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Abstract

GAPO syndrome (OMIM#230740) is the acronym for growth retardation, alopecia,
pseudoanodontia, and optic atrophy. About 35 cases have been reported, making it among one of
the rarest recessive conditions. Distinctive craniofacial features including alopecia, rarefaction of
eyebrows and eyelashes, frontal bossing, high forehead, mid-facial hypoplasia, hypertelorism, and
thickened eyelids and lips make GAPO syndrome a clinically recognizable phenotype. While this
genomic study was in progress mutations in ANTXR1 were reported to cause GAPO syndrome. In
our study we performed whole exome sequencing (WES) for five affected individuals from three
Turkish kindreds segregating the GAPO trait. Exome sequencing analysis identified three novel
homozygous mutations including; one frame-shift (c.1220_1221insT; p.Ala408Cysfs*2), one
splice site (c.411A>G; p.GIn137GIn), and one non-synonymous (c.1150G>A; p.Gly384Ser)
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mutation in the ANTXR1 gene. Our studies expand the allelic spectrum in this rare condition and
potentially provide insight into the role of ANTXR1 in the regulation of the extracellular matrix.
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INTRODUCTION

GAPO syndrome (OMIM#230740), a complex phenotype consisting of growth retardation,
alopecia, pseudoanodontia and progressive optic atrophy, is a well-defined autosomal
recessive disorder [Tipton and Gorlin, 1984]. Plagiocephaly, frontal bossing, hypertelorism,
depressed nasal bridge, short nose, long philtrum, anteverted nares, thick lips and
micrognathia are the typical craniofacial findings of GAPO syndrome and make this
disorder a readily recognizable pattern of human malformation. Patients with GAPO
syndrome demonstrate abnormalities of the cardiovascular[Kocabay and Mert, 2009],
skeletal [Goloni-Bertollo et al., 2008], cerebrovascular [Moriya et al., 1995], pulmonary
[Demirgunes et al., 2009], and auditory [Rapsomaniki et al., 2013] systems resulting from
involvement of connective tissue. All reported individuals have normal intellectual
development and the vast majority demonstrates no remarkable biochemical or
endocrinologic abnormalities.

While our exome sequencing work was in progress, homozygous mutations in ANTXR1
located on chromosome 2p13.3 were described to be causative for GAPO syndrome
[Stranecky et al., 2013]. Immunofluorescence analysis of cultured skin fibroblasts collected
from GAPO cases demonstrated an aberrant pattern of actin cytoskeletal microfilament
organization. This observation strongly suggested that loss of ANTXR1 function results in
progressive extracellular-matrix accumulation that is observed in patients with GAPO
syndrome [Stranecky et al., 2013].

CLINICAL REPORT AND GENETIC STUDIES

Patients

This study was approved by the Institutional Review Board at Baylor College of Medicine
and informed consent was obtained from all subjects prior to enrolment in the project.
Participants provided venous blood samples, and genomic DNA was extracted from blood
based on the manufacturer’s protocol (QIAGEN Sciences, Germantown, MD).

All patients were previously diagnosed with GAPO syndrome and their reported
ophthalmologic findings published [llker et al., 1999; Bozkurt et al., 2013]. Major clinical
findings of these cases are summarized as Table I. The common craniofacial findings in all
patients are alopecia, relative macrocephaly, frontal bossing, low set and protruding ears,
hypertelorism, thickened eyelids, sparse eyebrows and eyelashes, depressed nasal bridge,
long philtrum, thick lips and micrognathia (Fig. 1). Another remarkable finding in our
patients is increased subcutaneous accumulations with age that results in an apparent
coarsening of facial features (Fig. 1D-F).
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Exome Sequencing

A total of five affected individuals (BAB5033, BAB5141, BAB5143, BAB5348, and
BAB5349) from three different families were sequenced and analyzed through the Baylor-
Hopkins Center for Mendelian Genomics research program [Bamshad et al., 2012].
Genomic DNA samples were processed according to protocols previously described [Lupski
et al., 2013]. Briefly, DNA was prepared into lllumina paired-end libraries. Capture was
performed using the in-house developed BCM Human Genome Sequencing Center (HGSC)
Core design and sequenced on the lllumina HiSeq 2000 platform. Data produced was
processed through the HGSC developed Mercury pipeline to produce variant call format
files (. vcf) using the Atlas2 variant calling method [Shen et al., 2010]. Variants were
annotated using the in-house developed “Cassandra” [Bainbridge et al., 2011] annotation
pipeline based on ANNOVAR [Wang et al., 2010]. Analysis was performed by comparison
of the resulting annotated variants in pairs of affected individuals within the same family
and rare variants in shared genes among all affected individuals.

Validation of Mutations With Sanger Sequencing

To confirm the identified exome sequencing candidate variants by an orthologous method
and segregate these variants in the families, exons 5, 15, and 16 of the ANTXR1 gene were
amplified from genomic DNA by using conventional end-point PCR. Standard PCR was
performed in 12 pl of reaction mixture with 0.52 pmol/ul of each primer, 50 ng of genomic
DNA, 10xPCR buffer, 0.2 mmol/ L of each deoxynucleotide triphosphate, and 0.6 U of
HotStar Taq DNA polymerase (Qiagen, Valencia, CA). The initial denaturation step at 95°C
for 15 min was followed by 40 cycles of denaturation at 94°C for 30 sec, annealing at 60°C
for 30 sec, and an extension at 72° C for 1 min. A final extension step at 72°C for 7 min was
added. Amplification products were electrophoresed on 0.8-1% agarose gels. PCR products
were purified using ExXoSAP-IT (Affymetrix, Santa Clara, CA) and analyzed by standard
Sanger di-deoxy nucleotide sequencing (DNA Sequencing Core Facility at Baylor College
of Medicine, Houston, TX).

We successfully amplified the target exons in all family members in family HOU2001 (Fig.
2A) and HOU2034 (Fig. 2B). However, in family HOU2085 we were not able to obtain
parental samples and only two affected and one unaffected siblings were available to be
analyzed by PCR amplification and Sanger sequencing (Fig. 2C).

RESULTS

We studied five individuals from three unrelated Turkish families who met clinical criteria
for GAPO syndrome. The comprehensive genomic analyses revealed three homozygous
novel deleterious mutations in ANTXRL that has been recently associated with this rare and
distinctive condition.

In family HOU2001, WES analysis revealed a novel homozygous insertion mutation (c.
1220 1221insT) in exon 5 of ANTXR1 that is predicted to result in protein truncation two
amino acids downstream of the frameshift (p.Ala408Cysfs*2). DNA samples from parents
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and an unaffected brother were analyzed by Sanger sequencing and found to be
heterozygous for the ¢.1220_1221insT; p. Ala408Cysfs"2 mutation (Fig. 2A).

In family HOU2034, two of the three affected siblings (BAB5141 and BAB5143) were
analyzed with WES and found to share a homozygous synonymous mutation (c.411A>G;
p.GIn137GIn). This mutation is located in exon5 and is predicted to affect normal splicing
and consequently protein structure. For segregation analysis of the candidate variant, Sanger
sequencing was performed and the same mutation was also observed in the other affected
brother and, consistent with Mendelian expectations, the parents were found to be
heterozygous carriers (Fig. 2B).

Combined exome and Sanger sequencing analyses of the two affected cousins in family
HOU2085 revealed a homozygous missense mutation (c.1150G>A) in exon15 that results in
an amino acid change of Glycine to Serine (p.Gly384Ser) that is predicted to be deleterious.
DNA samples from the parents were not available for this family; however one unaffected
sibling was analyzed by Sanger sequencing and found to be a heterozygous carrier (Fig. 2C).

DISCUSSION

Since the first GAPO syndrome case was reported by Tipton and Gorlin in 1984, nearly 35
clinical cases have been published [Goloni-Bertollo et al., 2008; Demirgunes et al., 2009;
Kocabay and Mert, 2009; Castrillon-Oberndorfer et al., 2010; Lei et al., 2010; Nanda et al.,
2010; Sinha et al., 2011; Aggarwal et al., 2013; Bozkurt et al., 2013; Karadag et al., 2013;
Rapsomaniki et al., 2013; Sharma et al., 2013]. After next-generation sequencing was
implemented for identifying the rare variant alleles causing Mendelian disorders, the gene
responsible for this well-defined autosomal recessive syndrome was identified using WES
and mutations in the ANTXR1 gene were described to be causative for GAPO syndrome
[Stranecky et al., 2013]. In our study, we aimed to identify novel mutations in patients with
GAPO syndrome by using WES. To date, three ANTRX1 mutations have been identified in 4
unrelated families with GAPO syndrome from three different ethnicities: ¢.262C>T (p.
Arg88™) (2 Egyptian families), c.505C>T (p.Arg169™) (Czech family), and ¢.1435-12A>G
(p.Gly479Phefs"119) (Sri Lankan family) (Fig. 3A) [Stranecky et al., 2013]. Interestingly,
all of them produce null alleles as confirmed by functional studies with fibroblasts obtained
from GAPO patients. In this study, we have identified one indel, one missense, and one
synonymous mutation which is located in an exon—intron boundary predicted to cause a
splicing error. Rare variant missense alleles can provide further insights into protein function
and a disease process as recently evidenced by the rare p.Arg140His variant in CLP1
[Karaca et al., 2014].

The ANTXR1 gene, anthrax toxin receptor 1, contains 18 exons (Fig. 3A) and encodes a type
I transmembrane protein that is involved in cell attachment and migration [Hotchkiss et al.,
2005]. The protein has a Von Willebrand factor type A domain (VWA), Anthrax receptor
extracellular domain (Anth_lg) and Anthrax receptor C-terminus region (Ant_C) (Fig. 3B)
[Punta et al., 2012]. Of the three variants identified in our study, c.411A>G (p.GIn137GlIn)
and ¢.1220_1221insT (p.Ala408Cysfs"2) reside within these domains (Fig. 3B). Based on
sequence analysis by Consurf [Glaser et al., 2003], ¢.1150G>A (p.Gly384Ser) and the c.
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1220_1221insT (p.Ala408Cysfs"2) mutations occurred at highly conserved sites within the
protein. The third variant allele we identified, a c.411A>G substitution, is a synonymous
change (p. GIn137GIn) that affects a nearby canonical splice donor site (Fig. 3C). Relying
on the maximum entropy model, MaxEntScan [Yeo and Burge, 2004] assigns a lower score
(9.21 vs 10.57) to the mutated splice site sequence, which suggests that the mutation impairs
splicing. As shown in Figure 3D, ¢.1220_1221insT causes a frame-shift, which introduces a
premature stop codon (TAA) downstream of the frameshift insertion at codon position 410.
In summary, all three mutations are predicted to give rise to an impaired gene product,
which in turn likely causes the phenotype. Additionally, the functional prediction scores of
the substitutions were assessed with bioinformatics predictive tools including Poly-Phen-2
[Adzhubei et al., 2010], Mutation Taster [Schwarz et al., 2010], SIFT [Sim et al., 2012] and
PROVEAN [Choi et al., 2012], and all variants were predicted as disease causing or
damaging.

None of the GAPO associated mutations were reported in the 1000 Genomes Project,
NHLBI Exome Sequencing Project (ESP), dbSNP, or our internal exome databases (>2,600
exomes). Additionally, we searched an international multiethnic comparison database
containing exome data from 8,602 individuals for the frequency of the rare (Minor allele
frequency <1%) missense alleles in ANTXRL. In total, 126 heterozygous missense variants
were observed but none of them includes the mutations identified in our patients. In this
dataset, heterozygous missense variants in ANTXR1 were detected with the frequency of
42/5748 (0.73%) in Europeans and 84/2854 (2.9%) in African-Americans. A search within a
Turkish subpopulation (465 exomes) in our internal exome database revealed four
heterozygous missense variants different from the mutations detected in our patients and
parents. So, the carrier frequency of ANTXR1 missense alleles in our Turkish exome
database was calculated as 0.86%, which is slightly higher than the carrier state in
Europeans.

In an Antxr1 knock-out mouse model a mild to moderate increase of extracellular matrix
(especially collagen) has been observed in many tissues including: the skin (basal aspects of
the hair follicles), endometrium, ovaries, periosteum of femurs and vertebra, cranial sutures
of the skull, and the periodontal ligament of the incisors that leads to misalignment and
dental dysplasia [Cullen et al., 2009]. Also, in a recently published paper
immunohistochemical studies performed on skin fibroblast cell lines obtained from GAPO
syndrome patients demonstrated complete loss of the ANTXR1 isoform and remarkable
alterations in the actin cytoskeletal network in affected fibroblasts [Stranecky et al., 2013].
These cell biological features match with the tissue involvement observed clinically in
GAPO syndrome patients and strongly suggest that loss of function in ANTXRL1 is
responsible for the progressive extracellular-matrix findings observed in individuals with
GAPO syndrome.

From a clinical perspective, keratopathy in three patients (BAB5033, BAB5143, and
BAB5349), myelinated retinal nerve fiber in two patients (BAB5141 and BAB5142) and
glaucoma in four patients (BAB5033, BAB5143, BAB5348, and BAB5349) were observed
as uncommon ophthalmic findings [llker et al., 1999; Lei et al., 2010; Bozkurt et al., 2013].
As llker et al. noted that optic atrophy is not a consistent feature of this disorder, we also
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detected optic atrophy in only one of our cases. It is concluded that optic nerve pathologies
are observed potentially secondary to physical compression of the optic nerve by the
accumulation of extracellular matrix and thickening of the dura matter surrounding the optic
nerve [Gagliardi et al., 1984; Wajntal et al., 1990; Ilker et al., 1999]. The other occasional
findings of GAPO syndrome published in the literature are bilateral sensorineural deafness
[Aggarwal et al., 2013], vestibular dysfunction [Rapsomaniki et al., 2013], pyoderma
vegetans [Karadag et al., 2013], dilated cardiomyopathy [Kocabay and Mert, 2009],
pulmonary hypertension [Demirgunes et al., 2009], bilateral interstitial keratitis and
hypothyroidism [Lei et al., 2010]. Clinical follow up of our families revealed that patient
BAB5349 died at age 37 due to central apnea and respiratory insufficiency. Pulmonary
involvement is one of the life-span reducing visceral manifestations present in patients with
GAPO syndrome and reported in a GAPO patient who had pulmonary hypertension that lead
to death at the age of 17 months [Demirgunes et al., 2009].

In this study we identified three novel mutations in the ANTXRL1 gene by using exome
sequencing. Our data add to the emerging genotype—phenotype correlations in GAPO
syndrome patients and potentially provide insight into the role of ANTXRL1 in regulation of
the extracellular matrix. Rare variants that have recently arisen in a clan and then become
rapidly reduced to homozygosity within a population with a high degree of consanguinity
again provides further evidence in support of the Clan Genomics hypothesis [Lupski et al.,
2011].
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FIG. 1.
Facial appearance of patients with GAPO syndrome. Note that alopecia, relative

macrocephaly, frontal bossing, low set and protruding ears, hypertelorism, thickened
eyelids, sparse eyebrows and eyelashes, depressed nasal bridge, long philtrum, thick lips and
micrognathia are the common craniofacial findings in all patients. A: Patient BAB5033 at
age 12. B,C: Affected brothers in family HOU2034; BAB5141 at age 14 and BAB5142 at
age 12. D,E: Frontal and lateral views of patient BAB5348 at age 42. F: Patient BAB5349 at
age 37. Note that nodular lesions on scalp probably due to subcutaneous accumulation and
extreme senile appearance in comparison with his age. This patient died 2 weeks after this
photo was taken.
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FIG. 2.
Family pedigrees and segregation of the ANTXR1 mutations. The affected individuals are

symbolized with black filled shapes and the locations of mutations are indicated with
arrows. All parents are consanguineous. A: Family HOU2001 with one affected and one
unaffected child. The affected patient BAB5033 has the homozygous (M/M) c.

1220 1221insT variant while the parents and the unaffected sibling are heterozygous
carriers (M/+). B: Family HOU2034 with three affected children. All the affected siblings
BAB5141, BAB5142 and BAB5143 have the homozygous ¢.411A>G variant, while the
parents are heterozygous carriers. C: Family HOU2085 consists of two related families with
cousin marriages. Both affected male cousins BAB5348 and BAB5349 have the
homozygous ¢.1150G>A variant and the unaffected brother of BAB5349 (BAB5350) is a
heterozygous carrier. DNA samples from the parents were not available (NA) for
segregation analyses.
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FIG. 3.
Gene structure and diagram of the functional domains of ANTXR1 and localization of the

identified mutations. A: Demonstration of ANTXR1 exons. Asterisks indicate localization of
previously described mutations in three different ethnicities (c.262C>T = Egyptian, c.
505C>T = Czech, ¢.1435-12A>G = Sri Lankan). B: Conservation pattern and protein
domains of ANTXR1 (564 aa). Conservation varies between 1 (variable) and 9 (conserved).
Arrows indicate localization of the amino acid changes described in our study in three
Turkish families. C: ¢.411A>G (p.GIn137GIn) mutation. G (blue) and GT (red) are
substitution and canonical splicing donor site. D: ¢.1220_1221insT (p.Ala408Cysfs"2)
mutation. Inserted T is highlighted by blue.
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