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SNP array screening of cryptic genomic imbalances in
450 Japanese subjects with intellectual disability and
multiple congenital anomalies previously negative for
large rearrangements

Daniela Tiaki Ueharal, Shin Hayashil’z, Nobuhiko Okamoto?, Seiji Mizuno?, Yasutsugu Chinen’, Rika Kosaki®,
Tomoki Kosho, Kenji Kurosawa®, Hiroshi Matsumoto®, Hiroshi Mitsubuchi!®, Hironao Numabe!l,
Shinji Saitoh'?, Yoshio Makita!?, Akira Hata!4, Issei Imoto!> and Johji Inazawa'>16

Intellectual disability (ID) is a heterogeneous condition affecting 2-3% of the population, often associated with multiple
congenital anomalies (MCA). The genetic cause remains largely unexplained for most cases. To investigate the causes of ID/MCA
of unknown etiology in the Japanese population, 645 subjects have been recruited for the screening of pathogenic copy-number
variants (CNVs). Two screenings using bacterial artificial chromosome (BAC) arrays were previously performed, which identified
pathogenic CNVs in 133 cases (20.6%; Hayashi et al., J. Hum. Genet., 2011). Here, we present the findings of the third
screening using a single-nucleotide polymorphism (SNP) array, performed in 450 negative cases from our previous report.
Pathogenic CNVs were found in 22 subjects (4.9%), in which 19 CNVs were located in regions where clinical significance had
been previously established. Among the 22 cases, we identified PPFIA2 as a novel candidate gene for ID. Analysis of
copy-neutral loss of heterozygosity (CNLOH) detected one case in which the CNLOH regions seem to be significant. The SNP
array detected a modest fraction of small causative CNVs, which is explained by the fact that the majority of causative CNVs
have larger sizes, and those had been mostly identified in the two previous screenings.
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INTRODUCTION

Intellectual disability (ID), frequently associated with multiple
congenital anomalies (MCA), is defined as a cluster of syndromes
and disorders characterized by low intelligence and associated
limitations in adaptive behavior,’ affecting ~2-3% of the
population.” It has been estimated that 25-50% are attributed to
genetic causes.’> Nevertheless, the etiology remains largely unknown
for a significant proportion of the cases.

Chromosomal imbalances and copy-number variations (CNVs) are
frequent causes of many developmental and genetic disorders,
including ID/MCA. Such changes, in the form of submicroscopic
deletions or duplications, can lead to a disease (or increase its

susceptibility) through an abnormal dosage of one or more genes
located within the rearranged segments, disruption of one or more
genes or by the unmasking of a recessive allele. Over the past years, the
application of chromosomal microarray analysis (CMA) has
revolutionized the diagnosis of children presenting with ID/MCA
and several other disorders, as the use of CMA in subjects with an
apparently normal karyotype has increased the diagnostic yield by an
additional 12% on average.*

Aiming at identifying the etiology behind those conditions in the
Japanese population, we have launched a project that started in 2005
(Japanese Array Consortium), with the recruitment of 645 subjects
presenting with clinically uncharacterized ID/MCA. Results from a
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two-stage screening using a targeted and whole-genome bacterial
artificial chromosome (BAC) arrays are described in Hayashi et al.’
Here, we present our findings in the third screening performed with a
single-nucleotide polymorphism (SNP) array, applied to 450 subjects
in whom pathogenic CNVs were not detected in the two previous
screenings. The use of SNP arrays is advantageous because, besides a
higher resolution over BAC arrays, the SNP genotyping provides
information about uniparental disomy (UPD) and parental
consanguinity, through the detection of copy-neutral loss of
heterozygosity (CNLOH).

MATERIALS AND METHODS
Subjects
We constructed a consortium composed of 23 institutions in Japan, with the
recruitment of 645 Japanese subjects over 10 years of project. All patients
were examined by specialists in Medical Genetics and were referred to
cytogenetic testing owing to the presence of various findings such as
unexplained ID, developmental delay and dysmorphic features. The majority
consisted of sporadic cases, and all patients have had a previous result of
normal karyotype. Signed informed consents were obtained for all the subjects,
along with the approval by the local ethics committee of all institutions
involved in this project. Genomic DNA was extracted from peripheral blood
following standard procedures, and lymphoblastoid cell lines establishment by
Epstein—Barr virus immortalization followed the procedures as described
previously.®

Before the third screening, all subjects had been submitted to a two-stage
screening using two in-house BAC arrays. Initially, 536 patients were screened,
and pathogenic CNVs were found in 18.7% of the cases (100/536).>
Subsequently, 109 patients were further recruited and screened by the two
BAC arrays, with the identification of an additional number of 33 pathogenic
CNVs (Supplementary Tables 1 and 2). After the second screening, all the
subjects that had no CNVs identified (432 cases) or were detected with only
benign CNVs (18 cases) composed our final cohort for the third screening,
consisting of 450 subjects. A schematic showing the number of patients in each
screening is depicted in Supplementary Figure 1.

The control cohort for the third screening consisted of 100 parent—child trios
of healthy Brazilian individuals of full Japanese ancestry, and these data are also
available in the MCG CNV Database (http://www.cghtmd.jp/CNVDatabase/).

SNP array analysis

SNP genotyping was performed using the HumanOmniExpress-12 v1.0 DNA
Analysis BeadChip (Illumina, San Diego, CA, USA), following the
manufacturer’s instructions. Slides were scanned on an iScan Microarray
Scanner (Illumina), and CNVs were called by KaryoStudio v1.4 (Illumina)
under the cnvPartition v3.0.7 plug-in algorithm. All CNVs were mapped within
the GRCh37/hg19 human genome assembly. For gains, we used the threshold
of >50kb that is commonly used in SNP array analysis,”® and a more
optimized threshold of >10 kb for losses, to avoid missing smaller causative
variants. For CNLOH, the cut-off length was set at 3 Mb, following the
minimal threshold defined for clinical analyses.’

Data interpretation

The CNV calls were evaluated on the basis of the following criteria: gene
content (including function and expression), previous reports in the literature,
presence of genes cataloged in the Online Mendelian Inheritance in Man
(OMIM), number of overlapping CNVs in the Database of Chromosomal
Imbalance and Phenotype in Humans using Ensembl Resources (DECIPHER)
and in the Database of Genomic Variants (DGV). Parental analysis for cases in
which samples were available also helped in the assessment of CNV
pathogenicity.

Confirmation of the results by a second independent assay

For subjects in whom CNVs of clinical relevance or unknown significance were
detected, validation of the SNP arrays results were performed with either
fluorescence in situ hybridization (FISH) or quantitative real-time PCR (qPCR)
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in samples of the patients and the parents, whenever possible. Fluorescence
in situ hybridization was performed following standard protocols and using
BAC clones located in the region of interest.'® qPCR was performed with the
KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems, Wilmington, MA,
USA) on a 7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA,
USA). Data analysis was carried out using the comparative threshold cycle
method.!! The qPCR primer sequences are available upon request.

Methylation-specific PCR

DNA samples were subjected to bisulfite conversion using the EZ DNA
Methylation kit (Zymo Research, Irvine, CA, USA). Methylation-specific
PCR in NNAT locus in Patient 38 was performed using the following
primers: 5-GATTGGCGGTTTAAAAGGGATTC-3’ and 5'-CTATACGACT
AAATCACCGAACG-3’ (methylated alleles); 5-GATTGGTGGTTTAAAAG
GGATTT-3' and 5-CTCCCCCAAACCCTAATAAATCA-3' (unmethylated
alleles). Protocol and PCR cycling program were adapted from Kubota
et al,'”> with minor modifications. The products were separated by
electrophoresis on 3% agarose gel.

Complementary DNA synthesis

Total RNA was isolated from Epstein—Barr virus-transformed lymphoblastoid
cell lines using TRIsure (Bioline, London, UK) and treated with DNase I
(Takara Bio, Shiga, Japan). Complementary DNA synthesis was obtained with
the PrimeScript II first-strand complementary DNA Synthesis kit (Takara Bio)
using oligo dT primers.

Microsatellite genotyping

For confirmation of UPD in Patient 38, 13 microsatellite markers along
chromosome 20 were genotyped (D20S603, D20S846, D20S470, D20S875,
D20S54, D20S471, D20S200, D20S843, D20S195, D20S884, D20S107, D20S75
and D20S840). We followed the method developed by Schuelke.!*> The PCR
products were separated by capillary electrophoresis on an ABI 3730x] DNA
Analyzer (Applied Biosystems) with the GeneScan 500 LIZ size standard
(Applied Biosystems). Fragment analysis was performed with the GeneMapper
software (Applied Biosystems).

RESULTS

CNV analysis

CNVs with potential clinical relevance. The screening of 450 patients
with undiagnosed ID/MCA by SNP arrays detected rare 23 CNVs with
potential clinical relevance in 22 cases (Table 1). One case (Patient 16)
was found with two CNVs. No similar CNVs were found in the
control cohort. Parental samples were available for inheritance
assessment in eight cases, in which four occurred de novo. The
duplication of Patient 19 was inherited from the unaffected father,
who has the same rearrangement in mosaic state.

Briefly, we classified the clinically relevant CNVs into the following
categories:  single-gene deletions, copy-number gains, CNVs
overlapping recently established syndromes, recurrent CNVs in
known susceptibility regions and large rearrangements over 10 Mb.
Two cases had been simultaneously investigated by other related
groups and had the same results achieved, and those were already
reported: a SMARCA? deletion in Patient 6'* and a CREBBP deletion
in Patient 18.1°

Single-gene deletions

Single-gene deletions were identified in heterozygous state in three
cases, all being intragenic. The most representative case is Patient 9,
detected with a de novo 186-kb deletion at 12q21.31 involving PPFIA2
(Figure 1), which might be a novel gene associated with ID. The
patient is a 6-year-old male with mild ID, intrauterine growth
retardation and minor anomalies. The deletion is in-frame and
encompasses the exons 5, 6 and 7 of PPFIA2 (NM_003625), a region
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Table 1 Summary of clinical and molecular data of 22 patients with CNVs of potential clinical significance in the third screening

Number of Causative or

Case Length RefSeq  candidate gene Parent of
number Gender Results (GRCh37/hg19) (kb) Genes (s) origin Clinical features
1 F arr 1q44(244,195, 1266 11 ZBTB18 De novo  Severe psychomotor delay, characteristic facial features,
982-245,462,248)x 1 microcephaly
2 F arr 2pl16.3 (51,065, 172 1 NRXN1 Mat Severe D, failure to thrive, UH, 11 pairs of ribs, facial
644-51,237,684)x 1 abnormalities, autistic behavior
3 F arr 2p15p13.3 (63,073, 5792 40 ACTRZ2, AFTPH, ND IUGR, short stature, mild ID, microcephaly, bifid uvula,
194-68,865,293) x 1 RABIA, SLC1A4 minor facial anomalies
4 M arr 3q13.12g21.3 (107,897, 18 560 132 DRD3, ZBTBZ20, ND Severe D, agenesis of corpus callosum, strabismus,
239-126,457,276)x 1 LSAMP, GAP43 astigmatism, cryptorchidism
5 M arr 4g21.21921.23 (79,291, 5234 36 PRKG2, ND Severe psychomotor delay, characteristic facial features,
535-84,526,275)x 1 RASGEF1B nasopharyngeal regurgitation, poor sensitivity to pain, poor
feeding during infancy, apnea
62 M arr 9p24.35 (2,094, 48 1 SMARCA2 — ID, IUGR, severe growth failure, HL, IH, UH, cryptorch-
590-2,143,543)x 1 idism, hypospadia, characteristic facial features
7 M arr 10g11.22q11.23 4773 43 CHAT, SLC18A3 ND DD, characteristic facial features, hypotonia, cryptorchid-
(47,049,547-51,822, ism (operated)
906)x 1
8 M arr 11g23.3924.3 (116,696, 11798 143 KIRREL3 ND Psychomotor retardation, speech impairment, strabismus
921-128,495,193)x3 (operated)
9 arr 12g21.31 (81,818, 186 1 PPFIA2 De novo  Mild ID, IUGR, simian crease, short fifth fingers
823-82,005,038)x 1
10 arr 15q11.2 (22,652, 1004 8 TUBGCP5, ND ID, short stature, characteristic facial features,
330-23,656,946) x 1 NIPA1, NIPA2, arthrogryposis, vesicoureteric reflux, difference between
CYFIP1 right and left kidney
11 M arr 15q11.2 (22,750, 475 6 TUBGCP5, ND Severe ID, no speech, microcephaly, short stature,
305-23,226,254)x 1 NIPAL, NIPA2, epilepsy, cerebral white-matter hypoplasia
CYFIP1
12 M arr 15q11.2 (22,750, 475 6 TUBGCP5, ND DD, hypertelorism, arched eyebrows, broad forehead, full
305-23,226,254)x 1 NIPA1, NIPA2, cheeks, ear malformation, short fingers, large eyes, short
CYFIP1 nose, long philtrum, hypoplasia of corpus callosum,
megalocornea (> 12 mm)
13 F arr 15q11.2 (22,753, 519 7 TUBGCP5, Mat Severe D, cleft lift and palate, Van der Woude, speech
733-23,272,733)x 3 NIPAI, NIPA2, impairment, failure to thrive, epilepsy, radial head
CYFIP1 dislocation
14 F arr 15q11.2 (22,755, 517 6 TUBGCP5, ND ID, characteristic facial features, short fifth finger, short
185-23,272,733)x3 NIPAI, NIPA2, dystal phalanx of thumb
CYFIP1
15 M arr 15q11.2 (25,127, 38 1 SNRPN De novo  Severe ID, obesity, epilepsy, micropenis, frequent
067-25,165,776)x 1 laughter, hyperphagia
16 F arr 15913.3 (32,018, 491 1 CHRNA7 Pat ID, meconium aspiration syndrome, hypertelorism, ptosis,
731-32,510,510)x 3 low-set ears, deformation of right first finger, HAP,
depressed nasal bridge, laryngomalacia, IH, UH
arr 16p13.11pl12.3 3089 11 NDE1, MYH11 Mat
(15,517,042-18,
606,397)x 3
17 F arr 15g26.3 (99,434, 71 1 IGFIR ND Severe ID, Chiari malformation, microcephaly, short
357-99,505,423)x 3 stature, no speech, hypotonia
180 M arr 16p13.3 (3,875, 235 3 CREBBP — (Monozygotic twins A and B) Broad thumbs and toe,
168-4,110,193)x 1 downward slanting pleural fissures, hypoplastic maxilla,
prominent nose, heavy eyebrows and long eyelashes,
salmon patches, undescended testes, PDA, HL. Twin A
with bilateral congenital glaucoma and lens dislocations
19 F arr 16p13.2 (8,975, 333 2 USP7, Cléorf72 Pat Severe ID, no speech, autistic tendency, standing with
057-9,308,914)x 3 (mosaic)  support
20 F arr 16p13.11 (14,975, 1387 14 NDE1 ND Psychomotor retardation, intractable general tonic sei-
292-16,363,239)x 1 zure, spastic tetraplegia, joint contracture of elbows and
hips, minor facial anomalies
21 F arr 16p11.2 (29,412, 780 32 KCTD13 ND Severe |D, short stature, prominent forehead, broad nose,
503-30,192,561)x 3 hypertelorism, speech impairment, febrile seizures
22 F arr 19p13.2 (13,083, 394 8 NFIX De novo  Severe ID, postnatal growth delay, short stature, small

362-13,478,170)x 1

intestinal atresia, seizures, hypotonia, nystagmus,
scoliosis, dysmorphologic auricles

Abbreviations: DD, developmental delay; HAP, high arched palate; HL, hearing loss; ID, intellectual disability; IH, inguinal hernia; IUGR, intrauterine growth retardation; mat, maternal; ND, not
determined; pat, paternal; PDA, patent ductus arteriosus; UH, umbilical hernia.
aReported in Tsurusaki et al.}4
PReported in Kosaki et al.1®

in which benign variants have not been described so far in the
Database of Genomic Variants (Figure 1b). PPFIAZ is highly expressed
solely in brain'® and binds directly to the known X-linked ID gene
CASK in the MALS-CASK-Mint-1 complex.!” This interaction is
unique to vertebrates and likely to regulate higher-order brain
functions in mammals.'® Although CASK mutations or heterozygous
deletions in females are known to cause ID and microcephaly with
pontine and cerebellar hypoplasia'®?® (OMIM #300749), brain
magnetic resonance imaging of the patient was normal.

Copy-number gains

Copy-number gains, mostly duplications, accounted for 31.8% (7/22)
of the cases with clinically relevant CNVs. The two most representative
cases are described below.

Patient 17, a 4-year-old female with severe ID, short stature,
microcephaly and Chiari malformation, was detected with a 71-kb
gain encompassing IGFIR at 15q26.3 (Figures 2a and b). Fluorescence
in situ hybridization revealed that the amplified segments are in

tandem (Supplementary Figure 2a). Although the KaryoStudio
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Figure 1 Representative deletion detected in the third screening. (@) SNP array profile showing the 186-kb deletion at 129q21.31 found in Patient 9,
depicted by a box. (b) Localization of the deletion (represented by a box), in which three exons of the five longer isoforms of PPFIAZ2 are deleted, with no
shift in the reading frame. The region neighboring the three exons has no benign variants described in the Database of Genomic Variants (track shown in
dense mode in the UCSC genome browser). (c) FISH performed with BAC clones at 12q12 (RP11-525K7, red) and at 12gq21.31 (RP11-259P16, green)
revealed that the deletion in Patient 9 is de novo (arrow). BAC, bacterial artificial chromosome; CNV, copy-number variant; FISH, fluorescence in situ
hybridization; SNP, single-nucleotide polymorphism. A full color version of this figure is available at the Journal of Human Genetics journal online.

software called this CNV with a copy-number value of three, gPCR
indicated the presence of four copies of IGFIR, thereby meaning that
the rearrangement might be a triplication (Figure 2¢). In addition,
qRT-PCR performed on complementary DNA from lymphoblastoid
cell line revealed downregulation of IGFIR (Figure 2d). This suggests
the triplication may have a more complex structure that disrupted one
allele, thus leading to haploinsufficiency of IGFIR. As IGFIR
heterozygous aberrations have been long known to cause intrauterine
growth retardation and short stature,2?? the IGFIR haploinsufficiency
is likely responsible for the short stature of Patient 17.

Patient 19 is a 5-year-old female with severe ID and autistic
tendency. We detected a 333-kb duplication at 16p13.2 encompassing
USP7 and Cl6orf72 (Figures 2e and f). Although qPCR suggested that
the duplication was de novo (Supplementary Figure 2b), a
duplication-specific PCR showed a faint band corresponding to the
amplification of the breakpoint junction in the father (Figure 2g).
The sequencing of the faint band revealed the existence of the identical
breakpoint junction seen in the proband, pointing to gonosomal
mosaicism of this rearrangement in the father (Figure 2h). The
16p13.2 locus has been previously identified as a novel autism
spectrum disorder locus, where three duplications (two de novo and
one inherited) were detected in autism spectrum disorder patients.??
As the minimum common interval also comprised USP7 and
Cléorf72, the duplication in Patient 19 might explain her tendency
to autism.

CNVs overlapping recently established syndromes

Six cases overlapped with recently established syndromes: Patient 1
(Chromosome 1q43-q44 deletion syndrome—OMIM #612337),
Patient 3 (2pl4pl5 microdeletion syndrome?), Patient 5
(Chromosome 4q21 deletion syndrome—OMIM #613509), Patient 7
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(10q11.21q11.23  deletion/duplication ~ syndromes®®), Patient 21
(Chromosome 16p11.2 duplication syndrome—OMIM #614671)
and Patient 22 (Sotos syndrome 2—OMIM #614753).

Recurrent CNVs in known susceptibility regions

Recurrent chromosomal microdeletions and microduplications
predisposing to neurodevelopmental disorders, in which frequent
‘hotspots’ include the 15ql11.2, 15q13.3, 16pll.2 and 22qll.2
loci,27 corresponded to 31.8% (7/22) of the patients with clinically
relevant CNVs in our study. Notably, we observed three deletions
(Patients 10, 11 and 12) and two duplications (Patients 13 and 14) in
the 15q11.2 region delimited by breakpoints (BP) 1 and 2. Collectively,
the frequency of 0.77% (5/645) of BPI1-BP2 rearrangements in
our cohort is consistent with those found in previous studies
(0.86% in Burnside et al?® and 0.8% in Vanlerberghe et al.?®).
Although BP1-BP2 rearrangements in healthy individuals have been
observed with a prevalence of 0.25% in previous studies,>® we did not
detect any in our control group.

Although deletions involving the 15q13.3 and 16p13.11 loci are
regarded as pathogenic, gains in these regions have unknown clinical
significance. Interestingly, we detected a girl (Patient 16)
concomitantly with a 491-kb duplication at 15q13.3 and a 3-Mb
duplication at 16p13.11p12.3, respectively inherited from the father
and the mother. This might indicate that both duplications could have
contributed in an additive or epistatic manner, compatible with the
two-hit model.’!

Large rearrangements over 10 Mb

Two very large rearrangements were detected by SNP array: an
11.7-Mb duplication at 11q23.3q24.3 (Patient 8) and an 18.5-Mb
deletion at 3q13.12q21.3 (Patient 4). Although these CNVs had been
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detected in the second BAC array screening, SNP array was performed
to discriminate several other CNVs from artifacts. The parental origin
was not investigated. However, the pathogenicity of these CNVs is
certainly clear because of their very large sizes.

Variants of uncertain clinical significance. All CNVs with insufficient
evidence to be determined as either pathogenic or benign were
classified as variants of uncertain clinical significance. Among the
450 cases, 15 fell into this category (Supplementary Table 3). This
category involves frequent findings in clinical cytogenetics screenings,
such as 16pl13.11 duplications (Patient 32), deletions/duplications
involving ASTN2 (Patients 26 and 27), Xp22.31 microduplications
(Patients 34 and 35) and, most notoriously, CHRNA7 duplications at
15q13.3 (Patients 29, 30 and 31). The remaining cases either refer to
CNVs that might be clinically relevant, but lack of full parental
investigation did not allow their definitive classification as such
(Patients 23, 24, 25, 33 and 36), or cases where uncertainty still exists
even after inheritance determination (Patients 28 and 37).

CNLOH analysis

When analyzing CNLOH data provided by the SNP genotyping, two
criteria that may imply clinical importance must be distinguished: an
isolated CNLOH, usually longer than 20 Mb, likely representative of a
UPD event,*> and an excess of homozygous regions spread over the
genome, representing regions of identity by descent. Five cases
fulfilling the criteria above were identified in the screening (Table 2).

Isolated CNLOH. We identified only one case with a single CNLOH
over 20Mb in Patient 38, a 13-year-old male with mild ID,
developmental delay and minor anomalies (Table 2). The CNLOH
is almost 24 Mb in size and encompasses the centromere of
chromosome 20 (20p12.1q11.23; Figure 3a). This region contains
two genes subjected to genomic imprinting, BLCAP and NNAT. The
SNP array analysis in the parent—child trio and microsatellite
genotyping using 13 markers along chromosome 20 did not reveal
any informative markers for confirmation of UPD. We tested another
approach by investigating the methylation status of NNAT, because,
like many imprinted genes, NNAT shows a differential methylation of
the CpG islands. Methylation-specific PCR for NNAT locus suggested
the presence of biparental alleles in the proband (Figure 3b). This
result is actually not unusual, considering that Papenhausen et al.3?
found out that, of 46 cases, UPD was not validated in 16. Similarly,
they observed that the false positive cases had a greater frequency of
centromeric involvement. Nonetheless, the possibility remains that the
phenotype of Patient 38 might be explained by a recessive mutation
located in the CNLOH.

Excessive homozygosity throughout the genome. Among the cases with
CNLOH in more than two chromosomes, excessive homozygosity was
detected in four patients (Table 2). Two cases (41 and 42) that were
previously known to be offspring of first-cousin marriages were
detected with an autozygosity of 4.98 and 6.34%, respectively. On
the other hand, the parents of Patients 39 and 40 were reportedly
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Table 2 Summary of five cases with excessive CNLOH identified by SNP array

Total size of Number of % Of human genome? (cases

Case Previous information about CNLOH regions chromosomes involving > two

number Gender parental consanguinity (Mb) involved chromosomes) Clinical features

38 M No 23.93 1 — Mild ID, DD, submucous cleft palate, bifid
uvula, ptosis, high-grade myopia

39 M No 40.41 7 1.40 Moderate 1D, short stature, brachydactyly,
shawl scrotum, hyperextensibility of joints,
hypotonia, hyperactivity, short upturned nose

40 F No 115.87 3 4.01 Severe D, short stature, microcephaly, no
speech, tendency to hirsutism, stereotypic
hand movements, 2-3 toe syndactyly

41 M Yes 143.65 8 4,98 ID, epilepsy, cleft palate, immunoglobulin A
deficiency

42 M Yes 182.91 12 6.34 Severe D, epilepsy, cleft palate, hypoplastic

cerebellar vermis

Abbreviations: CNLOH, copy-neutral loss of heterozygosity; DD, developmental delay; ID, intellectual disability; SNP, single-nucleotide polymorphism.
@Total autosomal length for GRCh37/hgl9=2 883 468 902 bp.
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Figure 3 CNLOH analysis in the third screening. (a) SNP array profile of chromosome 20 in Patient 38, showing a large region of homozygous markers
(highlighted by a rectangle), including the centromere. (b) MS-PCR of NNAT locus revealed that Patient 38 has both methylated and unmethylated alleles,
suggesting biparentality (M: methylated, U: unmethylated). (¢) CNLOH pattern of Patient 39, showing the distribution of CNLOH >3 Mb in seven
chromosomes, as visualized in the Illumina KaryoStudio v1.4 software. The CNLOH regions are represented by blue bars, left to each chromosome ideogram.
Sex chromosomes are excluded in CNLOH modeling. (d) CNLOH in Patient 40, showing large homozygous regions especially in chromosomes 2 and 3, as
visualized in the lllumina KaryoStudio v1.4 software. The CNLOH regions are represented by blue bars, left to each chromosome ideogram. CNLOH,

copy-neutral loss of heterozygosity; MS-PCR, methylation-specific PCR; SNP, single-nucleotide polymorphism. A full color version of this figure is available at
the Journal of Human Genetics journal online.

unrelated. CNV analysis did not reveal any imbalances that could be of
clinical relevance; hence the clinical presentation of each patient is
presumably caused by a recessive point mutation. Except for Patient
39, parental samples were not available for further investigations.

A total of 40-Mb CNLOH (autozygosity of 1.4%, Figure 3c) was
detected in Patient 39, a male proband (IV-9) from a familial case of
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joint hyperextensibility, where the father (III-3), an aunt (III-2) and
great grandfather (I-1) from the paternal side were also affected
(Supplementary Figure 3). In addition, the proband presented a few
features resembling Aarskog—Scott syndrome (OMIM #305400), like
short stature, brachydactyly, shawl scrotum and hyperactivity. An
investigation of FGDI, the causative gene of Aarskog—Scott syndrome,



had been previously negative. Details of this family will be described
elsewhere (Uehara et al,, manuscript in preparation).

Patient 40, a girl with severe ID, short stature, microcephaly,
tendency to hirsutism, no speech, stereotypic hands movements, and
two-to-three toe syndactyly, had very large CNLOH regions detected
in chromosomes 2 and 3, besides a 3.4-Mb CNLOH in chromosome
10 (Figure 3d). Interestingly, the CNLOH in chromosome 2 include
regions that have been associated with syndromes whose features
partially match those seen in the patient: the Filippi syndrome (OMIM
#272440), caused by recessive mutations in the CKAP2L gene at 2q13;
and the Chromosome 2q23.1 deletion syndrome (OMIM #156200),
caused by heterozygous mutations or disruption of MBD5. We
attempted to sequence CKAP2L and MBD5, but novel variants were
not found in both genes. Nonetheless, the possibility of a recessive
mutation in other genes is not discarded.

In addition, large CNLOH in two chromosomes were also found in
an individual from our control cohort: a 35-Mb and a 33-Mb
segments in chromosomes 2 and 8, respectively (data not shown).
This illustrates how very large homozygous regions can be found also
in healthy individuals, with no apparent clinical consequences.

Point mutations later identified in subjects negative for relevant
CNVs

Among the 450 patients submitted to SNP array, some patients with
no relevant CNVs were later clinically diagnosed based on their
late-onset phenotypes. The respective causative genes were sequenced
and point mutations were identified in 21 subjects (Supplementary
Table 4).

DISCUSSION

We have performed three screenings utilizing two types of BAC array
and a SNP array in 645 Japanese subjects presenting with variable
phenotypic expressivity and severity of undiagnosed ID/MCA. Overall,
our three-stage screening allowed the identification of pathogenic
CNVs in 24% of the cases (155/645). More specifically, this category
was identified in 22 subjects in the third screening by SNP array,
representing 3.4% of our total cohort (22/645). Figure 4 summarizes
the results obtained in the three screenings.

Collectively, large CNVs (>1 Mb) represent 81.3% of our positive
cases (126/155), of which 117 were detected in the first and second
screenings. This is in agreement with the observation that most of the
causative CNVs have large sizes,>** provided that larger CNVs
frequently contain more genes, thus having a higher chance of playing
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a role in the alteration of physiological functions.>> Because we
adopted a strategy of performing three screenings, starting from
relatively low to a high-resolution array, the low number of causative
CNVs identified in the third screening is not unexpected.

Among the 22 subjects with clinically relevant CNVs identified in
the third screening, a rare de novo PPFIA2 deletion (Patient 9) is the
only case to reveal a potential candidate gene for ID. So far, PPFIA2
has only been suggested as a candidate gene to high-grade myopia, in
which an association study identified an intronic SNP that showed a
significant association with that ocular disease.*® PPFIA2, or Liprin-o2,
belongs to the liprin family of LAR transmembrane protein-tyrosine
phosphatases that organize the presynaptic active zone and regulate
neurotransmitter release.!” The fact that PPFIA2 is only expressed in
brain and interacts with the MALS—CASK-Mintl complex, through
the direct binding to the known X-linked ID CASK, suggest a plausible
pathogenic role of PPFIA2 haploinsufficiency in the phenotype of
Patient 9.

The CNLOH analysis revealed two patients (39 and 40) with relative
high percentages of homozygosity, but kinship relationship was not
mentioned for their respective parents. In Patient 40, the large
CNLOH regions might represent non-disjunction events rather than
identity by descent. As parental samples could not be examined, it
remains unclear whether those regions have a clinical significance,
provided that we also found a control individual with very large
CNLOH in two chromosomes. Furthermore, long stretches of
homozygous regions are not unusual even in outbred populations
and are thought to reflect the presence of ancestral haplotypes that
remain intact owing to locally low rates of recombination.’” On the
other hand, the CNLOH found in Patient 39 were distributed in seven
chromosomes, with an autozygosity of 1.4%. As an autozygosity of
~1.5% is to be expected in the offspring of a second-cousin marriage,
the relative high number of homozygous regions in Patient 39 might
be owing to the fact that his family is from a relatively isolated
population in Japan, the southernmost island of Okinawa, where there
is less genetic variability than in mainland Japan.’

After the third screening, 408 subjects had no relevant CNVs
identified (Figure 4). Excluding the 21 cases in which point mutations
were detected afterwards (Supplementary Table 4), this number drops
to 387. This means that at least 60% (387/645) of the total cohort
remains with unknown etiology. These cases might be explained by
point mutations, small deletions and insertions, epigenetic alterations,
and structural aberrations not detected by microarrays, such as
balanced translocations and inversions. Moreover, it is possible that
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64
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Figure 4 Summary of the results obtained in each screening. Amid the first to second screenings, 51 cases were canceled and not submitted to subsequent
analyses. BAC, bacterial artificial chromosome; CNLOH, copy-neutral loss of heterozygosity; CNV, copy-number variant; SNP, single-nucleotide polymorphism;

VOUS, variant of uncertain clinical significance.
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the SNP array did not detect microimbalances in mosaic state that are
present in tissues other than peripheral blood. Finally, it should be
noted that SNP arrays have their resolution limited by the SNP
distribution and signal to background,® with a risk of leaving
causative CNVs undetected.

It must be mentioned that we detected, in the third screening, a few
rare CNVs encompassing genes whose function was either unknown
or not clearly correlated with the phenotypic features of a given
patient. The unavailability of parental samples prevented us from
identifying possible de novo variants among those CNVs. Thus, we
classified all of them as benign. If de novo, we would have proceeded to
additional investigations that not only might have allowed the
identification of novel genes related to ID, but also provided clues
upon their function. It is evident how a precise clinical interpretation
requires that the analysis be extended to parents as much as possible.

Our findings are consistent with previous studies that found
pathogenic CNVs in 15-20% of the cases studied.* As the etiology
of 60% of the cases continue to be unexplained, it would be desirable
to apply other approaches for elucidating the cause in those subjects.
With the advances provided by the application of high-throughput
sequencing technologies, patients suffering from undiagnosed condi-
tions have been targeted by initiatives such as the Undiagnosed
Diseases Network of the United States National Institutes of Health,
and the Deciphering Developmental Disorders Study from the Health
Innovation Challenge Fund and the Wellcome Trust Sanger Institute,
in the United Kingdom. By combining whole-exome sequencing,
exome-focused array comparative genomic hybridization and SNP
genotyping, a report by the Deciphering Developmental Disorders
project was able to increase by 10% the proportion of children that
could be diagnosed, besides the identification of 12 novel genes
associated with developmental disorders.*> As high-throughput
sequencing technologies are gradually becoming more accessible, the
full integration of such tools in future investigations will be truly
valuable for increasing the diagnostic yield as well, under the adoption
of suitable study designs.
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