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Abstract Aortic aneurysm and/or dissection (AAD) is a
life-threatening condition, and several syndromes are
known to be related to AAD. In this study, two new tech-
nologies, resequencing array technology (ResAT) and next-
generation sequencing (NGS), were used to analyze eight
genes associated with syndromic AAD in 70 patients with
non-syndromic AAD. Eighteen sequence variants were
detected using both ResAT and NGS. In addition one of
these sequence variants was detected by ResAT only and
two additional variants by NGS only. Three of the 18 vari-
ants are likely to be pathogenic (in 4.3% of AAD patients
and in 8.6% of a subset of patients with thoracic AAD),
highlighting the importance of genetic analysis in non-syn-
dromic AAD. ResAT and NGS similarly detected most, but
not all, of the variants. Resequencing array technology was
a rapid and efficient method for detecting most nucleotide
substitutions, but was unable to detect short insertions/
deletions, and it is impractical to update custom arrays
frequently. Next-generation sequencing was able to detect
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almost all types of mutation, but requires improved infor-
matics methods.

Introduction

Aortic aneurysm and/or dissection (AAD) is a life-threaten-
ing condition. As significant symptoms do not usually appear
before the rupture of the AAD, which can be lethal, it is often
difficult to prevent death from AAD. Timely cardiovascular
surgery may prevent AAD rupture and save the patient’s life.
Approximately 20% of patients with thoracic aortic disease
have a family history of the disease, which is typically
inherited in an autosomal dominant manner with decreased
penetrance and variable expressivity (Wang etal. 2010).
Therefore, if a causative mutation is detected in a patient, it is
worth checking for the mutation in their asymptomatic
family members to prevent future aortic events by medical
and/or surgical intervention. Several genes are known to be
associated with syndromes presenting with hereditary AAD
and vascular disruption: FBNI (Dietz et al. 1991; Lee et al.
1991a), TGFBR2 (Mizuguchi et al. 2004), TGFBRI (Loeys
etal. 2005), MYHII (Zhu et al. 2006), ACTA2 (Guo etal.
2007), COL3A1 (Superti-Furga et al. 1988), PLODI (Hautala
etal. 1993), and SLC2A10 (Coucke et al. 2006) (Table 1).
Most AAD patients who have been surgically treated are not
affected by these syndromes. However, the contribution of
these genes to non-syndromic AAD has not been thoroughly
investigated. A comprehensive study of these genes by con-
ventional Sanger sequencing is a huge and expensive under-
taking. Even high-resolution melting methods and denaturing
high performance liquid chromatography require the amplifi-
cation of at least 210 exons from these eight genes (Table 1).
Therefore, it has been unrealistic for most laboratories to ana-
lyze these genes in multiple samples.
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Table 1 Overview of genes associated with AAD analyzed in this study

Gene GenBank accession no. Disorder Type Exon (CDE) OREF (bp) Amplicon
FBN1 NM_000138 MFS, SGS, TAAD AD 66 (65) 8,616 39
TGFBR2 NM_001024847 MFS2, LDS, SGS, TAAD AD 8(8) 1,779 8
TGFBRI NM_004612 MFS2, LDS, SGS, TAAD AD 9(9) 1,512 7
COL3Al NM_000090 EDS type IV AD 51 (51) 4,401 16
PLODI NM_000302 EDS type VI AR 19 (19) 2,184 13
MYHII NM_001040113 TAAD AD 43 (41) 5,838 30
SLC2A10 NM_030777 ATS AR 5(5) 1,626 5
ACTA2 NM_001613 TAAD AD 98 1,134 6

CDE coding exon, ORF open reading frame, MFS Marfan syndrome, MFS2 Marfan syndrome type II, LDS Loeys—Dietz syndrome, SGS Shprint-
zen~Goldberg syndrome, TAAD thoracic aortic aneurysm and dissection, EDS Ehlers-Danlos syndrome, ATS arterial tortuosity syndrome, AD

autosomal dominant, AR autosomal recessive

Resequencing array technology (ResAT) enables the
investigation of multiple genes on one chip. This technol-
ogy has been used for multiple-gene analysis in childhood
hearing loss (Kothiyal etal. 2010), breast-ovarian cancer
syndrome (Schroeder et al. 2010), dilated cardiomyopathy
(Zimmerman et al. 2010), X-linked intellectual disability
(Jensen et al. 2011), familial hypercholesterolemia (Chiou
etal. 2011), and hypertrophic cardiomyopathy (Fokstuen
et al. 2011). Different research groups have shown ResAT
to be a highly efficient, relatively accurate, cost-effective,
and rapid method. However, several drawbacks have been
pointed out, including its insensitivity in detecting nucleo-
tide insertions/deletions (indels) and nucleotide changes in
GC-rich regions and repeat sequences.

Next-generation sequencing (NGS) is now regarded as
the most powerful technology for detecting mutations (Ng
et al. 2010; Tsurusaki et al. 2011). This platform is advan-
tageous in finding almost all types of mutations including
small indel mutations. The high throughput and multiplex-
ing of NGS allows multiple genes to be sequenced in many
samples in a single run (Farias-Hesson et al. 2010; Gabriel
et al. 2009).

In this study, we analyzed the eight AAD-associated
genes (FBNI, TGFBR2, TGFBRI, COL3Al, PLODI,
MYHI11, SLC2A10, and ACTA2) in 70 patients with non-
syndromic AAD by two methods: ResAT (all eight genes
on one chip) and multiplex NGS. We describe here a com-
parison of the results.

Materials and methods
Patients

Seventy Japanese patients, who had surgery for AAD, were
recruited from Yokohama City University Hospital and
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Table 2 Clinical information of AAD patients

Clinical data Number of patients (%)
Thoracic AAD? 35 (50.0)
Abdominal AAD* 30 (42.9)
Thoracic and abdominal AAD? 5(1.1)
Age (years) (mean £ SD) 67.3 +10.2
(range 39-83)

Age (years) (median) 68.5

<50 years old 4(5.7)

50-54 years old 5(7.1)

55-59 years old 8(11.4)

>60 years old 53(75.7)
Male 53(75.7)
Female 17(243)
Diabetes 9(12.9)
Hyperlipidemia 32(45.7)
Hypertension 54 (71.1)
Current smoker 15(21.4)
Past smoker 30 (42.9)
Never smoked 23(32.9)

# Including current and past operations

Yokohama City University Medical Center. The patients’
clinical information is summarized in Table 2. Thoracic
AAD involves the aorta above the diaphragm and abdomi-
nal AAD is located along the portion of the aorta passing
through the abdomen. None of the patients in this study had
any clinical test results supporting a diagnosis of syndromic
AAD. Experimental protocols were approved by the Insti-
tutional Review Board of Yokohama City University
School of Medicine. Informed consent for genetic analysis
was obtained from the patients. DNA was extracted from
peripheral blood leukocytes using a QuickGene-610L kit
(Fuyjifilm, Tokyo, Japan).
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Array design

Eight genes (FBNI, TGFBR2, TGFBR1, COL3Al, PLODI,
MYHI11, SLC2A10 and ACTA2) (Table 1) associated with
AAD were selected for one custom chip (Affymetrix, Santa
Clara, CA). All coding exons as well as 29 bp of sequence
from each intron (21 bp on the 5’-side and 8 bp on the
3’-side of each exon) were analyzed. Repetitive sequences
and intragenic low complexity regions larger than 25 bp
were excluded from the chip. A total of 33,116 bp from the
eight genes could be sequenced using this chip.

PCR amplification, purification, hybridization, scanning,
and data analysis

The targeted regions were amplified as 124 fragments by
PCR (ranging from 965 to 2,999 bp) using Blend Taq Plus
(TOYOBO, Osaka, Japan) or KOD FX (TOYOBO) and
genomic DNA as a template in a 20 pL volume. The PCR
conditions were: denaturing at 94°C, 35 cycles of 94°C for
30 s, 62°C for 30 s, and 72°C for 3 min, and a final extension
at 72°C for 7 min. The DNA concentration of the amplicons
was determined using a Quant-iT PicoGreen dsDNA Assay
Kit (Invitrogen, Carlsbad, CA, USA) with a Spectra Fluor
F129003 (Tecan, Ménnedorf, Switzerland). The PCR ampli-
cons were pooled in equimolar quantities (110 fmol). The
mixed samples were purified and the volume was reduced
using a Microcon YM-100 filter (Millipore, Brussels, Bel-
gium). Fragmentation of the products, labeling with biotin,
hybridization, washing, and scanning procedures were car-
ried out based on the CustomSeq resequencing array protocol
version 2.1 (Affymetrix). An FS450 fluidics station (Affyme-
trix) was used for washing and staining and a GCS3000 7G
scanner (Affymetrix) was used for scanning. To test the
efficiency of mutation detection, PCR products containing 20
known heterozygous mutations (Table 3) from three genes
(FBN1, TGFBR2, and TGFBRI), as well as another 104 PCR
products amplified from normal control DNA, covering all
the other exons, were analyzed using the chip. Affymetrix
GCOS and GSEQ software were used to process the raw data
and analyze the nucleotide sequences, respectively. The
default settings of GSEQ were adopted.

Multiplex next-generation sequencing

The PCR amplicons from one patient were mixed and pro-
cessed using a multiplexing sequencing primers and PhiX
control kit (Ilumina, San Diego, CA, USA) according to
the manufacturer’s instructions but with minor changes. In
brief, amplicons were fragmented with Covaris S1 (Cov-
aris, Woburn, MA, USA), and purified using Agencourt
AMPure (Beckman Coulter, Brea, CA, USA) instead of gel
extraction. DNA quality was checked with an Agilent 2100
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Table 3 Known mutations used as positive controls for testing ResAT

Nucleotide substitution Small deletion or insertion

Gene Mutation Gene Mautation

FBN1I c.400T>G
c.772C>T
c.1011C> A
c.1285C>T
c.2413T>C
¢.2942G>C
c.4099T > C
c4495A>T
c.5539T>C
c.5788G +5G > A
¢.6236C > G
c.6773G > A
c.1142G>C
c.1411G> A
c.1624C>T
c.1135A>G

FBNI €.937delT
¢.1876delG
¢.4283-4284insG

¢.7039-7040delAT

TGFBR2

TGFBRI

All mutations are previously reported (Sakai et al. 2006; Togashi et al.
2007)

bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
and a bar code DNA tag (Illumina) was ligated on. The bar
code DNA tags contain unique 6 bp sequences and allow
the processing of up to 96 DNA fragments in a single run
using an Ilumina GAIlx (Illumina). Twelve processed
DNA fragments, each with a different tag, were mixed and
analyzed with single 76 bp reads in one lane of the flow
cell. Six lanes were necessary for the analysis of 70 sam-
ples. Image analysis and base calling were performed by
sequence control software real-time analysis (Illumina) and
offline Basecaller software v1.8.0 (Illumina). The reads
were aligned to the human reference genome sequence
(UCSC hgl9, GRCh37) using the ELAND v2 algorithm in
CASAVA software v1.7.0 (llumina).

Mapping strategy and variant annotation

An average of 2.4 million reads (ranging from 1.7 to 4.0
million reads) for each sample passed quality control (Path
Filter) and were mapped to the human reference genome
using mapping and assembly with qualities (MAQ) (Li
et al. 2008), NextGENe software v2.00 (SoftGenetics, State
College, PA, USA), and Burrows-Wheeler Aligner (BWA)/
sequence alignment/map tools (SAMtools) (Li and Durbin
2010; Li etal. 2009). Single nucleotide polymorphisms
(SNPs) and indels were extracted from the alignment data
using an original script created by BITS, Tokyo, Japan
along with information on the registered SNPs (dbSNP131).
A consensus quality score of 40 or more was used for the
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SNP analysis in MAQ. SNPs in MAQ-passed reads were
annotated using the SeattleSeq website (http:/gvs.gs.
washington.edu/SeattleSeqAnnotation/). A minimum base
quality of 13, a minimum root mean square mapping qual-
ity for SNPs of 10, and a minimum read depth of 2 were
used in BWA/SAMtools (Li and Durbin 2010; Li etal.
2009). NextGENe (SoftGenetics) was also used to analyze
the reads, employing default settings apart from using the
no-condensation mode. For base substitutions, we focused
on variants detected in common by both MAQ and Next-
GENe. Small indel variants were classified as positive if
found by both BWA and NextGENe.

Validation of novel variants

Novel variants (not in dbSNP131, the 1,000 genomes dataset
or our in-house database) identified by ResAT and NGS were
validated by Sanger sequencing. Surplus PCR products were
treated with ExoSAP IT (GE Healthcare, Piscataway, NIJ)
and sequenced using a standard protocol using BigDye ter-
minators (Applied Biosystems, Foster City, CA, USA) on an
ABI PRISM 3100 genetic analyzer (Applied Biosystems).
Furthermore, novel variants were screened in 94 Japanese
controls by high-resolution melt curve analysis (LightCycler
480; Roche Diagnostics, Basel, Switzerland) and subsequent
Sanger sequencing. Novel variants were evaluated using
web-based programs including PolyPhen (http://genetics.
bwh.harvard.edu/pph/), PolyPhen2 (http://genetics.bwh.
harvard.edu/pph2/), Mutation Taster (http://www.mutationt
aster.org/), and ESEfinder (http://rulai.cshl.edw/cgi-bin/tools/
ESE3/esefinder.cgi?process=home).

Results
Array performance

Across all 70 samples, the mean nucleotide call rate was
95.7% (range 87.3-97.6%) using the default settings of GSEQ.
‘We observed an improvement of the call rate as the number of
samples increased. For example, the call rate by GCOS for the
first two samples was 90.1 and 90.6% and was 93.3 and 93.9%
when 10 samples were analyzed, and was 94.9 and 95.5%
when 33 samples were analyzed. However, between 34 and 70
samples, the call rate did not greatly improve (only by 1%).
We had constant difficulty in reading approximately 4% of the
sequences per array (ie., no sequence called), mostly in
regions of high GC and CC content.

Detection of known mutations by ResAT

To validate the quality of mutation detection in our rese-
quencing array, we analyzed amplicons containing 16
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known nucleotide substitutions, three small deletions
(1-2 bp), and one 1 bp insertion, plus all the other normal
exons (Sakai etal. 2006; Togashi etal. 2007) (Table 3).
Fourteen out of 16 nucleotide substitutions were detected
(87.5%) by GSEQ in the automated mode. Two mutations
(c.772C>T in FBNI and c.1142G > C in TGFBR2) were
not detected. The former was insensitive, and the latter was
indicated as a no-call. Visual inspection in the manual
mode enabled easy detection of the TGFBR2 mutation. The
mutation detection rate was 93.8% (15/16) using both the
automated and manual modes. None of the small indels
were detected by our array in either the automated or man-
ual modes.

Variant detection by ResAT

We detected 70 nucleotide substitutions in the automated
mode in the 70 patients analyzed (0-3 variants per sample).
Fifty-one variants were already registered in dbSNP131
and/or in our in-house database (Supplementary table). The
remaining 19 novel variants were validated by Sanger
sequencing (Table 4). One variant (c.976-16C>T in
PLODI) was homozygous and the others were heterozy-
gous. No indel mutations were detected.

Variant detection by NGS

The target regions were completely covered by NGS reads
(100%). The average read depth (coverage of sequence
reads) was approximately 600 for each gene (Table 5). The
NextGENe software detected a mean of 876 variants in the
70 patients with mutation scores of 10 or more (ranging
from 581 to 1209 with SD =131). MAQ and SeattelSeq
detected a mean of 271 variants (ranging from 111 to 384
with SD =52). Semi-automatic exclusion of variants that
were out of the target regions (22 bp or more away from the
5'-end of exons and 9 bp or more away from the 3’-end of
exons) or were known variants in dbSNP131 was per-
formed using Excel 2008 for Mac (Microsoft, Redmond,
WA, USA), narrowing the data down to 0-6 variants per
sample. Twenty novel variants were detected by both MAQ
and NextGENe, which were further validated by Sanger
sequencing. No indel mutations were detected by MAQ,
NextGENe, or BWA/SAMtools.

Comparison of ResAT and NGS variants

Eighteen novel variants were detected by ResAT and NGS.
One was detected by ResAT only and two by NGS only.
The two variants undetected by ResAT were ¢.1388G > A
(p.Argd63Gln) in PLODI and c.136A > C (p.Ser46Arg) in
TGFBR2. The former was indicated as a no-call, but was
detected later in the manual mode. The latter was within a
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Table 4 Novel variants detected by ResAT and/or NGS

Mutation Amino acid Methods Read PolyPhen PolyPhen2 Mutation taster ~ Patients  Controls
change of detection depth (total number)
Gene Mutation in NGS
TGFBR2  c.I36A>C* p.Serd6Arg NGS 472 Benign Benign (0.099) Polymorphism 1 0 (94)
c403G>T p-Asp135Tyr  ResAT and NGS 1,257 Possibly damaging  Possibly damaging (0.682)  Polymorphism 1 0(94)
c.692C > T¢ p-Thr231Met  ResAT and NGS 989 Benign Possibly damaging (0.670)  Polymorphism 1 093)
TGFBRI  ¢.1032T>C p.-Asn344Asn  ResAT and NGS 939 Unknown - Polymorphism 1 3 (94)
COL3A1 ¢ l1815+5G>A ResAT 255 Unknown - Disease-causing 1 0(94)
c.84T > C¢ p.-Val28Val ResAT and NGS 644 Unknown - Polymorphism 1 0(%94)
c119C>T° p.Alad0Val ResAT and NGS 1,402 Unknown Unknown Polymorphism 1 0(94)
c.3133G>A p-Alal045Thr  ResAT and NGS 630 Benign Probably damaging (0.979)  Polymorphism 1 0 (94)
¢.3776C>T p.Alal259Val  ResAT and NGS 872 Unknown Unknown Disease-causing 1 094
PLODI ¢.976-16C>T* ResAT and NGS 631 unknown - polymorphism 1 2% (94)
¢.1098-8C > G ResAT and NGS 633 Unknown - Disease-causing 1 0(94)
c.1388G > A p.Argd63Gln NGS 624, 768 Unknown Probably damaging (0.961) Disease-causing 2 4.(94)
c.1495C>T p.Arg499Trp ResAT and NGS 509, 532, 568, 679  Probably damaging Probably damaging (0.992) Disease-causing 4 2 (94)
MYHI11 ¢.4600-13G > A ResAT and NGS 1,336 unknown - Polymorphism 1 2 (94)
c.4625G > A® p.Argl542Gln  ResAT and NGS 1,254 Possibly damaging  Probably damaging (0.994) Disease-causing 1 0(%4)
c4963C > T° p-Argl655Cys  ResAT and NGS 2,711 Probably damaging  Probably damaging (1.000) Disease-causing 1 0(%4)
SLC2A10 ¢315C>T p-Argl0O5Arg  ResAT and NGS 543 Unknown - Polymorphism 1 0(94)
¢.330C>T° pPhell0Phe = ResAT and NGS 500 Unknown - Polymorphism 1 0(94)
c.1220T> G* pLeud07Arg  ResAT and NGS 382 Benign possibly damaging (0.925)  Disease-causing 1 0(%4)
ACTA2 ¢.130-18T > C° ResAT and NGS 607, 647 Unknown - Polymorphism 2 2(94)
c482T>C p.Vall61Ala ResAT and NGS 752 Probably damaging  Beningn (0.013) Disease-causing 1 0(%4)

The underlined mutation is highly likely to be pathogenic

* Homozygous substitution

b Mutations detected in patient 16 patient

¢ Mutations detected in patient 24
4 Mutations detected in patient 28
¢ Mutations detected in patient 89

66S-16S1€T (T10T) 19U wmy
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Table 5 Gene-based read depth in NGS

Gene Mean depth®
FBN1I 655
TGFBR2 613
TGFBRI 568
COL3Al 596
PLODI 607
MYHI11 643
SLC2A10 571
ACTA2 543

2 Based on NextGENe calculation

repetitive sequence. One variant (c.1815+5G>A in
COL3AI) was undetected by NGS due to our set criteria
(the variant was detected by MAQ, but not by NextGENe
or BWA/SAMtools).

Pathological significance of the variants

We realized that none of the known pathogenic mutations
were identified. The pathological impact of the variants was
considered if none of the healthy controls showed the same
change, if the variants altered evolutionarily conserved
amino acids in functional repeats/domains, or if they were
predicted to cause abnormal splicing resulting in protein
truncation or degradation. Moreover, homozygous and
compound heterozygous changes that were found in
PLODI and SLC2AI0 may confer autosomal recessive
effects. At least three heterozygous variants were consid-
ered as putative pathogenic gene alterations (Table 6):

1. ¢c.1815+5G> A in COL3Al (patient 29). A similar
mutation, ¢.1815 + 5G > T, associated with the skip-
ping of exon 25, was reported in a patient with Ehlers—
Danlos syndrome type IV (EDS IV) (Lee et al. 1991b).
ESEfinder suggested that the binding position of the
splice donor matrix was changed similarly by c.1815 +
5G > A and c.1815 + 5G>T. Thus, C.1815+5G > A
is highly likely to be pathogenic.

2. ¢4963C>T (p.Argl655Cys) in MYHII (patient 16). In
addition to this mutation, the patient had two novel

Table 6 Pathogenic variants found in the patients

heterozygous variants: ¢.4625G > A (p.Argl542Gln) in
MYH11 and c.1220T > G (p.Leud07Arg) in SLC2AI0.
Mutations in SLC2A10 cause autosomal recessive arte-
rial tortuosity syndrome (MIM #208050) (Coucke et al.
2006), although it is unknown whether the heterozygous
variant we identified would be related to this, assuming a
second-hit model of recessive disease. Both p.Arg
1542GIn and p.Argl1655Cys in MYHII were similarly
predicted to be pathogenic by three programs (PolyPhen,
PolyPhen2, and Mutation Taster). These residues are
located in the coiled-coil region, and both are evolution-
arily conserved amino acids (Fig. 1). Paircoil2 (http:/
groups.csail.mit.edu/cb/paircoil2/) was used to predict
the effect of variants on the parallel coiled coil fold using
pairwise residue probabilities (McDonnell et al. 2006).
Paircoil2 indicated that p.Argl655Cys altered the
p score from 0.00096 (wild type) to 0.00579 (mutation),
while p.Arg1542Gln did not alter the p score, 0.00016
(mutation) and 0.00018 (wild type) (Fig.1). Thus,
p-Arg1655Cys was more likely than p.Arg1542Gln to be
pathogenic.

3. ¢.482T > C (p.Vall6lAla) in ACTA2 (patient 27). The
patient was found retrospectively to suffer from famil-
ial thoracic AAD. The patient has an affected brother,
but his DNA was unavailable. Valine at amino acid
161 is evolutionarily conserved and located within the
actin domain. However, as we could not analyze the
DNA of the affected brother, it may be more appropri-
ate to call this variant ‘of unknown significance’.

Discussion

Exon-by-exon Sanger sequencing is the gold standard for
genetic analysis, but multiple-gene analysis in many patients
is a huge task in terms of time and cost. In this study, we
applied two emerging technologies providing rapid and
efficient analysis of eight genes in 70 AAD patients. We also
compared the results of the two technologies.

The overall mean call rate of our custom array by GSEQ
software was 95.7%, which is comparable with previous

Patient ID Sex Mutation Clinical diagnosis Age? Age? Family history
Patient 16 M MYH11 c.4963C > T p.Arp1655Cys Thoracic and abdominal AAD 80 80 None

Patient 27 F ACTA2 cA82T > Cp.Vall6lAla Thoracic AAD 57 46 Affected brother
Patient 29 F COL3AI1¢c.1815+5G>A Thoracic AAD 80 67 None

M male, F female
2 Atblood collection
b At the first surgery
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Fig. 1 Double mutations in MYH11. a Schematic representation of
the MYH11 protein. Three functional domains are indicated: the myo-
sin N-terminal SH3-like domain, the myosin motor domain for type I
myosin, and the myosin tail. Both the mutations are located in the
myosin tail. b, ¢ Paircoil2 analysis showing a significantly decreased
probability of coiled-coil formation for p.Argl655Cys relative to the
wild-type sequence, but no change for p.Argl 542GIn

studies (Bruce et al. 2010; Chiou et al. 2011; Jensen et al.
2011; Schroeder et al. 2010). The call rates became higher
as the number of patients increased. Approximately 33
samples were necessary to attain the maximum call-rate in
GSEQ. A similar observation was described previously
(Fokstuen etal. 2011). No-call regions are one of the
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problems of ResAT. Other groups have previously sug-
gested that most of the no-call regions are GC- and CC-rich
(Bruce et al. 2010; Chiou et al. 2011; Fokstuen et al. 2011).
In our custom array, approximately 4% of the target
sequences were difficult to obtain (no-calls) in most of the
samples.

The mean detection rate of known variants using our cus-
tom array and GSEQ with the default settings (automated
analysis) was 87.5%. This rate increased to 93.8% after man-
ual inspection, For our ResAT data, the detection rate of
nucleotide substitutions in the automated mode was higher,
and that in the manual mode was slightly lower, compared
with detection rates in previous studies (82.1 vs. 81%,
respectively, in automated mode, and 97.4 vs. 100%, respec-
tively, in manual mode) (Bruce etal. 2010; Chiou etal.
2011). Our ResAT analysis was unable to detect any small
indel mutations; this is similar to other studies (Hartmann
et al. 2009; Kothiyal et al. 2010). In the human gene muta-
tion database (HGMD; http://www.hgmd.cf.ac.uk/ac/index.
php), insertions/deletions account for a substantial proportion
of the fotal registered mutations in our genes of interest:
FBNI 23.6%, TGFBR2 6.4%, TGFBRI 10%, COL3Al
12.8%, PLODI 46.2%, MYHI11 20%, SLC2A10 21.1%, and
ACTA 20%. Thus, the incapability of ResAT to detect indel
mutations is one of its most significant drawbacks.

Our NGS analysis missed one of 21 variants (c.1815 +
5G>A in COL3AI). Our protocol focused on variants
identified by two different informatics methods, to increase
the true-positive rate. For example, MAQ (single-end
reads) can detect nucleotide substitutions well, but is not
good at detecting small indels (Li et al. 2008). BWA is
more sensitive at detecting small indels because it can align
gapped sequence (Krawitz et al. 2010). NextGENe is based
on the Burrows-Wheeler transform algorithm, which is
good at detecting small indels. NGS needs more efficient
informatics methods to extract all the nucleotide changes
correctly with lower error rates.

In this study, concomitant variants in two genes were
detected in four patients (Table4): ¢.4625G>A and
c.4963C>T in MYHII, and c.1220T >G in SLC2A10
(patient 16); c.136A > C in TGFBR2 and ¢.130-18T > C in
ACTAZ2 (patient 24); ¢.84T > C in COL3AI and ¢.692C > T
in TGFBR2 (patient 28); c.119C>T in COL3Al and
¢.330C>T in SLC2AI0 (patient 89) (Table 4). It may be
quite difficult to detect variants in two or more genes by
conventional methods. ResAT and NGS permitted us to
find multiple variants in multiple genes easily and rapidly.
Double or triple mutations in unusual clinical cases will
also be found using such technologies.

Three different putative pathological mutations in a het-
erozygous state in three of 70 patients were found in this
study (4.3%). Interestingly, all the three patients suffered
from thoracic AAD. Considering only those patients with
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thoracic AAD (n = 35), the rate increased to 8.6%. Thus,
non-syndromic AAD (especially thoracic AAD) can be
explained to some extent by aberrations of genes related to
Mendelian disorders, although our sample size was small.
Interestingly, among these three patients, only patient 29
showed hyperlipidemia and the other two (patients 16 and
27) did not, which supports the genetic origin of thoracic
AAD.

In this study, we compared ResAT and NGS. Consider-
ing the drawbacks of ResAT, including its inability to
detect small indels and its no-call regions, we believe that
NGS is the better technology for comprehensive analysis of
multiple genes, especially with improved informatics meth-
ods, as it can detect all types of mutations with no bias.
Another advantage of NGS is its flexibility. Resequencing
array technology requires a custom-made sequencing array.
It is not easy or practical to update arrays frequently. How-
ever, NGS is currently quite expensive for most laborato-
ries. Next-generation sequencing combined with the pooled
genomic DNA method with indexing may improve its cost-
effectiveness (Calvo et al. 2010; Druley et al. 2009).

In conclusion, we found that 4.3% of non-syndromic
AAD patients (8.5% of thoracic AAD patients) have abnor-
malities in genes that cause Mendelian disorders. ResAT
and NGS enabled multiple genes to be analyzed efficiently.
In addition to the 70 AAD patients, a patient with familial
Marfan syndrome and a patient with Loeys-Dietz syn-
drome were initially included before their diagnosis was
known. We detected ¢.6793T > G (p.Cys2265Gly) in FBNI
in the Marfan syndrome patient [by ResAT (NGS was not
done)] and ¢.797A > G (p.Asp266Gly) in TGFBRI in the
Loeys-Dietz patient (by ResAT and NGS). We excluded
these two patients from this study because they are syn-
dromic AAD patients, but the efficient detection of their
mutations highlights the validity of our approach. Finally,
high throughput technologies have the potential to routinely
identify novel variants of known or unknown significance
in clinical settings. Therefore, more sophisticated methods
to evaluate gene variants as well as databases containing
normal (rare) variants are needed.
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Mutations affecting components
of the SWI/SNF complex cause
Coffin-Siris syndrome

Yoshinori Tsurusaki!, Nobuhiko Okamoto?, Hirofumi Ohashi?,
Tomoki Kosho?, Yoko Imai®, Yumiko Hibi-Ko®, Tadashi Kaname®,
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By exome sequencing, we found de novo SMARCB1 mutations
in two of five individuals with typical Coffin-Siris syndrome
(CSS), a rare autosomal dominant anomaly syndrome.

As SMARCBT1 encodes a subunit of the SWitch/Sucrose
NonFermenting (SWI/SNF) complex, we screened 15 other
genes encoding subunits of this complex in 23 individuals
with CSS. Twenty affected individuals (87 %) each had a
germline mutation in one of six SWI/SNF subunit genes,
including SMARCB1, SMARCA4, SMARCA2, SMARCET,
ARID1A and ARID1B.

Chromatin remodeling factors regulate the gene accessibility and
expression by dynamic alteration of chromatin structure. SWI/SNF
complexes have important roles in lineage specification, maintenance
of stem cell pluripotency and tumorigenesis'~>. These complexes are
composed of evolutionarily conserved core subunits and variant sub-
units. Brahma-associated factor (BAF) and Polybromo BAF (PBAF)
complexes constitute two major subclasses!~. It has been suggested
that the BAF complex is similar to the yeast SWI/SNF complex and
that the PBAF complex is more like the chromatin remodelling
complex (RSC) in yeast, which is required for cell cycle progression
through mitosis®. However, several subunits that are common

to both BAF and PBAF complexes are predicted to be related to the
regulation of lineage- and tissue-specific gene expression?.

Coffin-Siris syndrome (MIM 135900) is a rare congenital anomaly
syndrome characterized by growth deficiency, intellectual disability,
microcephaly, coarse facial features and hypoplastic nail of the fifth
finger and/or toe (Fig. 1 and Supplementary Table 1)’, The majority
of affected individuals represent sporadic cases, which is compatible
with an autosomal dominant inheritance mechanism. The genetic
cause for this syndrome has not been elucidated.

To identify the genetic basis of CSS, we performed whole-exome
sequencing of five typical affected individuals (Supplementary
Methods). Taking into account our model that assumes that an abnor-
mality in a causal gene would be shared in two or more subjects,
51 variants were identified as candidates (Supplementary Table 2).
All the variants were also examined by Sanger sequencing of PCR prod-
ucts amplified using genomic DNA from the five affected individuals
and their parents. Nine variants were found to be false positives,
40 were inherited from either the father or mother, and 2 de novo hetero-
zygous mutations of SMARCBI were found in 2 affected individuals
(c.1130G>A (p.Arg377His) and ¢.1091_1093del AGA (p.Lys364del))
(Table 1, Supplementary Fig. 1 and Supplementary Methods).
Two de novo coding-sequence mutations occurring within a spe-
cific gene is an extremely unlikely event?, supporting the idea that
SMARCBI is a causative gene in CSS. Next, we screened SMARCBI
in 23 individuals with CSS by high-resolution melting analysis® and
identified the mutation encoding the p.Lys364del alteration in two
additional individuals, including one of Arab descent (subject 22)
(Table 1 and Supplementary Fig. 1). As the mutation detection rate
was relatively low (4 of 23, only 17.4%), we screened 15 additional
genes encoding other SWI/SNF subunits (Supplementary Table 3).
Unexpectedly, four other subunits, SMARCA4 (also known as BRGI),
SMARCEI, ARIDIA and ARIDIB were also found to be mutated
(Table 1 and Supplementary Figs. 2-5). In subject 10, a, ¢.2144C>T
mutation in ARIDIB (encoding p.Pro715Leu) was found in addition
to the ¢.5632delG mutation in ARIDIB. RT-PCR products that were
amplified from total RNA from this subject’s lymphoblastoid cells
were cloned into the pCR4-TOPO vector. The two mutations were
present on different alleles, according to sequencing of clones con-
taining each allele (data not shown). As the ¢.5632delG mutation is
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very likely to be deleterious (as it results in a truncated protein), the
¢.2144C>T mutation is likely to be a rare polymorphism. Of note,
subject 12, who presented an atypical facial appearance and indis-
tinct hypoplastic nails, had two interstitial deletions at 6q25.3~q27
involving ARIDIB, as detected by a SNP array
(Supplementary Fig. 6 and Supplementary
Methods). Furthermore, subject 14 was found

Figure 1 Photographs of individuals with Coffin-Siris syndrome. The
faces (left) and hypoplastic-to-absent nail of the fifth finger or toe (right)
of affected individuals are shown with the color-coded names of the
corresponding mutated genes. The green arrow indicates the absence

of the distal phalanx in the fifth toe. No obvious hypoplastic nails were
observed in subjects 12 or 19. Consent for all the photographs was
obtained from the families of the affected individuals.

in mice!0. However, in humans, abnormalities in both SMARCA4 and
SMARCA2 are found in CSS, indicating that the in-frame partial deletion
of the gene encoding BRM in subject 19 has a specific mutational effect
different from that of simple inactivation in mice. These data support the
idea that abnormalities in the BRG1-BAF and BRM-BAF complexes can
cause the abnormal neurological development in CSS.

All the mutated genes found in CSS, except for SMARCEI, have been
reported to be associated with tumorigenesisb2. Among the 23 subjects
with CSS, only subject 3 with an ARID1A mutation presented with hepato-
blastoma. To our knowledge, haploinsufficiency and/or homozygous
inactivation of ARID1A have been found in several types of cancer but
not in hepatoblastoma. Malignancies were not detected in any of the
other subjects with CSS examined here. It remains to be seen whether
malignancies are robustly associated with CSS.

Given the fact that all the mutations in ARIDIA and ARIDIB in
CSS were predicted to cause protein truncation, we proposed that
haploinsufficiency of these two genes must be able to cause CSS.
cDNA analysis of lymphoblastoid cell lines from subjects 1, 6 and 23
indicated that the mutated transcripts were subject to nonsense-
mediated mRNA decay (Supplementary Fig. 8). In subject 10, the
ARIDI1B mutation associated with the creation of a premature stop
codon in the last exon did not result in nonsense-mediated mRNA
decay as expected (Supplementary Fig. 8).

In regard to the other mutated genes, germline heterozygous trun-
cation mutations in SMARCBI and SMARCA4 have been reported

Table 1 Mutations in individuals with Coffin-Siris syndrome

to have an interstitial deletion of SMARCA2 Control allele
by a SNP array (Supplementary Fig. 7 and Subject ID Gene Mutation Alteration Type frequency?
Supplementary Methods). No other copy- 4 SMARCBI ~ ¢.1091_1093del AGA p.Lys364del De novo 0/502
number Changes involving genes encoding 11 SMARCBI ¢.1130G>A p.Arg377His De novo 0/500
SWI/SNF complex components were found 21 SMARCBI ~ ¢.1091_1093del AGA  p.Lys364del NC 0/502
in subjects 2, 14 or 18 by array analysis. The 22 SMARCBI ~ ¢.1091_1093del AGA p.Lys364del NC 0/502
overall mutation detection rate was 87%. In 9 SMARCA4  ¢.1636_1638del AAG p.Lys546del De novo 0/350
total, 20 of the 23 subjects had a mutation 7 SMARCA4  ¢.2576C>T p.Thr859Met De novo 0/368
affectin: g one of the six SWI/SNF subunits. 5 SMARCA4  ¢.2653C>T p.Arg885Cys De novo 0/368

Mutations in CSS were identified in the BAF- 16 SMARCA4  ¢.2761C>T p.Leu921Phe De novo 0/368

: : 25 SMARCA4  ¢.3032T>C p.Met1011Thr NC 0/372

specific subunits ARIDI1A and ARID1Bbut not
. . . 17 SMARCA4  ¢.3469C>G p.Argl157Gly De novo 0/368
in PBAF-specific subunits (BRD7, ARID2 and . )

BRMI) (S 1 Table 3). In addi 19 SMARCAZ2 Partiat deletion De novo -
PERMI) (Supp eme‘ftlary. fod €3). In a " T 24 SMARCEI  c.218A>G p.Tyr73Cys De novo 0/368
tion, mutations were identified in SMARCA4 5 ARIDIA  ¢.31_56del p.Serl1Alafs*91 NC 0/330
(BRGI) as well as in SMARCA2 (BRM) ¢ ARIDIA  c.2758CsT p.GIn920* NC 0/376
(Supplementary Table 3). The BRG1 and ARIDIA  c.4003C>T p.Arg1335* De novo -
BRM proteins are mutually exclusive catalytic ARIDIB  c.1678_1688del p.lle560Glyfs*89 De novo -
ATP subunits in mammalian SWI/SNF com- 15 ARIDIB ¢.1903C>T p.GIn635* De novo _
plexes. Of note, the majority of heterozygous 23 ARID1B ¢.3304C>T p.Arg1102* De novo -
Smarca4-null mice survive with susceptibility 10 ARID1B €.2144C>T p.Pro715Leu NC 0/368
to neoplasia, with a minority dying after birth 10 ARID1B ¢.5632del G p.Asp1878Metfs*96  NC 0374
because of exencephaly, whereas homozygous 12 ARID1B Microdeletion NC -

Smarca2-null mice are viable and fertile®. In
Smarca2-null mice, Brgl is upregulated, sug-
gesting that Brgl can functionally replace Brm

NC, not confirmed because parental samples were unavailable.

3The numbers indicate the observed allele frequency (alleles harboring the change/total tested alleles) in Japanese controls. None of the
mutations was found in dbSNP132, the 1000 Genomes database or the National Heart, Lung, and Blood Institute (NHLB!) GO
exomesequencing project database. -, not tested.
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in individuals with rhabdoid tumor predisposition syndromes 1
(RTPS1; MIM 609322) and 2 (RTPS2; MIM 613325) 112, and vari-
ous types of SMARCBI mutations (missense, in-frame deletion, non-
sense and splice site) have been found in the germline of individuals
with familial and sporadic schwannomatosis (MIM 162091)1314,
Furthermore, mice with heterozygous knockout of Smarca4 or
Smarch1 were prone to tumor development?. All the mutations
in SMARCA4 and SMARCBI in individuals with CSS were non-
truncating (either missense or in-frame deletions), implying that
they exert gain-of-function or dominant-negative effects (excluding
haploinsufficiency as a cause). It is noteworthy that comparable
germline mutations in SMARCBI have such different phenotypic
consequences in their association with the phenotypes of CSS and
schwannomatosis. The SMARCBI mutations in CSS and those in
schwannomatosis are indeed different according to the Human Gene
Mutation Database. With regard to the SMARCA?2 interstitial deletion
in CSS, the change maintained the coding sequence reading frame
but removed exons 20-27 that encode the HELICc domain. RT-PCR
analysis confirmed the deletion of exons 20-27 at the cDNA level
(Supplementary Fig. 7). These data suggest the importance of the
HELICc domain in the SMARCAZ2 protein.

The various types of mutations in the genes encoding different
SWI/SNF components resulted in similar CSS phenotypes. This
suggests that the SWI/SNF complexes coordinately regulate chro-
matin structure and gene expression. This is the first report, to our
knowledge, of germline mutations in SWI/SNF complex genes asso-
ciated with a multiple congenital anomaly syndrome, highlighting
new biological aspects of SWI/SNF complexes in humans. Similarly,
genes encoding SNF2-related proteins, which are implicated as
chromatin remodeling factors outside of SWI/SNF complexes,
are mutated in different syndromes, including in «-thalassaemia/
mental retardation syndrome X-linked (ATRX; ATRX mutations)
and in coloboma, heart defect, atresia choanae, retarded growth and
development, genital abnormality and ear abnormality (CHARGE)
syndrome (CHD? haploinsufficiency)3. We expect that more muta-
tions affecting chromatin remodeling factors will be found in dif-
ferent human diseases.

URLs. Human Gene Mutation Database, https://portal.biobase-inter
national.com/cgi-bin/portal/login.cgi.

Note: Supplementary information is available on the Nature Genetics website.
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Reply

Aron S. Buchman, MD,? ? Joshua M. Shulman, MD, PhD, 34
Sue E. Leurgans, PhD," ]u.hc A. Schneider, MD, MS, 125
and David A. Bennett, MD'"?

We thank Drs Jellinger and Attems for their interest in our
study. In agreement with prior reports, we found that Parkinson
disease (PD) pathology, including nigral neuronal loss and
Lewy body pathology, is common in older adults without PD.
Furthermore, we provide evidence that PD nigral pathology is
related to parkinsonian motor signs in persons without a clini-
cal diagnosis of PD." This contrasts with prior studies of inci-
dental Lewy body disease, which found associations with subtle
electrophysiologic changes but not with overt motor signs.”
Interestingly, in the current study, we also found that Alzheimer
disease (AD) and cerebrovascular pathology showed independ-
ent associations with the severity of parkinsonian motor signs.!
As requested, the correlations among these common brain path-
ologies are included in the accompanying Table. It is interesting
that Dr Attems and colleagues did not find an association of
nigral pathology or cerebrovascular disease with parkinsonian
signs among persons with AD.> We and others have reported
such associations.<® Overall, the findings in the current study
have important public health implications. They suggest that
mild parkinsonian signs, reported in up to 50% of older adults
by age 85 years and associated with significant morbidity and
mortality, may be caused by a range of pathologies including
PD pathology, AD, and cerebrovascular pathologies. These data
underscore the need for more sensitive clinical measures and
biomarkers that can detect and differentiate the various neuro-
pathologies underlying the development of parkinsonian signs
in old age.
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?Rush Alzheimer’s Disease Center and >Department of
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Medical School, Boston, MA, and *Department of Pathology
(Neuropathology), Rush University Medical Center, Chicago, IL
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‘Whole Exome Sequencing Identifies KCNQ2
Mutations in Ohtahara Syndrome

Hirotomo Saitsu, MD, PhD Mitsuhiro Kato, MD, PhD,?
Ayaka Koide, MD, PhD Tomohide Goto, MD PhD?
Takako Fujita, MD,* Klyomx Nishiyama, PhD,!

Yoshinori Tsurusaki, PhD,! leoshx Doi, MD, PhD,}
Noriko Miyake, MD, PhD," Kiyoshi Hayasaka MD, PhD,?
and Naomichi Matsumoto, MD, PhD?!

Recently, Weckhuysen et al revealed that KCNQ2 mutations are
involved in a substantial proportion of patients with a neonatal
epileptic encephalopathy.' Some cases showed a suppression—
burst pattern on electroencephalogram (EEG), tonic seizures,
and profound intellectual disability, resembling Ohtahara syn-
drome (OS). By whole exome sequencing analysis of 12

TABLE: Intercorrelation of Postmortem Indices
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patients with OS, we found 3 missense mutations in
KCNQ2 (25%): c341C>T  (p.T114l), «c.1010C>G
(p.A337G), and c.794C>T (p.A265V) in 3 patients. All 3
patients showed initial seizures early in the neonatal period
and a characteristic suppression—burst pattern on EEG, lead-
ing to diagnosis as OS (Table). Seizures were temporarily
well controlled in 2 patients. Consistent with Weckhuysen’s
report, in which 6 of 8 mutations arose de novo, the 3
mutations in our series are de movo changes. Thus, it is
likely that de novo KCNQ2 mutations are among the com-
mon causes of early onset epileptic encephalopathies, includ-
ing OS. KCNQZ2 mutations have been shown to cause be-
nign familial neonatal seizures, which is distinct from 08.23
We unexpectedly found KCNQ2 mutations by whole exome
sequencing. Exome sequencing using familial trios (patients
and their parents) can identify de novo mutations.* Novel
associations between unexpected gene mutations and early
onset epileptic encephalopathies may be validated by such
new technologies.
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Brain Death in Children: Why Does It Have to Be
So Complicated?

Thomas Nakagawa, MD,! Stephen Ashwal, MD;‘
Mudit Mathur, MD,? and Mohan Mysore, MD

The authors appreciate the editorial comments by Wij-
dicks and Smith' and would like to address concerns about
why the diagnosis of brain death in pediatric patients has to be
“so complicated.”

This revised clinical guideline focused specifically on
determining brain death and deliberately excluded issues related
to ethical concerns and organ donation. Failure to mention the
Child Neurology Society (CNS) as the third sponsoring society

of this guideline is a major oversight of the editorial.! CNS

provided significant review by Practice Committee members
and the society’s Executive Board.” The quality of evidence pro-
vided in this guideline was equivalent to, if not more compre-
hensive than, the revised American Academy of Neurology
(AAN) guideline, which reported only class III or IV evidence
for 4 of 5 questions posed.®> We used the GRADE system to
develop a consensus guideline because no class I or II studies to
determine pediatric brain deach exist.” Interestingly, the AAN is
currently revising guideline development for practicing neurolo-
gists to use a modification of the GRADE system.

A wide range of clinical entties can result in brain death in
newborns, children, and adolescents. The guideline, the checklist,
and Table 3 clearly state that all reversible conditions should be
excluded prior to the first brain death examination. However,
some uncertainty in the newborn period still exists leading to age-
based observation periods. These consensus based recommenda-
tions reflect extensive clinical experience across several pediatric dis-
ciplines. Additionally, provisions for pediatric trauma patients and
neonates were included. Virtually every committee member has
cared for acutely injured children who met examination criteria for
brain death within the initial 24 hours. Some recovered brain
function although most did not which is why 2 examinations over
defined time periods is recommended. The recommended time
periods are consensus based rather than arbitrary time periods.
Neurologic examination findings remaining unchanged and con-
sistent with brain death throughout the observation period was
one of the recommended criteria for determining brain death in
the 1987 guidelines. The committee retained this recommendation
in the current update. We agree that apparent neurologic improve-
ments reported in anecdotal cases are due to diagnostic errors
when critically examined; this is precisely the reason why a change
in findings between examinations implies the neurological process
is potentially reversible, precluding the diagnosis of brain death.

The revised guideline repeatedly states that brain death is
a clinical diagnosis, and factors influencing the neurologic
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examination must be corrected before initiating brain death
evaluation and apnea testing, Ancillary studies do not trump
the neurological examination, and we clearly state that ancillary
studies should not be viewed as a substitute for the neurologic
examination. However, situations exist where ancillary studies
are helpful to determine death. The revised guideline and
checklist have simplified and clarified many previous sources of
confusion. Additionally, the checklist will help standardize
determination and documentation of brain death in children.*

Prolonging declaration of death does not appear to be a
major concern in children—perhaps differing from the experi-
ence in adults. Families appreciate the added certainty conferred
by the second examination. Patients in children’s hospitals rely
on assessments by pediatric specialists who understand the
unique needs of children and their families. The approach to
caring for children is very different and likely more family cen-
tered. These issues are further addressed in the full guideline
and we encourage readers to review the entire document pub-
lished in Critical Care Medicine and Pediatrics.>*

Declaring brain death in children is complicated and
should be undertaken by physicians who are adequately trained
in the complexities involved in this important determination.
We agree more research is needed to address some of the other
issues raised in the editorial, and we again thank Drs Wijdicks
and Smith for their opinion.
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CASK aberrations in male patients with Ohtahara syndrome

and cerebellar hypoplasia
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SUMMARY

Purpose: Ohtahara syndrome (OS) is one of the most
severe and earliest forms of epilepsy. STXBPI and ARX
mutations have been reported in patients with OS.
In this study, we aimed to identify new genes involved
in OS by copy number analysis and whole exome
sequencing.

Methods: Copy number analysis and whole exome
sequencing were performed in 34 and 12 patients with
OS, respectively. Fluorescence in situ hybridization, quan-
titative polymerase chain reaction (PCR), and break-
point-specific and reverse-transcriptase PCR analyses
were performed to characterize a deletion. Immunoblot-
ting using lymphoblastoid cells was done to examine
expression of CASK protein.

Key Findings: Genomic microarray analysis revealed a
111-kb deletion involving exon 2 of CASK at Xpll.4ina
male patient. The deletion was inherited from his mother,
who was somatic mosaic for the deletion. Sequencing of
the mutant transcript expressed in lymphoblastoid cell

lines derived from the patient confirmed the deletion of
exon 2 in the mutant transcript with a premature stop
codon. Whole exome sequencing identified another male
patient who was harboring a c.| A>G mutation in CASK,
which occurred de novo. Both patients showed severe cer-
ebellar hypoplasia along with other congenital anomalies
such as micrognathia, a high arched palate, and finger
anomalies. No CASK protein was detected by immuno-
blotting in lymphoblastoid cells derived from two
patients.

Significance: The detected mutations are highly likely to
cause the loss of function of the CASK protein in male
individuals. CASK mutations have been reported in
patients with intellectual disability with microcephaly and
pontocerebellar hypoplasia or congenital nystagmus, and
those with FG syndrome. Our data expand the clinical
spectrum of CASK mutations to include OS with cerebel-
lar hypoplasia and congenital anomalies at the most
severe end.

KEY WORDS: CASK, Ohtahara syndrome, Male, Cerebel-
lar hypoplasia.

Ohtahara syndrome (OS), also known as early infantile
epileptic encephalopathy with suppression-burst, is one of
the most severe and earliest forms of epilepsy (Ohtahara
et al., 1976). It is characterized by early onset of seizures,
typically frequent epileptic spasms, seizure intractability,
characteristic suppression-burst patterns on electroencepha-
lography (EEG), and poor outcome with severe psychomo-
tor retardation (Djukic et al., 2006; Ohtahara & Yamatogi,
2006). Brain malformations such as cerebral dysgenesis,
hemimegalencephaly, Aicardi syndrome, and porencephaly
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are often associated with OS (Yamatogi & Ohtahara, 2002).
However, mutations of the ARX and STXBPI gene have
been reported in individuals with OS who showed no brain
malformations, indicating that mutated genes are involved
in OS (Kato et al., 2007, 2009; Fullston et al., 2010; Giord-
ano et al., 2010; Saitsu et al., 2008, 2010).

CASK (Genbank accession number NM_003688.3) at
Xpll.4 encodes a calcium/calmodulin-dependent serine
protein kinase of 921 amino acids belonging to the mem-
brane-associated guanylate kinase protein family (Hsueh,
2006). Accumulating evidence indicates that CASK is
essential for synapse formation at both presynaptic and post-
synaptic junctions. In addition, CASK enters the nucleus
and regulates expression of genes involved in cortical
development (Hsueh, 2006). Recently, heterozygous
loss-of-function mutations in CASK were found in four
female patients with X-linked intellectual disability (ID);
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microcephaly and pontocerebellar hypoplasia (MICPCH)
and a hemizygous synonymous ¢.915G>A mutation, which
caused skipping of exon 9 of CASK in about 20% of the
mutant transcripts, was found in a male patient with the
same disease and presentation (Najm et al., 2008). To date,
32 additional female cases have been reported, suggesting
that ID, MICPCH, growth retardation, axial hypotonia with
or without hypertonia of extremities, and optic nerve hypo-
plasia are caused by loss-of-function mutations of CASK in
female cases (Moog et al., 2011; Hayashi et al., 2012). On
the other hand, a missense mutation causing a partial skip-
ping of exon 2 of CASK was found in affected male individ-
vals in an Italian family with FG syndrome, which is
characterized by multiple congenital anomalies and ID
(Piluso et al., 2009). More recently, five missense mutations
and a splice mutation, causing amino acid changes or
in-frame deletions of the CASK protein, were found in male
patients and variably affected carrier female patients with
ID, often accompanied by congenital nystagmus (Tarpey
et al., 2009; Hackett et al., 2010). Therefore it has been
postulated that hypomorphic CASK alleles cause ID in male
individuals. Collectively, mutations of CASK could cause a
wide spectrum of ID, ranging from nonsyndromic mild ID
to syndromic severe ID with structural brain abnormalities
in both male and female patients.

Herein, we report on two male patients with OS, cerebel-
lar hypoplasia, and multiple congenital anomalies. One
patient had a CASK deletion and the other had a mutation at
the translation initiation codon, both likely leading to a loss
of CASK function. Detailed clinical and molecular data are
presented.

METHODS

Patients

A total of 34 Japanese patients (20 male and 14 female)
with OS were analyzed for copy number aberrations.
Twelve of them were additionally analyzed by whole exome
sequencing. The diagnosis was made based on clinical fea-
tures and characteristic patterns on EEG. Mutations in
STXBP1 were not identified in these patients (including
Patients 1 and 2) by high-resolution melting analysis. Thir-
teen male patients, including Patient 1, and three female
Patients were negative for ARX mutation. The experimental
protocols were approved by the Yokohama City University
School of Medicine Institutional Review Boards for Ethical
Issues. Written informed consent was obtained from all
individuals and/or their families in compliance with the
relevant Japanese regulations.

Genomic microarray and cloning of deletion breakpoint

Genomic DNA obtained from peripheral blood leuko-
cytes was used. Copy number alterations were studied by
using Cytogenetics Whole-Genome 2.7M Array (Affyme-
trix, Santa Clara, CA, U.S.A.) for 30 patients and GeneChip
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Human Mapping 250K Nspl (Affymetrix) for four patients.
Copy number alterations were analyzed using the Chromo-
some Analysis Suite (ChAS; Affymetrix) with NA30.1
(hg18) annotations (for 2.7M Array) or using CNAG2.0 (for
250K) (Nannya et al., 2005). The junction fragment span-
ning the deletion was amplified by long polymerase chain
reaction (PCR), using several primer sets based on putative
breakpoints from the microarray data. The junction
fragment was amplified using following primers: forward,
5’-ACCCAGCGTTTCACCAAGGTCTCT-3’; reverse, 5'-
GTGGCTTCAGAATTAGGCCCACAAA-3’ (product size =
1,136 bp). PCR products were electrophoresed in agarose
gels, stained with ethidium bromide, extracted from the gels
using a QIAquick Gel extraction kit (Qiagen, Tokyo,
Japan), and sequenced.

Quantitative real-time PCR

The deletion of CASK was analyzed using the patient’s and
parental genomic DNA by quantitative real-time PCR
(qPCR) on a Rotor-Gene Q thermal cycling system (Qiagen).
DNA extracted from two independent blood samples each
from the patient and mother were used for analysis. PCR was
performed in a volume of 15 yl containing 10 ng of genomic
DNA, 1x Rotor-Gene SYBR Green PCR Master Mix (Qia-
gen), and 1.0 uM each primer. gPCR was carried out using
the two standard curve relative quantification method with
four standard samples including 30, 10, 3.33, and 1.11 ng
DNA, respectively. Three primer sets for exons 2, 3, and 4 of
CASK, and one reference primer set for an area on chromo-
some 9 were used. Relative copy number of test regions was
calculated in comparison with that of the reference region.
The experiments were independently repeated three times.
The data were averaged, and the standard deviation was cal-
culated. Primer information is available on request.

Fluorescent in situ hybridization (FISH)

RP11-977L20 covering the deletion of CASK was labeled
with SpectrumGreen -11-dUTP (Abbott, Tokyo, Japan) by
nick translation. Probe-hybridization mixtures (15 ul) were
denatured at 70°C for 5 min, applied to chromosomes, incu-
bated at 37°C for 20 h, and then washed and mounted with
antifade solution (Vector Laboratories, Burlingame, CA,
U.S.A)) containing 4,6-diamidino-2-phenylindole. Photo-
graphs were taken on an AxioCam MR Charge Coupled
Device camera fitted to an Axioplan2 fluorescence micro-
scope (Carl Zeiss, Tokyo, Japan). The mosaic ratio was
examined by two independent investigators, who each
counted 100 interphase nuclei.

RNA analysis

RNA analysis using lymphoblastoid cell lines was per-
formed as described previously (Saitsu et al,, 2011).
Briefly, total RNA was extracted using an RNeasy Plus
Mini Kit (Qiagen); 2 ug of total RNA was subjected to
reverse transcription, and 1 ul of cDNA was used for PCR.



