Clinical spectrum of SCN2A4 mutations
expanding to Ohtahara syndrome
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respectively, are highly expressed in the human
brain,' and mutations can cause epilepsies and
psychiatric disorders.'*"”

Most SCN2A mutations cause benign pheno-
types such as benign familial neonatal-infantile
seizures (BFNIS),”® and are usually inherited
from an affected parent. In contrast, several de
novo SCN2A mutations have been reported to
cause more severe phenotypes,'*'*?? suggesting
a possible involvement in severe epileptic
encephalopathies.

To elucidate the genetic basis of OS, we per-
formed exome sequencing and found a de novo
SCN2A mutation. Subsequently, we screened
patients with EOEE for SCN24 mutations,
and found that de novo SCN24 mutations con-
tributed to the development of severe epileptic
encephalopathies.

METHODS Patients. A total of 328 patients with EOEE (67
patients with OS, 150 with WS, and 111 with unclassified EOEE)
were analyzed for SCN24 mutations. The 67 patients with OS con-
sisted of 44 Japanese and 23 non-Japanese (from other countries). The
diagnosis was made based on clinical features and characteristic pat-
temns on EEG. In 257 patients, mutations in S7XBPI and KCNQ2
had been excluded by high resolution melt (HRM) analysis in
advance. Muration analysis was performed by HRM analysis or direct
sequencing, and 41 of the 328 patients (32 with OS, 4 with WS, and
5 with undassified EOEEs) were also analyzed by whole exome
sequencing (WES). We obtained derailed clinical dara from all patients
with SCN2A mutations, including brain MRI/CT and EEG findings.

Mutation screening, Genomic DNA was obtained from periph-
eral blood leukocytes by standard methods. DNA for mutation
screening was amplified using the Illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Japan, Tokyo, Japan). Mutation
screening of exons 2 to 27 (including exon GA) covering the SCN2A
coding regions (transcript variant 1, NM_021007.2) and exon 6N
of transcript variant 3 (NM_001040143.1) was performed by
HRM analysis or by direct sequencing of part of exon 27. The
DNA of patient 10 from nails and hairs was isolated using ISO-
HAIR (Nippon Gene, Tokyo, Japan), and DNA in saliva was iso-
lated using Oragene (DNA Genotek, Kanata, Canada). Real-time
PCR and subsequent HRM analysis were performed using a Light
Cycler 480 (Roche Diagnostics, Otsu, Japan). Samples showing an
aberrant melting curve in the HRM analysis were sequenced. PCR
primers and conditions are shown in table e-1 on the Newrolog/®
Web site at www.neurology.org. All novel mutations were verified
using original genomic DNA, and searched for in the variant
database of our 212 in-house control exomes.

Whole exome sequencing. DNAs were captured using the Sure-
Select™” Human All Exon v4 Kit (Agilent Technologies, Santa Clara,
CA) and sequenced with 4 samples per lane on an Illumina HiSeq
2000 (Hlumina, San Diego, CA) with 101-base pair paired-end reads.
Image analysis and base calling were performed by sequence control
software with real-time analysis and CASAVA sofiware v1.8
(lumina). Reads were aligned to GRCh37 with Novoalign (Novo-
craft Technologies, Selangor, Malaysia), and duplicare reads were
marked using Picard (hutp://picard.sourceforge.net/index.shtml) and
excluded from downstream analysis. Local realignments around indels
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and base quality score recalibrations were performed using the
Genome Analysis Toolkit (GATK).** Single-nucleotide variants
and small indels were identified using the GATK, and were
annotated using ANNOVAR* All mutations detected by WES
were confirmed by Sanger sequencing.

Parentage testing, For the family showing de novo murations,
parentage was confirmed by microsatellite analysis using ABI Prism
Linkage Mapping Set version 2.5, MD10 (Life Technologies, Carls-
bad, CA). We chose 12 probes for screening (D6S422, D75493,
D8Ss285, D9S161, D108208, D115987, D125345, D16S503,
D175921, D18S53, D195220, and D20S196). Appropriate bio-
logical parentage was confirmed if 3 or more informarive markers
were compatible and other markers showed no discrepancy.

Standard protocol approvals, registrations, and patient

consents. The experimental protocols were approved by the Institu-
tional Review Boards for Ethical Issues of Yokohama City University
School of Medicine and Yamagata University Faculty of Medicine.
Informed consent was obtined from the families of all patients.

RESULTS Identification of SCN24 mutations. We previ-
ously performed WES of 12 patients with OS, includ-
ing patient 142 of the current study.”” To
systematically find de novo mutations, we additionally
analyzed the parents of patient 142 by WES. We found
2 de novo nonsynonymous mutations in patient 142:
c.4868C>A (p.T1623N) in SCN24 and c.538A>T
(p.I180F) in FHODI. Because de novo SCN24 muta-
tions have been reported to cause intractable epi-
lepsy,">* the SCN2A mutation was highly likely to
have caused the OS. In fact, we found a total of 14
mutations in 15 patients: 9 of 67 OS cases (13.4%),
1 of 150 WS cases (0.67%), and 5 of 111 with unclas-
sified EOEEs (4.5%) (table 1). One mutation
(c.638T>A) occurred recurrently in 2 patients, and
the mutation was confirmed as a de novo event in
1 of the 2 patients. All other mutations except for 2
{c2995G>A and c.4886G>T; parents were unavail-
able) occurred de novo. Interestingly, a de novo mosaic
mutation (¢.3976G>C) was detected by WES in
patient 10. The mutant allele frequency was 18%
(37/205 alleles) based on read counts of WES. We
confirmed mosaicism in hair, nail, and saliva DNA
samples (figure e-1). One mutation (c.634A>G
[p.N212D]) was found in the transcript variant 3,
which is a neonatal isoform. All of the 15 mutations
are missense changes that have not been previously
reported. They cannot be found in the 6,500 exomes
sequenced by the National Heart, Lung, and Blood
Institute exome project or among our 212 in-house
control exomes. Sorting Intolerant From Tolerant
(SIFT), Polyphen2, and Mutation Taster predicted that
all mutations would be highly damaging to the structure
of Na,1.2 (table e-2). All 9 mutations in patients with
OS were located in linker regions between transmem-
brane segments (figure 1). Six of these mutations were
located in a linker between S4 and S5, 2 were located
between S3 and S4, and one near the end of S6. One
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Abbreviations: CC = corpus callosum; CS = clonic seizure; DD = developmental delay; Dx = diagnosis; EOEE = early-onset epileptic encephalopathy; GTCS = generalized tonic-clonic seizure; HC-SD = head
circumference SD; LEV = levetiracetam; LTG = lamotrigine; MISF = multiple independent spike foci; NfA = not available; OS = Ohtahara syndrome; PHT = phenytoin; SB = suppression-burst pattern; S-W = spike
and slow wave; TS = tonic seizure; VGB = vigabatrin; WS = West syndrome; ZNS = zonisamide.
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rFigure 1 Structure of the human Na,1.2 channel with localization of SCN2A mutations ]
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mutation in a patient with WS was located in a posi-
tvely charged segment (S4) of domain II. Other muta-
tions found in patients with unclassified EOEE were
located in S4 of domain IV (1 mutation), a linker
between S3 and S4 of domain I (I mutation), and in
§2 and S5 of domain I (2 mutations).

Clinical features of SCN24 mutations. The clinical
information and EEG and MRI findings of patients
with SCN2A mutations are summarized in table
1 and figure 2. Case reports (in appendix e-1) and fur-
ther EEG (in figure e-2) and MRI (in figure e-3) find-
ings are shown in supplemental data. There were 9
patients with OS (6 Japanese, 1 Canadian, 1 Mexican,
and 1 Israeli), 1 with WS (Japanese), and 5 with unclas-
sified EOEE (4 Japanese and 1 Slovenian). The ratio of
females to males was 9:6. The mean age at onset was
45.3 days after birth (5.7 days in patents with OS; 65
days in unclassified EOEE; 10 months in a patient with
WS). The initial epileptic attacks were tonic seizures in 8
patients, spasms in 3 patients, clonic seizures in 3 pa-
tients, and generalized tonic-clonic seizures in 1 patient.
Three patients (patients 99, 254, and 305) had dystonia,
and patient 99 also had chorea and ballismus. EEG at
epilepsy onset showed suppression-burst pattern in 9
patients and focal or multifocal spikes in 6 patients.
Seven of 15 patients with SCN24 mutations received
adrenocorticotropic hormone therapy, leading to a tran-
sient reduction of seizures followed by recurrence. Epi-
leptic seizures disappeared and EEG findings improved
in 2 patients with WS and unclassified EOEE after
administration of lamotrigine (patients 99 and 305),
and in 1 patient with OS after combination therapy with

® 2013 Amerlcan Academy of Neurclogy. Unauthorized reproduction of this article is prohibited.
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zonisamide, levetiracetam, phenytoin, and vigabatrin
(patient 146). Twelve of the 15 patients could not be
controlled with antepileptic drugs. All 15 patients had
severe developmental delay, and 1 patient with unclassi-
fied EOEE (patient 185) died at the age of 5 years. Brain
MRI showed cerebral atrophy in 10 patients, thin corpus
callosum in 7 patients, delayed myelination in 5 patients,
and cerebellar atrophy in 3 patients. MRI was normal in
2 patients in the early infantile period (1 and 2 months of
age). Of the 9 patients with OS, 6 showed spasms, and
all patients showed suppression-burst pattern on EEG at
epilepsy onset. Seven patients with OS developed WS,
and 1 case (patient 230) was suspected to do so because
of spasms and developmental delay; however, no EEG
was done to verify this.

DISCUSSION We identified 14 novel SCN2A muta-
tions in 15 patients with EOEE. Two of the mutations
could not be confirmed as de novo, but all mutations
showed high scores for predicted negative effects on pro-
tein function, and were not found in our in-house con-
trol exome data. Of note, 9 of the 15 patients were
diagnosed with OS, and all patients showed severe devel-
opmental delay. Previously, SCN24 mutations have
been reported in a wide spectrum of disorders, including
autism, severe nonsyndromic sporadic intellectual disa-
bility, benign seizure syndromes such as BENIS, benign
familial infandle seizure, and generalized epilepsy with
febrile seizures plus, and severe epileptic disorders such as
DS, infantile spasms, and AERRPS (acute encephalitis
with refractory, repetitive partial seizures).'®222622
Most of the disorders caused by SCNI1A4 mutations
involve DS or generalized epilepsy with febrile seizures
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{ Figure 2 EEG and brain MRI of patients with SCN2A mutations
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(A, B) Suppression-burst pattern on interictal EEG (A, patient
(C) Suppression-burst pattern on interictal EEG of patient 2.
drome to West syndrome with modified hypsarrhythmia at al
level of the basal ganglia (D, T2-weighted image of patient 10
at 7 years; F, T2-weighted image of patient 251 at 1 year;
weighted image of patient 271 at 10 months) showing co
atrophy of the left temporal region (E).

plus, and onset of DS is usually in the infandle period.'”
By contrast, the onset of OS is neonatal and that of
BENIS is neonatal or eary infantile. The phenotypic
differences between SCN2A and SCNIA mutations
might be explained by the different expression patterns
of the channels. Na,1.2 (SCN2A) and Na, 1.6 (SCN8A)
are the major sodium channel o subunits in excitatory
neurons. Na,1.2 channels are expressed early in develop-
ment and Na,1.6 channels gradually replace Na,1.2
channels in a population of neurons during maturation.®*
Na,1.2 is expressed predominantly at terminals, unmye-
linated axons, and in proximal axon initial segments,
where action potentials are initiated, whereas Na,1.1
(SCN1A) is expressed predominantly in neurons releas-
ing y-arninobutyric acid, and is localized to the soma and

proximal processes of the neuron.'*'#3%35 Therefore,
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207 at an age of 18 days; B, patient 322 at an age of 7 days).
52 at an age of 14 days {left). Transition from Ohtahara syn-
n age of 3 months (right). {D-H) Brain MRI axial images at the
at 2 years and 2 months; E, T1-weighted image of patient 207
G, T2-weighted image of patient 252 at 10 months; H, T1-
rtical atrophy and delayed myelination (D, F-H) and cortical

SCNIA mutations may mainly lead to a reduction of
sodium-channel activity in inhibirory neurons, increasing
net excitability. However, SCN24 mutations likely also
affect excitatory neurons and proximal axon initial seg-
ments especially during the early developmental period.
Therefore, the effect of SCN24 mutations on the net
excitability of neurons may result in earlier onset of epi-
leptic disorders.

Investigation of the genotype-phenotype correla-
tion of SCN2A mutations may contribute to our
understanding of the pathophysiologic mechanisms
of seizures caused by SCN24 mutations. SCN2A mu-
tations causing BENIS tend to be located in transmem-
brane regions (7/11 mutations), whereas mutations
causing intractable epilepsies were located outside
transmembrane domains, such as upstream of domain
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I or between 2 domains.'®!21:2628 I this study, all 9
mutations causing OS were found in linkers between
transmembrane regions of Na,1.2, especially between
S4 and S5 of domain III. The S4-S5 linker of domain
1T interacts with the linker of domains III and IV,
which is critical for fast inactivation of the sodium
channel,'**® suggesting that alteration of this linker
region may specifically affect the function of Na,1.2.
Similarly, the mutation causing WS was located in a
positively charged segment (S4) of domain II, where
no mutations have been previously reported. Interest-
ingly, patient 10 showing OS had a low-level mosai-
cism of the p.V1326L mutation, which was confirmed
in DNA samples from blood leukocytes, hair follicle,
nail, and saliva. There are no previous reports of mosa-
icism for SCN2A mutations, but one case of mosaic
2q24 duplication including SCN24 and SCN34 has
been reported.’” The mosaic duplication was detected
in 40% to 51% of blood cells, and the phenotype
partially overlapped with both DS and BENIS.”” In
cases of SCNIA mutations in familial DS, mosaic car-
riers with approximately 25% mutated alleles had
experienced simple febrile seizure, whereas a carrier
with approximately 12.5% mutated alleles was asymp-
tomatic.”® Patient 10 showed a very severe OS pheno-
type despite the low rate of mosaicism (18%).
However, we did not determine whether the same
mosaic rate was maintained in brain tissue. The loca-
tion of the p.V1326L mutation in a linker of $4 and S5
of domain III might support the hypothesis that alter-
ation of linker regions, especially between S4 and S5 of
domain III, uniquely affects the function of Na,1.2 in
association with OS.

Patient 252 with OS had a de novo mutation in exon
6N, which is a neonatal isoform (transcript of variant 3).
SCNIA, SCN24, SCN3A, and SCN8A are subject to
alternative splicing of exon 6N and 6A. In the develop-
ing mouse brain, Sen2az shows higher or equal amounts
of the 6N isoform compared with the 6A isoform at
birth, but 6N is gradually replaced by 6A during post-
natal development.* The channels of the neonatal iso-
form are less excitable than the adult isoform.® In
patient 252, the age of seizure onset was 14 days, which
was relatively late compared with the other cases of OS.
The expression of abnormal neonatal isoforms would be
expected to gradually decrease, leading to an alleviation
of neuronal hyperexcitability. In contrast, his symptoms,
such as the wansition to WS, development delay, and
cerebral atrophy, worsened with increasing age. Further
studies are required to clarify how mutations of the 6N
isoform are involved in pathogenesis of EOEE.

To date, many disease-causing genes contributing
to EOEE phenotypes have been identified, including
ARX, CDKL5, STXBPI, SPTANI1, KCNQ2, SCN14,
and SCN2A>'1172! In addition, mutations in one
gene can cause a wide phenotypic spectrum as revealed
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by previous reports and the results of this study.®”*
Therefore, rapid genetic diagnosis of EOEEs by screen-
ing for all known disease-causing genes with Sanger
sequencing is very difficult. Recently, targeted exome
sequencing has been developed and applied as a diag-
nostic tool for epileptic disorders.** Targeted exome
sequencing as well as WES would be quite useful for
genetic testing for EOEEs.
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Introduction

Recent advances in next generation sequencing (NGS) technol-
ogies combined with efficient gene enrichment, allows the
comprehensive resequencing of multiple known causative or
associated genes in highly heterogeneous diseases. In addition,
these technologies make it possible to perform resequencing more
inexpensively and rapidly than the conventional Sanger method.
Higher sequencing accuracy due to the deeper achievable
coverage with the aid of improved bioinformatic analysis is
expected as well. Different bench-top next generation DNA
sequencers are currently available for target resequencing. Each
NGS machine adopts specific technologies, thus the property and/
or quality of sequence reads is likely different. However there is
little comparative evidence on the data quality between sequencers
used in human gene analysis.

Autism spectrum disorder (ASD) is a complex disorder with
several hundred associated loci, following a polygenic mode of
inheritance [1]. It is relatively common, with a prevalence of 1.1%

PLOS ONE | www.plosone.org

(2], and is typically a child-onset disorder characterized by
impaired social interactions, communication deficits, and restrict-
ed and repetitive behaviors [3]. It is known to be highly heritable,
yet the majority of its heritability is so far unresolved [4]. Previous
studies suggest a genetic contribution, consisting of both common
and rare alleles, accounts for a portion of ASD risk, with a
heritability of 38-90% [4-8]. Considering the frequency and
socio-economic impact of ASD, verification of the actual
heritability of ASD is of importance. Common single-nucleotide
variants (SN'Vs) have been reported as a major source of ASD risk,
with the heritability exceeding 40% [7]. However, their impact on
ASD development is relatively small in each case, with an
estimated odds ratio (OR) <1.2 [9]. Conversely, rare variants
occurring de novo or inherited are assumed to affect ASD risk as
well [1,10-13]. Recent work revealed a larger effect of de novo
SNVs, although they accounted for only a small portion of overall
ASD risk, with an estimated 10% contribution to ASD risk [10-
13]. Recently, an additive 5% contribution to ASD risk was
reported in rare complete knockouts, derived from inheriting rare
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recessive variations [14]. To further explore the missing ASD risk
heritability, a promising approach would be to comprehensively
identify rare variants that have additive gene effects or show a
multigenic epistatic contribution.

Here we have developed a rapid, cost-effective and compre-
hensive analysis workflow for detecting rare variants in ASD
patients. We screened 62 known ASD associated genes using
microdroplet PCR-based technology, together with the Ion
Torrent Personal Genome Machine (PGM) and MiSeq platforms.
To validate the systems, we sequenced 10 positive controls with
other diseases and 28 ASD patients. Sequencing data produced by
the two sequencers were compared, demonstrating successful
identification of positive control variants and novel SNVs
associated with ASD.

Materials and Methods

Ethics statement

Written informed consents were obtained from all patients or
their parents. Experimental protocols were approved by the
Committee for Ethical Issue at Yokohama City University School
of Medicine.

Patients

A total of 28 ASD patients, diagnosed according to DSM IV-
TR criteria, and 10 patients with other identified diseases with
known mutations in one of the target genes, were used for this
study. DNA was obtained from peripheral blood leukocytes.

RainDance library preparation and DNA enrichment

The RainDance ASDSeq™ Research Screening Panel was
provided by RainDance 'I‘echnologiesTM (Lexington, MA, USA).
The RainDance ASDSeq™™ panel is a genetic screening tool that
offers >92% coverage of 62 genes containing known mutations
associated with ASD. The library contains 2349 amplicons
ranging in size from 167 to 600 bp and covering a 1034 kb
region. Coverage includes all exons for each gene plus 50 bp up-
and downstream of each exon, to capture intron/exon splice
junctions, as well as 1 kb of both the 5" promoter region and 3’
UTRs. The panel includes both autosomal and X-linked genes.

A total of 2.5 ug of genomic DNA was used for DNA
enrichment. The primer library and a template mix, including
1.5 ug of fragmented genomic DNA and all the PCR reaction
components except the primers, were loaded on the RainDance
for PCR droplet preparation, according to the manufacturer’s
instructions. Samples were run on the RDT 1000 machine and
PCR droplets were generated. The PCR droplets were amplified
under the following conditions: 94°C: for 2 min, then 54 cycles of
~ 94°C for 30 sec, 54°C for 30 sec and 68°C for 60 sec, followed by
68°C for 10 min and 4°C for holding. After amplification, the
PCR droplets were broken to release the amplicons. The
amplicons were purified and quantified using the 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). The ends of
the DNA fragments were repaired at 25°C for 30 min using New
England BioLabs End Repair Module (New England BioLabs,
Ipswich, MA, USA), followed by purification using Qjagen
MinElute columns (Qiagen, Valencia, CA, USA). The PCR
fragments were concatenated at 20°C for 30 min using NEB
Quick Ligation Kit (New England BioLabs). The ligated products
were purified using the Qjagen MinElute columns and fragmented
using a Covaris S2 machine (duty cycle 10%, intensity 5, cycle/
burst 200, total time per treatment 430 s).
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Sequencing using ion torrent PGM and data processing

Library preparation was carried out using the Ion Plus
Fragment Library Kit, with 50 ng of amplicons. Adapter ligation,
nick repair and amplification were performed as described in the
TIon Torrent protocol (Ion Plus Fragment Library Kit; Part
Number 4471989 Rev. B; Life Technologies, Grand Island, NY,
USA). The Agilent 2100 Bioanalyzer (Agilent Technologies) and
associated High Sensitivity DNA kit (Agilent Technologies) were
used to determine quality and concentration of the libraries.
Emulsion PCR and enrichment steps were carried out using the
Ton OneTouch™ Template Kit (Life Technologies) and associ-
ated protocol (Part Number 4472430 Rev. C). Sequencing of the
amplicon libraries was carried out on the Ion Torrent PGM
system using 316 or 318 chips, and barcoding with Ion Xpress™
Barcode Adapters 1-16 Kit (Life Technologies). The Ion Se-
quencing Kit v2 (Life Technologies) was used for all sequencing
reactions (expected read length was 100 bp), following the
recommended protocol (Part Number 4469714 Rev. B). After
sequencing, reads were mapped to hgl9 using Torrent Mapping
Alignment Program (TMAP). TMAP is a customized mapping
tools for sequencing data generated by PGM, ignoring the indel
calls around homopolymer stretch to reduce the hundreds of false
negative calls. Torrent Suite 2.0 and/or 3.2 were used for all
analyses. Coverage depth was calculated using Torrent Coverage
Analysis. SNVs and small insertions/deletions (indels) were
identified using the Torrent Variant Caller. Common variants
(MAF =1%) registered in dbSNP135 (http://www.nchi.nlm.nih.
gov/projects/ SNP/) without a flag as clinically associated, or ones
in the lower versions of dbSINP, were filtered out. Filter-passed
variants were annotated using ANNOVAR [15] and a custom
pipeline. In order to compare the ability of mutation detection,
reads of positive controls were aligned to GRCh37 with Novoalign
v3.00 (Novocraft Technologies, Selangor, Malaysia) with the
parameters for PGM and Local realignments around indels and
base quality score recalibration were performed using the Genome
Analysis Toalkit (GATK) v1.5-21 [16]. SNVs and small indels
were identified using the GATK UnifiedGenotyper.

Sequencing using MiSeq and data processing

The same amplicons were se%uenced on the Iumina MiSeq
sequencer, using the SureSelect™ Reagents (Agilent Technolo-
gies) protocol, with 50 ng input material. Each multiplex library
pool was sequenced on an Ilumina MiSeq for 150 cycles from
each end, plus a 6 base-index sequence read, using the MiSeq
Reagent Kit (lumina, San Diego, CA, USA). Image analysis and
base calling were performed using sequence control software with
real-time analysis, and Consensus Assessment of Sequence and
Variation (CASAVA) software v1.8 (Illumina). Reads were aligned
to GRCh37 with Novoalign v2.08 (Novocraft Technologies), and
Local realignments around indels and base quality score recali-
bration were performed using the GATK v1.5-21 [16]. SNVs and
small indels were identified using the GATK UnifiedGenotyper,
and filtered according to the Broad Institute’s best-practice
guidelines v3. Common variants (MAF =1%) registered in
dbSNP135 (http://www.ncbi.nlm.nih.gov/projects/SNP/) with-
out a flag as clinically associated, or ones in the lower versions of
dbSNP, were filtered out. Filter passed variants were annotated
using ANNOVAR [15] and a custom pipeline.

Quality validation of sequence reads

For quality comparison, we combined sequencing data from
four random samples obtained by either PGM or MiSeq and
evaluated the average quality of data from multiple samples. Box
plots for base-call quality of combined runs from each sequencer
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were generated using fastqc software (Babraham Bioinformatics,
Cambridge, UK). To count the number of single nucleotide
polymorphisms (SNPs) and short indels in our combined
sequencing data, we used samtools mpileup command with the
minimum mapping quality assignment option. We excluded calls
with either a depth =10 or genotype quality =<30.

Validation of novel variants

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT
(http://sift jevi.org/www/SIFT_BLink submithtml), Mutation-
Taster (http://www.mutationtaster.org/) and Genomic Evolution-
ary Rate Profiling (GERP) [17] were used to evaluate SNVs in
terms of sequence conservation, chemical change and likelihood of
pathogenicity. The Human Gene Mutation Database (Biobases,
Wolfenbuettel, Germany; (https://portal. biobase-international.
com/hgmd/pro/start.php) was used for determining if variants
were previously reported.

Sanger confirmation of variants detected by next-
generation sequencing

Possible pathological variants were confirmed by Sanger
sequencing using an ABI 3500xl or ABI 3100 autosequencer
(Life Technologies), according to the manufacturer’s protocol.
Sequencing data was analyzed using sequence analysis software
version 5.1.1 (Applied Biosystems, Foster City, CA, USA) and
Sequencher 4.10-build 5828 (GeneCodes Corporation, Ann
Arbor, MI, USA).

Statistical analysis

Al statistical analyses were carried out using SPSS Statistics 19
(IBM, NY, USA). The carrier frequency of each novel SNV was
compared between ASD patients and in-house 212 normal
Japanese controls using Fisher’s exact test. p<<0.05 was considered
statistically significant.

Results

Sequencing yields and targeting efficiency

The targeted NGS panel was designed to amplify all exons of
the 62 known ASD associated genes (Table S1). To validate the
performance of RainDance sample enrichment and our chosen
NGS systems, ten positive controls, each with a mutation in either
NSDI (c.3958C>T, ¢.5177C>T, c¢.5179G>C, ¢.6499T>C),
MECP2 (c.243_244insC, ¢.316C>T), CASK (c.277_288del),
SCNIA (c.342_344delinsAGGAGTT, c.4313T>A) or CDKL5
(c.145G>A) were used. Our workflow strategy is summarized
(Table 1). NGS after target enrichment yielded an average of
295.97 (PGM-TMAP), 201.73 (PGM-Novoalign) and 469.42
(MiSeq) Mb of sequence, in which 96.8% (PGM-TMAP), 78.8%
(PGM-Novoalign) and 75% of reads were mapped to the genome,
and 26.7% (PGM-TMAP), 28.3% (PGM-Novoalign) and 22.7%
were mapped to the targeted regions, by PGM and MiSeq,
respectively (Table 2). The percentage of mapped bases was
greater in PGM-TMAP than in PGM-Novoalign, while the ones
in PGM-Novoalign and MiSeq were similar. On-target rate was
also similar and generally low in these data. The total coverage of
all targeted bases was on average for PGM (TMAP), 93.7% at 10x
and 85.9% at 20x, with a mean read depth of 63x, and for
MiSeq, 96.8% at 10x and 93.2% at 20 x, with a mean read depth
of 95% (Table 2). The complete coverage information on the
differences between PGM and MiSeq is presented in Table 2. The
mean depth of coverage on genes across all samples ranged from
21 x for PTCHDI to 237 x for NHS, with an average of 95X by
MiSeq. Despite the high mean read depth and target region
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coverage, several exons including exon 15 of NIPBL, exon 43 of
RELN, exon 2 of BRAF, exon 7 of PTEN, exon 10 of SLC644,
exonll of SHANKS, exon 43 of DMD, exon 8 of CASK, exon 36 of
MEDI2 and exon 2 of LICAM, had no mapped reads from either
sequencer. These unmapped regions may be due to sequence
complexity, problematic library synthesis necessitating the use of a
concatenation step for sample preparation, or unusual GC content
of the fragments for the enrichment system. Exon 11 of SHANK3
has a very high GC content (80%), while exons 2, 43, 15, and 43,
of BRAF, DMD, NIPBL, and RELN, respectively, have a very low
GC content (<35%), and consequently no mapped reads in the
NGS data.

Comparison of sequencing quality

The mean base-call quality score obtained from MiSeq was high
through entire reads, with a score >30 (Figure S1A, B). The
dispersion of scores among reads at specific positions was relatively
small. Conversely, the mean base-call quality score obtained from
PGM was >25 at the beginning of reads, but gradually decreased
to around 20, at approximately base position 100. The dispersion
of scores among reads was larger than those obtained using
MiSeq. n addition, read lengths produced by each sequencer were
different. With MiSeq, all reads had the expected length of 151
bases, whereas with PGM, read lengths were widely distributed
from 60 to 150 bp long, although the expected read length was
100 bp (Figure S1C).

Overall, it appeared that the MiSeq output sequences had a
higher base-call quality, but it was difficult to compare the scores
derived from each sequencer, as PGM and MiSeq adopt different
scoring systems for evaluating base-call quality. MiSeq uses Phred
[18], while PGM uses a unique Phred-like system consisting of six
predictors whose quality values are correlated with the probability
of a base miscall. Therefore we compared the mapping quality of
each read from both sequencers, as both sequencers adopt the
same scoring system for mapping quality [19]. We summed up the
total number of reads with a mapping quality >40 and reads <40,
and found 94.5% (MiSeq) and 71.2% (PGM) of aligned reads had
a mapping score >40 (Figure S1D).

Next we compared the number of indel calls detected by PGM
and MiSeq, in the combined data from four individuals randomly
chosen (Table S2). With PGM, 9685 SNPs or indels were called,
with 5544 indels calls (57.2%). The frequency of indels was
calculated as 1.34 per 1 kb per sample. With MiSeq, 3818 SNPs or
indels were called, with 395 calls (10.3%) being indels. The
frequency of indels was calculated as 0.096 per 1 kb per sample.
After filtering the SNP and indel call with a mapping quality >40,
and comparing again, 5288 indels out of 7574 total calls (69.8%)
were detected with PGM, while 386 indels out of 3553 total calls
(10.9%) were detected with MiSeq, leading to an expected
frequency of 1.27 indels per 1kb per sample (PGM) versus
0.093 indels per 1 kb per sample MiSeq).

Confirmation of variant detection

The ability of PGM and MiSeq to efficiently detect various
mutations, including point mutations and small indels, was tested
using previously Sanger-confirmed mutations in variant-positive
samples (Table 3). The variant-positive samples included all types
of variants, including missense, small insertion, small deletion and
small indel variants, in the genes SCNI4, NSDI1, MECP2, CDKL5
and CASK (Table 3). Some of the insertion and indel variants
detected by NGS are shown (Figure S2A, B). All confirmed
variants had a coverage of at least 8 reads, and a mutant allele
percentage of 33-62% for heterozygous or 83-100% for
hemizygous variants (Table 3). The mutation detection rate was
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Table 1. Strategy for validation of RainDance sample enrichment and NGS methods.

Se ence generated e

Mapping TMAP v2.0.1/Novoalign
SNP/indel identification | Variant caller/GATK
Annotation ANNOVAR

100 bp single-end** (316 chip/318 chip)

PGM MiSeq
Numberof samples 0 B
Sample enrichment RDT1000* RDT1000*

150 bp pair-end (Miseq Reagent

Novoalign
ANNOVAR

doi:10.1371/journal.pone.0074167.t001

either 70% (PGM using standard analysis software of TMAP and
Variant Caller) or 100% (MiSeq). With PGM, the variant located
near the homopolymer could not be detected because of PGM’s
high frequency of homopolymer sequencing errors [20,21]. When
using TSv3.2 for PGM data analysis, one out of four mutations not
identified by TSv2.0, were additionally detected. In order to
analyze on the same analytical platforms, sequence data of PGM
were also processed using Novoalign for mapping and GATK for
variant calling. The mutation detection rate differed significantly
between platforms (TMAP-Variant Caller and Novoalign-GATK)
(Table 3). Respective PGM data, displayed in the Integrative
Genomics Viewer (IGV) [22], showed an increase in sequence
mismatch patterns at amplicon ends.

Validation of the RainDance ASD panel for detecting
novel mutations in ASD patients

RainDance targeted resequencing was obtained on a total of 28
ASD patients, with a mean total sequence length of 273 or
446 Mb, and an average read depth of approximately 65x or
115 %, for PGM and MiSeq, respectively (Table 4). After filtering
by dbSNP135, a total of 98 (PGM) and 62 (MiSeq) variants were
discovered following RainDance target enrichment. Of these, 62
(PGM) and 46 (MiSeq) were nonsynonymous SNVs (Table S3).
Under a rare variant hypothesis, variants were filtered to exclude
common variants (MAF =1%), using the Exome Variant Server
from the NHLBI Exome Sequencing Project and an internal
dataset of 212 control exomes from the Japanese population.
Although ¢.878C>T (p.S293F) in SLC6A4 was detected in 4/212

Table 2. Comparison between PGM and MiSeq sequencing
performance in 10 positive controls.

PGM

MiSeq

Mean depth of coverage

ge

% of target regions at
>20-fold coverage

93.2%

85.9% 82.0%

doit10.1371/journal.pone.0074167.t002
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*The sequencing library used was the RainDance ASDSeq™Research Screening Panel.
**PGM provided the protocol for paired-end sequencing in the end of 2011, only for optional.

control exomes (MAF = 0.01%), we chose not to remove this SNV,
since it has been functionally proven to disrupt serotonin
transporter activity [23]. We validated a total of 57 (PGM) and
30 (MiSeq) SNVs. These SNVs were confirmed by Sanger
sequencing, with 21 (PGM) and 22 (MiSeq) shown to be true
positives (Table §3). In contrast, after filtering to exclude common
variants, no indel mutations were detected by either PGM or
MiSeq. All 21 SNVs detected by PGM were also detected by
MiSeq. We analyzed the ability of each platform to detect variants
and found that both platform was able to identify true variants, but
PGM produced many false variant calls. The true positive call
rates in the entire coding region were 36.8% (PGM) and 73.3%
(MiSeq) (Table S3). We inspected each false positive calls in PGM
and MiSeq using IGV to evaluate what kind of errors they were.
In PGM, 27/36 calls (75%) had low depth, 21/36 calls (58.3%)
had calls at respective read end, 14/36 calls (38.8%) were located
near homopolymers, and 1/36 calls (2.7%) had PGM specific low
quality error. In MiSeq, 5/8 calls (62.5%) had calls at respective
read end and 3/8 calls (37.5%) had MiSeq specific errors. (Table
S3).

Candidate rare SNVs associated with ASD

We identified 22 rare SNVs in 28 patients with ASD (Table 5).
Clinical features of the patients with these rare SNVs were
demonstrated (Table S4). We considered some to be disease
causing, as they are the same mutations previously reported in
patients with different diseases that accompany autistic features,
namely, c.4612G>A (p.V1538]) in SCNI14, identified in a patient
with Dravet syndrome [24], and ¢.878C>T (p.S293F) in SLC644,
identified in a patient with serotonin transporter deficiency [23].
The ¢.7880G>A (p.R2627Q) mutation identified in CHD7 was
not the same mutation, but was found at the same position, as the
one detected in a patient with CHARGE syndrome [25]. Of these
three patients, parent samples were only available for the patient
with the SLC644 mutation, and the mutation was shown to be
inherited from a mother with no autistic features.

Eighteen of the identified SNVs were not observed in 212 in-
house Japanese control exomes, suggesting they may be strong
candidates for ASD associated SN'Vs. The remaining four SNVs
were also observed in control exomes; however, with a lower
frequency than patients with ASD, leading to an OR of 1.93—
25.32. In particular, ¢.56C>T (p.A19V) was detected significantly
more frequently in patients with ASD than in controls (OR, 25.32;
95% confidence interval (CI), 2.54-252.76). The remaining SNVs
did not reach statistical significance, likely due to the limited
number of patients analyzed.

Based on web-based prediction software, 72.7% of the detected
SNVs (16/22) were deemed pathogenic by either PolyPhen-2
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Table 3. Validation of our chosen NGS methods for mutation detection.

Coverage Mutant allele (%)

MY PGM? Miseq PGM' PGM:

€.342_344delinsAGGAGTT
13T>A (pM1438K)
€.3958C>T (p.R1320X) +

SCNTA

¢.5179G>C (p.A1725P)
| CHOTSCCNETR ¢
€.243_244insC

- + 13 n.a. 91 na. n.a. 44
i + 31 » a8 33 o3 o3g
- + 34 na. 50 62 ' 40
e e a6
‘ + ‘ 55 62 47 50
e B e
+ 1'8 na. n.a. 41 ‘
& a2 f
8’ n.a. n.a. 100
s ow = o

doi:10.1371/journal.pone.0074167.t003

(36.3%; 8/22 SNVs), SIFT (50%; 11/22 SNVs), or MutationTa-
ster (13.5%; 3/22 SNVs). We annotated positions with their
conservation as scored with the GERP. Mutations at highly
conserved positions would be predicted to be functionally
important (45.5%; 10/22 SNVs).

Five out of 28 patients had multiple SNV (Table S5). Following
the multigenic contribution theory in ASD [4], these could be
associated with the onset or the severity of this disease.

Discussion

We have developed an efficient workflow for detecting rare
SNVs/indels in ASD associated genes using bench-top next
generation sequencers with target gene enrichment. The evalua-
tion and comparison of NGS devices are of recent interest to us. In
this study we chose to compare the Jon Torrent PGM and
Tumina MiSeq, which are currently the most popular NGS. The
characteristics of the two devices are shown (Table S6). In this
study, we compared the sequence yield and quality of these two
NGS platforms, and showed a practical use for targeted
resequencing of human genes.

Our comparison of two bench-top sequencers showed their
yields were both greater than expected; however, the quality of
sequence reads varied: better than expected through entire reads
in MiSeq, while barely exceeding the minimum expected quality
value with large discrete reads in PGM. Comparing the mapping
quality of the two sequencers, which was calculated based on the

Table 4. Comparison between PGM and MiSeq sequencing
performance in 28 ASD patients.

PGM MiSeq

25.60%
e s
95.50%

% of target regions at
>10-fold coverage

doi:10.1371/journal.pone.0074167.1004
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F, Female; M, Male; Chr, Chromosome; +, Detected; —, Not detected; (+), Mutation only detected by TSv3.2, and not by TSv2.0.; n.a.,, Not applicable;
YReads were mapped by TMAP and SNVs and indels were identified using the Torrent Variant Caller.
2Reads were mapped by Novoalign v3.00 and SNVs and indels were identified using the GATK v1.5-21.

same algorithm, the percentage of reads with a mapping quality
=40 was markedly more in PGM than in MiSeq. Considering
their target regions were the same, this difference reflects the
difference of overall read quality from the two sequencers.
Focusing on indel calls, we found an excess with PGM, compared
to MiSeq. The number of MiSeq indel calls is reasonable,
compared to the estimated error rate (0.11 to 0.08 per 1 kb) in
conventional capillary sequencing of the human genome [26].
Even with filtering of the reads for low genotyping quality and
depth, the excess indel calls in PGM did not decrease. As
previously reported, excess indel calls or a lower read quality are
considered to be largely due to homopolymers [20,27]. This
unique characteristics of PGM was reflected in the difference of
mapped rates for PGM-generated data when using different
mapping tools, TMAP or Novoalign. As shown in Table 2, the
mapped rates of bases between PGM-generated data and MiSeq-
generated data using Novoalign were similar, being reasonable
since these two data were derived from the same sample libraries,
while the one for PGM-generated data using TMAP was better.
We assume this is because TMAP consider homopolymer-
associated indel errors on mapping and could map more reads
which standard mapping tools such as Novoalign could not. The
difference in the mapped rates for PGM-generated data might
affect the mutation detection rate. Based on the difference in
mutation detection rates of positive controls in PGM-generated
data with different pipelines (Table 3), custom mapping and the
SNP/indel detection software, TMAP and Variant Caller, are
necessary for the PGM workflow to reduce mapping errors
without compromising detection sensitivity. Otherwise the number
of false positive indel calls would be greatly increased.

Generally, target gene enrichment using the RDT machine
worked well, but there were some disadvantages, including a
relatively low on-target rate as shown in Table 2, and occasional
sample enrichment failure. This may be partially due to the
genomic complexity or a biased GC content of target regions.
Alternatively, it may be due to the screening panel itself, which
does not employ a tailed primer system using PCR amplification
primers, therefore necessitating the use of the concatenation step
for sample preparation.

In our workflow validation using ten positive controls, the
mutation detection rate was lower with PGM than MiSeq. False
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Table 5. Rare SNVs identified with amino acid changes and computational predictions of pathogenicity.

Gene Accession No. Nucleotide MutationTaster  Polyphen2”  gipr2 Gepp®  HGMD? genotype (allele) Patient
' ; mino acid change " . HumDw . cases  controls  OR(35%CH  pvalue
BRAF NM_004333 C976A>Gip1326V polymorphism 0 071  -532  none 1728 (1/56)  1/212 (1/424) 7.82 022
(0.46-128.60)
706C>TpP1569L , 004 239 none  1/28(1/56) = 0212(0/424)  ndi 012
78806>A:p.R2627Q polymorphism 0.997 001 556  CHARGE 1728 (1/56) 07212 (0/424) nd. 012
. syndrome
(R2627X )
0 ¢7652C>ApT2551N norphism - | L0310 563 fone o 128156 . 0/212/0/424) nd. 012 a7
CNTNAPZ  NM_014141 1276C>Ap.L426] 57 none 1/28 (1/56)  0/212 (0/424) nd. 0.12 A479
NTNAPZ - NM_ , 148G>APRASIQ polymorphism 0991 507 none . 128(/s6)  0/212(0/424)  ndo 012 A6l
NM_004007 €3479A>GipN11605 136 none 1728 (1/56)  0/212 (0/424) n.d. 012 A668
IM_004 25 L sm. 036 387 nome 1/28(1/56) 0/212(0/424)  nd. 012 A668
NM_001193278 564  none 1728 (1/56)  0/212(0/424)  nd. 0.12 A669
; \ 0 588 none . 1/28(I56) 0212(0424)  nd 012 Aesl
NM_001135659 497 none 128 (1/56)  0/212 (0/424)  n.d.
) , s 394 none  128(56) 021207424y nd ;
NM_007254 455 none 3/28 (3/56)  1/212 (1/424) 25.32 0005 A6,
(2.54-252.76) A651,
NM_03 48C>Tip P3 norphism S0 BBS. none . 128156 0212004260 nd
NM_030665 ‘ 293 none 128 (156)  0/212 (0/424) nd.
NM_005( , 003 589 none . 1/28(1/56 021200420 nd.
NM_001165963 : Dravet 1728 (1/56)  0/212 (0/424) nd.
syndrome
SHANKS. ~ polymorphism 0232 319 none 02000424 nd 012
SLC6A4 NM_001045 3 Serotonin 47212 (4/424) 193 047 A674
transporter (0.21-17.87)
deficency
onone’

VPS13B NM_015243 ¢.820T>G:p.F274V polymorphism 1/28 (1/56)

DpolyPhen2 scores close to 1 are likely to be pathogenic {highlighted in bold). HumDiv-trained Polyphen-2 assumes even mildly deleterious alleles as damaging to evaluate rare alleles potentially involved in complex phenotypes.
ISIFT scores less than 0.05 are likely to be pathogenic (highlighted in bold).

3GERP scores above 5 are highly conserved (highlighted in bold).

“The Human Gene Mutation Database (HGMD) was searched to identify SNVs registered as disease causing mutations. Carrier frequencies of each SNV were statistically compared between ASD patients (cases) and in-house
normal 212 controls (controls). Results are presented as odds ratio’s (OR)} and p values. Pathogenic findings are shown in bold. Cl, confidence interval; wt, wild type allele; mut, mutant allele; n.d., not determined.
doi:10.1371/journal.pone.0074167.t005
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negatives are largely due to the weakness in indel detection,
implying not only excess false positive, but also increased false
negative indel calls with PGM. Another typical false negative
mutation identified with PGM was detected at amplicon ends.
This may happen more readily with PGM as the read length is not
as long as expected. On the other side, the higher coverage of the
MiSeq data is expected due to the longer read lengths as well as
paired end reads. With regards to SNV detection, both PGM and
MiSeq showed high mutation detection rates (6/7 mutations,
85.7% in PGM vs. 7/7 mutations, 100% in MiSeq). Target
resequencing of 28 patients with ASD identified 21 candidate
SNVs in PGM versus 22 in MiSeq, again showing similar SNV
variant detection abilities. Although there is a higher false-positive
SNV call rate with PGM compared to MiSeq due to the same
factors observed in positive control studies, At present it would be
reasonable to apply PGM for SNV detection. Recent rapid up-
dates of the device, chemistry and mapping/mutation detection
software in PGM may potentially reduce these drawbacks in the
near future.

ASD is a genetically heterogeneous disease, with a complex
genetic architecture [4]. In particular, rare SNVs with a
multigenic contribution are expected to play a specific role in
the molecular pathogenesis of ASD. We have shown that our
workflow works rapidly and inexpensively to address this issue by
demonstrating our successful identification of novel candidate
SNVs in ASD. Notably, A19V in PNKP was identified significantly
more in patients with ASD than controls. PNKP (polynucleotide
kinase 3'-phosphatase ) is a bi-functional enzyme that possesses
both DNA 3’-phosphatase and DNA 5'-kinase activities, and
associates with the single strand break repair machinery. Single
strand break could be hazardous to the cell if left unrepaired,
especially in central nervous system since frequently single strand
breaks could happen [28]. PNEP is mutated in microcephaly,
early-onset, intractable seizures and developmental delay MCSZ),
in autosomal recessive manner. Patients with MCSZ sometimes
show variable behavioral problems, mainly hyperactivity [29].
Considering enzymatic activity of PNKP and its stability as
reported [30], clinical symptoms of individuals with the hetero-
zygous variant may not be as severe as MCSZ, however it could
not be denied that possible decrease in enzyme activity or protein
level of PNKP comparing to wild type might affect the normal
development of central nervous system. It was implied that PNKP
might be a candidate for ASD-related gene by copy number
analysis previously [31]. We showed for the first time a candidate
variant associated with ASD. Further study with larger samples is
necessary to confirm its pathogenicity. It is also noted that there
were some genes such as CHD7, GNINAP2, DMD, and RAII, in
which two patients had private rare variants. It is speculated that
the private variants of those might accumulate in ASD popula-
tions.

In conclusion, we present the comparison of two bench-top
sequencers, PGM and MiSeq, through the newly developed
workflow for the investigation of ASD. Analyzing larger sample
sets may lead to unraveling of the missing heritability of ASD.

Supporting Information

Figure S1 Comparison of overall sequencing quality
between PGM and MiSeq. (A) Box plots of base-call quality
scores across all bases obtained using PGM with a 316 chip (left
panel) or MiSeq (right panel). Green and red areas indicate quality
scores above 28 and below 20, respectively. Yellow boxes show
upper and lower quartiles with whiskers indicating 10% and 90%
quartiles. Red horizontal lines indicate the median value. Blue
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curves represent the mean quality scores. Quality scores are given
based on the calculation of Phred-scaled quality values using g =-
10log10(P), with P being the estimated error probability for that
base-call. (B) Quality score distribution over all sequence reads
obtained using PGM with a 316 chip (left panel in red) or MiSeq
(right panel in blue). Combined data from four samples are
displayed. Mean quality scores across all base-calls from a
particular sequence, calculated as the Phred score, are shown on
the X axis, and the number of reads with the specified mean
sequence quality on the Y axis. (C) Distribution of read length
from all sequence reads obtained using PGM with a 316 chip (left
panel in red) or MiSeq (right panel in blue). Read lengths are
shown on the X axis, and the number of reads with the specified
read lengths on the Y axis. (D) Mapping quality from all sequence
reads obtained using PGM with a 316 chip (red bars) or MiSeq
(blue bars). The number of reads with a mapping quality of either
<40 or =40 in each device (left panel). The percentage of reads
with mapping quality =40 in each device (right panel). MQ,
mapping quality.

(TIF)

Figure S2 Comparison between PGM and MiSeq of
mutations and sequence reads from positive control
samples. (A) The ¢.342_344delinsAGGAGTT mutation detect-
ed in Sample 1. (B) The ¢.243_244insC mutation detected in
Sample 7. In both panels, data was obtained from either PGM
(upper) or MiSeq (lower). Both the c.342_344delinsAGGAGTT
mutation and the ¢.243_244insC mutation were not detected in
PGM with neither PGM-TMAP-Variant Caller algorithm nor
PGM-Novolign-GATK  algorithm. Forward and reverse read
strands are shown in pink and blue, respectively. Red and blue
arrows indicate insertion and deletion positions, respectively,
which were confirmed by Sanger sequencing. The horizontal bar
indicates the deletion call, and symbols within the read strands ()
indicate insertion calls detected by either PGM or MiSeq. In (A)
and (B), the true inserted sequence depicted by “}” commonly
detected by PGM and MiSeq is AACTCC and C, respectively.
The DNA sequence surrounding a mutation is shown below the
IGV graphics. WT, wild type; Pt, patient.

(TIF)

Table S1 RainDance ASDSeq™ Core Research Screen-
ing Panel.

(PDF)

Table $2 Summary of SNP/indel detection with PGM
and MiSeq.

(PDF)

Table $3 Summary of target resequencing and priori-
tization.

(PDF)

Table 84 Clinical features of patients with novel SNVs.
(PDF)

Table 85 Multiple mutations detected in patients with
ASD.

(PDF)

Table §6 Comparison of PGM and MiSeq analysis cost
and expected yield.

(PDF)
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Mutations in B3GALT6, which Encodes a Glycosaminoglycan
Linker Region Enzyme, Cause a Spectrum
of Skeletal and Connective Tissue Disorders
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Proteoglycans (PGs) are a major component of the extracellular matrix in many tissues and function as structural and regulatory
molecules. PGs are composed of core proteins and glycosaminoglycan (GAG) side chains. The biosynthesis of GAGs starts with the linker
region that consists of four sugar residues and is followed by repeating disaccharide units. By exome sequencing, we found that B3GALT6
encoding an enzyme involved in the biosynthesis of the GAG linker region is responsible for a severe skeletal dysplasia, spondyloepi-
metaphyseal dysplasia with joint laxity type 1 (SEMD-JL1). B3GALT6 loss-of-function mutations were found in individuals with
SEMD-JL1 from seven families. In a subsequent candidate gene study based on the phenotypic similarity, we found that B3GALTS is
also responsible for a connective tissue disease, Ehlers-Danlos syndrome (progeroid form). Recessive loss-of-function mutations in
B3GALTS result in a spectrum of disorders affecting a broad range of skeletal and connective tissues characterized by lax skin, muscle
hypotonia, joint dislocation, and spinal deformity. The pleiotropic phenotypes of the disorders indicate that BSGALT6 plays a critical
role in a wide range of biological processes in various tissues, including skin, bone, cartilage, tendon, and ligament.

Skeletal dysplasias represent a vast collection of genetic dis-
-orders of the skeleton, currently divided into 40 groups.”
Spondyloepimetaphyseal dysplasia (SEMD) is one group
(group 13) of skeletal dysplasia that contains more than
a dozen distinctive diseases. SEMD with joint laxity
(SEMD-JL) is a subgroup of SEMD that consists of type 1
(SEMD-JL1 [MIM 271640]) and type 2 (SEMD-JL2 [MIM
603546]). SEMD-JL1 or SEMD-JL Beighton type is an auto-
somal-recessive disorder that shows mild craniofacial dys-
morphism (prominent eye, blue sclera, long upper lip,
small mandible with cleft palate) and spatulate finger
with short nail.? The large joints of individuals with
SEMD-JL1 are variably affected with hip dislocation, elbow
contracture secondary to radial head dislocation, and club-
feet. Joint laxity is particularly prominent in the hands.
Skeletal changes of SEMD-JL1 are characterized by moder-

ate platyspondyly with anterior projection of the vertebral
bodies, hypoplastic ilia, and mild metaphyseal flaring.®
Kyphoscoliosis progresses with age, leading to a short
trunk, whereas platyspondyly become less conspicuous
and the vertebral bodies appear squared in shape with
age. Recently, dominant kinesin family member 22
(KIF22 [MIM 603213]) mutations have been found in
SEMD-JL2;*° however, the genetic basis of SEMD-JL1 re-
mains unknown.

To identify the SEMD-JLl-causing mutation, we
performed whole-exome sequencing experiments. We
recruited seven individuals with SEMD-JL1 from five
unrelated Japanese families (F1-FS) and a Singapore/
Japanese family (F6) (Table 1). One family (F1) had a pair
of affected sibs (P1 and P2) from nonconsanguineous par-
ents. Genomic DNA was extracted by standard procedures

ILaboratory for Bone and Joint Diseases, Center for Integrative Medical Sciences, RIKEN, Tokyo 108-8639, Japan; “Laboratory of Proteoglycan Signaling and
Therapeutics, Frontier Research Center for Post-Genomic Science and Technology, Graduate School of Life Science, Hokkaido University, Sapporo 001-
0021, Japan; *Department of Human Genetics, Yokohama City University Graduate School of Medicine, Yokohama 236-0004, Japan; *Department of
Orthopaedic Surgery, Central Hospital, Aichi Prefectural Colony, Kasugai 480-0392, Japan; SDepartment of Orthopaedic Surgery, Nagoya University School
of Medicine, Nagoya 466-8550, Japan; ®Department of Pediatrics, Akita Prefectural Center on Development and Disability, Akita 010-1407, Japan; "Depart-
ment of Neonatology, Kumamoto University Hospital, Kumamoto 860-8556, Japan; 8Department of Radiology, National Center for Child Health
and Development, Tokyo 157-8535, Japan; ®Division of Medical Genetics, National Center for Child Health and Development, Tokyo 157-8535, Japan;
1%Djvision of Endocrinclogy and Metabolism, National Center for Child Health and Development, Tokyo 157-8535, Japan; 'Department of Paediatric
Medicine, KK Women’s and Children’s Hospital, Singapore 229899, Singapore; 12Departmenv: of Paediatrics, The Hospital for Sick Children and University
of Toronto, Toronto, ON M5G 1X8, Canada; *Department of Surgery, The Hospital for Sick Children and University of Toronto, Toronto, ON MSG 1X8,
Canada; **The Professor Fernando Figueira Integral Medicine Institute (IMIP), Recife, PE 50070-550, Brazil; 1°Skeletal Dysplasia Group, Department of Med-
ical Genetics, Faculty of Medical Sciences, State University of Campinas (UNICAMP), Campinas, SP 13083-970, Brazil; ‘*Division of Medical Genetics, Sai-
tama Children’s Medical Center, Saitama 339-8551, Japan; ”Division of Paediatric Genetics, Centre for Pediatrics and Adolescent Medicine, University of
Freiburg, Freiburg 79106, Germany; "8Medical Genetics Service, University of Lausanne, CHUV, Lausanne 1011, Switzerland; "“Department of Pediatrics,
University of Lausanne, CHUV, Lausanne 1011, Switzerland; °Department of Pediatric Imaging, Tokyo Metropolitan Children’s Medical Center, Fuchu

183-8561, Japan
21These authors contributed equally to this work
*Correspondence: sikegawa@ims.u-toKyo.ac.jp

http://dx.doi.org/10.1016/j.ajhg.2013.04.003. ©2013 by The American Society of Human Genetics. All rights reserved.

CrossMark

The American Journal of Human Genetics 92, 927-934, June 6, 2013 927

81



z8

£10Z ‘9 8un[ ‘pE6—£76 ‘76 SIMBUSD UBWINK JO [euInof UedLBWY 3Y1 876

Table 1. Clinical and Radiographic Findings of the Individuals with B3GALT6 Mutations

Subject ID Pl P2 P3 P4 P5 P6 |24 P8 P9 P10 P11 P12

Family ID F1 F1 F2 F3 F4 FS F6 F7 F8 F9 Fo F10

Clinical diagnosis SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1  EDS-PF EDS-PF EDS-PF EDS-PF

General Information

Ethnicity Japanese Japanese Japanese Japanese  Japanese  Japanese Japanese/ Vietnamese Italian Ttalian/ Italian/ Brazilian

Singaporean Canadian Canadian

Gender M M F M F F M M M F F F

Age 34 years 31 years 12 years, 6 years 5 years, 12 years 2 years, 34 years 8 months 7 years 1 month 5 years,
7 months 1 month 9 months 1 month

Gestational age 39 weeks, full term 37 weeks 40 weeks, 39 weeks, full term 39 weeks full term ND 36 weeks 37 weeks 39 weeks

2 days 1 day 5 days

Birth length (cm) ND ND 36 ND 43.1 42 43 (average) ND 44 44 44

Birth weight (g) ND 2,200 2,124 2,832 2,535 2,222 2,485 3,500 ND 2,097 2,790 3,300

Clinical Features

Height (cm) (SD)* 127.7 (-7.4) 130(-7.0) 88.8(-10.7) 94(-4.0) 90(-4.0) 118.4(-5.1) 78.2(-4.0) 118 (-9.1) 66 (—1.6) 90 (—6.8) 45 (-3.7) 81 (-5.9)

Weight (kg) (SD)* 40.3(-2.2) 36.9(~2.5) 13.2(-3.7) 15.4(-1.5) 14.4(~1.3) 23.2(-2.0) 10.6 (-1.9) 28 (-3.3)  5.65(~3.0) 13.9(-22) 2.65(-2.8) 8.5(-8.4)

Craniofacial

Flat face with prominent ND ND + + + + + - + + + +

forehead

Prominent eyes, proptosis ND ND + - - + + - + + + +

Blue sclerae ND ND + - - + -

Long upper lip ND ND - + = + + -

Micrognathia ND ND + + + - + - - - -

Cleft palate ND ND - - - - - - - - . +

Musculoskeletal

Kyphoscoliosis” + (7 months) + (1.2 years) + (8 months) + (infancy) + (2 years) + (3 months) + (8 months) + (1year) + (6 months) ++ (prenatal) ++ (prenatal) ++ (2 years)

Spatulate finger - ND + + + + - - + + + -

Finger laxity ND ND + + . - - +4+ + +

Large joint laxity ND ND + + - - - ++ ++ ++

Restricted elbow movement  + ND + + + - - + +

Hand contracture - - - - - + - - - + -

(Continued on next page)
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Table 1. Continued

Subject ID P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Hip dislocation - - - + - + - - - + + +
Clubfeet - - + - - - + - - + + -
Muscular hypotonia - - + - - - - - s 4t 4+ e
Skin and Hair
Doughy skin ND ND - - - - ++ + + +
Hyperextensibility ND ND + - - - - ++ + + -
Cutis laxa ND ND - - - - - - + + - +
Sparse hair ND ND - - - - - - + + + =
Others MR, DD camptodactyly DD pectus
excavatum
Radiological Features
Platyspondyly +¢ +¢ +¢ + + + + +
Anterior beak of vertebral + - (4 years) -~ (5 years) + + + - + + + +
body®
Short ilia + + + + + + + + +
Prominent lesser trochanter  + - + + +
Metaphyseal flaring + + + - + +
Epiphyseal dysplasia of - - - + - + - - - - + +
femoral head
Elbow malalignment ND ND + + + + + + + + +
Advanced carpal ossification® - (9 years) ND - (12 years) + + ND — (7 years) - - (5 years)
Carpal fusion ND ND + - - - - - - - - -
Metacarpal shortening ND ND + + + + + + - - + -
Overtubulation - - - - - - - - + + + +

Abbreviations are as follows: SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1; EDS-PF, Ehlers-Danlos syndrome, progeroid form; ND, no data; MR, mitral regurgitation; DD, developmental delay.

*At last presentation.

bAge at medical attention provided in parentheses.

“Absent at age 20 years in P1 and P2 and at age 12 years in P3.
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Figure 1. Enzymes Involved in Biosyn-
thesis of the Glycosaminoglycan Linker

[ XYLT1,2 | | B4GALT7 | | B3GALT6 | | B3GATS | Region and Summary Features of
cs,Ds  Diseases Caused by Their Defects Based
Ser-O- Xyl Gal Gal GlcUA < on a Conventional Concept for the
HS Diseases

| The biosyntheses of GAGs start with the
Core protein L Linker region ——F-———— formation of a common tetrasaccharide
L linker sequence covalently attached to
; the core protein. The linker region
. EDS, id SEMD-JL1 Larsden-hke synthesis involves a single linear path-
[Disease] ?rogerm - ;‘:;nG Argg'e’ way composed of four successive
Clinical feat orm type steps catalyzed by distinctive enzymes.
[Clin c-a fea- \:re] Abbreviations are as follows: XYLT, B-xylo-
cramoiacia syltransferase; B4GALT7, xylosylprotein

@ /— Y. } » Xylosylp
dysmorphism + + + B1,4-galactosyltransferase, polypeptide 7
skeletal dysplasia + +H +/~ (B1,4-galactosyltransferase-I); B3GALTS,
UDP-Gal, BGal B1,3-galactosyltransferase
skin + =) =) polypeptide 6 (81,3-galactosyltransferase-
heart =) (=) + 1I); B3GAT3, B-1,3-glucuronyltransferase
3 (glucuronosyltransferase I); Ser-O, the
muscle + =) ? serine residue of the GAG attachment

site on the proteoglycan core protein;

Xyl, xylose; Gal, galactose; GlcUA, D-glucuronic acid; CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; EDS,
Ehlers-Danlos syndrome; SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1.

from peripheral blood, saliva, or Epstein-Barr virus-immor-
talized lymphocyte of the individuals with SEMD-JL1 and/
or their parents after informed consent. The study was
approved by the ethical committee of RIKEN and partici-
pating institutions. We captured the exomes of the seven
subjects as previously described.%” In brief, we sheared
genomic DNA (3 pg) by Covaris S2 system (Covaris) and
processed with a SureSelect All Exon V4 kit (Agilent Tech-
nologies). We sequenced DNAs captured by the kit with
HiSeq 2000 (lumina) with 101 base pair-end reads. We
performed the image analysis and base calling by HiSeq
Control Software/Real Time Analysis and CASAVA1.8.2
(Mlumina) and mapped the sequences to human genome
hg19 by Novoalign. We processed the aligned reads by Pic-
ard to remove PCR duplicate. The mean depth of coverage
for reads was 132.8x, and, on average, 91.0% of targeted
bases had sufficient coverage (20x coverage) and quality
for variant calling (Table S1 available online). The variants
were called by Genome Analysis Toolkit 1.5-21 (GATK)
with the best practice variant detection with the GAKT
v.3 and annotated by ANNOVAR (2012 February 23).
Based on the hypothesis that SEMD-JL1 is inherited in an
autosomal-recessive fashion, we filtered variants with the
script created by BITS (Tokyo, Japan) according to following
conditions: (1) variants registered in ESP5400, (2) variants
found in our in-house controls (n = 274), (3) synonymous
changes, (4) rare variants registered in dbSNP build 135
(MAF < 0.01), and (5) variants associated with segmental
duplication. After combining variants selected by the
homozygous mutation model and the compound hetero-
zygous mutation model, we selected genes shared by indi-
viduals from three or more families. The analysis of the
next-generation sequencing identified possible compound
heterozygous variants in B3GALT6 in individuals from
three families (Table S2). In addition, two other subjects
had possible causal heterozygous variants of B3GALT6.

B3GALT6 (RefSeq accession number NM_080605.3) is a
single-exon gene on chromosome 1p36.33. It encodes
UDP-Gal:pGal B1,3-galactosyltransferase polypeptide 6
(or galactosyltransferase-Il: GalT-II), an enzyme involved
in the biosynthesis of the glycosaminoglycan (GAG) linker
region.? The biosyntheses of dermatan sulfate (DS), chon-
droitin sulfate (CS), and heparin/heparan sulfate (HS)
GAGs start with the formation of a tetrasaccharide linker
sequence, glucuronic acid-p1-3-galactose-B1-3-galactose-
pl-4-xylose-pl (GIcUA-Gal-Gal-Xyl), which is covalently
attached to the core protein. The linker region synthesis
involves a single linear pathway composed of four succes-
sive steps catalyzed by distinctive enzymes (Figure 1). The
first step is the addition of xylose to the hydroxy group of
specific serine residues on the core protein by xylosyltrans-
ferases from UDP-Xyl, followed by two distinct galactosyl-
transferases (GalT-I and II) and a glucuronosyltransferase
from UDP-Gal and UDP-GIcUA, respectively. The next
hexosamine addition is critical because it determines
which GAG (i.e., CS, DS, or HS) is assembled on the linker
region. GalT-II encoded by B3GALTS6 functions in the third
step of the linker formation (Figure 1).

To confirm the results obtained by the next-generation
sequencing, we examined the seven subjects used for the
next-generation sequencing and an additional subject
from a Vietnamese family (F7) by direct sequence of the
PCR products from genomic DNAs using 3730x1 DNA
Analyzer (Applied Biosystems). The Sanger sequencing
confirmed all B3GALT6 mutations found by the next-gen-
eration sequencing and identified additional B3GALT6
mutations. The results indicated that B3GALT6 mutations
were found in all subjects (Tables 2 and S1). All but P4 from
F3 were compound heterozygotes of missense mutations.
In P4, only a heterozygous c.1A>G (p.Met1?) mutation
was found, although we searched for a B3GALT6 mutation
in the entire coding region, 5' and 3’ UTRs, and flanking
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Table 2. B3GALT6 Mutations in Spondyloep phy
Dysplasia with Joint Laxity Type 1 and Ehlers-Danlos Syndrome,
Progeroid Form

Nucleotide Amino Acid

Family  Clinical Diagnosis Change Change

F1 SEMD-JL1 c.1A>G p.-Met1?
C.694C>T p-Arg232Cys

F2 SEMD-JL1 c.1A>G p-Met1?
€.466G>A p-Aspl56Asn

F3* SEMD-JL1 c.1A>G p-Met1?

F4 SEMD-JL1 c.1A>G p-Met1?
€.694C>T p-A1g232Cys

FS SEMD-JL1 €.694C>T p.Arg232Cys
c.899G>C p-Cys300Ser

F6 SEMD-JL1 c.1A>G p-Met1?
c.193A>G p-Ser65Gly

F7 SEMD-JL1 c.200C>T p-Pro67Leu
c.694C>T p-Arg232Cys

F8 EDS-PF c.353delA p-Asp118Alafs*160
Cc.925T>A p.Ser309Thr

Fo EDS-PF c.588delG p.Argl97Alafs*81
C.925T>A p-Ser309Thr

F10 EDS-PF c.16C>T p.Arg6Trp
c.415_423del p-Met139Alal4lidel

The nucleotide changes are shown with respect to B3GALT6 mRNA sequence.
The corresponding predicted amino acid changes are numbered from the
initiating methionine residue.

2Only a heterozygous mutation was found.

regions of B3GALT6. Most of the mutations are predicted
to be disease causing by in silico analysis. The c.1A>G
(p-Met1?) mutation was found in individuals from five of
the seven families.

Although mutations affecting initiation codons have
been reported to be pathogenic in several diseases,” the
effects of initiation codon mutations on the encoded
protein are variable among the genes. We therefore inves-
tigated the effect of the c.1A>G (p.Met1?) mutation on the
protein by using C-terminally FLAG-tagged B3GALT6 with
and without the mutation expressed in Hela cells (RIKEN
Cell Bank). We detected the mutant B3GALT6 protein with
a molecular weight ~4 kD lower compared with the wild-
type (WT) protein (Figure 2A). These results suggest that
translation initiation at the second ATG of the coding
sequence, at position c.124, would become the initiation
codon because of the mutation, probably resulting in an
N-terminal deletion of 41 amino acids (p.Met1_Ala41del),
in the same open reading frame that contains the
transmembrane domain. We then examined the sub-
cellular localization of the mutant B3GALT6 protein by
immunocytochemistry. The immunofluorescence for WT-
B3GALT6 was observed in a perinuclear region overlapping

c.1A>G
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Figure 2. Analyses of B3GALT6 Missense Mutant Proteins Iden-
tified in Individuals with SEMD-]L1 In Vitro

(A) Immunoblot analysis of lysates from HelLa cells expressing
transfected wild-type (WT) and mutant (c.1A>G) B3GALT6. The
mutant B3GALT6 yields a shortened protein. The difference of
the molecular sizes between WT and mutant proteins is approxi-
mately ~4 kD.

(B) Subcellular localization of B3GALT6. HeLa cells were trans-
fected with WT and mutant (c.1A>G) B3GALT6. Cells were stained
with anti-FLAG (green), anti-a-mannosidase II (red), and 4/,6-dia-
midino-2-phenylindole (DAPI; blue). WT was expressed in the
Golgi, but the mutant was found in cytoplasm and nucleus.

(C) Decreased enzyme activities of the missense mutant pro-
teins (p.Ser65Gly, p.Pro67Lys, p.Aspl56Asn, p.Arg232Cys, and
p-Cys300Ser). p.Glul74Asp is a common polymorphism in the
public database. The GalT-II activity is measured by incorporation
of [*H]Gal into Galp1-O-2naphthyl (pmol/ml/hr) and represents
the averages of three independent experiments performed in
triplicate. Empty and mock indicate the GalT-II activity obtained
with the conditioned medium transfected with or without an
empty vector. *p < 0.0001 versus WT (one-way analysis of variance
with Dunnett’s adjustment).

with that for a-mannosidase II, a marker of the Golgi as
previously reported.® In contrast, the immunofluorescence
for the mutant B3GALTé protein was observed in the
nucleus and cytoplasm (Figure 2B). Therefore, the mutant
protein can be considered to be functionally null because
of the mislocalization.

To investigate the causality of other B3GALT6 missense
mutations, we also examined the subcellular localization
of the mutant B3GALT6 proteins by immunocytochem-
istry. ¢.193A>G (p.Ser65Gly), c.200C>T (p.Pro67Leu),
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