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Abstract

The 22g11.2 deletion syndrome (22911.2DS) is a common microdeletion disorder. Most of the
patients show the common 3 Mb deletion but proximal 1.5 Mb deletion and unusual deletions
located outside the common deleted region, have been detected particularly with the advance of
comparative cytogenomic microarray technologies. The individuals reported in the literature with
unusual deletions involving the 22g11 region, showed milder facial phenotypes, decreased
incidence of cardiac anomalies and intellectual disability. We describe two sibs with an atypical
0.8 Mb microdeletion of chromosome 22g11 who both showed myelomeningocele and mild facial
dysmorphisms. The association between neural tube defect and the clinical diagnosis of Di George
anomaly/velocardiofacial syndrome is well documented in the literature, but not all cases had
molecular studies to determine breakpoint regions. This report helps to narrow a potential critical
region for neural tube defects associated with 22q11 deletions.
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Introduction

The 22g11.2 deletion syndrome (22911.2DS) is the most common microdeletion disorder
with an estimated prevalence of 1 in 3000-6000 live births [Tezenas et al., 1996; Goodship
et al., 1998]. The majority of individuals with 22q11.2DS have the “common” ~3Mb
deletion, and a smaller percentage of individuals exhibit a smaller “proximal” 1.5 Mb
deletion (see Fig. 1). Both the “common” and “proximal” deletions result from nonallelic
homologous recombination utilizing low copy number repeats (LCRS) sequences as
substrates for recombination [Shaikh et al., 2000; McDonald-McGinn et al., 2011], and can
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be de novo as well as familial [McDonald-McGinn et al., 2001]. A subset of individuals
harbors a variety of deletions, not usually detected by classical fluorescent i situ
hybridization technology (FISH), that can be identified by comparative cytogenomic
microarrays. These include individuals with “distal deletions”, located outside and distally to
the common 3Mb deletion region or other “atypical deletions” with unusual breakpoints
[Kurahashi et al., 1997; Saitta et al., 1999; Garcia-Mifiaur et al., 2002; Rauch et al., 2005;
Shaikh et al., 2007; Ben-Sachar et al., 2008; Rgdningen et al., 2008; Garavelli et al.,
2011;Verhagen et al., 2012].

Individuals with 22g11.2DS can show a broad spectrum of phenotypic abnormalities
[Lindsay et al., 2001; Vantrappen et I., 2001; Greenhalgh et al., 2003; Oskarsdottir et al.,
2005] ranging from a combination of mild facial dysmorphisms, learning disabilities,
cardiovascular malformations (CVM), genitourinary anomalies, immunologic abnormalities,
palatal anomalies, and variable degrees of developmental delay. It is suggested that
individuals with distal or atypical deletions excluding 78X have milder phenotypes with a
decreased incidence of CVM and cognitive impairment [Verhagen et al., 2012; Rauch et al.,
2005; Ryan et al., 1997, McDonald-McGinn et al. 2013]. Central nervous system (CNS)
abnormalities have also been reported in 22q11.2DS and include neural tube defects (NTD)
such as myelomeningocele [Botto et al., 2003]. The association between conotruncal heart
defects and sacral meningoceles was first described by Kousseff in 1984. Kousseff [1984]
reported three of four sibs, all with sacral meningoceles and mild facial dysmorphisms; the
first child had transposition of great vessels and the second sib had truncus arteriosus type I,
and both died soon after birth due to CVM. All three affected sibs had normal karyotypes
[Kousseff 1984]. Subsequently in 2002, the third child previously reported by Kousseff
[1984] was found to have a deletion on 22q11 by FISH [Forrester et al., 2002]. A few other
reports of myelomeningocele in individuals with 22g11.2DS have been reported in detail in
the medical literature [Toriello et al., 1985; Palacios et al., 1993; Nickel et al., 1994; Nickel
and Magenis, 1996; Seller et al., 2002; Maclean et al., 2004; Kinoshita et al., 2010; Canda et
al., 2012; McDonald-McGinn et al., 2013].

We report on two sibs with myelomeningocele and a maternally inherited “atypical
deletion” on chromosome 22¢11 (0.8 Mb) identified by oligonucleotide microarrays.

The proband was initially tested using an Agilent 44K customized oligonucleotide
microarray representing a consensus design through an academic consortium organized by
Emory Genetics Laboratory (Baldwin et al. Genet Med 10:415-429, 2008). The proband's
sib was tested using the Affymetrix CytoScan HD Array® (1,953,246 oligonucleotides and
743,304 SNP probes). The proband, the proband's sib, both parents, and both maternal
grandparents were also tested using fluorescence /n situ hybridization (FISH) with the
RP11-505B16 probe from Empire Genomics (Buffalo, NY). For the FISH experiments, the
proband and the proband's sib served as positive controls, and a pooled sample collected
from normal males served as the negative control.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leoni et al.

Results

Page 3

Whole exome sequencing was performed on DNA from the sister of the proband using the
methods described in Wooderchak-Donahue et al. [2013] with the following alterations: the
Agilent SureSelectXT Human All Exon V4 kit (Agilent) was used on the automated library
generation Bravo instrument option a (Agilent), and sequencing was performed on the
HiSeq™ 2500 instrument (Illumina). Sequence wasaligned to the human reference genome
(GRCh37 or Hg19) using Burrows-Wheeler Aligner (0.5.11) and variants from the reference
were called with Samtools and Genome Analysis Toolkit (v.1.6). After the first alignment, a
second refined alignment was done which removed PCR duplicate reads, identified read
bias, and realigned around deletions and insertions. Variant lists were in vcf file format or
csv format with Annovar annotation (http://www.openbioinformatics.org/annovar/).
Variants with a quality score <10 and >0.1% population frequency (based on 1,000
Genomes data and an internal database of previously exome sequenced samples) were
excluded from further analysis for potential dominant conditions, while variants with >5%
population frequency were excluded for potential recessive conditions. Variants identified
by exome sequencing were evaluated based on their predicted pathogenicity, zygosity, and
phenotypic relevance to NTDs. Computational analysis of missense variants was performed
using SIFT [Kumar et al. 2009] and Polyphen2 [Adzhubei et al. 2010]. Nomenclature for the
AlIFM3variant is based on transcript NM_001018060.

Informed consent was obtained on all participants using an Institutional Review Board
approved protocol from the University of Utah.

Clinical Reports

Proband—The proband was the first child of healthy parents, born at 30 weeks of gestation
by cesarean due to fetal distress. The pregnancy was remarkable for oligohydramnios,
decreased fetal movements, maternal migraine and tachycardia treated with acetaminophen
and a beta blocker. Ultrasonography at 20 weeks gestation showed a myelomeningocele.
The mother reported taking prenatal vitamins during the pregnancy. Growth parameters at
birth were: weight = 1060 g (10-25 centile), length = 37 cm (10-25!™ centile), and head
circumference = 4.5 cm (3-101 centile). After birth, the infant had transient hypoglycemia
treated by intravenous dextrose infusion. A magnetic resonance image (MRI) of the spine
confirmed a myelomeningocele at the lumbosacral junction with tethered cord that required
surgical intervention the day after birth. An MRI of the brain showed callosal dysgenesis,
colpocephaly, partial absence of the septum pellucidum, but no signs of a Chiari
malformation. An echocardiogram showed a patent foramen ovale and patent ductus
arteriosus, but no other major cardiovascular malformations. During neonatal period she had
periodic breathing with apnea of prematurity and gastro-esophageal reflux.

Clinical follow up evaluation at 7 months of age showed the following growth parameter
centiles: head circumference at ~90t centile, weight at ~5t" centile, and length at ~50t
centile. The child had a few nonspecific facial minor anomalies (e.g. prominent forehead,
hypertelorism, telecanthus) (Fig. 2), a small cutaneous vascular malformation of the anterior
neck, a right single palmar crease, normal development, a neurogenic bladder secondary to
the myelomeningocele, and mild caliectasis of collecting system.

Am J Med Genet A. Author manuscript; available in PMC 2015 November 01.
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Sib—The sister of the proband was born at 37 weeks gestation by repeat cesarean. The
mother received a multivitamin, and folic acid 4 mg/day through the 14t week of
pregnancy. Prenatal ultrasonography detected a myelomeningocele at 21 weeks gestation.
Growth parameters at birth were small for gestational age: weight = 2071g, length = 44 cm,
head circumference = 31.5 cm. MRI of the brain showed a Chiari type 11 malformation,
posterior thinning of the corpus callosum, with mild enlargement of the lateral ventricles. A
renal ultrasound was normal. An echocardiogram showed an aneurysm of the septum
primum flap that bowed bidirectionally, but was otherwise unremarkable. A lumbosacral
myelomeningocele (~3x5cm) was noted and was repaired surgically after birth. She
developed hydrocephalus after repair of the myelomeningocele that decreased after
endoscopic third ventriculostomy and choroid plexus coagulation.

At 8 months of age she had normal weight (10t centile) and head circumference (50t
centile), but length was <2"d centile. On examination, nonspecific facial minor anomalies
(Fig. 3) (eg. depressed nasal root, anteverted nares, telecanthus) were noted. She had
delayed gross motor development with weakness in the lower extremities. In addition,
examination of the lower extremities showed dorsal lymphedema of the feet, dimpling at the
knees, a vertical crease on left anterior lower leg, and the appearance of decreased muscle
mass in lower limbs compared to the rest of body. As a consequence of the
myelomeningocele, she had a neurogenic bowel and bladder with need for intermittent
catheterization. She had a left supranumerary nipple, and a large irregular capillary
malformation surrounding the region of the repaired myelomeningocele (Fig. 4).

Molecular/Cytogenetic results

Karyotype of the proband at the 550 band level was normal (46,XX). The cytogenomic
microarray analysis of the proband from peripheral blood showed an atypical microdeletion
on chromosome 22q11 (~751 kb in size), distal to 7BXZ between LCR B and LCR D (Fig.
1) [arr 22g11.21 (20,754,222-21,505,558x1)(hg19)]. This deletion involved 12 genes listed
in the Online Mendelian Inheritance in Man (OMIM) (www.omim.org) (ZNF74, SCARF2,
MED15, PI4KA, SERPINDI, SNAP29, CRKL, LZTR1, THAP7, P2RX6, SLC7A4,
BCRP?2), and 8 other genes (KLHL22, POM12L 4P, TMEM191A, AIFM3, FLJ39582,
MCG16703, PZRX6P, LOC400891). The proband's sib had the atypical deletion on 22q11
(~748 kb in size) using the Affymetrix CytoScan array [ISCN: arr 22911.21
(20,716,876-21,465,661x1)(hg19)]. The variation in deletion sizes in the sibs likely differed
due to differences in probe coverage between the two comparative microarray platforms.
Molecular FISH on interphase and metaphase cells from peripheral blood showed a deletion
of one copy of the RP11-505B16 probe locus in the proband, the proband's sib, and in the
proband's mother; neither the father nor the mother's parents showed a deletion by FISH.
Targeted array analysis showed that the mother carried the same atypical 22q11 deletion.
The mother denied any significant medical problems. Maternal grandparents did not have
the same atypical 22g11 deletion and hence the deletion was de novo in the mother.

In order to exclude the possibility that a mutation within the deleted region, or a second
genetic condition may account for the NTDs, whole exome sequencing was performed on
the sib of the proband. Genes residing within the previously identified chromosomal deletion
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were specifically scrutinized for rare coding variants or variants located +/- 10 base pairs
into flanking introns. Whole exome sequencing did not identify any genetic variations that
are likely to cause NTDs. A single rare hemizygous variant, c.1021G>A;p.Gly341Ser, was
identified in the apoptosis-inducing factor, mitochondrion-associated 3 (AIFM3) gene.
AIFM3is a poorly studied gene that has been shown to induce apoptosis in response to
cellular stress [Yang et al. 2012]. At this time A/FM3has not previously been linked to
NTDs in humans, and we are unaware of any published animal model. The c.1021G>A
variant has a minor allele frequency of 0.25% in European Americans [Exome Variant
Server, accessed 5/21/2014] and the computational prediction programs SIFT and
PolyPhen-2 predict this variant to be tolerated. The Gly341 residue is not well evolutionarily
conserved, as this position is Ala in opossum and Ser in chicken, Xenopus and zebrafish. In
light of the evidence available, the variant identified in A/FM3is unlikely to be pathogenic.

Discussion

The herein reported sibs had non-distinctive facial dysmorphisms and myelomeningocele
with the absence of major cardiovascular malformations. Both sibs harbored an “atypical”
deletion within 22911.21. The phenotypic presentation of 22g11.2DS comprises a broad
spectrum of clinical findings and the involvement of multiple organ systems including the
central nervous system. NTDs have been rarely associated with 22g11 microdeletions
[Nickel and Magenis, 1996], but these sibs provide further evidence of a link between
deletions on 22¢q11 and NTDs.

NTDs were initially reported in association with conotruncal anomalies by Kousseff in
1984. Subsequently, Toriello et al. [1985] described one individual with similar clinical
findings and named the condition “Kousseff syndrome”. The individuals reported by
Kousseff [1984] and Toriello et al. [1985] had normal karyotypes but no FISH studies or
additional molecular studies were performed. Palacios et al. [1993] reported an association
between DiGeorge anomaly and lumbar meningocele based on one individual, although no
FISH studies for deletions on 22q11 were performed. In 1994, Nickel et al. confirmed the
presence of a 22g11.2 microdeletion, in three individuals, two with a clinical diagnosis of
velocardiofacial syndrome and one with DiGeorge sequence, all having NTDs. Moreover,
Forrester et al. [2002], reported the FISH analysis of the third sib and his father, originally
described by Kousseff in 1984 showing deletions of the DiGeorge critical region on
22q11.2. Subsequently, the sacral meningocele was attributed as part of the phenotypic
spectrum of 22¢q11.2DS rather than the patient having Kousseff syndrome as a specific
separate entity. Interestingly, Maclean et al. [2004] reported two individuals with the
association of conotruncal anomaly and myelomenigocele, one of which was negative on
FISH analysis for a 22g11.2 microdeletion (N25 locus probe) suggesting that despite the
identification of a deletion on 22q11 in the original family, Kousseff syndrome may be
causally heterogeneous. In 2013, McDonald-McGinn et al. performed exome, targeted
exome and/or Sanger sequencing on 17 individuals with 22g11.2DS associated with atypical
clinical findings such as polymicrogyria, skin anomalies, myelomeningocele, hypospadia,
and laryngo-tracheal abnormalities. They reported four unrelated patients with three novel
mutations in SNAP29, a gene mapping to 22g11.2 potentially associated with CEDNIK
syndrome (cerebral dysgenesis, neuropathy, ichthyosis and keratoderma) [Sprecher et al.,
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2005; Fuchs-Telem et al., 2011] and genitourinary anomalies [Zhang et al., 2009]. The
authors [McDonald-McGinn et al., 2013] also hypothesized that the phenotypic variability
observed in some patients with 22g11.2DS could be due to additional mutations on the non-
deleted chromosome, leading to the unmasking of autosomal recessive conditions such as
CEDNIK syndrome. Within the group of individuals evaluated by McDonald-McGinn
[2013], two individuals had myelomeningocele along with tetralogy of Fallot, but only one
had a mutation in SNAP29and neither showed any clinical features suggesting CEDNIK
syndrome. We did not observe any mutations in SMAP29by exome sequencing. It is
possible that the myelomeningocele phenotype and other lower penetrance manifestations of
22g11DS could be due to somatic events or additional germline mutations on the non-
deleted chromosome not identified on exome sequencing.

The previous reports of NTDs with 22q11DS suggest a role for gene(s) within the 22g11
region in NTDs, and the herein reported sibs provide additional support for this hypothesis
helping to narrow a potential critical region for NTDs associated with 22g11 deletions.
However, even if there are causative genes for NTD on 22g11, non-penetrance/clinical
expressivity is likely, given that the mother is clinically unaffected but harbors the same
deletion. It is possible that the NTD phenotype is multifactorial and/or polygenic. Additional
studies investigating the deletion size and location on 22q11 in other individuals with NTDs
will be important to help identify causative genes for NTD.
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Fig. 1.

Schematic of the 2211 chromosome with centromeric (CEN) region on the left and

Common DiGeorge =3 Mb del

1.5 Mb proximal del

» TEL

telomeric (TEL) region on the right. Examples of genes in the respective regions are listed at

the top of the figure. The squares along the chromosome represent regions of low copy

repeats. The typical 3Mb “classic” deletion (del) between low copy repeat regions “A” and
“D”, and the smaller “proximal” 1.5Mb deletion between low copy repeat regions “A” and
“B” (gray boxes) according to Shaikh et al. [2000]. Examples of genes are listed at the top of
the figure. Representative interval of the ~0.8Mb deletion of the herein reported two sibs
with myelomeningoceles (black box). Adapted from Garavelli et al., 2011; Rauch et al.,
2005; Shaikh et al., 2000.
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Fig. 2.
Face of proband with atypical distal deletion on 22g11.2.
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Fig. 3.
Face of affected sib with atypical distal deletion on 22¢q11.2.
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Fig. 4.
Photograph of the back of the affected sib of the proband, showing repaired
myelomeningocele and surrounding capillary malformation.
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