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Seizure onset

Seizure types

EEG findings

Seizure prognosis

Development

Thin corpus
callosum

White matter
immaturity

Restricted
diffusion pattern

Elevated serum
alkaline
phosphatase

One month

Tonic seizures
followed by
frequent myoclonus

Suppression burst
at neonatal period

Intractable

Hypotonic
quadriplegia,
profound
intellectual
disability

—+

N.D.

Three months

Myoclonus or
epileptic spasm-like
movement

Hypsarrhythmia at
3 months, periodic
bursts of multifocal
epileptic discharges
similar to
suppression burst
pattern at 10 years

Intractable

Spastic
quadriplegia,
profound
intellectual
disability

-

Seven months

Tonic seizures,
secondarily
generalized
seizures

Normal at 7
months, irregular
spike-and-slow
wave and
multifocal spikes at
2 and 5 years

Seizure-free at 3
years with TPM

Profound
intellectual
disability with
autism, but no
motor disturbance

Seven months

Tonic or clonic

-seizures

Normal at 7 months

Seizure free at 15
months

Moderate
intellectual
disability, but no
motor disturbance

Three months

Myoclonic
seizures, tonic
spasms

Hypsarrhythmia at
3 months,
suppression burst at
5 months

Intractable

Hypotonic
quadriplegia,
profound
intellectual
disability

+ (at 9 months)

+ (at 9 months)

Neonate

Myoclonic
seizures

Suppression
burst

Intractable

Early death

N.D.

N.D.

Neonate

Severe
myoclonic
seizures

Suppression
burst

Intractable

Early death

N.D.

IV-2 & IV-4 3B & (Johnston JJ, et al. Am J Hum Genet 90, 295-300, 2012), N.D., not determined; TPM, topiramate
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Clinical exome sequencing
in neurology practice

Satoko Miyatake and Naomichi Matsumoto

Clinical exome sequencing (CES) is becoming a standard tool for
molecular diagnosis of genetic disorders, with a diagnostic yield of
approximately 25%. New studies demonstrate the favourable diagnostic
yield of CES for both early-onset and adult-onset neurogenetic disorders.
These studies demonstrate the strengths, limitations and potential of CES

in neurology practice.

Miyatake, S. & Matsumoto, N. Nat. Rev. Neurol. 10, 676-678 (2014); published online 4 November 2014;

doi:10.1038/nrneurol.2014.213

Whole-exome sequencing (WES), termed
clinical exome sequencing (CES) when used
for clinical diagnosis, is currently being integ-
rated into standard medical practice.! This
new development raises questions regard-
ing the efficiency of CES for the diagnosis of
neurogenetic disorders. Two extensive studies
on CES, one focusing on cerebellar ataxia?
and the other on paediatric neurology,® have
recently addressed this question.

6 .. WES can realistically be
used for diagnosis of patients with
suspected genetic disorders... 77

In the first study, Fogel et al? described
CES in 76 patients (mean age 49 years) with
cerebellar ataxia, mainly of the sporadic (56
of 76 patients, 74%) and adult-onset (55 of
76 patients, 72%) type. The authors reported
a definitive diagnostic yield of 21%, which
compares favourably with other CES studies
mainly targeting early-onset diseases.
Importantly, common repeat expansion
disorders that cause hereditary cerebellar
ataxia were excluded in all patients before
enrolment. In the second paper, Srivastava
et al.’ reported a CES study in 78 paediat-
ric patients (mean age 8.6 5.8 years) with
various unexplained neurodevelopmental
disorders. The presumptive diagnostic yield
was 41% (32 of 78), including patients with
pathogenic variants previously reported
as disease-associated, and patients with
novel, probably pathogenic variants in a
disease-associated gene.

These studies clearly indicate that the
diagnostic yield of CES for neurogenetic
disease is high, and CES is beneficial to
neurology practice for diagnosis of both
early-onset and adult-onset cases. Although
approximately 60-80% of patients would
not achieve a definitive molecular diagno-
sis at present, accumulation and later re-
evaluation of CES data for similar diseases
might lead to identification of previously
unknown causative genetic variations.

Since the introduction of next-generation
sequencing (NGS) technology in 2004,
researchers have been able to simultaneously
investigate the >20,000 genes that comprise
the human genome. WES, as opposed
to whole-genome sequencing, is used to
sequence (almost) all known coding exonic
regions, which comprise only 1-2% of the
human genome but harbour around 85%
of causative mutations for genetic diseases.*
Since 2010, WES has been successfully
applied to Mendelian disorders of unknown
genetic aetiology, and has identified numer-
ous mutant genes.>® The power of WES is
further demonstrated by the identification
of de novo and mosaic mutations.” The
number of phenotypes with a demonstrated
molecular basis in the Online Mendelian
Inheritance in Man (OMIM) database has
grown from 2,048 in January 2007 to 4,247
in October 2014, mostly owing to WES.

The current cost of WES per person might
only be twofold to fourfold higher than that
of some single-gene Sanger sequencing
tests.! This rapidly decreasing cost com-
bined with superior efficiency, means that

WES can realistically be used for diagno-
sis of patients with suspected genetic dis-
orders, especially for highly heterogeneous
diseases, thereby avoiding the potential
‘diagnostic odyssey’ of the past. In 2012, the
first diagnostic CES study of 100 trios with
intellectual disability had a diagnostic yield
of 16%.% Subsequent CES studies reported
a yield of around 25%, depending on the
target disease.5%°

CES studies of cerebellar ataxia such as
that of Fogel et al.? are complicated by the
highly heterogeneous nature of the disease,
comprising >60 primary neurogenetic con-
ditions and nearly 300 additional genetic
conditions. Although the technique cannot
reliably detect copy number variants,
indels of >10 nucleotides, structural vari-
ants, repeat expansion, aneuploidy and epi-
genetic alterations,’ the authors were able to
identify clinically relevant genetic informa-
tion in 61% of patients (46 of 76). Overall,
these data translated to a diagnosis in 21%
of patients (16 of 76), all of whom har-
boured known disease-causing mutations
or mutations causing protein truncation in
genes with a previously established disease
association. However, 40% of patients (30
of 76) harboured highly suspicious poten-
tially pathogenic—but unproven—variants,
warranting further investigation.

Patients with conclusively diagnostic
mutations in the study by Fogel et al.2 mostly
had sporadic (11 of 16, 69%) and recessive
(10 of 11, 91%) mutations, which are typi-
cally easier to detect in data from a single
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clinical exome sequence than are dominant
mutations. Although the diagnostic yield
for adult patients (onset age >20 years)
was lower than in patients with early-onset
disease (11% compared with 48%), of those
who were diagnosed, most were sporadic
cases (4 of 6, 67%), suggesting that CES
can be used to diagnose sporadic cases of
cerebellar ataxia. By contrast, a ‘presump-
tive’ diagnostic yield of 41%, as reported
by Srivastava et al.,* seems high compared
with similar studies investigating intellec-
tual disability (16-31%).*° Howeve, this
diagnostic yield includes patients with Tikely
pathogenic’ variants that might require
further investigation.

66 .. CES is beneficial to
neurology practice for diagnosis of
both early-onset and aduli-onset
cases 7%

Notably, the study of Srivastava et al.’
provides good examples of how CES can
affect clinical practice: potential applica-
tions include reproductive planning; earlier
diagnosis in other family members; altered
prognosis; further disease monitoring or
work-up for expected complications; medi-
cation changes; and participation in clinical
therapeutic trials. These benefits are most
relevant to paediatric patients.

The study of Srivastava et al.’ also high-
lights one of the limitations of CES. As
no standard criteria are available to judge
variants obtained through CES, each lab-
oratory has its own parameters and, poten-
tially, their own definition of a ‘pathogenic
varjant. Other technical limitations of CES
include the fact that some exons are not
fully covered, and CES accuracy varies
depending on protocols and kits used
or data throughput. After sequencing,
variant filtering is required to separate the

candidates from the huge numbers of vari-
ants obtained through CES. Typically, each
laboratory uses its own bioinformatics
pipeline to identify candidate variants. Dif-
ferent variants could, therefore, be identi-
fied from the same NGS raw data using
different pipelines.

As mentioned above, variant filtration
and interpretation is a challenging issue.
Consensus criteria for evaluating NGS
data for clinical use are urgently required.
Assessment of the clinical validity of a
reported result—that is, whether the
variant is clinically compatible, unrelated
or atypical (but expanding the phenotypic
spectrum)—is also of extreme importance.
The ClinVar archive!® is being developed
through international efforts to define clear
and definite phenotype-genotype relation-
ships, and might eventually aid interpreta-
tion of CES data. Currently, locus-specific
databases provide a useful resource for
evaluation of variants.

The ethical issues associated with inci-
dental findings, which occur in approxi-
mately 1-3% of patients screened with CES,
must be considered.! The American College
of Medical Genetics and Genomics recom-
mends that laboratories screen, and report
to the clinician, mutations in a minimum
set of 56 genes related to 24 disorders.’
Genetic counselling before and after screen-
ing is particularly important regarding
such findings.

The. cost of NGS might eventually fall
below the costs of clinical diagnosis,
leading to ‘genotyping first’ followed by
clinical examination of a patient. If neurol-
ogy practice does move toward this ‘reverse
phenotyping framework’, as Srivastava
et al.® imply, clinical diagnosis to confirm
the pathogenicity of the mutation would
become more important, but is expected to
be rather challenging, as it will require more
neurologists with expertise in NGS.
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De novo SOXT11 mutations cause Coffin-Siris
syndrome

Yoshinori Tsurusaki'*, Eriko Koshimizu"*, Hirofumi Ohashi2, Shubha Phadke3, lkuyo Kou?, Masaaki Shiina®,
Toshifumi Suzuki®, Nobuhiko Okamoto’, Shintaro Imamura®, Michiaki Yamashita8, Satoshi Watanabe?,
Koh-ichiro Yoshiura®, Hirofumi Kodera!, Satoko Miyatake!, Mitsuko Nakashima', Hirotomo Saitsu’,
Kazuhiro Ogatas, Shiro Ikegawa®, Noriko Miyake! & Naomichi Matsumoto!

Coffin-Siris syndrome (CSS) is a congenital disorder characterized by growth deficiency,
intellectual disability, microcephaly, characteristic facial features and hypoplastic nails of the
fifth fingers and/or toes. We previously identified mutations in five genes encoding subunits
of the BAF complex, in 55% of CSS patients. Here we perform whole-exome sequencing in
additional CSS patients, identifying de novo SOXTT mutations in two patients with a mild CSS
phenotype. sox71a/b knockdown in zebrafish causes brain abnormalities, potentially explaining
the brain phenotype of CSS. SOX11is the downstream transcriptional factor of the PAX6-BAF
complex, highlighting the importance of the BAF complex and SOX11 transcriptional network
in brain development.
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offin-Siris syndrome (CSS; MIM#135900) is a congenital
disorder characterized by growth deficiency, intellectual
disability, microcephaly, characteristic facial features and
hypoplastic nails of the fifth fingers and/or toes (Supplementary
Fig. 1). Five subunit genes (SMARCBI, SMARCA4, SMARCE],
ARIDIA and ARIDIB) of the BAF complex (also known in yeast
as the SWI/SNF complex!) are mutated in 55-70% of CSS
patients?~6, Mutations in SMARCAZ, another BAF complex gene,
were reported in the Nicolaides-Baraitser syndrome, which is
similar to, but distinct from CSS’. Furthermore, de novo PHF6
mutations were found in two CS$ patients®, although no direct
interaction has been reported between the BAF complex and
PHF6, which interacts with the nucleosome remodelling and
deacetylation complex®. As 30-45% of CSS patients were
genetically undiagnosed in three large cohort studies?™S, further
genetic investigation is required to fully address the genetic
picture of CSS.

Here we apply whole-exome sequencing (WES) to 92 CSS
patients, and identify two de novo SOXII mutations in two
unrelated patients. soxI] knockdown experiments in zebrafish
result in a smaller head and significant mortality, which were
partially rescued by human wild-type SOXII messenger RNA
(mRNA), but not by mutant mRNA.

Results

WES of CSS patients. We identified two de novo SOX1I muta-
tions in two unrelated patients, ¢.347A>G (p.Tyr116Cys) (in
patient 1) and ¢.178T> C (p.Ser60Pro) (in patient 2) (deposited
to LOVD, http://www.LOVD.nl/SOXI11), among 92 CSS patients
(including our previous cohorts®?) analysed by trio-based WES.
In the two patients, >10 reads covered 94-92% of coding
sequences and only SOXII mutations remained as candidate
variants in both of them based on the de novo model with scores
of damaging or disease causing by SIFT, PolyPhen2 and Mutation
Taster (Supplementary Table 1). The two heterozygous mutations
localize to the high-mobility group (HMG) domain. Neither
mutation was registered in the databases examined (1,000
Genomes, Exome Sequencing project (ESP) 6500, and in-house
databases containing 575 control exomes) (Supplementary
Table 1). We identified a further 22 -SOXII variants within
these three databases, but all of them reside outside the HMG
domain and, based on prediction programs, are less likely to be
pathogenic (Supplementary Table 1; Supplementary Fig. 2). The
amino acids altered in SOX11 are evolutionarily conserved from
zebrafish to human (Fig. 1). The mutations do not alter nuclear
localization of SOX11 protein (Supplementary Fig. 3). De novo
mutations were confirmed in the two families by Sanger
sequencing along with biological parentage. No mutations in
any of the other BAF complex genes, PHF6, or other potential

c.178T>C ¢.347A>G

(p.S60P) (p.Y1160)
1 48 118 441 aa
v ¥
H.sapiens ...AFMVWSKIERR...ADYPDYKYRPR...
P.troglodytes ...AFMVWSKIERR...ADYPDYKYRPR...
M.mulatta ...AFMVWSKIERR...ADYPDYKYRPR...
M.musculus ...AFMVWSKIERR...ADYPDYKYRPR...
R.norvegicus ...AFMVWSKIERR...ADYPDYKYRPR...
G.gallus ...AFMVWSKIERR...ADYPDYKYRPR...
D.rerio (sox11a} ...AFMVWSKIERR...ADYPDYKYRPX...
D.rerio (sox11b) ...AFMVWSKIERR...ADYPDYKYRP¥...

Figure 1 | SOX11 mutations and functional characterization. SOX71
mutations in CSS patients. Two missense mutations in the HMG domain
(blue box) occur at evolutionarily conserved amino acids.

candidate genes were found in the two families. Therefore, the
two mutations identified are highly likely to be pathogenic.
Moreover, SOX11 was sequenced by WES (n=23) or Sanger
method (n = 67) in a farther 90 CSS patients, with no mutations
found. Fifty-four patients had a mutation in one of the five
BAF complex subunit genes (58.7%) (SMARCA4, SMARCBI,
SMARCEI, ARIDIA and ARIDI1B mutations found in 9, 8, 1, 5
and 31 patients, respectively).

Clinical features of patients with SOX11 mutations. The two
patients showed dysmorphic facial features, microcephaly, growth
deficiency, hypoplastic fifth toe nails and mild intellectual dis-
ability® (Supplementary Fig. 1; Supplementary Table 2). The
observed clinical features in both patients are classified to a mild
end of CSS as patient 1 spoke early for CSS and patient 2 has
relatively high intelligence quotient. Although the two patients do
not look similar in facial appearance (patient 1 has midface
hypoplasia, while patient 2 does not; in addition there is an ethnic
difference, as patients were either Japanese or Indian), they do
share features in common, namely, hypertrichosis, arched
eyebrows, low-set ears, auricular back-rotationand full cheeks
(Supplementary Fig. 1).

Patient 1 (Japanese) was born at 38 weeks of gestation
following an uneventful pregnancy. Her birth weight was 2,340 g
(—19 sd), length 45cm (—2.2 sd) and occipitofrontal
circumference (OFC) 30.5cm (—1.8 s.d.). She was hypotonic,
had feeding difficulties (especially during the neonatal period)
and delayed development. She was able to support her head at
5 months of age, sit at 11 months and walk independently at
1 year 11 months. She started to speak meaningful words at 1 year
7 months. At 3 years, her developmental quotient was estimated
using the Kyoto scale of psychological development to be 57.
Abdominal echography showed her left kidney was slightly small
in size. She has distinctive facial features characterized by midface
hypoplasia, short palpebral fissures, hypertelorism, upturned
palpebral fissures, long eyelashes, a low nasal root, shortened nose
with upturned nostrils, short philtrum, open mouth, full lips and
low-set ears. Hypoplastic distal phalanges with nail hypoplasia
(especially of the fifth digits) were also noted. Additional findings
included hypertrichosis and long eyelashes with abundant hair on
the scalp. At 4 years 8 months, she was short with a height of
92.1cm (~2.9 s.d.) and evaluated for possible growth hormone
deficiency with stimulation tests, which showed normal results.
At 10 years, she measured 119cm (— 2.8 s.d.), weighed 20.1kg
(— 1.8 s.d.) and had an OFC of 47.3 cm ( — 3.3 s.d.). She attends a
special education class for poor performance, but can walk to
school by herself (takes approximately half an hour) and is able to
communicate verbally, to some extent, with her classmates.
Clinical features are summarized in Supplementary Table 2.

Patient 2 (Indian) is a 16-year-old female, and was referred to
the genetics outpatient department for evaluation of short stature.
She was born at term following a normal pregnancy, but with low
birth weight (1.75kg, — 4s.d.). Developmental milestones were
attained normally, but her parents always felt that she lagged
behind other children. She was a slow learner with poor scholastic
performance and an intelligence quotient of 70-80. She attended
a normal class, but struggled to pass class examinations every
year. She has a proportionately short stature but not a coarse face.
Her chin was small and supraorbital ridges hypoplastic with no
ptosis. Her nose was long and alae nasi hypoplastic with
overhanging columella. Her hair was thick and rough with some
thinning on her scalp. She had increased hair on her back. Her
fourth and fifth toes were short and all her finger nails were
hypoplastic with thin and tapered fingers. Her fourth and fifth
toes on both feet, and also the third toe on her right foot, were
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