. Signal.
16, 47-61(2022).

Hatsell, S. J. et al. ACVRIR206H receptor mutation causes fibro-
dysplasia ossificans progressiva by imparting responsiveness to
activin A. Sci. Transl. Med. 7, 303ra137-303ra137 (2015).

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Hino, K. et al. Neofunction of ACVR1 in fibrodysplasia ossificans
progressiva. Proc. Natl Acad. Sci. USA 112, 15438-15443 (2015).
Perrot, C. Y., Javelaud, D. & Mauviel, A. Overlapping activities of
TGF-B and Hedgehog signaling in cancer: therapeutic targets for
cancer treatment. Pharmacol. Therap. 137, 183-199 (2013).
Javelaud, D., Pierrat, M.-J. & Mauviel, A. Crosstalk between TGF-f3 and
hedgehog signaling in cancer. FEBS Lett. 586, 2016-2025 (2012).
Nakamura, T. et al. Induction of osteogenic differentiation by
hedgehog proteins. Biochem. Biophys. Res. Commun. 237,
465-469 (1997).

Zhan, T., Rindtorff, N. & Boutros, M. Wnt signaling in cancer.
Oncogene 36, 1461-1473 (2017).

Huang, R. et al. The NCATS BioPlanet-an integrated platform for
exploring the universe of cellular signaling pathways for toxicology,
systems biology, and chemical genomics. Front. Pharmacol. 10,
445 (2019).

Jang, C.-W. et al. TGF-f3 induces apoptosis through Smad-mediated
expression of DAP-kinase. Nat. Cell Biol. 4, 51-58 (2002).

Chen, J.-L. et al. TGFB1 induces hypertrophic change and expres-
sion of angiogenic factors in human chondrocytes. Oncotarget 8,
91316 (2017).

Greenblatt, M. B. et al. The p38 MAPK pathway is essential for
skeletogenesis and bone homeostasis in mice. J. Clin. Invest. 120,
2457-2473 (2010).

Rodriguez-Carballo, E., Gdmez, B. & Ventura, F. p38 MAPK signaling
in osteoblast differentiation. Front. Cell Dev. Biol. 6, 40 (2016).
Astudillo, P. Extracellular matrix stiffness and Wnt/B-catenin sig-
naling in physiology and disease. Biochem. Soc. Trans. 48,
1187-1198 (2020).

Andrzejewska, A. et al. Multi-parameter analysis of biobanked
human bone marrow stromal cells shows little influence for donor
age and mild comorbidities on phenotypic and functional proper-
ties. Front. Immunol. 10, 2474 (2019).

Brachtl, G. et al. Batch effects during human bone marrow stromal
cell propagation prevail donor variation and culture duration:
impact on genotype, phenotype and function. Cells 11, 946 (2022).
Moradian, H., Roch, T., Lendlein, A. & Gossen, M. mRNA
transfection-induced activation of primary human monocytes and
macrophages: dependence on carrier system and nucleotide
modification. Sci. Rep. 10, 1-15 (2020).

Korchynskyi, O. & ten Dijke, P. Identification and functional char-
acterization of distinct critically important bone morphogenetic
protein-specific response elements in the Id1 promoter. J. Biol.
Chem. 277, 4883-4891 (2002).

Dennler, S. et al. Direct binding of Smad3 and Smad4 to critical
TGFB-inducible elements in the promoter of human plasminogen
activator inhibitor-type 1 gene. EMBO J. 17, 3091-3100 (1998).
Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the
comparative CT method. Nat. Protoc. 3, 1101-1108 (2008).

Rao, S. S. et al. A 3D map of the human genome at kilobase resolution
reveals principles of chromatin looping. Cell 159, 1665-1680 (2014).
Melo, U. S. et al. Hi-C identifies complex genomic rearrangements
and TAD-shuffling in developmental diseases. Am. J. Hum. Genet.
106, 872-884 (2020).

Li, H. & Durbin, R. Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26, 589-595 (2010).
McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data.
Genome Res. 20, 1297-1303 (2010).

Poplin, R. et al. Scaling accurate genetic variant discovery to tens of
thousands of samples. Preprint at bioRxiv https://doi.org/10.1101/
201178 (2018).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics 29, 15-21 (2013).

Nature Communications | (2023)14:2034

12


https://doi.org/10.1101/201178
https://doi.org/10.1101/201178

Article

https://doi.org/10.1038/s41467-023-37585-8

74. Anders, S. & Huber, W. Differential expression analysis for sequence
count data. Nat. Preced. 1-1, https://doi.org/10.1038/npre.2010.
4282.1(2010).

75. Durand, N. C. et al. Juicer provides a one-click system for analyzing
loop-resolution Hi-C experiments. Cell Syst. 3, 95-98 (2016).

76. Ramisch, A. et al. CRUP: a comprehensive framework to predict
condition-specific regulatory units. Genome Biol. 20, 1-23 (2019).

77. Hochmann, S. et al. The enhancer landscape predetermines the
skeletal regeneration capacity of stromal cells. Sci. Transl. Med. 15,
eabm7477 (2023).

78. Song, I. H., Caplan, A. |. & Dennis, J. E. In vitro dexamethasone
pretreatment enhances bone formation of human mesenchymal
stem cells in vivo. J. Orthop. Res. 27, 916-921 (2009).

Acknowledgements

We would like to thank the family for their contribution to this project,
remembering the love and joy that have been donated to the proband. We
would like to thank Oliver Rocks, Institute of Biochemistry—Charité, Ger-
many, for the courtesy of the ARHGAP36 plasmid and Walter Sebald,
University of Wirzburg, Germany, for the rhBMP2. The authors would also
like to thank the BCRT Cell Harvesting Core Unit (BCRT-CH) of the Berlin
Institute of Health, Charité—Universitatsmedizin Berlin, for their excellent
technical assistance and support. This study was supported by the Ger-
man Federal Ministry of Education and Research (BMBF, 031L0234B), the
European Union’s Horizon 2020 research and innovation program (Grant
No. 779293), and the German Research Foundation (DFG) through fund-
ing of the Research Group 2165 (GE2512/2-2), (SFB1444) to P.K. and the
Collaborative Research Center 1444. This study was also supported by the
Baylor-Hopkins Center for Mendelian Genomics through National Human
Genome Research Institute grant 5U54HG006542 (genome sequencing),
Ministero dell’lstruzione, dell’'Universita e della Ricerca—MIUR “Diparti-
menti di Eccellenza 2018-2022" to Department of Medical Sciences,
University of Torino (Project no. D15D18000410001), and Italian Ministry of
Health (5x1000), Fondazione Bambino Gesu (Vite Coraggiose) to M.T.

Author contributions

U.S.M., J.J., E.G., and M. Spielmann conceived the study. U.S.M., J.J.,
S.H., P.VG,, S.A., and M.-K.K. performed cell culture experiments using
fibroblasts, NIH/3T3 and C2C12 cells, DNA- and RNA-library prepara-
tions. U.S.M., J.J., S.H., P.V-G., M-J.0. and M.Schwetska performed
experiments using MSCs, RNA-seq and Western blot. U.S.M and M.-K.K.
performed Hi-C experiments. U.S.M. and S.H. analyzed customized
Hi-C maps. C.A.P-M., R.S., M.-H.M., and A.A. performed all bioinfor-
matics analyses. M.-H.M. performed Illumina genome sequencing read
alignment and SV calling. R.S. processed Hi-C data, created chromo-
some reconstructions, and derived Hi-C maps. M.-H.M. performed

haplotyping of patient genomes and phasing of RNA-seq data. C.A.P.-M.
performed differential gene expression analysis. E.F., L.B., A.C., G.C,,
M.D., G.B.F., M.T., AB., M.G., D.S., S.G., S.M., S.S., and P.K., contributed
with sample collection and clinical evaluation. U.S.M., J.J., and S.H.
wrote the paper. S.S., P.K,, E.G., and M. Spielmann reviewed the paper.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37585-8.

Correspondence and requests for materials should be addressed to
Uird Souto Melo, Elisa Giorgio or Malte Spielmann.

Peer review information Nature Communications thanks Elfride De
Baere and the anonymous reviewers for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

"Max Planck Institute for Molecular Genetics, Development and Disease Group, 14195 Berlin, Germany. Institute for Medical Genetics and Human Genetics,
Charité University Medicine Berlin, 13353 Berlin, Germany. Freie Universitat Berlin, Institute for Chemistry and Biochemistry, 14195 Berlin, Germany. “Istituto
Superiore di Sanita, Department of Oncology and Molecular Medicine, 00161 Rome, Italy. *Cytogenetics Unit, Casa Sollievo della Sofferenza Foundation,
IRCCS, 71013 San Giovanni Rotondo, Foggia, Italy. *Molecular Genetics and Functional Genomics, Ospedale Pediatrico Bambino Gesu, IRCCS, 00146
Rome, Italy. "Max Planck Institute for Molecular Genetics, Department of Computational Molecular Biology, 14195 Berlin, Germany. 8Department of Bio-
technology, University of Verona, 37129 Verona, Italy. ®Julius Wolff Institute (JWI), Berlin Institute of Health at Charité - Universitatsmedizin Berlin, 13353
Berlin, Germany. '°BIH Center for Regenerative Therapies (BCRT), Berlin Institute of Health at Charité - Universitatsmedizin Berlin, 10117 Berlin, Germany.
"Institute of Active Polymers, Helmholtz-Zentrum Hereon, 14513 Teltow, Germany. "Berlin-Brandenburg Center for Regenerative Therapies (BCRT), 13353
Berlin, Germany. ®Department of Clinical and Biological Sciences, University of Torino, 10043 Torino, Italy. "*Department of Medical Sciences, University of
Torino, 10126 Torino, Italy. "®Medical Genetics Unit, Citta della Salute e della Scienza University Hospital, Torino 10126, Italy. '®Cell Therapy Institute, Spinal
Cord Injury and Tissue Regeneration Center Salzburg (SCI-TReCS), Paracelsus Medical University (PMU), 5020 Salzburg, Austria. "Department of Molecular
Medicine, University of Pavia, 27100 Pavia, Italy. "®Medical Genetics Unit, IRCCS Mondino Foundation, 27100 Pavia, Italy. "®Institute of Human Genetics,
University Hospitals Schleswig-Holstein, University of Liibeck and University of Kiel, Liibeck 23562, Germany. 2°DZHK (German Centre for Cardiovas-
cular Research) Germany, partner site Hamburg, Libeck, Kiel, Libeck 23562, Germany. e-mail: umelo@molgen.mpg.de; elisa.giorgio@unipv.it;
malte.Spielmann@uksh.de

Nature Communications | (2023)14:2034 13


https://doi.org/10.1038/npre.2010.4282.1
https://doi.org/10.1038/npre.2010.4282.1
https://doi.org/10.1038/s41467-023-37585-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:umelo@molgen.mpg.de
mailto:elisa.giorgio@unipv.it
mailto:malte.Spielmann@uksh.de

	Enhancer hijacking at the ARHGAP36 locus is associated with connective tissue to bone transformation
	Results
	Clinical findings and disease progression of a rare case of heterotopic ossification (HO)
	De novo microduplication on chromosome 2 inserted into Xq26
	Restructured 3D genome architecture on derivative X creates a novel chromatin domain granting enhancer hijacking
	The chr2 duplicated region partially maintains its chromatin activity despite being inserted in an inactive part of the genome
	Role of ARHGAP36 in bone formation
	ARHGAP36 overexpression inhibits TGFβ and BMP pathway activities
	Human MSCs and chondrocytes overexpressing ARHGAP36 show increased ECM deposition
	Osteogenic differentiation occurs faster in proband cells and is independent of the HH pathway

	Discussion
	Methods
	Samples collection and ethics committee approval
	Cell culture and samples
	Plasmids
	Western blot and antibodies
	Cytogenetics, transcriptomic, and genomics analyses
	Bioinformatics analyses
	Exome and genome sequencing analyses
	RNA-seq
	Hi–C
	Enhancer prediction
	In vitro experiments
	Human fibroblasts
	Cell stimulation with growth factors
	Mouse cell culture and dual luciferase reporter gene assay
	MSCs and chondrocytes transiently overexpressing ARHGAP36
	Statistical analysis
	Additional software
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


