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 ASDSeqTM Research Screening Panel was
provided by RainDance Technologies™ (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 downstrearn 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 pg of genomic DNA was used for DNA
enrichment. The primer library and a template mix, including
1.5 pg 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°G for 30 min using New
England BioLabs End Repair Module (New England BioLabs,
Ipswich, MA, USA), followed by purification using Qiagen
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 XpressTM
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.ncbi.nlm.nih.
gov/projects/ SNP/) without 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. 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 Toolkit (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 sequenced on the Ilumina MiSeq
sequencer, using the SureSelect™ Reagents (Agilent Technolo-
gies) protocol, with 50 ng input material. Each multiplex library
pool was sequenced on an Illumina MiSeq for 150 cycles from
each end, plus a 6 base-index sequence read, using the MiSeq
Reagent Kit (Ilumina, 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.nchinlm.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_submit.html), 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 3500x1 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

All 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. $<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, ¢.5177CG>T, c5179G>C, c.6499T>C),
MECP2 (c.243_244insC, c¢.316C>T), CASK (c.277_288del),
SCNI4 (c.342_344delinsAGGAGTT, c.4313T>A) or CDKLS
(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 ¥, with a mean read depth
of 95x (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
21x 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 SHANK3, exon 43 of DMD, exon 8 of CASK, exon 36 of
MEDI]2 and exon 2 of L1CAM, 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 SHANKS
has a very high GG 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 52). 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, NSDI, 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 8X 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.

PGM MiSeq
Number of samples L 10 10
Sample enrichment RDT1000* RDT1000*
Sequence generated - 100 bp single-end** (316 chip/318 chip) 150 bp pair-end (Miseq Reagent Kit)
Mapping TMAP v2.0,1/Novoalign Novoalign
SNP/indel identification Variant caller/GATK GATK
Annotation ANNOVAR ANNOVAR

*The sequencing library used was the RainDance ASDSeq™

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
115x, 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
TMAP Novoalign
Average total number of bases (Mb) ~ 295.97 201.73 469.42
Average read \Iengtyh’ (base) . - : 116 116 150
% mapped on human genome 96.8% 78.8% 75%
% on target regions ' 267%  283% - 227%
Mean depth of coverage 63 57 95
% of target fg‘g‘i{),hs‘éti‘ 9B7% - 921% 968%
>10-fold coverage . - P At
% of target regions at 859%  82.0% 93.2%
>20-fold coverage
doi:10.1371/journal.pone.0074167.t002
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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 S3). 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 SN'Vs 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.V1538I) in SCVI14, 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 SNVs. 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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(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 SN'Vs (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 Ion Torrent PGM and
Tlumina 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.

of bases (M)

% of target regions at
>10-fold coverage

doi:10.1371/journal.pone.0074167.t004
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Table 3. Validation of our chosen NGS methods for mutation detection.

Detected by Coverage Mutant allele (%)
Sample Sex Chr Geme  Mutation ; . PGM" PGM¥? MiSeq PGM" PGM? MiSeq PGM" “PGM? Miseq
1 F 2 SCNTA ¢.342_344delinsAGGAGTT - = + 13 n.a. 91 na. na. 44
2 CF 2 SCNIA - c4313T>A (pM1438K) o + ¥ 4833 31 3
3 M 5 NSD1 ¢.3958C>T (p.R1320X) + - + 34 na. 50 62 na. 40
4 M 5 NSDI cSIZZCST(PIZ26D  + =+ 3 na 9% 38  na 46
5 M 5 NSD1 ¢5179G>C (p.A1725P) + - + 55 n.a. 62 47 na. 50
6 S M5 NSDT. . c6499T>C (pC2167R) = £07 na 23 46 na 4
7 F X MECP2 €.243_244insC - - + 18 na. 123 n.a. na. 41
8 F X MECP2  c316CST(RIOBW)  + - 4+ 60 na 76 42  na 4
9 M X CDKLS <.145G>A (p.E49K) - - + 8 na. 46 na. na. 100
10 MX sk czomdel @ e Ty B g 2 s w9
F, Female; M, Male; Chr, Chromosome; +, Detected; —, Not detected; {+), Mutation only detected by TSv3.2, and not by TSv2.0,; n.a,, Not applicable;
“Reads 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.
doi:10.1371/journal.pone.0074167.t003

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.

Nucleotide

Gene Accession No. MutationTaster  Polyphen2”  gier2) Gepp®  HGMD® genotype (allele) Patient
i : e amiho acid change k (Hum Div) cases controls OR(95% CI) pvalue
BRAF NM_004333 C.976A>Gip.I326V polymorphism 0 0.71 -532 none 1/28 (1/56) 1/212 (1/424) 7.82 0.22 A682
(0.46-128.60)
CACNAIC ‘NM_001129837 - €A4706C>T:p.P1569L polymorphism 0.001 0.04 239 none 1/28 (1/56) 0/212 (0/424) n.d: 0.12 A681
CHD7 NM_017780 €.7880G>A:p.R2627Q polymorphism 0.997 0.01 5.56 CHARGE 1/28 (1/56) 0/212 (0/424) nd. 0.12 A634
syndrome
(R2627X )
CHDZ - “NM_017780" 1€.7652C>A:p.T2551N polymorphism 0.01 0.31 5.63. none 1/28 (1/56) 0/212 (0/424) nd. 0.12 Ad47
CNTNAPZ NM_014141 ¢.1276C>Ap.L4261 polymorphism 0.977 0.03 57 none 1/28 (1/56) 0/212 (0/424) nd. 0.12 A479
CNTNAP2 .. ‘NM_‘0'|;4‘141 -€.1448G>A:p.R483Q polymorphism - 0.991 0.4 5.07. none 1/28 (1/56) 0/212 (0/424) nd. 0.12 A621
DMD NM_004007 €.3479A>G:p.N1160S polymorphism 0.973 0.22 1.36 none 1/28 (1/56) 0/212 (0/424) n.d. 0.12 A668
DMD NM‘;004007‘ . €.2473A>G:p.MB25V polymorphism.. 0.026 0.36 3.87 none 1/28 (1/56). - 0/212 (0/424) nd, 012 A668
MID1 NM_001193278 €.555G>A:p.M1851 polymorphism 0.839 0.01 5.64 none 1/28 (1/56) 0/212 (0/424) nd. 012 A669
NIPBL. © 'NM.015384 . c1553C>TpT518L * polymorphism 0.275 o 5.88 none 1/28 (1/56) -+ 0/212 (0/424) - nd. 012 A681
NRXNT NM_001135659 ¢.455G>A:p.G152D disease causing 0 1 4.97 none 1/28 (1/56) 0/212 (0/424) nd. 0.12 A711
NSD1 NM_022455 C.2087T>C:p.V696A" polymorphism 0.189 0.02 3.94 none 1/28 (1/56) 0/212 (0/424) n.d. 012 Ad64
PNKP NM_007254 c.56C>Tip.AT9V polymorphism 0.026 0.27 4.55 none 3/28 (3/56) 1/212 (1/424) 25.32 0.005 A627,
(2.54-252.76) A651,
A674
RAIT NM_030665 C.1148C>T:p,P383L polymorphism: 1 1] 5.55 none 1/28 {1/56) 0/212:(0/424): nd. 0.12 AB63
RAIT NM_030665 €.4238T>C:p.M1413T polymorphism 0.011 [ 293 none 1/28 (1/56) 0/212 (0/424) nd. 0.12 A634
RELN NM_005045 C.8915A>C:p.K2972T disease causing. ~ 0.996 0.03 5.89 none 1/28-(1/56) 0/212 (0/424) ‘nd.” 0.12 AB53
SCN1A NM_001165963 c4612G>A:p.V1538] polymorphism 0.89 0.09 5.76 Dravet 1/28 (1/56) 0/212 (0/424) nd. 0.12 A695
syndrome
SHANK3- NM_033517 €3169C>T:p.L1057F - polymorphism 0.232 0.27 3.19 none 1/28 (1/56) 0/212.(0/424) nd. 0.12 A668 -
SLC6A4 NM_001045 €.878C>T:p.5293F disease causing 0 0.25 3 Serotonin 1/28 (1/56) 4/212 (4/424) 1.93 047 A674
transporter (0.21~17.87)
deficency
T5C2 NM;000548 €.2032G>A:p.A678T polymorphism 0.016 - 0.23 -0.706 . ‘none 1/28 (1/56) - -1/212 {1/424) - 7.82 0.22 A647-
b : : i (0.48-128.60)
VPS138 NM_015243 €.820T>G:p.F274V polymorphism 0314 0 5.45 none 1/28 (1/56) 0/212 (0/424) nd. 0.12 A663
VPS138- NM>017890 €. 11960C>G:p.P3987R polymorphism 0.437 0.06 385 " none 1/28-(1/56) 0/212 (0/424) nd. 0.12 A619

UpolyPhen2 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 38'-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, CNTNAP2, DMD, and RAIl, 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.

(VIF)

Figure 82 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 “l-” 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 ASDSeqTM Core Research Screen-
ing Panel.

(PDF)

Table S2 Summary of SNP/indel detection with PGM
and MiSeq.

(PDE)

Table S3 Summary of target resequencing and priori-
tization.

(PDF)

Table S4 Clinical features of patients with novel SNVs.
(PDF)

Table S5 Multiple mutations detected in patients with
ASD.

(PDF)

Table S6 Comparison of PGM and MiSeq analysis cost
and expected yield.

(PDF)
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We performed whole genome sequencing in 16 unrelated patients
with autosomal recessive retinitis pigmentosa (ARRP), a disease
characterized by progressive retinal degeneration and caused by
mutations in over 50 genes, in search of pathogenic DNA variants.
Eight patients were from North America, whereas eight were
Japanese, a population for which ARRP seems to have different
genetic drivers. Using a specific workflow, we assessed both the
coding and noncoding regions of the human genome, including
the evaluation of highly polymorphic SNPs, structural and copy
number variations, as well as 69 control genomes sequenced by
the same procedures. We detected homozygous or compound het-
erozygous mutations in 7 genes associated with ARRP (USH2A,
RDH12, CNGBI1, EYS, PDE6B, DFNB31, and CERKL) in eight patients,
three Japanese and five Americans. Fourteen of the 16 mutant
alleles identified were previously unknown. Among these, there
was a 2.3-kb deletion in USH2A and an inverted duplication of
~446 kb in EYS, which would have likely escaped conventional
screening techniques or exome sequencing. Moreover, in another
Japanese patient, we identified a homozygous frameshift (p.L206fs),
absent in more than 2,500 chromosomes from ethnically matched
controls, in the ciliary gene NEK2, encoding a serine/threonine-
protein kinase. Inactivation of this gene in zebrafish induced ret-
inal photoreceptor defects that were rescued by human NEK2
mRNA. In addition to identifying a previously undescribed ARRP
gene, our study highlights the importance of rare structural DNA
variations in Mendelian diseases and advocates the need for
screening approaches that transcend the analysis of the coding
sequences of the human genome.

medical genetics | ophthalmology | ciliopathy | retinal blindness

he identification of the genetic causes of rare Mendelian

diseases is becoming increasingly important following some
success with gene-based therapy, as recently reported for patients
with a form of Leber congenital amaurosis (LCA), a severe auto-
somal recessive hereditary retinal dystrophy (1-3). The evidence
that restoring a gene in the diseased retina could yield therapeutic
effects has stimulated the pursuit of the genetic causes of other
retinal dystrophies, including retinitis pigmentosa (RP).

RP is the name given to a group of hereditary retinal con-
ditions in which degeneration of rod photoreceptors, responsible
for vision under starlight or moonlight conditions, is more pro-
nounced than that of cone photoreceptors, which mediate daylight
vision. Individuals with RP typically experience night blindness at
first, followed by progressive and unstoppable visual impairment
in daytime conditions as well (4). Their visual fields become re-

www.pnas.org/cgi/doi/10.1073/pnas. 1308243110

duced gradually and sight is lost from the midperiphery to the
periphery and then from the midperiphery to the center, result-
ing eventually in complete or near-complete blindness if left un-
treated. Most patients show intraretinal pigment in a bone spicule
configuration around the fundus periphery, for which this con-
dition was named. In addition, they typically show retinal arte-
riolar attenuation, elevated final dark adapted thresholds, and
reduced and delayed electroretinograms (ERGs) (4). Vitamin A
supplementation in combination with an omega-3 rich diet can
slow the course of retinal degeneration and preserve visual acuity
among adults with this condition (5, 6). Autosomal, recessively
inherited RP (ARRP) is the most common form of hereditary
retinal degeneration in humans. To date, over 50 genes have been
associated with ARRP and allied disorders, among patients who
are predominantly of European ancestry (RetNet; www.sph.uth.
tme.edu/retnet/home.htm). However, despite this high number
of identified disease genes, ~40-50% of all diagnosed cases have
no mutations in recognized loci (7). Furthermore, genetic defects
in RP are also population specific. For example, a screening of 193
unrelated Japanese patients with isolate or autosomal recessive RP
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for 30 disease genes identified commonly within North American
or European patients revealed candidate pathogenic mutations
in only 14% of the cohort (8).

Recent advances in massively parallel sequencing have enabled
the analysis of large amounts of sequences (genes) at reasonable
costs, revolutionizing the traditional approach of exon-by-exon
Sanger sequencing (9). The two major forms of sequencing strat-
egies allowing large-scale analyses are whole genome sequencing
(WGS) and whole exome sequencing (WES). The former reads
the entire genome with no distinction between exons and non-
exonic regions. It allows the detection of intergenic variants,
copy number variations (CNVs), and other structural rearrange-
ments, as well as unrecognized exonic sequences. The latter
technique relies on targeted DNA capture and focuses on the
analysis of the known exonic content of the genome, performed
according to the genomic annotation available at a given point
in time.

In this study, we performed WGS as a method for mutation
discovery in a highly genetically heterogeneous Mendelian dis-
ease; to this end, we evaluated 16 unrelated RP patients from
diverse ethnic backgrounds.

Results
Genome Sequencing. Genome sequencing in the 16 analyzed pa-
tients produced an average mapping yield of 200.8 + 17.9
(mean + SD) Gb and an average coverage of 66.1 + 2.4 (mean +
SD) reads per base (S/ Appendix, Table S1). This covered a ge-
nomic fraction of 0.968 + 0.004, in which roughly 3.8 million
putative variations were identified. Of these, ~7.7% were not
reported in dbSNP build 131 and were classified as novel var-
iants. Variations present within transcripts were classified further
as synonymous and nonsynonymous, and analyzed separately for
the North American and Japanese sets of patients. Scoring of
large structural variations (SVs) could be achieved only for seven
genomes, as the remaining DNA samples, possibly because of
their older age, did not produce reliable mate pair information
(81 Appendix, Resuldts ST).

Assessment of pathogenic variants was performed by a series
of filtering steps, summarized in Fig. 1.

I Genome sequence of 16 unrelated patients with ARRP

Extract 600,000 SNP alleles and detect
autozygous chromosomal regions

\%

Auto- yes
weosi? > O I Store autozygous regions I
oo 1

Investigate rare changes, point mutations
and small indels in known RP genes

Integrate data from autozygous none How one
regions, perform variant detection many changes Integrate data from SVs
in all annotated human genes <J per gene? E> 8
0’ Gtwo 0
none How two [~ two How
many c"af‘ﬁ?es Disease gene found (11 ‘many changes
gereene (upon validation) per gene?
gone one
Disease gene not found, J
likely mutations in non-coding | ¢
. N
regions or undetected SVs

Fig. 1. Flowchart of the filtering process applied in this work.
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Assessment of Autozygous Regions. Each genome was evaluated
for known or undocumented parental consanguinity as well as for
possible founder mutation events by extracting genotypes of known
polymorphic SNPs and by searching for long intervals with high
degrees of homozygosity (at least 500 consecutive SNP markers,
or ~2.2 Mb on average), indicative of identity by descent (IBD).
Significant genomic homozygosity was observed only in the five
Japanese patients (individual IDs: R14, R15, R16, R18, and
R19) who had documented parental consanguinity. The areas of
IBD had essentially no overlap among these patients except for
a 10-Mb interval on chromosome 1 shared by R15 and R19.
Haplotype analysis indicated the shared intervals to be of dif-
ferent origins. No other patients carried genomic areas indicative
of IBD; this was consistent with their family history reporting
no parental consanguinity.

Sequence Analyses of Known RP Genes. We first focused our anal-
yses on genes known to be associated with ARRP. We investigated
both small variants (from 1 to 50 bp) from the mapping of short
reads and, whenever possible, large SVs. Our results are sum-
marized in S7 Appendix, Table S2; detailed results are provided in
SI Appendix, Results 1, Figs. S1 and S3, and Table S3.

In addition to point mutations and short indels (insertion/
deletions), we detected pathogenic SVs in USH24 and EYS in
patients 003-019 and R9, respectively, by combining information
from sequence coverage and abnormal junctions/mate pair dis-
tance. In the genome of patient 003-019, we identified a ~2-kb
deletion that removed exon 27 of USH2A, whereas patient R9
was found to carry a 446-kb head-to-head inverted duplication of
the portion of chromosome 6 that included exons 23-29 of EYS
(Fig. 2).

We found two pathogenic alleles, in either a homozygous or
compound heterozygous state, in 8 of the 16 patients, 5 Americans
and 3 Japanese, in seven different genes (S/.4ppendix, Table S2).
Six patients carried mutations in one of the following genes:
USH2A4, RDHI12, CNGBI, EYS, PDE6B, and DFNB31; 2 patients
had mutations in CERKL. None of these mutations were found
in the control cohorts of 95 healthy North American or 95 Japanese
individuals. None of these mutations were reported previously, ex-
cept p.R257X in CERKL and p.G76R in RDHI2 (10, 11). All mu-
tations cosegregated with RP as recessive, pathogenic alleles in all
family members of the index patients for whom DNA samples
were available (Fig. 3).

Systematic Screening of All Genes. Based on the data from the
analysis of known RP genes, we adopted a pipeline to perform a
systematic analysis targeting all annotated genes in the genomes
of patients with unsolved genetic etiology (S/ Appendix, Fig. S2).
With the aim of selecting a restricted number of candidate genes,
more aggressive filtering was adopted with respect to the one
used for the screening of known disease genes. The major dif-
ferences in the analytical pipeline included removal of all entries
in dbSNP. We safely applied this filtering because, given the low
frequency of individual mutations in ARRP genes (including
undetected ones), the risk of eliminating pathogenic DNA var-
iants that could be fortuitously included in dbSNP build 131 is
negligible. Further, to validate this approach, we applied it again
retrospectively to the genomes for which mutations in RP genes
were already detected. All of identified RP mutations were pre-
sent in the final list of variants, supporting the sensitivity of the
strategy. Detailed results are provided in S/ Appendix, Results 52
and are summarized in S7 Appendix, Figs. S2 and S3 and Table S4.

In R19, in whom we did not find any clear-cut mutations in
known ARRP genes, we found a homozygous frameshift variant
(p.L206fs, c.617_624delTGTATGAGinsA) in the never in mitosis
gene A (NIMA)-related kinase 2 (NEK2) gene. This variant was
present within a highly homologous genomic stretch of 19.6 Mb
of chromosome 1q32, predicted to be IBD (S/ Appendix, Fig. 54).

Nishiguchi et al.
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Fig. 2. Pathogenic structural variations identified. (A) Sequence of the
heterozygous USH2A 2,229-bp deletion in patient 003-019 (Left) and elec-
trophoresis of the PCR fragments showing a smaller fragment carrying the
deletion in the index patient (iP) and her affected brother (AB) but not in her
mother (Mo) or a control DNA (C). del, deleted; WT, wild type. (B) Alignment
of the USH2A protein from Homo sapiens (Hs) and Saccoglossus kowalevskii
(Sk, acorn worm) showing the conservation of 13 CC repeat motifs (red) and
the location of the mutation p.C3294W, newly identified in patient 003-019
and her sister. Four previously reported disease-associated missense changes
(p.C3251R, p.C3267R, p.C3282R, and p.C3358Y) also affect neighboring CC
repeats. (C) Schematic representation and DNA sequence of the junctions
characterizing the chromosomal rearrangement detected in patient R9
and involving the EYS gene. Integration of the information obtained by
Sanger DNA sequencing and WGS coverage of the region allows identifying
an inverted duplication encompassing exons 23-29.

Similar to most frameshifts producing a premature termination
codon, p.L206fs is predicted to result in an mRNA allele that
is subject to nonsense-mediated mRNA decay, and therefore in
no protein product. Targeted DNA screening revealed that
¢.617_624delTGTATGAGinsA was absent from 1,273 Japanese
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and 95 North American control individuals. The entire coding se-
quence of the NEK2 gene was then analyzed in a mixed cohort
of 190 American patients with ARRP, in 64 Japanese patients with
isolate RP, as well as in 13 patients found previously to show
linkage between recessive retinal degeneration and the NEK2
region. However, other than known polymorphisms (11056729,
rs12031285, and rs45623136), we found only a few isolated het-
erozygous missense variants (p.R26Q, ¢.77G>A; p.V137],
c.409G>A; p.J265V, ¢.793A>G; p.N189S, c.566A>G; and p.
K103E, ¢.307A>G; none were present in dbSNP) insufficient to
account for ARRP. Notably, an additional Japanese male with
ARRP was found to carry the same frameshift variant p.L.206fs,
but heterozygously, with no other variants in the NEK2 coding
sequence. This same patient (R51) was later found to carry
the retinitis pigmentosa GTPase regulator (RPGR) mutation
.2405_2406delAG; p.E802fs (Human Gene Mutation Data-
base entry: CD004115), described previously to be a sufficient
cause of RP (12).

In light of a recent study reporting the involvement of non-
coding RNA in the pathogenesis of retinal degeneration in mice
(13), variants in noncoding RNA were also analyzed. After the
removal of variants observed in 52 publicly available control
genomes, only isolated heterozygous variants each with one entry
per gene remained, insufficient to account for ARRP.

nek2 Inactivation and Rescue in Zebrafish. To validate the patho-
genic role of NEK2 deficiency in RP, we suppressed the sole
ortholog of NEK2 in zebrafish embryos and asked whether this
manipulation might give rise to photoreceptor phenotypes. Upon
injection of 6 ng of nek2 splice-blocking morpholino, we ob-
served gross ocular defects, including microphthalmia and en-
larged eye sockets in 5-d postfertilization (dpf) morphant (MO)
embryos (Fig. 44). Whereas 63% of MO embryos displayed such
phenotypes, only 21% of embryos expressing both MO and wild-
type human NEK2 mRNA did, suggesting that the ocular pheno-
types are specific to the nek2 suppression (P < 0.001) (Fig. 4B).
We next asked whether, in addition to overt structural ab-
normalities that may not directly inform the involvement of this
gene to RP in humans, suppression of nek2 might also give rise
to photoreceptor defects consistent with those of patients with
ARRP. We therefore embedded and paraffin sectioned control
and MO embryos. In addition to the small eye phenotype, we
detected alterations in the photoreceptor layer. Specifically, after
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Fig. 3. Cosegregation analyses. All mutations analyzed cosegregated with
the disease according to an autosomal recessive pattern of inheritance.
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Fig. 4. In vivo functional evaluation of nek2 loss in zebrafish. (A) Bright-
field representation of 5-dpf control and nek2 morphant zebrafish embryos.
Magnified Insets highlight ocular phenotypes including microphthalmia and
enlarged eye sockets (marked by the black asterisk). (B) Ocular phenotypes
including microphthalmia and enlarged eye sockets vs. normal phenotypes
(red bars and blue bars, respectively) are quantified in control and nek2
morphant embryos, as well as in morphant animals rescued with human WT
NEK2 mRNA. Asterisks indicate statistically significant differences between
groups (P < 0.001). (C) Histology of control and nek2 morphant embryos also
show enlarged eye sockets (marked by black asterisks) and microphthalmia.
Magnified /nsets show a decrease in the number of photoreceptors with
apparent changes in domains of condensed chromatin (white asterisks). C,
cones; R, rods. (D) Immunohistochemical analyses of retinal cryosections
from control and nek2 MO embryos, stained with DAPI (blue) and the 4D2
antibody against rhodopsin (green). Suppression of nek2 results in the depletion
of rods and in the mislocalization of rod opsin from the outer segment (OS) of
photoreceptors. INL, inner nuclear layer; ONL, outer nuclear layer. (F) TUNEL
immunofluorescent images of 4-dpf embryos, showing an increase in the
number of apoptotic cells in nek2 morphant embryos. The dotted ovals indicate
the position of the eye. A, anterior; D, dorsal; P, posterior; V, ventral.

serial sectioning of 10-20 embryos injected with sham, MO, or
MO + human NEK2 mRNA, we observed a persistent decrease
in the number of photoreceptors with large central domains of
condensed chromatin. This phenotype was seen in all nek2 MO
embryos evaluated, but was absent from embryos injected with
either sham or MO + human NEK2 mRNA, suggesting a loss of
rod photoreceptors specific to the suppression of nek2 (Fig. 4C
and S7 Appendix, Fig. S5). To verify this observation, we used a
rhodopsin (4D2) antibody to stain retinal cryosections from em-
bryos injected with sham, MO, or MO + human NEK2 mRNA
(Fig. 4D and S/ Appendix, Fig. S5). Immunohistochemical analyses

16142 | www.pnas.org/cgi/doi/10.1073/pnas.1308243110

of cross-sections from each condition demonstrated that the
suppression of nek2 resulted in the depletion of ~24% of 4D2-
positive rod photoreceptors. In addition, mislocalization of
rod opsin throughout the photoreceptor cells was evident in the
central retina of nek2 MO specimens, consistent with the hy-
pothesis that nek?2 is required for the appropriate trafficking of
rhodopsin to the outer segments (Fig. 4D).

Further, to ask whether apoptosis, a major mechanism of
photoreceptor loss in most known forms of RP (14), might ac-
count for some of the observed loss of photoreceptors, we per-
formed TUNEL analysis. Masked scoring of embryos (~50
embryos per injection mixture) revealed a sevenfold increase in
the number of TUNEL-positive cells in the eye and head region
of nek2 morphant embryos. By sharp contrast, we did not ob-
serve more than 1-10 TUNEL-positive cells in embryos injected
with MO + NEK2 mRNA (Fig. 4E).

Finally, we were intrigued by the discovery of a heterozygous
frameshift variant p.L206fs in NEK2 and the bona fide RPGR
mutation p.E802fs in a patient with RP. We therefore asked
whether the RPGR variant may interact genetically with the
NEKR2 locus. To test this possibility, we coinjected subeffective
doses of the nek2 MO and rpgr MO and compared embryos with
single or double MO (n > 100 at subeffective doses). Approxi-
mately 28% of embryos carrying subeffective doses of both nek2
and rpgr MO revealed ocular (P < 0.001) and rod photoreceptor
phenotypes (serial sectioning of 10 embryos per genotype) that
exceeded the number of affected embryos induced by either nek2
(3%) or rpgr (10%) MO alone, suggesting that the RPGR allele
interacts in trans with the NEK2 locus to exacerbate photore-
ceptor defects (57 Appendix, Fig. S0).

Discussion

Massively parallel sequencing has proven to have a high poten-
tial to detect mutations in patients with rare Mendelian diseases
(15). To date, most reports focus on monogenic conditions with
no genetic heterogeneity, for which mutations can be recognized
from benign variants since they invariantly affect the same gene
in different patients.

In this study, we explored the efficacy of WGS in identifying
mutations in unrelated patients from diverse ethnic backgrounds
and presenting with a disease that is clinically the same but that
has different genetic drivers. Whereas the small number of
genomes analyzed in this study precludes an accurate analysis of
quantitative measures, such as sensitivity of the WGS to detect
mutations in known RP genes, we observed a few features that
allowed us to make some valid comparisons between the dif-
ferent techniques currently available for genetic diagnosis. First,
the majority of the pathogenic mutations identified were never
reported before. This implies that tools that rely on systematic
search for known pathogenic variants, both via mutation-cen-
tered resequencing and chip-based hybridization, may not be
adequate for ARRP. Second, thanks to full-genome data, we
detected complex structural variants whose junctions were lo-
cated deep in noncoding regions. Because of their nature, these
disease-causing variants would have been invisible to standard
screening methods, or even to WES. Coverage-based analysis of
CNV in exome sequencing has been attempted, with variable
results. Limitations of this approach include the uneven effi-
ciency of target DNA capture (and hence sequence coverage, on
which assessment of number of copies is based) over different
probes and, above all, the low probability of detecting junctions
defining the SVs, which are more likely to be found in the
nonexonic sequences composing ~98% of our genome. Un-
ambiguous detection of abnormal junctions and mate pair in-
formation are crucial parameters in defining a SV; for instance,
they allow distinguishing a tandem duplication from an inverted
one. Third, because we had access to the full wealth of genomic
information, we could integrate many sources of information
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at once (e.g., SNP genotypes, phasing, etc.) that allowed us to
accurately filter DNA variants that were related to the disease.

Genetic defects in EYS were proposed recently to be one of
the major causes of ARRP in the Japanese population (16). We
found that one of the pathogenic EYS alleles was a large SV (446
kb) with a complex genomic rearrangement. This finding sup-
ports the notion that SVs represent frequent pathogenic mu-
tations in this gene (17). A homozygous nonsense mutation in
exon 6 of DFNB31 was identified in R18, a patient with non-
syndromic ARRP. The DFNB3I gene encodes whirlin, a PDZ
scaffold protein with expression in both hair cell stereocilia and
retinal photoreceptor cells. Whirlin binds to the protein encoded
by USH2A4 (18), a gene associated with both Usher syndrome
type II (ARRP accompanied by hearing loss) and nonsyndromic
ARRP (19). Whereas mutations in DFNB3] have been re-
ported as rare causes of Usher syndrome type II (20, 21), no
DNA changes in its sequence have yet been associated with
nonsyndromic ARRP. Howeyver, at the age of 66, the past medical
history of this patient was significant for only hyperlipidemia and
she did not report any hearing loss. We could not perform an
auditory examination because she was no longer reachable.

In patients from consanguineous families, regions of IBD
allowed restricting the search for pathogenic mutations to only a
fraction of the genome. However, these same regions were sus-
ceptible to carrying other rare but nonpathogenic homozygous
changes as well. Indeed, a higher number of candidate genes/
mutations remained among Japanese patients with parental con-
sanguinity compared with those without it (S7 4ppendix, Table S4).
These results suggest that even if the analysis should be restricted
to areas of IBD, genomes with high homozygosity do not necessarily
offer an extra advantage in mutation detection, when compre-
hensive genomic sequencing in single individuals is performed.

In three patients we identified clear-cut pathogenic but het-
erozygous mutations in known ARRP genes that could not be
associated directly with the disease. This was particularly evident
for patient R14, who carried a heterozygous frameshift in
DFNB31 but was also homozygous for a mutation inactivating
PDEOGB (22). These findings are not surprising, given the ele-
vated number of recessive ARRP mutations that are predicted to
be present in the general population. Based both on theoretical
assessments and on experimental data from control cohorts, we
estimated that 1 in 3-7 individuals could be potential heterozy-
gous carriers of an ARRP mutation (23, 24) or, as in the present
case, 3 in 16.

The reasons why no candidate mutations of similar quality
(i.e., two mutations, at least one of them being clearly deleterious
in nature) to those revealed in known RP genes was uncovered in
most of the unresolved genomes are unknown. Explanations for
this observation may include the presence of variants or SVs that
were undetected because of problems inherent in the mapping
or sequencing procedure, or of less obvious pathogenic changes
that alter splicing or transcription. These would include variants
located in introns or in promoter regions, synonymous changes,
or changes lying within important yet unannotated exons, genes,
or genetic elements that have not been explored in the current
study. Diseases caused by oligogenic modes of inheritance, or
perhaps attributable to missense mutations for which efficient
prioritization is difficult, is another possible explanation. De novo
mutations in unknown dominant RP genes could also be evoked.

The search for mutations in unknown disease-causing genes
revealed a number of genes with two nonsynonymous changes,
which were mostly previously undescribed missenses. Applica-
tion of more stringent filtering criteria by imposing the presence
of at least one deleterious mutation followed by targeted anno-
tation highlighted a single candidate, NEK2, in a Japanese patient
who carried a homozygous frameshift in this gene. The serine/
threonine-protein kinase NEK2 is known to play an important
role in regulation of cell cycle progression through localization
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to the centrosomes and interaction with microtubules (25). The
identified frameshift would result either in the creation of pre-
mature stop codon yielding a null allele or (less likely) a truncated
protein lacking kinase activity and loss of microtubule binding.
Importantly, defects in members of the Nek kinase family have
been linked to impaired ciliogenesis and polycystic kidney disease
(26). Recently, a role for Nek?2 in the left-right patterning of vital
organs (a phenotype associated with ciliary function) was estab-
lished in Xenopus laevis (27). In the same work, in situ hybrid-
ization revealed the expression of nek2 transcripts in the eye (27).
Furthermore, because NEK2 interacts with and can phosphorylate
rootletin, a component of photoreceptor cilia (28, 29), NEK2 was
considered to be an important candidate for ARRP.

Our zebrafish studies showed that lack of Nek2 induces micro-
phthalmia as a gross morphological phenotype. More importantly,
in nek2 morphants, we observed mistrafficking of rhodopsin, a
hallmark of photoreceptor disease (30), and a reduced number of
rod photoreceptors, likely via apoptotic processes. These pheno-
types were rescued by injection of wild-type human NEK2 mRNA,
validating the specificity of the induced defects. Microphthalmia
is a phenotype that is difficult to interpret in the present context
but that is not uncommon to zebrafish models of RP (31, 32).
Meanwhile, photoreceptor death, mistrafficking of rhodospsin,
and reduction of the outer retinal layers are classical features of
RP in both patients and animal models (7, 14, 33). Indeed, no
microphthalmia was noted in patient R19.

Intriguingly, the NEK2 frameshift identified in R19 was also
present in R51, another patient with RP who had a deleterious
mutation in RPGR. As the RPGR mutation in itself could explain
the disease, an obvious question was whether the NEK2 mutation
might in fact represent a common benign allele. We therefore
searched for this variant in 1,273 control Japanese individuals
and found that none carried it (allele frequency <3.9 x 107%).
The p.L206fs mutation in NEK2 is therefore exceedingly rare,
such that its presence in a homozygous state in a patient is
a strong argument in favor of its being an uncommon cause for
ARRP. Although it is possible to attribute the presence of both
NEK2 and RPGR mutations in R51 to chance, a more parsi-
monious explanation is that mutations in these two genes, both
expressed in the connecting cilium, act synergistically to define
a severe RP phenotype, due to the established principles of
mutational load and oligogenic interactions of pathogenic alleles
(34). In turn, this would increase the likelihood for the patient
of being examined at earlier ages and analyzed genetically. Mul-
tiple genetic modifier genes have been reported for cilia-encoding
genes and especially for RPGR (35). These modifiers may account
in part for the wide phenotypic spectrum associated with genetic
defects in this gene, ranging from localized macular atrophy to
retinitis pigmentosa of variable severity. To investigate the possi-
bility of the cooperative effect between deficiencies in these two
ciliary genes, we performed in vivo genetic interaction studies
and showed that loss of Rpgr function can exacerbate Nek2
ocular phenotypes, including defects comprising the trapping
of rhodopsin in the inner segment. Taken together, our genetic
and functional data indicate that NEK? is a disease gene and that
the retinal phenotype that results from its deficiency may repre-
sent a newly recognized ciliopathy.

To date, WGS has not been as widely explored as WES in the
context of mutation detection. This can be attributed mainly to
cost-related issues, because WGS is at least twice as expensive as
WES procedures ensuring the same average coverage. We be-
lieve that the additional features displayed by WGS are worth
the difference in price; however, this is a rather subjective matter
that also depends on the disease that is being investigated. In the
present case, WGS was essential to identify two pathogenic struc-
tural variations originating in introns. This is a significant finding,
considering that only seven genomes could undergo SV analysis.
Therefore, as a general rule, WGS is probably the strategy of
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choice when detection of structural variants or mutations in non-
coding regions represents an important element of investigation.
In the long term, considering that costs associated with massively
parallel sequencing technology is expected to fall further and that
analysis pipelines continue to evolve, it is probable that WGS
would be just as workable economically and physically as WES.
Limitations of WGS include the requirement of high-quality
DNA to explore the full leverage of the mate-pair mapping and
the lack of reliable pipelines to detect SVs ranging in size from
50 to a few hundred base pairs. Unexpectedly, the difficulty ac-
companied by handling the large amount of data produced by
WGS was not a significant obstacle, given the power of desktop
computers presently available on the market. Whereas samples
with suitable quality could be obtained through careful prepa-
ration of fresh DNA samples, under detection of SVs may be a
more problematic issue to solve. This occurs because current
mapping is based on two steps: mapping of the short reads aimed
at detecting variations between 1 and 50 bp and mate-pair map-
ping for detection of SVs larger than a few hundred bases; to our
knowledge, a solution that could fill the gap between these two
mapping approaches remains to be found.

In conclusion, in this study we identified clear-cut causative
mutations among the overwhelming number of DNA variants
present in the human genome, in single patients from genetically
diverse populations. This happened without ambiguities in a highly
heterogeneous disease, ARRP, and in more than 50% of the in-
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dividuals analyzed. Furthermore, two cases presented mutations
involving noncoding parts of the genome. Considering that the
majority of patients referred for molecular genetics diagnosis are
isolated individuals, our results are relevant not only to basic re-
search, but also to future clinical genetic testing.

Methods

Our research protocol involving humans and animals was approved by the
institutional review boards of our respective universities and organizations.
Written informed consent for providing medical information and blood
samples was obtained from each patient. Experimental procedures are de-
scribed in detail in S/ Appendix, Methods.
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Hideki Hoshino,5 Hiroshi Terashima,5 Hitoshi Osaka,® Shinichi Nakamura,” Jun Tohyama,8

Tatsuro Kumada,3 Tomonori Furukawa,? Satomi Iwata,? Takashi Shiihara, 210 Masaya Kubota,>

Satoko Miyatake,! Eriko Koshimizu,! Kiyomi Nishiyama,! Mitsuko Nakashima,! Yoshinori Tsurusaki,!
Noriko Miyake,! Kiyoshi Hayasaka,? Kazuhiro Ogata,* Atsuo Fukuda,® Naomichi Matsumoto,1*

and Hirotomo Saitsu!.*

Heterotrimeric G proteins, composed of «, B, and y subunits, can transduce a variety of signals from seven-transmembrane-type
receptors to intracellular effectors. By whole-exome sequencing and subsequent mutation screening, we identified de novo hetero-
zygous mutations in GNAQI, which encodes a Ga, subunit of heterotrimeric G proteins, in four individuals with epileptic enceph-
alopathy. Two of the affected individuals also showed involuntary movements. Somatic mosaicism (approximately 35% to 50% of
cells, distributed across multiple cell types, harbored the mutation) was shown in one individual. By mapping the mutation onto
three-dimensional models of the Ga subunit in three different complexed states, we found that the three mutants (c.521A>G
[p.Asp174Gly], ¢.836T>A [p.lle279Asn], and ¢.572_592del [p.Thr191_Phel97del]) are predicted to destabilize the Ga subunit fold.
A fourth mutant (c.607G>A), in which the Gly203 residue located within the highly conserved switch II region is substituted to
Arg, is predicted to impair GTP binding and/or activation of downstream effectors, although the p.Gly203Arg substitution might
not interfere with G binding to G-protein-coupled receptors. Transient-expression experiments suggested that localization to the
plasma membrane was variably impaired in the three putatively destabilized mutants. Electrophysiological analysis showed that
Ga,-mediated inhibition of calcium currents by norepinephrine tended to be lower in three of the four Ga, mutants. These data
suggest that aberrant Ge, signaling can cause multiple neurodevelopmental phenotypes, including epileptic encephalopathy and
involuntary movements.

Introduction

Epileptic encephalopathy is a group of neurological disor-
ders characterized by severe and progressive cognitive and
behavioral impairments, which are most likely caused or
made worse by epileptic activity.! Ohtahara syndrome
(OS [MIM 308350 and 612164]) is the most severe and
the earliest form of epileptic encephalopathy and is charac-
terized by tonic spasms mainly in the neonatal period,
seizure intractability, and a suppression-burst pattern on
electroencephalography (EEG).> De novo mutations in
three genes, ARX (MIM 300382), STXBP1 (MIM 602926),
and KCNQ2 (MIM 602235), have been reported in individ-
uals with 08.3-¢

Heterotrimeric guanine-binding proteins (G proteins)
are composed of «, B, and vy subunits. In its basal state,
Ga is bound with guanosine diphosphate (GDP) and forms
the Gapy complex. When a seven-transmembrane-type
receptor binds its agonist, it activates G proteins by cata-

lyzing the exchange of GDP for guanosine triphosphate
(GTP) on the Ga subunit. Subsequently, GTP-bound Ga
dissociates from GPy, and each of the two complexes acti-
vates distinct downstream effectors.” In mammals, G sub-
units are divided into four classes: Gay/o, Gag/11, Go, and
Gagons.” Gao, encoded by GNAOI (MIM 139311), is
extremely abundant in brain tissue, where it can constitute
up to approximately 0.5% of membrane protein,® suggest-
ing important roles in brain function. In fact, mice lacking
Ga, show multiple neurological abnormalities, including
generalized tremor, occasional seizures, severe motor-
control impairment, hyperalgesia, and behavioral abnor-
malities with early postnatal lethality.” "

In this study, de novo GNAOI mutations were identified
in four epileptic-encephalopathy-affected individuals,
three of whom were diagnosed with OS. In addition, two
of the four individuals showed involuntary movements,
suggesting that aberration of Gu, can cause multiple
neurodevelopmental phenotypes.
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Subjects and Methods

Subjects

Twelve individuals with OS were previously analyzed by whole-
exome sequencing (WES).>!! In addition, we analyzed parental
samples from 5 of the 12 individuals by WES. Screening for
GNAO1 mutations was performed in 367 individuals with
epileptic encephalopathy (including 62 OS cases) by high-
resolution-melting (HRM) analysis (339 cases) and/or WES (100
cases). The diagnosis was made on the basis of clinical features
and characteristic patterns on EEG. Experimental protocols were
approved by the institutional review board of Yokohama City
University School of Medicine and Yamagata University Faculty
of Medicine. Informed consent was obtained from the families
of all individuals.

DNA Samples

Genomic DNA was obtained from peripheral-blood leukocytes by
standard methods. For detection of a mosaic mutation in indivi-
dual 2, genomic DNA from saliva and nails was isolated with an
Oragene DNA kit (DNA Genotek) and an ISOHAIR kit (Nippon
Gene), respectively.

WES

Genomic DNA was captured with the SureSelect Human All Exon
v.4 Kit (Agilent Technologies) and sequenced with four samples
per lane on an Illumina HiSeq 2000 (Illumina) with 101 bp
paired-end reads. Image analysis and base calling were performed
by Sequencing Control Software with Real-Time Analysis and
CASAVA software v.1.8 (Illumina). Exome data processing, variant
calling, and variant annotation were performed as previously
described.**™* Reads were aligned to GRCh37 with Novoalign
(Novocraft Technologies). Duplicate reads were removed with
Picard, and local realignments around indels and base-quality-
score recalibration were performed with the Genome Analysis
Toolkit (GATK).'® Single-nucleotide variants and small indels
were identified with the GATK UnifiedGenotyper and were filtered
according to the Broad Institute’s best-practice guidelines v.3.
Not flagged as clinically associated, variants registered in
dbSNP135 were filtered. Filter-passed variants were annotated
with ANNOVAR." Pathogenic mutations detected by WES were
confirmed by Sanger sequencing.

Mutation Screening

Genomic DNA was amplified with an illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare). Exons 1-8 covering the GNAO1
coding region of two transcript variants (transcript variant 1,
RefSeq accession number NM_020988.2, encoding Gaey; tran-
script variant 2, RefSeq accession number NM_138736.2, encod-
ing Gu.,p) were screened by HRM analysis. The last two exons differ
between the transcript variants. HRM analysis was performed with
a Light Cycler 480 (Roche Diagnostics). Samples showing an
aberrant melting curve in the HRM analysis were sequenced.
PCR primers and conditions are shown in Table S1, available
online. All mutations not present in publically available databases
were verified with original genomic DNA and were searched for in
the variant database of our 408 in-house control exomes.

Deep Sequencing of a Mosaic Mutation
PCR products (length 178 bp) spanning the ¢.521A>G mutation
were amplified with the use of blood, saliva, and nail DNA samples

from individual 2 and blood DNA samples from her parents as a
template. Adaptor ligation, nick repair, and amplification were
performed with the Ion Xpress Plus Fragment Library Kit (Life
Technologies) according to the manufacturer’s protocol (part no.
4471989 Rev. B). Indexing was carried out with the Xpress Barcode
Adapters 1-16 Kit (Life Technologies). Emulsion PCR and enrich-
ment steps were carried out with the Ion OneTouch 200 Template
Kit v.2 (Life Technologies) according to the manufacturer’s pro-
tocol (part no. 4478371 Rev. A). Sequencing of the amplicon
libraries was carried out on the Ion Torrent Personal Genome
Machine (PGM) with the Ion 314 sequencing chip and the Ion
PGM 200 Sequencing Kit (Life Technologies) according to the
recommended protocol (part no. 4474246 Rev. B). Torrent Suite
2.2 was used for all analyses. The percentage of mosaicism was
examined with the Integrative Genomics Viewer.'>*¢

Expression Vectors

A full-length human GNAOI ¢DNA clone (transcript variant 1,
encoding Ga,) was purchased from Kazusa DNA Research
Institute. Human GNAOI cDNA was inserted into a pEF6/VS-
His-C vector for the introduction of a C-terminal VS epitope
(Life Technologies). Site-directed mutagenesis using a KOD-Plus-
Mutagenesis kit (Toyobo) was performed for generating GNAO1
mutants, including ¢.521A>G (p.Aspl74Gly), c¢.572_592del
(p.Thel91_Phel97del), c.836T>A (p.Ile279Asn), and c.607G>A
(p.Gly203Arg). A ¢.607_609delinsACA (p.Gly203Thr) mutant, in
which GTP binding was reversible in contrast to the WT,'” was
also generated to serve as the known loss-of-function mutant.*®
All variant cDNAs were confirmed by Sanger sequencing.

Immunofluorescence Microscopy

Mouse neuroblastoma 2A (N2A) cells were grown as previously
described.* N2A cells on glass coverslips were transfected with
200 ng of plasmid DNA with the use of X-tremeGENE 9 DNA
Transfection Reagent (Roche Diagnostics). After 24 hr, cells were
fixed in PBS containing 4% paraformaldehyde for 15 min and
permeabilized in PBS containing 0.1% Triton X-100 for 5 min.
Cells were then blocked with 10% normal goat serum for
30 min. V5-tagged Go,; was detected with a mouse V5 antibody
(1:200 dilution; Life Technologies) and Alexa-488-conjugated
goat anti-mouse IgG (1:1000 dilution; Life Technologies).
Coverslips were mounted with Vectashield (Vector Laboratories)
that contained DAPI and were visualized with an inverted
FV1000-D confocal microscope (Olympus).

Structural Modeling and Free-Energy Calculations

We used FoldX software (version 3.0B5) to construct mutated
molecular structures and calculate the free-energy changes caused
by the mutations.'® We used crystal structures of the GDP-bound
inactive Go;By heterotrimer (Protein Data Bank [PDB] 1GG2),*’
the nucleotide-free Gusfy in complex with agonist-occupied
monomeric B2 adrenergic receptor (B2AR) (PDB 3SN6),%! and the
transition-state analog of GTP (GDP'AIF,")-bound Gag in com-
plex with its effector phospholipase C-§ (PLCB) (PDB 30HM)*?
as three-dimensional structure models of the Go, subunit in
different complexed states. Each of the mutations, corresponding
to p.Asp174Gly, p.Ile279Asn, or p.Gly203Arg in the human Ga,
subunit, was introduced into the Ga subunit of each complex,
and the free-energy change upon the mutation was calculated
with FoldX software. Note that ligands included in the complexes
were ignored in the calculation because the FoldX energy function
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12 3 4 56 7 8 Figure 1. De Novo GNAOT Mutations in
. | P | | |1 | Jl:j Individuals with Epileptic Encephalopathy
Vi 5.[{ 3 . -
ariant 2 | | z ] T 7 8ae Schematic representation of GNAOI,
Variant1 5 El‘l ” | P | | | | LD y including two transcript variants: tran-
| i | ~ | [ 1 ¥ script variant 1 (RefSeq NM_020988.2)
/’__7—’ \ with nine exons and transcript variant 2
. o D ) (RefSeq NM_138736.2) with eight exons.
Individual 2 Individual 3 Individual 4 Individual 1 The UTRs and coding regions are shown
c.521A>G ¢.572_592del C.607G>A c.836T>A in white and black rectangles, respectively.
(p.Asp174Gly) (p.Thr191_Phe197Qel) (p.Gly203Arg)  (p.lle279Asn) Three mutations occurred in common
151065375 I ,‘ | l exons of two transcript variants, and one
i v hoy mutation occurred uniquely in transcript
¥ \ { variant 1. Note that the electropherogram
' y of individual 2 suggested mosaicism of
CGAGCAGGACATC TTCACATTCA CGTCGGAGG AAGATCAAG the ¢.521A>G mutation, and a heterozy-
" 3 GGCTGAG A A
de novo, mosaic de novo de novo de novo gous C>T change (r81065375) was Cleaﬂy
o demonstrated. All mutations caused sub-
Amino acid change ¢ R N stitution or deletion of evolutionarily
H. sapiens GNAO1 QPTEQDILRTR RLFDVGGORSE ~ LFGEKIKKSPL d ami ids. H 1
R. norvegicus Gnao1 QPTEQDTLRTR RLFDVGGORSE ~ LFGEKIKKSPL conserved amino acids. rlomologous se-
M. musculus Gnao1 QPTEQDILRTR RLEDVGGORSE LFGEKIKKSPL quences were aligned with the use of the
B. Taurus GNAOY QPTEQBILRTR RLFDVGGORSE ~ LFGEKIKKSPL i
G. gallus GNAO1 QPTEQBILRTR RLFDVGGORSE  LFAEKIKKSPL CLUSTALW web site.
X. leavis gnaota QPTEQDILRIR RLFDVGGORSE ~ LFAEKIKKSPL
D. rerio gnaota QPTEQDILRTR RLFDVGGORSE ~ LFAEKIKKSPL
D. melanogaster G-oalphad7A QPTEQDILRTR KLE’DVGGQRSE LFEEKUZRKSPL
C. elegans goa-1 QPTEQDILRTR KLFDVGGORSE ~ LFEEKIKKSPL

does not consider the confribution of ligands. The calculation was
repeated three times, and the resultant data were presented as an
average value with a SD.

Electrophysiology

For electrophysiological recording of calcium currents, we used
NG108-15 cells transfected with individual GNAOI mutants.
Expression vectors were introduced by electroporation with the
Lonza Nucleofector device and the Cell Line Nucleofector Kit V
(Lonza) according to the manufacture’s protocol (program
X-023). Two micrograms of plasmid DNA was used per transfec-
tion. The transfected cells were plated on poly-i-lysine-coated
plastic coverslips (Cell Desk LF, MS-0113L; Sumitomo Bakelite) at
a density of about 5 x 10* cells/cm? and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). One day after transfection, the cells were
differentiated with DMEM supplemented with 10 pM prosta-
glandin E1, 50 pM IBMX, and 1% ¥BS for 3-7 days before
recording. During the culture period, half of the medium was
changed every other day.

The recording was made by the perforated whole-cell patch-
clamp technique with amphotericin B. Cells on coverslips were
perfused under an Olympus BXSIW upright microscope
(Olympus) with a bath solution containing 140 mM NaCl,
5 mM CaCl,, 4 mM KCl, 1 mM MgCl,, 10 mM HEPES, 10 mM
TEACI], 8 mM glucose, and 0.0002 mM tetrodotoxin (pH 7.3
adjusted with NaOH). The patch pipette solution contained
100 mM CsCl, 10 mM EGTA, and 40 mM HEPES (pH 7.3 adjusted
with CsOH). Amphotericin B was added to the pipette solution at
2 pl/ml just before the experiments. The pipettes were fabricated
from borosilicate glass capillaries and had a resistance of 4-8 MQ
when backfilled with the amphotericin-B-containing pipette solu-
tion. The recording was started when the series resistance was
reduced to <150 MQ after gigaseal formation and clear cellular
capacitive surges had appeared. Voltage-gated calcium currents
were elicited by the application of 50 ms depolarizing pulses
to +10 mV from the holding potential of —65 mV, recorded
with a Multiclamp 700B (Molecular Devices) controlled via

pCLAMP10 software (Molecular Devices),
filtered at 2 kHz, and sampled at 10 kHz
with 50% compensation for series resis-
tance. Go,-mediated current inhibition was elicited by the
application of 10 uM norepinephrine via the bath solution. After
3-5 min, inhibition was assessed by measurement of the changes
in current density just before the end of the depolarizing pulses.
Recordings were made at room temperature.

Statistical multiple comparisons were made with ANOVA
followed by Dunnett’s post hoc test, and the threshold p value
for judging statistical significance was 0.05. The current inhibition
induced by norepinephrine in individual mutant-expressing
cells was assessed with a paired t test. The results are given as the
mean *+ SEM.

Results

GNAOI1 Is Mutated in Individuals with Epileptic
Encephalopathy

We previously performed WES of 12 individuals with
0S.*! In this study, we analyzed parental samples from
5 of the 12 individuals by WES (mean RefSeq read depth
of 109) to systematically screen de novo or recessive
mutations. We found no recessive mutations in
SLC25A22 (MIM 609302), PNPO (MIM 610090), PNKP
(MIM 613402), PLCB1 (MIM 613722), or ST3GAL3 (MIM
615006), whose mutations were previously found in
epileptic encephalopathy,®*%” but we did find one or
two de novo mutations in each of the five trio exomes.
Among them, a de novo missense mutation (c.836T>A
[p.]le279Asn]) in GNAOI at 16q12.2 was identified in
individual 1. In the exome data of the other seven original
individuals, we also found in individual 2 a second
missense mutation (c.521A>G [p.Asp174Gly]), which
was confirmed as a de novo event by Sanger sequencing
(Figure 1). Moreover, GNAOI mutation screening in 367
individuals with epileptic encephalopathy by HRM
analysis (339 individuals) and/or WES (100 individuals,
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Table 1. Clinical Features of Individuals with a GNAGT Mutation
Individual 1 Individual 2 Individual 3 Individual 4
Gender female female female female
Age 13 years 4 years, 1 month died at 11 months 8 years
Mutation c.836T>A (p.lle279Asn) ¢.521A>G (p.Asp174Gly) €.572_592 del ¢.607G>A (p.Gly203A1g)
(p.Thr191_Phe197 del)
Inheritance de novo de novo, somatic mosaic de novo de novo
Diagnosis Ohtahara syndrome Ohtahara syndrome Ohtahara syndrome epileptic encephalopathy
Initial symptom tonic seizure at 4 days series of tonic seizures at series of tonic seizures at opisthotonic posture,
29 days (tonic upgaze, 2 weeks (resemble spasms) developmental delay at
head nodding, extension 7 months
of all extremities)
Initial EEG suppression-burst pattern suppression-burst pattern suppression-burst pattern diffuse irregular spike-
at 4 days at 29 days at 2 weeks and-slow-wave complex

at 5 years

Course of seizures

tonic seizure at 5 years

series of tonic seizures

tonic seizure at 10 months

focal seizure (tonic

at 9 months upgaze), tonic seizure
at 5 years
Course of EEG multifocal sharp waves hypsarrhythmia at hypsarrhythmia at not done
at 1 year, 4 months; 3 months; diffuse spike- 4 months
suppression-busst pattern and-slow-wave complex
at 5 years, 6 months at 1 year, 7 months; sharp
waves at frontal lobe
at 3 years, 9 months
Involuntary movement - - dystonia severe chorea, athetosis
Seizure control intractable (2-3 times intractable (0-2 times intractable intractable (several times
per day) per day) per day)
Development
Head control - + - -
Sitting - - - -
Meaningful words - - - -
MRI normal at 1 month; delayed myelination normal at 3 months delayed myelination at

cerebral atrophy at
§ years, 6 months

and thin corpus callosum
at 10 months

1 year, 3 months; reduced
cerebral white matter,
thin corpus callosum at

4 years, 8 months

mean read depth of 129) revealed two de novo mutations:
¢.572_592 del (p.Thr191_Phel97del) in individual 3 and
c.607G>A (p.Gly203Arg) in individual 4 (Figure 1). One
mutation (c.836T>A) specifically affects GNAO1 transcript
variant 1, whereas the other three mutations affect both
transcript variants 1 and 2. Web-based prediction tools
suggested that these four mutations would be pathogenic
(Table S2). None of the four mutations was found in the
6,500 exomes of the National Heart, Lung, and Blood
Institute (NHLBI) Exome Sequencing Project Exome
Variant Server or among our 408 in-house control exomes.
Interestingly, exome data and Sanger sequencing indi-
cated that the ¢.521A>G mutation in individual 2 was
somatic mosaic (Figure 1 and Table S3). We confirmed
de novo somatic mosaicism of the ¢.521A>G mutation
by deep sequencing of PCR products amplified with
blood, nail, and saliva DNA from individual 2 and blood
DNA from her parents, showing that approximately
35%-50% of cells harbored the mutation (Table S3).

Phenotypes Associated with GNAOI Mutations

Neurological features of four female individuals with
GNAO1 mutations are shown in Table 1. Three
individuals (individuals 1-3) developed tonic seizures
with suppression-burst pattern on EEG at the onset (tange
4-29 days), leading to a diagnosis of OS. Individuals 2 and
3 transited to West syndrome, a common infantile
epileptic syndrome, as revealed by hypsarrhythmia on
EEG at 3-4 months of age (Figures 2A-2C). Individual 4
showed developmental delay and opisthotonic posture
at 7 months of age, and complex partial seizures with
epileptic discharge on EEG was observed at 5 years
(Figure 2D). Of note, two individuals showed involuntary
movements: individual 3 showed dystonia, and individual
4 displayed chorea and athetosis (Table 1 and Movie S1).
Brain MRI showed delayed myelination in individuals 2
and 4, cerebral atrophy or reduced cerebral white matter
in individuals 1 and 4, and thin corpus callosum in indi-
viduals 2 and 4 (Figures 2E-2I). Although seizures and EEG
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Individual 3

Individual 2

Figure 2.
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EEG and Brain MRI Features of Individuals with GNAO7 Mutations

(A and B) Interictal EEG of individual 3. A suppression-burst pattern was observed at 2 months of age (A), and transition to hypsarthyth-

mia was observed at 4 months (B).

(C) Interictal EEG of individual 2 shows a suppression-burst pattern at 2 months.

(D) Interictal EEG of individual 4 shows a diffuse spike- or sharp-and-slow-wave complex at S years.

(E-I) T2-weighted axial images through the basal ganglia (E, H, and I) and Tl-weighted axial (F) and sagittal (G) images.
Individual 1 showed cerebral atrophy at S years and 6 months (E). Individual 2 showed delayed myelination and thin corpus
callosum at 10 months (F and G). Individual 3 showed normal appearance at 3 months (H). Individual 4 showed reduced white matter

at 7 years (I).

findings in two individuals with OS (individuals 2 and 3)
were temporarily improved by adrenocorticotropic
hormone therapy and valproic acid, all four individuals
had intractable epileptic seizures in spite of combinatory
therapy of antiepileptic drugs. All individuals had severe
intellectual disability and motor developmental delay,
and individual 3 died at 11 months because of respi-
ratory-tract obstruction. These data suggest that GNAOI
mutations can cause multiple neurodevelopmental phe-
notypes, including epileptic encephalopathy and involun-
tary movements.

Expression of Mutant Go,; in N2A Cells

To examine the mutational effect of four GNAOI muta-
tions, we performed transient expression experiments in
N2A cells (Figure 3). C-terminally VS$5-epitope-tagged
wild-type (WT) Ga,;, encoded by transcript variant 1,
was clearly localized in the cell periphery, as previously
reported.”® The p.Gly203Thr (with known loss of func-
tion)!” and p.Gly203Arg (in individual 4) altered proteins
were also localized in the cell periphery. In contrast, the
p-Thr191_Phel97del altered protein (in individual 3) accu-
mulated in the cytosolic compartment. The p.Asp174Gly
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p.Asp174Gly

p.Thr191
Phe197del

p.Gly203Arg p.lle279Asn

Known loss-of-
function mutant
p.Gly203Thr

Localization of V5-Tagged Gooq Proteins in N2A Cells
Localization of WT and five altered Goo; proteins in N2A cells.
The WT and p.Gly203Arg and p.Gly203Thr altered proteins

Figure 3.

were localized to the cell periphery. In contrast, the
p-Thr191_Phe197del protein was localized to the cytosolic
compartment. The other p.Asp174Gly and p.[le279Asn proteins
were localized to the cell periphery but were also observed in the
cytosol. The scale bars represent 10 pm.

(individual 2) and p.Ile279Asn (individual 1) altered pro-
teins were localized to the cell periphery and had weak
signal in the cytosol, where more intense signal was
observed in the p.Aspl74Gly protein. Similar patterns of
localization were observed for C-terminally AcGFP1-tagged
Ga,; (Figure S1). These localization patterns suggest that
the function of the p.Thr191_Phel97del altered protein
might be most severely affected.

Structural Impacts of the Mutations on the
Ga-Containing Complexes

To evaluate the impact of the GNAOI mutations on
specific functions at the atomic level, we mapped the
substituted positions onto structures of the Ga subunit in

complexed states representing the GDP-bound inactive
state, the nucleotide-free Gofy in complex with the recep-
tor, and the GTP-bound active state. In the case of point
mutations, we further estimated free-energy changes of
the mutations by using FoldX software (version 3.0p5).""

The region corresponding to amino acid residues 191-
197 of human Guay; is located in B strands and their
connecting loop region and is involved in interactions
with the G-protein-coupled receptor (GPCR) in the Gapy-
B2AR complex (Figure 4A and Figure S2A). Thus, the
deletion would affect secondary structure of the molecule
and would not only impair the interaction with GPCR
but also severely destabilize the Ga-subunit fold. The
substituted residues corresponding to Aspl174 and Ie279
of the human Ga,; subunit are both buried inside the pro-
tein (Figure 4A) and are involved in hydrogen-bonding
and hydrophobic interactions, respectively (Figure S2B).
Therefore, the p.Asp174Gly and p.Jle279Asn substitutions
would destabilize the Ga-subunit fold, as supported by
FoldX calculations showing a more than 2 kcal/mol
increase in free-energy changes for these substitutions
(Figure 4B). It can be speculated that these altered proteins
tend to be misfolded or denatured in N2A cells and thus
have altered cellular localization (Figure 3).

The substituted residue corresponding to -Gly203 of
human Ga,; is located within the highly conserved switch
II region, responsible for activation of downstream effec-
tors upon GTP binding (Figure 4A). Conformations of the
switch regions differ depending on the complex state of
the G protein. In the Gufy heterotrimer and the GDP™*
AlE,-bound Ga-effector (PLCB) complex, the glycine resi-
dues are closely surrounded by the switch I region and GTP
(Figure 4A and Figure S2C). Thus, the p.Gly203Arg substi-
tution would cause steric hindrance between the arginine
side chain and the switch I region and/or GTP, destabiliz-
ing the complex, as supported by the FoldX calculations
showing a remarkable increase in free-energy change
upon the p.Gly203Arg substitution. By contrast, in the
Gapy-receptor (B2AR) complex, no substantial steric
hindrance was predicted from the structural modeling
and FoldX calculations (Figure 4B and Figure S2C). These
findings suggest that the p.Gly203Arg-substituted Ga
subunit would impair GTP binding and/or activation of
the downstream effectors, although it might still bind to
GPCR. This prediction was supported by previous reports,
in which GTP binding was weakened in the p.Gly203Thr
altered Ga.'” This also appears to be consistent with the
apparently normal cellular localization of the p.Gly203Arg
altered protein in N2A cells (Figure 3).

Electrophysiological Evaluation of Ga,; Mutants

It has been reported that N-type calcium channels are
inhibited, at least in part, via Ga,-mediated signaling.”
Using NG108-15 cells, in which norepinephrine-induced
calcium-current inhibition is mediated by Ga, (Fig-
ure 5A),%° we analyzed functional properties of altered
Ga,oy. Compared with cells expressing WT Guoo; (the
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leftmost column in Figure 5B), NG108-15 cells expressing
the p.Thr191_Phel97del substitution revealed a signi-
ficant increase in calcium-current density before applica-
tion of norepinephrine (p < 0.05 by Dunnett’s post hoc
test; the second column from the right in Figure 5B), sug-
gesting that localization of the altered Ga,; might
affect calcium-channel activity. In cells expressing the
p-Asp174Gly substitution, a mild increase in the current
density was also suggested, although the difference was
not significant (the third column from the left in
Figure 5B). The other two substitutions had no effects on
the current (the second column from the left and the
rightmost column in Figure 5B). Treatment with 10 pM
norepinephrine reduced the calcium-current density by
19.0% = 5.0% in cells expressing WT Ga,; (p < 0.01 by
paired t test; left panel in Figure 5A and the leftmost bar
in Figure 5C). A similar reduction was observed in cells ex-
pressing the p.Ile279Asn alteration (18.5% =* 3.5%, p <
0.01 by paired t test; the rightmost bar in Figure 5C). In
cells expressing the p.Thr191_Phel97del alteration, by
contrast, the reduction was obscured (12.1% + 5.0%, not
significant by paired t test; right panel in Figure 5A and
the second bar from the right in Figure 5C). In cells
expressing the other two substitutions (p.Gly203Thr and
p-Aspl174Gly), weaker current inhibition by norepine-
phrine was suggested (9.9% *+ 3.8% and 11.1% =+ 3.5%,
respectively; both were p < 0.05 by paired t test; the second
and third bars from the left in Figure 5C), although
compared with that in WT-expressing cells, the degrees

191-197 aa
(195—\201) Gly203

Figure 4. Structural Consideration of the
Go. Amino Acid Substitutions in Some
Complexed States

(A) Map of the amino acid substitution
sites on the crystal structures of Ga-
containing complexes: the GDP-bound
inactive GoyBy heterotrimer (left), the
nucleotide-free GosBy in complex with
an agonist-occupied monomeric B2AR
(center), and the GDP AIF, -bound Gug
in complex with its effector PLCB (right).
Molecular structures are shown as space-
filling representations (from PyMOL). Ga,
GB, and Gy subunits are colored green,
yellow, and pink, respectively, and the
switch I and switch II regions in the Ga
subunit are in light green. The B2AR
(center) and PLCB (right) molecules are
colored brown. The substituted sites are
shown in red, and the indicated amino
acid numbers correspond to human Gao,
and, in parentheses, rat Gai; (UniProtKB/
Swiss-Prot P10824) (left), bovine Gas
(UniProtKB/Swiss-Prot P04896) (center),
and mouse Gag (UniProtKB/Swiss-Prot
P21279) (right). The illustrations above
each model show the orientation of each
subunit and the bound molecules.

(B) The free-energy change after each of
the amino acid substitutions was esti-
mated from calculations using FoldX
software. Each error bar represents an
average value with a SD.

(Gly207)
Aspl174
(Asp178)

lle279
. (Ile283)

of inhibition in Gly203Thr- and p.Asp174Gly-expressing
cells did not reach statistical significance (not significant
by ANOVA). These data suggest that GNAOI mutations
could hamper Go,-mediated signaling.

Discussion

We successfully identified four de novo heterozygous
missense GNAO1 mutations in four individuals. All four
individuals showed severe intellectual disability and motor
developmental delay, demonstrating that aberration of
Ga,, affects intellectual and motor development. In addi-
tion, all four individuals showed epileptic encephalopathy,
and two of them showed involuntary movements. Because
Gao-deficient mice show occasional seizures and general-
ized tremor,”'? it is likely that epilepsy and involuntary
movement are two of the characteristic features caused
by GNAOI1 mutations. Although Ga,-deficient mice also
show hyperactivity and hyperalgesia,’® it is difficult to
evaluate whether our individuals had these symptoms
because of severe motor and cognitive impairment.

All four of these mutations, and especially two muta-
tions leading to the p.Thr191_Phel97del and p.Gly203Arg
substitutions, are predicted to affect Ga,, function by struc-
tural evaluation. In fact, transient expression in N2A cells
showed that localization of the p.Thr191_Phel97del
altered protein was dramatically changed to the cytosolic
compartment. Interestingly, two alterations (p.lle279Asn
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