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BMPER variants associated with a novel, attenuated
subtype of diaphanospondylodysostosis

Zheyuan Zong"?, Susan Tees’, Firoz Miyanji>*, Clarissa Fauth’, Christopher Reilly>*, Elena Lopez!?,
Stephen Tredwell>%, Yigal Paul Goldberg!, Allen Delaney®, Patrice Eydoux>>, Margot Van Allen'?

and Anna Lehman!?

Diaphanospondylodysostosis (DSD), caused by loss of bone morphogenetic protein-binding endothelial regulator (BMPER), has
been considered a lethal skeletal dysplasia characterized by severe deficiency of vertebral body and sacral ossification, reduced
rib number and cystic kidneys. In this study, however, we have demonstrated that variants in BMPER may cause a milder
disorder, without renal anomalies, that is compatible with long-term survival. Four siblings, three males and one female,
presented with severe congenital scoliosis associated with rib and vertebral malformations as well as strikingly delayed
ossification of the pedicles. The female was stillborn from an unrelated cause. Stabilization of the scoliosis with expandable
titanium rods was successful in the three boys, all of whom have short stature. An autosomal recessive mode of inheritance was
hypothesized. Single nucleotide polymorphism microarray analysis was performed for three of the siblings to identify autosomal
genes with shared allele patterns, suggesting possible linkage. Exome sequencing of one sibling was then performed. Rare
variants were identified in 347 genes with shared alleles. Only one of these genes had bi-allelic variants in a gene strongly
expressed in paraxial mesenchyme: BMPER, which is the cause of DSD, an autosomal recessive disorder. The disorder described
herein could represent an attenuated form of DSD or could be designated a separate entity such as spondylopedicular dysplasia.
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INTRODUCTION

We evaluated a set of four siblings who presented with severe
progressive congenital scoliosis, accompanied by short stature, delayed
ossification and hypoplasia of the vertebral pedicles, minor vertebral
defects, and decreased number of ribs. Congenital scoliosis (estimated
incidence: 1 in 2000)! may result from an isolated malformation
(~50%), such as, for example, hemivertebrae, or as part of a more
complex disorder including several of the skeletal dysplasias.>® The
spondylocostal or spondylothoracic dysostoses were considered unli-
kely given the relative paucity of segmentation defects. Another entity
on the differential diagnosis was diaphanospondylodysostosis (DSD),
an extremely rare autosomal recessive skeletal dysplasia with fewer
than 20 affected individuals described. Disturbed ossification and
morphogenesis of the axial skeleton, multicystic kidneys with nephro-
blastomatosis, and occasional cleft palate and/or mild craniofacial
features comprise the phenotypic effects of this syndrome.* The
causative gene, BMPER (bone morphogenetic protein (BMP)-binding
endothelial regulator), regulates BMP signaling, and thereby influences
angiogenesis, adipogenesis and osteoblast differentiation among other
developmental processes.”” Initially, DSD was also considered unli-
kely because of the lack of nephroblastomatosis and lethal thoracic
hypoplasia in these siblings. Thus, a novel autosomal recessive skeletal

dysplasia was hypothesized and the underlying causative gene was
sought through a combined linkage and exome sequencing approach.

PATIENTS AND METHODS

Clinical phenotyping

Written, informed consent for this study was obtained per an institutional
review board approved protocol (H09-00230). The first child, a female, was
stillborn at term as a result of a probable umbilical cord accident. In addition to
findings in keeping with asphyxiation, an autopsy demonstrated bilateral cleft
palate, micrognathia, absent twelfth ribs bilaterally, coronal clefts in multiple
vertebra and under-ossified, hypoplastic pedicles in the thoracic region
(Figure la). Histopathology of a vertebra and rib was normal
(Supplementary Figure 1). A male sibling was born with thoracolumbar
(T7 to L4) scoliosis, lack of thoracic pedicle ossification, 10 ribs on the right
side and 11 on the left and an L2 hemivertebra. The third sibling, a male, had
mid-thoracic (T4-T8) dextroscoliosis, 11 ribs on the right, a single rib fusion,
several fused pseudoarticulation abnormalities and absent vertebral pedicle
ossification in the thoracic spine (Figure 1). By age 4 years, ossification of the
lower thoracic pedicles could be observed. During the pregnancy with the
fourth sibling, a second trimester ultrasound showed scoliosis. Shortly after
birth he was found to have 10 rib pairs, mid-thoracic kyphoscoliosis and
delayed ossification of the mid-thoracic and lower lumbar pedicles, which were
also hypoplastic. All three boys have undergone vertical expandable prosthetic
titanium rib placement with successful stabilization of their scoliosis. Their
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Figure 1 (a) Chest radiograph of Sibling 1 demonstrating lack of ossification of the pedicles (arrowhead), particularly in the upper thoracic spine. The twelfth
rib pair is missing. (b) A radiograph of Sibling 2’s pelvis demonstrates decreased ossification of the sacrum, posterior fusion defects and large ossification
defects of the ischia (arrowhead). (c,d) show the progression of rotatory scoliosis between birth (c) and 2 years of age (d) in Sibling 3. A three-dimensional
computed tomography (CT) display of the thoracic spine of Sibling 3 (e) at 12 months demonstrates rotation of the spine as well as absent ossification of the
pedicles (arrowhead). A full color version of this figure is available at the Journal of Human Genetics journal online.

weight and height parameters have tracked at less than the first percentile
(sib 2: —4.7 s.d., sib 3: —3.8 s.d., sib 4: —5.0 s.d.); armspan is also below the
first percentile (sib 2: —3.9 s.d., sib 3: —3.4 s.d,, sib 4: —4.0 s.d.) indicating
impairment of linear growth irrespective of the spinal deformity. Growth
hormone levels in the living siblings were in the normal range. None of the
siblings have had tracheomalacia nor any other issues with their upper or lower
airways. They all have required tympanostomy tubes for middle ear fluid
accumulation. Sibling 2 has celiac disease with a positive elevation of tissue
transglutaminase. Cognitive development has been normal with above-average
academic performances. There are no other siblings in the family.

The parents are unrelated to one another and are both of British-European
descent. The father has absence of the right kidney and multiple parapelvic
macrocysts in the left kidney. The unilateral renal aplasia is a finding shared
with his likely monozygotic twin. The father also has very mild (<5°) thoracic
scoliosis and mild anterior wedging of T12 and L1. The paternal grandmother
has 11 pairs of ribs. The mother has no rib anomalies and a thoracic curve
<5° and her sister reportedly had adolescent idiopathic scoliosis. The mother
has not had a renal ultrasound.

SNP genotyping

DNA was extracted from peripheral blood lymphocytes from Siblings 2—4, and
from frozen spleen from Sibling 1. The DNA from Sibling 1 was degraded, and
therefore amplification was undertaken using the Whole Genome Amplification
kit (Sigma-Aldrich, St. Louis, MO, USA) as per the manufacturer instructions.
The siblings’ samples were then hybridized to the Affymetrix 6.0 single
nucleotide polymorphism (SNP) array comprising 1.8 million probes. Data
from the scanned array were analyzed using Genotype Console 2.1 (Affymetrix,
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Santa Clara, CA, USA). Greater than 93% of SNPs passed quality control
thresholds for Siblings 2—4.

Exome sequencing

Exome sequencing was carried out for Sibling 4 (after random selection among
the siblings). Agilent SureSelect 38 Mb (Santa Clara, CA, USA) was used for
exon capture. Two lanes on an Illumina Genome Analyzer II flow cell
(Ilumina, San Diego, CA, USA) were used to generate 132 million paired-
end 75bp reads. Alignment and variant calling was performed with Nextgene
software using default settings (SoftGenetics, State College, PA, USA). Variants
were filtered for presence in coding exons +20bp intronic sequence and a
population frequency of <0.1%, according to dbSNP 135 and the Exome
Variant Server.

Genotyping of additional controls

A restriction digest of PCR amplification products was used to genotype 192
control individuals of European descent for the ¢.251G>T variant, following
the manufacturer’s recommended protocol for Bspl286 I (NEB). PCR
amplification and Sanger sequencing genotyped the same controls for the
c.1078+5G>A splice variant. Control samples were obtained from Sigma-
Aldrich.

Splicing analysis

Primary dermal fibroblast cultures were established from skin biopsies from the
father and Sibling 3. RNA was extracted using RNeasy Mini Kit (Qiagen,
Redwood City, CA, USA), and complimentary DNA was synthesized directly
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Figure 2 (a) Schematic of BMPER protein structure. Locations of the two mutations are starred. This 685 amino acid protein contains five von Willibrand
factor type C domains, a von Willibrand factor type D domain and a trypsin inhibitor-like cysteine rich domain. (b) Chromatogram from exons 11 through 13
from Sibling 3’s fibroblast complimentary DNA, which was sequenced and gel extracted after cloning of a PCR product. Identical sequence was also obtained
from the father’s fibroblast culture (data not shown). The schematic demonstrates the loss of exon 12 in its entirety. The mutation resides in the consensus
splice donor of intron 12. A full color version of this figure is available at the Journal of Human Genetics journal online.

from RNA with Superscript III Reverse Transcriptase (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Exons 11—
13 were PCR amplified (using primers: 5'-GTGCTTGTGTGAAAGGCAGG-3';
5'-AAACGTACTGACACGTCCCC-3'), and the resultant bands were then gel
extracted. The amplicons were cloned into TOP10 competent Escherichia coli
with using the TA Cloning Kit and pCR 2.1 Vector (Life Technologies). Sanger
sequencing of plasmids was performed using M13 universal primers.

RESULTS

Autosomal SNPs were analyzed for minimum 25kb segments
(containing at least 10 SNPs) of identical haplotypes among Siblings
2—4. There were 4266 such shared segments covering 3426 genes,
although for many of these, the SNPs were entirely homozygous, and
it was uncertain how many segments were indicating true identity by
descent. Of these genes, 98 were identified as strongly expressed in
paraxial mesenchyme, as documented in the Mouse Genome Infor-
matics database (www.informatics.jax.org). Paired-end read exome
sequencing of Sibling 4 generated at least 10-fold coverage for 87.2%
of the targeted regions. A search for genes known to cause skeletal
dysplasia harboring rare non-synonymous variants, either homozy-
gous or potentially compound heterozygous, revealed only BMPER.
SOX9 was specifically assessed to rule out any sequencing variants and
to ensure all exons were adequately covered. Of the 98 potentially
linked paraxial mesenchymal genes, only three were found to have rare
variants by exome sequencing: BMP2K, HOXA7 and BMPER. Of these
three, BM/P2K had only one variant, which was synonymous, and thus
was not considered further. HOXA7 had one moderate confidence
variant and possible additional low confidence variants, however,
Sanger sequencing of the entire HOXA7 coding region did not
confirm any true variants. BMPER showed two rare variants
(described relative to ENST00000297161; NM_133468.4): ¢.251G>T
(p.C84F) and c.1078+5G > A. Subsequent Sanger sequencing in the
family showed the father carried the splice-site variant (Supplementary
Figure 2), the mother carried the missense variant, and the four
siblings each had inherited both variants. The missense variant was not
present in dbSNP v.143 or ExAC, and the splice-site mutation of the
fifth nucleotide of intron 12 was reported once in dbSNP
(rs559550154), being heterozygously present once in a cohort of
1500 individuals, and was absent in ExAc. Using assays optimized to
detect these variants, neither mutation was detected in 192 anonymous

control samples of the same Northern European ethnic origin as the
family. The missense variant was predicted by MutationTaster to be
disease-causing at a probability of 0.999 and the amino acid is
conserved throughout vertebrates.® The splicing variant was predicted
to be disease-causing at a probability of 0.996, and the nucleotide is
conserved across vertebrate species. PCR amplification of complimen-
tary DNA generated from fibroblast RNA from the father and Sibling
3 demonstrated the presence of an extra, aberrant band, which was
then cloned into a vector. Sanger sequencing subsequently confirmed
that BMPER exon 12 was removed during mRNA splicing (Figure 2).
BMPER is a secreted extracellular protein of the chordin family
containing a trypsin inhibitor-like cysteine rich domain (TIL), a von
Willibrand factor type D domain, and five von Willibrand factor type
C domains (VWC1), the first of which avidly binds BMP2, according
to X-ray crystallography, and can compete against BMP receptor types
I and II with much higher affinity for BMP than the other VWC
domains.”!” The C84 residue is located in subdomain 2 of VWCL.
This cysteine residue forms a disulfide bond with C102, also a highly
conserved residue, adding rigidity to VWCI’s rod-like secondary
structure.” Furthermore, subdomain 2 of VWCI binds chordin, a
BMP inhibitor, and could thereby potentially contribute a pro-BMP
signaling effect.!! Splicing out of exon 12 leads to a frameshift,
introducing a premature stop codon 30 amino acids downstream, with
resultant loss of the von Willebrand factor type D domain and the
trypsin inhibitory-like cysteine rich domain. The fact that some
aberrant mRNA was detected suggests that a truncated protein may
be produced, and hence the allele may by hypomorphic. The missing
carboxy-terminal von Willebrand factor type D domain contains a
heparin binding site that binds to cell surface heparan sulfate
proteoglycans, thereby limiting BMPER diffusion.!>!3

DISCUSSION

We investigated four siblings who presented with a very severe,
progressive congenital rotatory scoliosis requiring surgical stabilization
because of thoracic volume loss leading to respiratory compromise. To
identify the underlying causative gene, we performed exome sequen-
cing looking for very rare or novel pathogenic mutations by filtering
for (1) genes expressed in the developing spinal column (paraxial
mesenchyme); (2) variants in genes that showed SNP patterns shared
by all four siblings and (3) genes with two variants, in keeping with an
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autosomal recessive model. Using this approach, we identified
bi-allelic BMPER mutations in this family, which expands the
phenotypic spectrum of BMPER-related disorders to include a non-
lethal, milder skeletal phenotype without renal anomalies. In parallel,
we also searched for variants in known human skeletal disorders and
arrived only at the same variants in BMPER. Despite bioinformatically
arriving at only a single gene, it is of course possible that a different,
novel gene or occult variants in a known gene could be responsible,
but the strong phenotypic similarities with DSD argue for causation.

DSD, caused by recessive mutations in BMPER (also known as
crossveinless 2 for its role in forming veins in the wing of
drosophila),'* was considered early in the differential diagnosis, but
was considered unlikely because of several key differences in this
family compared with the established DSD phenotype. To date, ~20
individuals with DSD have been reported. Early childhood lethality has
been reported in all previous patients, but has not occurred in this
family. Decreased ossification is much more pronounced in the
vertebral bodies, whereas in this family, unossified pedicles were
much more striking. The kidneys are usually cystic with nephrogenic
rests, but this phenotype was not seen in our affected sibship.'”
Segmentation defects and missing ribs are other recurrent features
in the syndrome, and at least the latter was present in these
siblings. Whereas the histopathology of rib and vertebrae from
previous reported severely affected patients has shown incomplete
ossification and gaps in cartilage formation,!> this was not obvious
from the studies on Sibling 1 in this family. There is some overlap of
craniofacial features between our family and others; we observed short
neck, mild micrognathia and short nose, but no hypertelorism
or low-set ears as previously reported. Clefting of the palate, present
in Sibling 1, has been noted in one other individual, and has also
been observed in the null mouse model. The null Bmper mouse dies at
birth, showing a short trunk, short tail, small size, missing ribs,
lack of tracheal cartilage, decreased axial ossification and small
kidneys, but the heterozygotes survive with subtler anomalies,
such as abnormal alveolar development and delayed branching in
the lungs.'

Considering the finding of bi-allelic mutations in BMPER in these
siblings, the diagnosis of attenuated DSD seems appropriate. It has
been proposed that a milder form of DSD may have been already
described under the name ischiospinal dysostosis, which is a syndrome
characterized by short stature, poor ossification of ischial rami, sacral
hypoplasia, segmental vertebral anomalies, scoliosis, nephroblastoma-
tosis and cystic kidneys.!>1718 Sequencing of BMPER in any indivi-
duals with this diagnosis has not yet been reported. With the exception
of obvious nephroblastomatosis, the siblings in this paper do show the
major findings of ischiospinal dysostosis, including ossification defects
of the ischia. The milder phenotype may relate to the impact of these
particular mutations on the protein function or may be attenuated
because of unknown modifiers. Considering the rather uniform
presentation among these siblings, the former possibility seems more
likely. The oldest survivor of DSD previously reported lived to age 5
years, succumbing to a relapse of nephroblastoma.!® The oldest sibling
in this report is now 13 years old and doing well. These siblings all had
normal renal ultrasound findings, however we cannot be certain about
the absence of nephrogenic rests. The youngest sibling in this family is
now 6 years old, nearing the end of the period of high risk for
nephroblastoma. Seven other BMPER mutations have been reported
thus far in individuals with DSD, comprising four nonsense substitu-
tions, one frame-shifting deletion with n-terminal truncation, one
splice-site variant of unknown effect, and one missense variant in von
Willibrand factor type D domain.!#?® Potential protein products

Journal of Human Genetics

resulting from these variants have not been studied, and although
most of these might be expected to have null effect, this is not certain.
Truncations occur more proximally in the previously reported
individuals, who are more severely affected, whereas the frame-
shifting variant in this family is closer to the C terminus. Furthermore,
the second allele in our family is missense, possibly only affecting
secondary structure, supporting our hypothesis that the type of
mutation correlates with disease severity.

DSD is notable for featuring both abnormal segmentation and
ossification. The term dysostosis highlights the anomalous morpho-
genesis, but the ongoing perturbation of bone growth and ossification
evident in these siblings from their severe linear growth restriction
indicates that there is both dysostosis as well as dysplasia. The precise
mechanism of the scoliosis in these siblings is not clear, but several
developmental anomalies are present in the spine including striking
delay in the ossification of the vertebral pedicles. Congenital scoliosis
most often results from mechanical imbalance due to asymmetrical
vertebral malformation,?! but can also result from general lack of
structural integrity of the vertebral column. The spine develops from
paraxial mesoderm via a process of somite formation and patterning
through Notch, wnt, TGF- and FGF signaling pathways.??*> BMPs,
part of the transforming growth factor-f superfamily, are required
throughout this process from very early on; for example, BMP2 and
BMP4 production in the overlying surface ectoderm induces the dorsal
elements of the vertebrae.”* BMPER avidly binds and modulates BMPs
2, 4, 6 and 7, and has a key role in axial skeletal formation and
patterning through both activating and inhibiting roles.”> BMPER
expression increases concordantly with BMP gene expression during
development.'?

It is interesting to note that the father has mild scoliosis and a single
kidney with macrocysts. His twin brother also has unilateral renal
agenesis, and, based on identical physical appearance judged by a
clinical geneticist, is likely monozygous. Familial tendencies have been
recognized in idiopathic scoliosis and susceptibility factors are being
sought.?® Further studies could explore possible physiological effects of
BMPER mutations in heterozygote carriers.

In summary, we describe an attenuated form of DSD due to
BMPER mutations presenting with severe scoliosis, clefting of the
palate, missing ribs and delayed ossification of the pedicles, but
notably lacking previously well recognized features of this condition,
including cystic renal dysplasia and early lethality. For these siblings,
severe progressive infantile scoliosis has been the most striking clinical
finding, creating further clinical distinction from other patients.
Hence, we have considered whether a separate designation should
be given to this phenotype, such as spondylopedicular dysplasia, but
likely the term attenuated DSD is sufficient. The differential diagnosis
includes acampomelic campomelic dysplasia, particularly when ossi-
fication defects of the vertebral pedicles are present, and analysis of
SOX9 facilitates differentiation. Another possible diagnosis is ischiosp-
inal dysostosis, for which the genetic basis has not yet been
determined, and which has been considered as part of the phenotypic
range of DSD. The study of further children with BMPER-related
skeletal disease will help delineate the full phenotypic spectrum and
allow for the appropriate decisions around ‘Tumping versus splitting’
in the classification of these disorders.
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