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SHORT REPORT

Rapid detection of a mutation causing X-linked
leucoencephalopathy by exome sequencing

Yoshinori Tsurusaki,' Hitoshi Osaka,? Haruka Hamanoue,' Hiroko Shimbo,?
Megumi Tsuiji, Hiroshi Doi," Hirotomo Saitsu,’ Naomichi Matsumoto,’

Noriko Miyake'

ABSTRACT

Background Conventional PCR-based direct sequencing
of candidate genes for a family with X-linked
leucoencephalopathy with unknown aetiology failed to
identify any causative mutations.

Objective To carry out exome sequencing of entire

-transcripts of the whole X chromosome to investigate

a family with X linked leucoencephalopathy.

Methods and results Next-generation sequencing of
all the transcripts of the X chromosome, after liquid-based
genome partitioning, was performed on one of the two
affected male subjects (the proband) and an unaffected
male subject (his brother). A nonsense mutation in MCT8
(c.1102A—T (p.R368X)) was identified in the proband.
Subsequent PCR-based direct sequencing of other family
members confirmed the presence of this mutation,
hemizygous in the other affected brother and
heterozygous in the proband’s mother and maternal
grandmother. MCT8 mutations usually cause abnormal
thyroid function in addition to neurological abnormalities,
but this proband had normal thyroid function.
Conclusion Single-lane exome next-generation
sequencing is sufficient to fully analyse all the transcripts
of the X chromosome. This method is particularly suitable
for mutation screening of X-linked recessive disorders and
can avoid biases in candidate gene choice.

INTRODUCTION
High-throughput, next-generation sequencing
(NGS) can have a tremendous impact on human
genetic research.’ Even personal whole-genome
analysis is possible,® but the cost of obtaining and
analysing an entire genome from many people is
still unrealistic for many laboratories. Selection and
enrichment of regions of interest (genome
partitioning) enable us to use NGS efficiently for
reasonable numbers of patients with genetic
disorders. 3¢

Ready-to-use microarray-based and solution-
based hybridisation systems are now commercially
available. A combination of genome partitioning
using these systems and NGS is one of the most
promising ways to identify genes causing Mende-
lian disorders.® * ¢

Here, we performed exome sequencing of entire
transcripts of the whole X chromosome to inves-
tigate a family with X linked leucoencephalopathy
with unknown aetiology after intensive candidate
gene analysis by conventional exon-by-exon Sanger
sequencing. A single-lane run of NGS on only two
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family members successfully determined the
leucoencephalopathy-causing mutation.

SUBJECTS AND METHODS
A family with X-linked leucoencephalopathy
The proband (I1I-2) was a 13-year-old boy. He was
born to Japanese consanguineous parents (II-3, 4)
after an uneventful pregnancy (figure 1A). His
birth weight was 3440 g. Congenital horizontal
nystagmus was noted as a neonate. Because of his
poor weight gain and developmental delay, he was
referred to us at age 5months. He showed
progressive spasticity and dystonia with exagger-
ated deep tendon reflexes as well as myoclonic and
tonic seizures, which responded to valproic acid
and clonazepam at age 21 months. Brain MRI at
2years showed diffuse hyperintensity of the
frontal lobe on T2-weighted images, suggesting
hypomyelination, and normal T1l-weighted
images (figure 1B,C). The peak latency intervals
in auditory brainstem responses (I—V/III-V)
were 4.63/2.37 ms, which were elongated compared
with those of age-matched controls (4.24%0.08/
1.97+0.08 ms (mean=SD)). He was clinically diag-
nosed  with  Pelizaeus—Merzbacher  disease
(MIM#312080), although neither —mutation
nor duplication was found in PLP1 (RefSeq Gene ID,
NM_000533) or GJA12 (NM_020435)
(the duplication in GJA12 was not checked). He was
never able to follow objects or control his head.
The dystonia worsened and he is now mechan-
ically ventilated because of tracheomalacia. A thyroid
function test at age 13 years indicated all normal
levels: free tri-iodothyronine (T3) 1.2 ng/ml (normal
range 0.8—1.6 ng/ml), free thyroxine (T4) 6.4 pg/dl
(normal range 6.1-12.4 pg/dl) and thyroid-stimu-
lating hormone 1.2 ulU/ml  (normal range
0.5—5 pIU/ml). Brain MRI at age 13 years demon-
strated improvement of myelination in the white
matter, but he still presented with severe mental
retardation (figure 1D,E). His younger brother was an
8-year-old boy (I1I-3) with an almost identical clinical
course and MRI findings. His grandparents (I-1, I-2)
were both healthy. The elder uncle (II-1) died at age
27 years who, initially, could walk with support but
who declined towards the end of his life. Another
uncle (II-2) was diagnosed with cerebral palsy and
died at 7 months of age of unknown causes.
Informed consent was obtained from the
patient’s family members in accordance with
human study protocols approved by the
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Figure 1 Pedigree and brain MRI of
the proband. (A) Family pedigree. (B)
T2-weighted image at age 2 years
shows diffuse hyperintensity, especially

in the frontal lobe. (C) T1-weighted
image at 2 years shows nearly
complete myelination. (D and E) At age
13 years, both T2 (D) and T1

(E)-weighted images demonstrate
complete myelination; the
hypomyelination observed at age

2 years can therefore be regarded as
delayed myelination. (F) Flow of
informatics analysis. A MAQ-based
method and NextGENe analysis were
performed (l1l-2). The selection methods
included variation relative to the human
genome reference sequence; variants
mapped to the X chromosome;
unknown variants (excluding registered
SNPs); variants identified in the proband
only (not in his healthy brother);
variants in known genes; coding region
variants; variants in genes at
Xq13.1—q25; and variants common to
the two informatics methods. MAQ,
Mapping and Assembly with Qualities;
SNP, single nucleotide polymorphism.

institutional review board at Kanagawa Children’s Medical
Centre and Yokohama City University School of Medicine.

Genome-wide single nucleotide polymorphism (SNP) genotyping
Genome-wide SNP genotyping was undertaken for individuals
I-1, 12, 1I-3, II-4, 1II-1, OI-2 and III-3 using the GeneChip
Human Mapping 10K Array Xba 142 2.0 (Affymetrix Inc, Santa
Clara, California, USA), according to the manufacturer’s
protocols. Mendelian errors in the pedigree to exclude conflicted
SNPs were checked using GeneChip operating software 1.2
(Affymetrix) and batch analysis in GeneChip genotyping anal-
ysis software 4.0 (Affymetrix), with the default settings for
a mapping algorithm. Copy Number Analyzer for GeneChip 2.0
was used to validate copy number alterations.” The linked region
with SNPs shared between individuals III-2 and III-3 (not
observed in III-1) was checked manually.

Genome partitioning, short-read sequencing and sequence
alignment

Genomic DNAs from the proband (III-2) and his unaffected
brother (III-1) were used for this study. Three micrograms of
DNA were processed using a SureSelect X chromosome test kit
(1582 transcripts covering 3053 kb) (Agilent Technologies, Santa
Clara, California, USA), according to the manufacturer’s
instructions. Captured DNAs were analysed using an Ilumina
GAIlx (llumina Inc, San Diego, California, USA). We used only
one of the eight lanes of the flow cell (Illumina), performing
single 76 bp reads for each sample. Image analysis and base
calling were performed by sequence control software (SCS) real-
time analysis (Illumina) and/or offline Basecaller software v1.6
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(lumina) and CASAVA software v1.6 (Illumina). Reads were
aligned to the human reference genome sequence (UCSC hgl8,
NCBI build 36.1) using the ELAND v2 program (Illumina).
Coverage was calculated statistically. Identified variants were
annotated based on novelty, impact on the encoded protein, the
number and frequency of reads and conservation. NextGENe
software v1.99 (SoftGenetics, State College, Pennsylvania, USA)
was also used to analyse reads, with the default settings.

Mapping strategy and variant annotation

Approximately 9.9 million reads from III-1 (the unaffected
sibling) and 7.8 million reads from II-2 (the proband), which
passed the quality control (Path Filter), were mapped to the
human reference genome by Mapping and Assembly with
Qualities (MAQ)® and NextGENe software (SoftGenetics)
(figure 1F). The bait region of the X chromosome based on the
manufacturer’s information was carefully evaluated. MAQ was
able to align 7359 688 and 6614 972 reads to the whole genome
for I1I-1 and III-2, respectively, which were statistically analysed
for coverage using a script created by BITS Co Ltd (Tokyo,
Japan). SNPs and indels were extracted from the alignment data
using another script created by BITS, along with information on
registered SNPs (dbSNP build 130). A consensus quality score of
=40 was used for the SNP analysis in MAQ. '

Capillary sequencing

Possible pathological variants were confirmed by Sanger
sequencing using an ABI 3500x] or ABI3100 autosequencer (Life
Technologies, Carlsbad, California, USA), following the manu-
facturer’s protocol. Sequencing data were analysed by
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Sequencher software (Gene Codes Corporation, Ann Arbor,
Michigan, USA).

RESULTS AND DISCUSSION

Coverage analysis showed that 78.9% of all the X chromosome
transcripts were completely covered by reads, and that 11.6% of
transcripts were at least 90% covered. Almost all (99%) of these
regions were covered by 20 reads or more (100 reads or more in
97%) by only single-lane sequencing. SNP genotyping was able
to delineate the minimal linked region from 1s763739 to
151073455 (UCSC genome browser hgl9 assembly, X chromo-
some coordinates: 76804 990—126844262) (50 Mb). The
maximum linked region was from rs1926354 to rs859587 (UCSC
genome  browser  coordinates: 68404 915—128933907)
(60.5 Mb). Exome GAIIx sequencing with the two informatics
methods identified four potentially interesting changes in the
maximum linked region: c¢.1102AT (p.R368X) in MCT8
(NM_006517; alternatively called SLC16A2); c.1402T -G (p.
S468A) and c.1943A—G (p.H648R) in CYLC/ (NM_021118);
and c1606G— A (p.D536N) in LRCH2 (NM_020871) (figure 1F).
c.1102A-T (p.R368X) in MCT8 was found heterozygously in
the proband’s healthy mother (II-3) and maternal grandmother
(I-2), and hemizygously in the proband and his affected younger
brother; each was confirmed by Sanger sequencing (figure 2).
This change was not present among 92 normal female controls
(0/184 alleles).

The MCT8 gene encodes a thyroid hormone transporter and is
implicated in syndromic X-linked mental retardation,
Allan—Herndon—Dudley syndrome and Pelizaeus—Merzbacher-
like disease (PMLD).**? This nonsense mutation, ¢.1102A—T
(p-R368X), which might lead to nonsense-mediated decay
resulting in no protein production, is highly likely to be
pathological. Based on the human gene mutation database

cC A A GHERG A G G
C A R G?GBGG
/\/\/\/\/\/\/\/\/\
L1
Arg

c A A GHLG A G G
T A H G G A G G
== aaap A/l
 I— |
Arg/Stop
& & 4 G
d 1 1 1 8 1 1 131 1
affected /\
MNAANNAN
1

Stop

Figure 2 Electropherograms of a normal control, a carrier (mother) and
the affected proband.
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(http://www.hgmd.cf.ac.uk/ac/index.php), three nonsense
mutations in this gene have been previously registered: p.R245X,
p.Q335X and p.5448X. The other identified variants, in CYLC1
and LRCH2, are all SNPs because they were identified in normal
controls: ¢.1402T—G (CYLCY): 5/182 alleles, c.1943A—G
(CYLC1): 12/184 alleles and c¢1606G — A (LRCH2): 5/184 alleles.
We concluded that the /MICT8 mutation was pathogenic in this
family.

PMLD caused by AMCT8 mutations presents with infantile
hypotonia, severe psychomotor development, nystagmus,
generalised muscle weakness, dystopia, joint contracture and
progressive spastic paraplegia. All affected male subjects develop
the disease, while heterozygous female subjects are clinically
normal or sometimes show mild thyroid dysfunction.” '? Brain
MRI shows delayed myelination in the first few years of life,
which subsequently improves but with residual neurological
disability. The unique diagnostic feature of the disease is an
abnormal thyroid hormone profile: increased free Ta, decreased
free T4 and normal thyroid-stimulating hormone.’? The cases
we analysed here showed clinical features and brain MRI find-
ings typical of PMLD, but no thyroid hormone abnormalities.
Based on regular laboratory testing and conventional PCR-based
gene screening, we might have failed, or taken much longer, to
identify the causative mutation. Thus, unbiased screening
without prior knowledge is one of the advantages of NGS.

Thyroid hormone (T4 and Ts) is important in neuronal
development and its deficiency in the pre/neonatal stage causes
a form of mental retardation called cretinism. T is released from
the thyroid as a prohormone and is altered to biologically active
Ts by iodothyronine deiodinases.”® Active T is delivered to the
peripheral organs via thyroid hormone transporters. MCT8 is
a thyroid hormone-specific transporter and is mainly expressed
in the brain and liver."* '° In MCT8 deficiency, T3 and T uptake
is impaired and deiodinase 2 is activated.!® This results in
increased serum Tz levels because of T3 accumulation in the
peripheral blood. In previous reports, the majority of patients
showed abnormal levels of thyroid hormones, but some
displayed values within the normal range.” '° 2 17 18 The yari-
able range for abnormal thyroid hormone levels might be
explained by unidentified modifier effect(s) and/or other trans-
porter(s) that can compensate for MCT8 function.!” Addition-
ally, although MCT8 deficiency has been determined by
abnormalities in thyroid function tests, it is unknown what
proportion of the patients with MCT8 deficiency show
abnormal thyroid function. We suggest that it is important to
evaluate thyroid hormone function in PMLD with unknown
cause.

Before the exome NGS analysis, we screened PLP1, GJA12, and
seven other candidate genes mapped to the linked region: MSN
(NM_002444), IGBP1 (NM_001551), SNX12 (NM_013346),
OGT (NM_181672), HDACS (NM_018486), SH3BGRL
(NM_003022.2) and PCDH11X (NM_032967.2). Because we
found no pathological changes, we adopted the exome
sequencing strategy. We determined that exome sequencing with
a single lane for each sample was sufficient to analyse all the
transcripts of the X chromosome. In X-linked recessive diseases,
male subjects are usually affected, and therefore the single X
chromosome is the primary target of exome sequencing. Except
for mosaic mutations, the hemizygous (rather than heterozy-
gous) status of disease-related nucleotide changes is relatively
easy to detect using all-or-none NGS reads (0% or 100% of
reads). There was no difference in the ability of our two infor-
matics methods (MAQ and NextGENe) to detect pathological
changes. This approach could equally be applied to the analysis
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of autosomal recessive diseases that manifest in the offspring of
consanguineous relationships.

In conclusion, we rapidly identified a nonsense mutation in
MCT8 in a family with X-linked leucoencephalopathy using
only a single lane of exome sequencing. This method is powerful
for unbiased screening of disease-related mutations in X-linked
or recessive conditions.
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Exome sequencing of two patients in a family
with atypical X-linked leukodystrophy
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Matsumoto N. Exome sequencing of two patients in a family with atypical
X-linked leukodystrophy.
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We encountered a family with two boys similarly showing brain atrophy
with reduced white matter, hypoplasia of the brain stem and corpus
callosum, spastic paralysis, and severe growth and mental retardation
without speaking a word. The phenotype of these patients was not
compatible with any known type of syndromic leukodystrophy. Presuming
an X-linked disorder, we performed next-generation sequencing (NGS) of
the transcripts of the entire X chromosome. A single lane of exome NGS
in each patient was sufficient. Six potential mutations were found in both
affected boys. Two missense mutations, including ¢.92T>C (p.V31A) in
LICAM, were potentially pathogenic, but this remained inconclusive. The
other four could be excluded. Because the patients did not show adducted
thumbs or hydrocephalus, the LICAM change in this family can be
interpreted as different scenarios. Personal genome analysis using NGS is
certainly powerful, but interpretation of the data can be a substantial
challenge requiring a lot of tasks.
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Focused/selected gene and genomic characteriza-
tion has usually been carried out in clinically
homogeneous groups of multiple affected sam-
ples to make identification of genetic abnormalities
more efficient. Microarrays and next-generation
sequencing (NGS) have provided new avenues
for human genetic research (1-6). Using such
new technologies, researchers are able to ana-
lyze small numbers of patients on a genome-wide
scale. Even very rare cases (such as when only
a few compatible patients are available or atypi-
cal patients showing no similar phenotypes) can
be realistic targets of genetic research, as the new
technologies can identify aberrations in a single
gene from within virtually the whole genome;
this could not be achieved with conventional
techniques.

We encountered a family with two affected
males showing atypical leukodystrophy. The phe-
notype of these patients did not match any known
type of syndromic leukodystrophy. Because we
presumed that abnormality of an X-linked gene
caused the atypical leukodystrophy in this family,
we performed exome sequencing of most of the
X-chromosome transcripts and identified an unex-
pected gene mutation in these patients.

Materials and methods
A family with atypical X-linked leukodystrophy

Two brothers, II-1 currently aged 19 years and
II-2 currently aged 17 years, who have unrelated
healthy parents, presented with similar clinical
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(a)
[
1

Fig. 1. Clinical features of the family. Familial pedigree (a).
Brain magnetic resonance imaging (MRI) (b: T1-weighted
image, ¢ T2-weighted image, d: Tl-weighted image) of
individual II-1 at 16 years old showing hypoplasia of the white
matter, the brain stem and the corpus callosum. Brain computed
tomographic (CT) images of individual II-1 at 19 years old
(e) indicating a thick calvarium with enlarged frontal sinus as
well as calcification of the choroid plexus in the atrophic brain.
Brain MRI (f: T2-weighted image, g: T1-weighted image) of
individual II-2 at 2 years old, also displaying hypoplasia of the
white matter. Brain CT image of individual II-2 at 5 years old
(h), also showing a thick calvarium.

features. Their mother did not show any neuro-
logical abnormalities (Fig. 1a).

Patient II-1

Patient II-1’s birth weight was 2840 g at 40 weeks
of gestational age. He had congenital nystagmus.
He sat unsupported at 7 months old but after this
his developmental milestones were delayed. He
could creep at 18 months old. Spastic paralysis,
especially in the lower extremities, became appar-
ent. He was unable to stand unsupported. His
mental development was severely delayed, and he
needed special education from elementary school.
He had suffered generalized epileptic seizures
since he was 10 years old. He was confined to a
wheelchair. He had severe mental retardation with-
out speaking a word. His developmental quotient
(DQ) at 9 years old was 19 by the Japanese stan-
dard method. Severe growth retardation [143 cm
(<3%), 24 kg (<3%), occipitofrontal head cir-
cumference 49 cm (<3%) at 19 years] was also
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noted. He did not have dysmorphic features. Blood
analysis revealed microcytic anemia [hemoglobin
(Hb) 13.4 g/dl, mean corpuscular volume (MCV)
(of red blood cell) 70.4 fl (normal: 89—99 1), mean
corpuscular hemoglobin (MCH) (of red blood cell)
23.1 pg (normal: 29-35 pg)] without any evi-
dence of hemolysis or iron deficiency. Hormonal
examination indicated that the levels of luteiniz-
ing hormone, follicle-stimulating hormone, and
thyroid-stimulating hormone were all low [0.9
mIU/ml (normal: 1.2—8.0 mIU/ml), 2.5 mIU/ml
(normal: 2.3-15.1 mIU/ml), <0.01 pIU/ml (nor-
mal: 0.5-5.0 uIlU/ml), respectively]. He showed
delayed puberty with small testes. Pubic hair only
appeared at 17 years old. His bone age at 18 years
old was 12.6 years (67%). Brain magnetic res-
onance imaging (MRI) at 16 years old revealed
brain atrophy associated with reduced white matter
and hypoplasia of the brain stem and the cor-
pus callosum (Fig. 1b—d). No hydrocephalus or
adducted thumb was observed. Brain computed
tomography (CT) at 19 years old showed a thick
calvarium with enlarged frontal sinus as well as
calcification of the cerebellar tentorium and the
choroid plexus (Fig. 1le).

Patient -2

Patient II-2’s birth weight was 2910 g at 37
weeks of gestational age. Developmental delay
was apparent since he was 10 months old. Spas-
tic paralysis (especially in the lower extremi-
ties), confinement to a wheelchair, severe men-
tal retardation without speaking a word (DQ =5
at 17 years old), and severe growth retardation
[130 cm (<3%) and 27 kg (<3%) at 17 years]
were phenotypes shared with his brother (II-1).
Blood analysis revealed microcytic anemia (Hb
12.0 g/dl, MCV 61.1 fl, MCH 19.0 pg) without
any evidence of hemolysis or iron deficiency. Hor-
monal examination indicated that the levels of
luteinizing hormone, follicle-stimulating hormone,
and thyroid-stimulating hormone were relatively
low (1.9 mlU/ml, 4.2 mIU/ml, <0.23 plU/ml,
respectively). He also showed delayed puberty
with small testes. Pubic hair appeared only at
17 years old. His bone age at 17 years old was
11 years (65%). Brain MRI at 2 years old revealed
brain atrophy associated with reduced white matter
and hypoplasia of the brain stem and corpus cal-
losum (Fig. 1f,g). Brain CT at 5 years old showed
a thick calvarium (Fig. 1h). No hydrocephalus or
adducted thumb was observed. Most of the clinical
features were similar to those of his brother except
for the absence of nystagmus in patient II-2.



Genome-wide SNP genotyping

Genome-wide single-nucleotide polymorphism
(SNP) genotyping was performed on individuals
I-2, II-1, and II-2 using a GeneChip™ Human
Mapping 10K Array Xba 142 2.0 (Affymetrix,
Inc., Santa Clara, CA), according to the manu-
facturer’s protocols. Mendelian error in the pedi-
gree to exclude conflicted SNPs was checked
using Gcos 1.2 (GeneChip Operating Software;
Affymetrix) and batch analysis in GTYPE 4.0
(GeneChip Genotyping Analysis Software; Affy-
metrix), with the default setting for the mapping
algorithm. The linked region, with SNP geno-
types shared between individuals II-1 and II-2, was
checked manually.

Genomic partitioning, short-read sequencing,
and sequence alignment

Three micrograms of genomic DNA from the
affected brothers (II-1 and II-2) was processed
using a SureSelect X Chromosome test kit (1582
transcripts covering 3053 kb) (Agilent Technolo-
gies, Santa Clara, CA), according to the manufac-
turer’s instructions. Captured DNAs were analyzed
using an Illumina GAIIx (Illumina, Inc., San
Diego, CA). We used only one of the eight lanes
in the flow cell (Illumina) for paired-end, 76-bp
reads per sample. Image analysis and base-calling
were performed using sequence control software
(SCS) real-time analysis and off-line BASECALLER
software v1.8.0 (Illumina). Reads were aligned
to the human reference genome (UCSC hgl9,
NCBI build 37.1) using the ELANDv2 algo-
rithm in casava_v1.7.0 (llumina). The ELANDv2
algorithm can align 100-bp reads to a reference
sequence and split the reads into multiple seeds.

Mapping strategy and variant annotation

Approximately 57.5 million reads from individ-
ual II-1 and 71.1 million reads from individual
II-2 that passed the quality control (Path Filter)
were mapped to the human reference genome using
mapping and assembly with quality (MAQ) (7)
(Fig. 2). MAQ was able to align 51 720 952 and
65 990 660 reads to the whole genome for indi-
viduals II-1 and II-2, respectively; these were then
statistically analyzed for coverage using a script
created by BITS Co., Ltd. (Tokyo, Japan). SNPs
and insertions/deletions were extracted from the
alignment data using an original script created by
BITS Co., Ltd., along with information on the reg-
istered SNPs (dbSNP 131). A consensus quality
score of 40 or more was used for the SNP anal-
ysis in MAQ. SNPs in MAQ-passed reads were
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annotated using the SeattleSeq website (http://gvs.
gs.washington.edu/SeattleSeqAnnotation/).  Vari-
ants found by each informatics method were
selected in terms of location on chromosome X,
unregistered variants (excluding registered SNPs),
variants in known genes, variants in coding
regions, variants excluding synonymous changes,
and variants with an allele frequency of at
least 90% (assuming a homozygous mutation).
NEXTGENE software v2.0 (SoftGenetics, State Col-
lege, PA) was also used to analyze the reads, with a
default setting. Variants found by both of the infor-
matics methods were selected. The variants found
in common between individuals II-1 and II-2 were
focused on, and confirmed as true positives by
Sanger sequencing of polymerase chain reaction
(PCR) products amplified from patient genomic
DNA, except for variants within genes at seg-
mental duplications. The pathological significance
of the variants was evaluated using four different
websites: POLYPHEN (Polymorphism Phenotyping;
http://genetics.bwh.harvard.edu/pph/index.html),
POLYPHEN-2 (http://genetics.bwh.harvard.edu/
pph2/index.shtml), stFt (http:/sift.jcvi.org/) (out-
put values less than 0.05 are deleterious), and
MUuUTATIONTASTER (http://meurocore.charite.de/
MutationTaster/).

Capillary sequencing

Possible pathological variants were confirmed
by Sanger sequencing using an ABI 3500xl
or ABI3100 autosequencer (Life Technologies,
Carlsbad, CA), following the manufacturer’s pro-
tocol. Sequencing data were analyzed using
SEQUENCHER software (Gene Codes Corporation,
Ann Arbor, MI).

Expression studies

The relative mRNA levels of TMEMI87 in
cDNA of various fetal and adult human tissues
(Human MTC™ Panel I and Human Fetal MTC™
Panel; Clontech, Mountain View, CA) were deter-
mined by quantitative real-time reverse transcrip-
tion—polymerase chain reaction (RT-PCR) using
TagMan gene expression assays (Hs01920894_s1
for TMEM187 and Hs00357333_g1 for B-actin as
a control) (Life Technologies).

Results and discussion

Our coverage analysis indicated that for individu-
als I1-1 and II-2, 79.2% and 78.8%, respectively, of
the entire X-chromosome coding sequence (CDS)
were completely covered, and 88.5% and 88.5%,
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Fig. 2. Flow of informatics analysis. A MAQ-based method and NextGENe analysis were performed in individuals II-1 and
II-2. The selection methods employed included variants compared with the human genome reference sequence, variants mapped
to chromosome X, unknown variants [excluding registered single-nucleotide polymorphisms (SNPs)], variants in known genes,
variants in coding regions, variants excluding synonymous changes, and variants common to the two informatics methods. Finally,
the nucleotide changes in common between individuals II-1 and II-2 were focused on as potentially pathogenic mutations. True
positive changes were confirmed by capillary sequencing of polymerase chain reaction (PCR) products amplified from genomic

DNA.

respectively, of the CDS were at least 90% cov-
ered by reads. Using a single lane of sequencing
per sample, the coverage with 20 reads or more
comprised 89.6% and 89.7% of the CDS, and
that with 100 reads or more comprised 87.6%
and 89.7% of the CDS in individuals II-1 and
I1-2, respectively. SNP genotyping indicated that
the region from rs727240 to rs721003 (UCSC
genome browser hgl9 assembly, chromosome X
coordinates: 22131639-54454152; 32.2 Mb) was
unlinked to the phenotype. Exome sequencing
using two informatics methods successfully iden-
tified six potentially interesting changes as true
positives -in the linked region: FAMI23B (Ref-
Seq Gene ID NM_152424): c.85G>A (p.A297),
FRMD7 (NM_194277): ¢.875T>C (p.L292P),
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LICAM (NM_000425): ¢.92T>C (p.V31A), TME
M187 (NM_003492): ¢.334G>A (p.A112T), FLNA
(NM_001110556): ¢.1582G>A (p.V528M), and
LAGE3 (NM_006014): ¢.395G>A (p.R132Q).
The ¢.92T>C (p.V31A) variant in LICAM was
previously found in a patient with Hirschsprung
disease, acrocallosal syndrome, and congenital
hydrocephalus (8). LICAM mutations cause a
wide variety of clinical phenotypes: hydrocephalus
due to stenosis of the aqueduct of Sylvius (MIM
#307000), MASA syndrome (mental retardation,
aphasia, shuffling gait, adducted thumb; MIM
#303350), and X-linked agenesis of the corpus
callosum (MIM #217990). Phenotypic variability,
even within a family, has been noted, raising the
caution that definite clinical diagnosis in single
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Table 1. Characterization of nucleotide changes found by exome sequencing

FAM123B FRMD?7 | FLNA LAGE3
Change c.85G>A c.875T>C ' c.1682G>A €.395G>A
(p.A29T) (p.L292P) (p.V528M) (p.R132Q)
POLYPHEN Benign Probably Possibly Benign
damaging damaging
POLYPHEN-2 Probably Probably Possibly Possibly
damaging damaging damaging damaging
SIFT 0.04 0.02 0.04 0.46
MUTATIONTASTER ~ Polymorphism Disease causing Polymorphism  Polymorphism
Normal female 8/5022 2/502 15/5028 4/502
Normal male 1/118 0117 1/86
Note No nystagmus
inll-2

gIncluding one homozygous female. Underlining means that this result excludes the variant as potentially causative. Grayed shading
indicates the variants that could not be excluded; between these two, the L71CAM variant is more likely to be causative.

cases is often impossible (9). Phenotypic fea- Only 2 of 251 control females carried the
tures compatible with the L/ICAM mutation in  ¢.875T>C variant in FRMD7 heterozygously,
our patients include spastic paralysis, aphasia, and none of 117 male controls carried this
severe mental and growth retardation, but atypi- variant; thus, the pathogenicity of the FMRD7
cal leukodystrophy and the absence of adducted  variant was inconclusive. Other FRMD7 muta-
thumbs were very rare or exceptional (9). A nor- tions cause X-linked congenital nystagmus 1 (MIM
mal control study found that 2 of 251 normal #310700) (13). However, the nystagmus found in
females were heterozygous for this SNP, but none individual II-1 was not observed in individual II-2,

of 117 normal males carried the variant allele. indicating that the variant in common between
One of the four web-based analyses of pathologi- two brothers did not consistently cause nystagmus.
cal significance (MutationTaster) indicated that this ~ Thus, it may not contribute to the phenotype in this
variant would be disease causing, while the oth- family (Table 1).

ers indicated that it would be benign (Table 1). We also evaluated the ¢.334G>A variant in

X-linked hydrocephalus due to L/CAM mutations TMEMI87. Only 2 of 251 female controls car-
occurs in approximately 1/30 000 male births (10). ried this heterozygous change, and it was not
Considering that the LICAM mutation was found found among 118 male controls. Two of the
in 2/618 control alleles (0.32%), the change may  four programs (POLYPHEN-2 and SHIFT) indicated
be a rare polymorphism, a mutation causing lethal- that it would be pathogenic. By Tagman assay,
ity in the majority of affected males, or a mutation TMEM187 was ubiquitously expressed in various
with low penetrance. Because we were unable to fetal and adult tissues, including the brain (data
exclude this LICAM change, its pathogenic status not shown), leaving the effect of this mutation

remains inconclusive. on the phenotype in these patients inconclusive
We next examined c¢.85G>A in FAMI23B, (Table 1).

¢.875T>C in FRMD?7, c.1582G>A in FLNA, In conclusion, we found two possible but

and ¢.395G>A in LAGE3 in normal controls.  inconclusive variants in this family with two

The FAM1 23B, FLNA, and LAGE3 variants were boys affected by atypica] leukodystrophy‘ ngh_

excluded as causative because a homozygous throughput technologies are clearly powerful to
change was found in 1 of 251 female controls  detect genomic changes, but evaluation of the data
(FAMI23B and FLNA) or a hemizygous change  can be very difficult and should be performed
was found in 1 of 86 normal males (LAGE3).  cautiously. More knowledge of rare SNPs and
However, the thick calvarium in individuals II-1  putations is absolutely necessary before any
and [I-2 may be influenced by the FAMI23B  (onclusions can be drawn.

change, because it is causative for osteopathia stri-

ata with cranial sclerosis, an X-linked dominant

disorder (MIM #300373) (11, 12). As the calvar- Acknowledgements
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REPORT

Mutations in POLR3A and POLR3B Encoding RNA
Polymerase Il Subunits Cause an Autosomal-Recessive
Hypomyelinating Leukoencephalopathy

Hirotomo Saitsu,'.* Hitoshi Osaka,2 Masayuki Sasaki,3 Jun-ichi Takanashi,* Keisuke Hamada,s
Akio Yamashita,6 Hidehiro Shibayama,” Masaaki Shiina,5 Yukiko Kondo,! Kiyomi Nishiyama,!
Yoshinori Tsurusaki,! Noriko Miyake,! Hiroshi Doi,! Kazuhiro Ogata,5 Ken Inoue,8

and Naomichi Matsumotol.*

Congenital hypomyelinating disorders are a heterogeneous group of inherited leukoencephalopathies characterized by abnormal
myelin formation. We have recently reported a hypomyelinating syndrome characterized by diffuse cerebral hypomyelination with
cerebellar atrophy and hypoplasia of the corpus callosum (HCAHC). We performed whole-exome sequencing of three unrelated individ-
uals with HCAHC and identified compound heterozygous mutations in POLR3B in two individuals. The mutations include a nonsense
mutation, a splice-site mutation, and two missense mutations at evolutionally conserved amino acids. Using reverse transcription-PCR
and sequencing, we demonstrated that the splice-site mutation caused deletion of exon 18 from POLR3B mRNA and that the transcript
harboring the nonsense mutation underwent nonsense-mediated mRNA decay. We also identified compound heterozygous missense
mutations in POLR3A in the remaining individual. POLR3A and POLR3B encode the largest and second largest subunits of RNA
Polymerase I1I (Pol 1), RPC1 and RPC2, respectively. RPC1 and RPC2 together form the active center of the polymerase and contribute
to the catalytic activity of the polymerase. Pol IIl is involved in the transcription of small noncoding RNAs, such as 5S ribosomal RNA
and all transfer RNAs (tRNA). We hypothesize that perturbation of Pol III target transcription, especially of tRNAs, could be a common
pathological mechanism underlying POLR34 and POLR3B mutations.

Congenital hypomyelinating disorders form a heteroge- information and peripheral blood or saliva samples were
neous group of central nervous system leukoencephalo- obtained from the family members after obtaining written
pathies that is characterized by abnormal myelin forma- informed consent. Experimental protocols were approved
tion. Although these conditions are readily recognized by the Institutional Review Board of Yokohama City
by brain magnetic resonance imaging (MRI), many cases University. To identify pathogenic mutations, we per-
are not diagnosed correctly.! Several syndromes affecting formed whole-exome sequencing of three probands from
myelination, such as hypomyelination with hypodontia three unrelated families (individuals 1, 3, and 4). DNAs
and hypogonadotropic hypogonadism (4H) syndrome were captured with the SureSelect Human All Exon 50Mb
(MIM 612440) and hypomyelination with atrophy of Kit (Agilent Technologies, Santa Clara, CA) and sequenced
the basal ganglia and cerebellum (H-ABC) (MIM with one lane per sample on an Illumina GAlIx (Illumina,
612438), have been described.” We have recently San Diego, CA) with 108 bp paired-end reads. Image
reported a hypomyelinating syndrome characterized by analysis and base calling were performed by sequence
diffuse cerebral hypomyelination with cerebellar atrophy control software real-time analysis and CASAVA software
and hypoplasia of the corpus callosum (HCAHC).°® v1.7 (Illumina). A total of 90,014,368 (individual 1),
Individuals with HCAHC do not show hypodontia or 86,942,264 (individual 3), and 92,168,758 (individual 4)
atrophy of the basal ganglia, which are observed in 4H paired-end reads were obtained and aligned to the human
syndrome and H-ABC; however, diffuse hypomyelina- reference genome sequence (GRCh37/hg19) with MAQ’
tion, atrophy, or hypoplasia of the cerebellum and corpus and NextGENe software v2.00 with sequence condensa-
callosum are overlapping features of these three tion by consolidation (SoftGenetics, State College, PA).
syndromes, suggesting that there might be a common This approach resulted in more than 88% of target exomes
underlying pathological mechanism. being covered by ten reads or more (see Table S1, available

Here, we report on four individuals with HCAHC online). Single nucleotide variants (SNVs) were called with
from three unrelated families (Figure 1A; Table 1). Clinical MAQ and NextGENe. Small insertions and deletions were
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Figure 1. Mutations in POLR3B and POLR3A

(A) Pedigrees of four kindreds with HCAHC are shown. We identified four mutations in POLR3B encoding RPC2 in three individuals from
two unrelated families and two mutations in POLR3A encoding RPC1 in one family. The segregation of each mutation is shown.

(B) Schematic representation of RPC2 (upper) and RPC1 (lower) proteins with Pfam domains (from Ensembl). Locations of each amino-
acid-altering mutation are depicted with electropherograms. All of the missense mutations occurred at evolutionally conserved amino
acids. Homologous sequences were aligned with the CLUSTALW website.

(C-F) 3D representations of RPC1 and RPC2 mutations. Mutated amino acids in RPC1 and RPC2 are shown along with their equivalent
positions in the homologous RPB1 and RPB2 subunits of RNA Polymerase II (amino acid and its position in parenthesis). The structure
and positions of mutations are illustrated by PyMOL with the crystal structure (PDB accession number 3GTP). RPB3, RPB9, and RPB11
subunits, which are specific to RNA Polymerase II, have been omitted from the figure. RPB1 is shown in green, RPB2 in sky blue, RPBS in
yellow, RPB6 in dark blue, RPB8 in pink, RPB10 in orange, RPB12 in purple, DNA in brown, and RNA in red. Amino acids that interact

with mutated amino acids are also shown.
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Table 1. Clinical Features of the Individuals
Clinical Features Individual 1 Individual 2 Individual 3 Individual 4
Genes POLR3B POLR3B POLR3B POLR3A

Mutations, DNA ¢.1857-2A>C, ¢.2303G>A

¢.1857-2A>C, ¢.2303G>A

€.1648C>T, ¢.2778C>G €.2690T>A4, ¢.3013C>T

Mutations, protein p-Asn620_Lys652del, p.Asn620_Lys652del, p.Arg550X, p.I1e897Asn,
p.Arg768His p-Arg768His p-Asp926Glu p-Argl005Cys
Gender M F F M
Current age (years) 27 30 16 17
Intellectual disability mild mild moderate mild
Cognitive regression - - - -
Seizures - - - -
Initial motor development normal normal normal normal
Age of onset (years) 3 3 2 4
Motor deterioration - - - +
Wheelchair use - - - +
Optic atrophy - - - -
Myopia + + - +
Nystagmus + + - -
Abnormal pursuit + + -
Vertical gaze limitation + + + -
Dysphagia - - 4 -
Hypersalivation - - - -
Cerebellar signs + + +
Tremor - + 4
Babinski refex - - - -
Spasticity - - mild -
Peripheral nerve involvement - - - -
Nerve biopsy NA NA NA NA
Hypodontia - - - -
Hypogonadism + + - -

NA is an abbreviation for not available.

detected with NextGENe. Called SNVs were annotated
with SeattleSeq Annotation.

We adopted a prioritization scheme to identify the
pathogenic mutation in each individual, similar to the
approach taken by recent studies (Table 52).57'° First, we
excluded the variants registered in the dbSNP131 or 1000
Genome Project from all the detected variants. Then,
SNVs commonly detected by MAQ and NextGENe
analyses were selected as highly confident variants; 364
to 374 SNVs of nonsynonymous (NS) or canonical splice-
site (SP) changes, along with 113 to 124 small insertions
or deletions (indels), were identified per individual. We
also excluded variants found in our 55 in-house exomes,
which are derived from 12 healthy individuals and 43
individuals with unrelated diseases, reducing the number

of candidate variants to ~250 per individual. Assuming
that HCAHC is an autosomal-recessive disorder based on
two affected individuals in one pedigree (individuals 1
and 2), we focused on rare heterozygous variants that are
not registered in the dbSNP or in our in-house 55 exomes.

We surveyed all genes in each individual for two or more
NS, SP, or indel variants. We found three to eight candidate
genes per individual (Table S2). Among them, only
POLR3B encoding RPC2, the second largest subunit of
RNA Polymerase III (Pol III), was common in two individ-
uals (individuals 1 and 3). The inheritance of the variants
in POLR3B (transcript variant 1, NM_018082.5) was exam-
ined by Sanger sequencing. In individual 1, we confirmed
that a canonical splice-site mutation (c.1857-2A>C
[p.Asn620_Lys652del]), 2 bp upstream of exon 18, was
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inherited from his father, and that a missense mutation
(c.2303G>A [p.Arg768His]) in exon 21 were inherited
from his mother (Figure 1A). The two mutations were
also present in an affected elder sister (individual 2) but
not present in a healthy elder brother. In individual 3,
we confirmed that a nonsense mutation (c.1648C>T
[p.Arg550X]) in exon 16 was inherited from her father
and that a missense mutation (c.2778C>G [p.Asp926Glu])
in exon 24 was inherited from her mother (Figure 1A). The
two mutations were not present in a healthy younger
brother. To examine the mutational effects of ¢.1857-
2A>C and c.1648C>T, reverse transcription PCR and
sequencing with total RNA extracted from lymphoblastoid
cells derived from the individuals was performed as
previously described.’* We demonstrated that the c.1857-
2A>C mutation caused deletion of exon 18 from the
POLR3B mRNA (Figures 2A-2C), resulting in an in-frame
33 amino acid deletion (p.Asn620_Lys652del) from RPC2
(Figure 1B). In addition, the mutated transcript harboring
the nonsense mutation (c.1648C>T) was found to be
expressed at a much lower level compared with the wild-
type transcript (Figure 2D). The expression level of the
mutated transcript was increased after treatment with
30 uM cycloheximide (CHX),'" which inhibits nonsense-
mediated mRNA decay (NMD), indicating that the mutant
transcript underwent NMD (Figure 2D). The two missense
mutations (p.Arg768His and p.Asp926Glu) found in the
three individuals occurred at evolutionary conserved
amino acids (Figure 1B). Among the other candidate genes
in individuals 1 and 3, MSLN (MIM 601051), encoding
mesothelin isoform 1 preproprotein that is cleaved into
megakaryocyte potentiating factor and mesothelin, is
a potential candidate in the family of individual 1 as its
homozygous variant segregated with the phenotype;
however, it is expressed in epithelial mesotheliomas,
and the mutation affects less conserved amino acid
(Table S3). The other candidate genes’ variants did not
cosegregate with the phenotype. Thus, mutations in
POLR3B are most likely to cause HCAHC in two families.
In individual 4, in whom no POLR3B mutations were
found, there were six candidate genes for an autosomal-
recessive model. Among them, POLR3A (MIM 6142358,
GenBank accession number NM_007055.3), harboring
two missense mutations, appeared to be a primary candi-
date because it encodes the largest subunit of Pol III
(RPC1) (Figure 1A and Table S2). By Sanger sequencing,
we confirmed that a missense mutation (c.2690T>A
[p.lle897Asn]) in exon 20 was inherited from his father
and that another missense mutation (c.3013C>T
[p-Arg1005Cys]) in exon 23 was inherited from his mother
(Figure 1A). The two mutations were not present in
a healthy younger sister. The two missense mutations
(p.l1e897Asn and p.Argl005Cys) occurred at relatively
conserved amino acids (Figure 1B). In total, we found
four mutations in POLR3B and two mutations in POLR3A.
Evaluation of the missense mutations by PolyPhen-2
program showed that three mutations (p.Arg768His,

A ¢.1857-2A>C ex19-R
° [
1 NN ... 00
3184bp 549bp 6683bp
B Individual 1 Individual 2
Control  RT(+) RT(-) RT{+) RT(-)
c.1648C>T
c exon 17 exon 18 D ér
Genome | |
Upper band !
(WT allele) A Normal GTCATTCGAGACC
GGTACAGGAATTTT Mutant GTCATTTGAGACC
exon 17 exon 19
cDNA
Lower band untreated |
(Mutant allele) ,’W M
LYY
k3 Y
GGTACAGAGACACC <DNA %
CHX A
treated { 4
Figure 2. Effects of Splice-Site and Nonsense Mutations in
POLR3B

(A) Schematic representation of the genomic structure of POLR3B
from exon 16 to 19. Exons, introns, and primers are shown by
boxes, dashed lines, and arrows, respectively. The mutation in
intron 17 is depicted as a red dot.

(B) RT-PCR analysis of individuals 1 and 2 with ¢.1857-2A>C and
a normal control. Two PCR products were detected from the indi-
vidual’s cDNA: the upper band is the wild-type (WT) transcript,
and the lower band is the mutant. Only a single wild-type ampli-
con was detected in the control.

(C) Sequence of WT and mutant amplicons clearly showed exon
18 skipping in the mutant allele.

(D) Analysis of the ¢.1648C>T mutation. Sequence of PCR prod-
ucts amplified with genomic (upper), cDNA from untreated cells
(middle), and cDNA from CHX treated cells (lower) as a template.
Although untreated cells show extremely low levels of ¢.1648C>T
mutant allele expression, cells treated to inhibit NMD show signif-
icantly increased levels of mutant allele expression.

p-Asp926Glu, and p.lle897Asn) were probably damaging
and that p.Arg1005Cys is tolerable. The ¢.2303G>A muta-
tion (POLR3B) was found in one allele out of 540 Japanese
control chromosomes. The remaining five mutations were
not detected in 540 Japanese control chromosomes, indi-
cating that the mutations are very rare in the Japanese
population. Among the other candidate genes in individ-
uals 4, IGSF10, a member of immunoglobulin superfamily,
is a potential candidate because its variants segregated with
the phenotype (Table S3); however, considering a close
relationship between POLR3A and POLR3B, and the fact
that POLR3A mutations have been recently reported in
hypomyelinating leukodystrophy (see below),'? POLR3A
abnormality is the most plausible culprit for HCAHC in
individual 4.

The structure of Pol III**** and Pol II'>'® is highly
homologous, especially in the largest subunits. Thus, we
extrapolated the mutations of RPC1 or RPC2 onto the
structure of yeast Pol II (Protein Data Bank [PDB] accession
number 3GTP)'” (Figure 1C). RPB1 and RPB2 subunits of
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yeast Pol II are homologous to RPC1 and RPC2 of Pol III,
respectively. Asn620_Lys652 in RPC2 corresponds to
Tyr679_Lys712 in RPB2. The deletion of Asn620_Lys652
(Tyr679_Lys712) would destroy a structural core of RPB2,
leading to loss of RPB2 function. In addition, Arg768
(Arg852 in RPB2) interacts with the main-chain carbonyl
group of Arg70 of the RPB12 subunit, and Asp926
{Asp1009 in RPB2) interacts with the side chain of Arg48
of the RPB10 subunit of Pol II (Figure 1D). Arg768His
(Arg852His) and Asp926Glu (Aspl009Glu) substitutions
are considered to disturb these subunit interactions,
leading to dysfunction of the polymerase. Therefore, struc-
tural prediction suggests that the mutations in POLR3B
(RPC2) could affect Pol III function. On the other hand,
[1e897 and Argl0O0S in RPC1 correspond to Val863 and
Arg1036 in RPB1, respectively. [1e897 (Val863) has hydro-
phobic interactions with Leul70 and Pro176 of the RPBS
subunit and with Phe900 (Phe866) of the RPB1 subunit
of Pol II (Figure 1E). lle897Asn (Val863Asn) substitution
is likely to disturb this interaction. Argl005 (Argl036)
stabilizes interaction between RPB1 and RPB8 subunits
(Figure 1F). The Argl005Cys (Argl036Cys) substitution
appears to make this interaction unstable. Thus mutations
in POLR3A are also predicted to affect Pol III function.
Clinical features of individuals with POLR3A or POLR3B
mutations are presented in Table 1. MRI revealed high-
intensity areas in the white matter in T2-weighted images,
cerebellar atrophy, and a hypoplastic corpus callosum in all
four individuals (Figure 3). Individuals 1 and 2 showed an
extremely similar clinical course. They developed normally
during their early infancy, i.e., walking unaided at 15 and
14 months, and uttering a few words at 12 and 13 months,
respectively. After the age of 3, individual 1 presented with
unstable walking and frequent stumbling and falling
down, and individual 2 became poor at exercise. They
both had severe myopia (corrected visual acuity of 0.7
and 0.5 at most, respectively). They graduated from
elementary, junior high, and high schools with poor
records, and the intelligence quotient (IQ) of individual 2
was 52 (WAIS-III). In individual 1, unstable walking was
prominent at around 18 years, and he could not ride
a bicycle because of ataxia; however, he could drive an
automobile. Amenorrhea was noted in individual 2, and
was successfully treated by hormone therapy. Individual
1 showed several signs of hypogonadism, including
absence of underarm and mustache hair, thin pubic hair
(Tanner IT), and serum levels of testosterone, follicle stimu-
lating hormone, and luteinizing hormone that were below
normal for age 27. Neurological examination of both
individuals revealed mild horizontal nystagmus, slowing
of smooth-pursuit eye movement, and gaze limitation,
especially in vertical gazing, hypotonia, mildly exagger-
ated deep-tendon reflex (patellar and Achilles tendon
reflex) with negative Babinski reflex, and cerebellar signs
and symptoms, including ataxic speech, wide-based ataxic
gait, dysdiadochokinesis, and dysmetria. Clinical informa-
tion for individual 3 has been reported previously.® Addi-

individual 3 (15 yr) individual 2 (30 yr) individual 1 (26 yr)

individual 4 (15 yr)

Figure 3. Brain MRI of Individuals with POLR3B and POLR3A

Mutations

(A, C, E, and G) T2-weighted axial images through the basal
ganglia. High-intensity areas in the white matter were observed
in all individuals.

(B, D, F and H) T1l-weighted midline sagittal images. All the
individuals showed hypoplastic corpus callosum (arrowheads)
and atrophy of cerebellum (arrows).

tional findings are as follows: slowing of smooth-pursuit
eye movement, gaze limitation in vertical gazing, normal
auditory brain responses (ABR), cerebral symptoms with
mild spasticity, and intellectual disability (an IQ of 43
according to the WISC-III test), and no myopia but hyper-
metropic astigmatism. She showed no deterioration
besides a mild dysphagia and walks herself to a school for
the disabled. Individual 4 developed normally during his
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early infancy, had normal head control at 3 months, was
speaking a few words at 12 months, and was walking un-
aided at 14 months. His parents noted mild tremors
around 4 years. He had normal stature, weight, and head
circumference. Although he had severe myopia, his eye
movement was smooth with no limitation or nystagmus.
He had sensory neuronal deafness on the left side. He
showed normal muscle tone and had no spasticity or
rigidity. His tendon reflexes were slightly elevated with
a negative Babinski reflex. Cerebellar signs were noted;
expressive ataxic explosive speech, intension tremor,
poor finger to nose test, dysdiadochokinesis, dysmetria,
and wide-based ataxic gait. His intelligence quotient was
57 (according to the WISC-III test). His peripheral nerve
conduction velocity was within the normal range and his
ABR showed normal responses on the right side. He
suffered motor deterioration around age 14 and became
wheelchair bound.

In this study, we successfully identified compound
heterozygous mutations in POLR3A and POLR3B in indi-
viduals with HCAHC. Very recently, Bernard et al.'? re-
ported that POLR3A mutations cause three overlapping
leukodystrophies, including 4H syndrome, suggesting
that HCAHC is, at least in part, within a wide clinical spec-
trum caused by POLR3A mutations. The p.Argl005Cys
mutation was shared between individual 9 in their report
and our individual 4. All 19 individuals with POLR3A
mutations showed progressive upper motor neuron
dysfunction and cognitive regression. In addition, indi-
vidual 9 showed abnormal eye movement, hypodontia,
and hypogonadism. None of these features were recog-
nized in our individual 4; these differences further support
phenotypic variability of POLR3A mutations.'? Given the
phenotypic similarities among 4H syndrome, HCAHC,
and H-ABC, there is a possibility that H-ABC is also allelic
and caused by recessive mutations in either POLR3A or
POLR3B.

Pol III consists of 17 subunits and is involved in the
transcription of small noncoding RNAs, such as 5S ribo-
somal RNA (rRNA), U6 small nuclear RNA (snRNA), 7SL
RNA, RNase P, RNase MRP, short interspersed nuclear
elements (SINEs), and all transfer RNAs (tRNAs). Pol III-
transcribed genes are classified into three types based on
promoter elements and transcription factors. 55 tRNA is
a solo type I gene. Type II genes include tRNA, 7SL
RNA, and SINEs. Type III genes include U6 snRNA, RNase
P, and RNase MRP.!2° The Pol III system is important for
cell growth in yeast, and its transcription is tightly regu-
lated during the cell cycle.?® In zebrafish, polr3b mutant
larvae that have a deletion of 41 conserved amino acids
(A239-279) from the Rpc2 protein showed a proliferation
deficit in multiple tissues, including intestine, endocrine
pancreas, liver, retina and terminal branchial arches.”!
In the mutants, the expression levels of tRNA were signif-
icantly reduced, whereas the level of 55 tRNA expression
was not changed, suggesting that this polr3b mutation
can differentially affect Pol III target promoters.”’ RPC2

contributes to the catalytic activity of the polymerase
and forms the active center of the polymerase together
with the largest subunit, RPC1.?* Thus, it is reasonable
to consider that mutations in POLR3A and POLR3B cause
overlapping phenotypes. Indeed, three individuals with
POLR3B mutations showed diffuse cerebral hypomyelina-
tion, atrophy of the cerebellum and corpus callosum, and
abnormal eye movements that overlap with POLR3A
abnormalities.'? Purthermore, two out of three individ-
uals showed hypogonadism, suggesting a common patho-
logical mechanism between POLR3A and POLR3B muta-
tions. In the zebrafish polr3b mutants there were no
defects of the central nervous system other than a reduced
size of the retina, probably reflecting species differences;
however, the reduced level of tRNA in the polr3b mutants
raises the possibility that defects of tRNA transcription by
Pol 1II could be a common pathological mechanism
underlying POLR3A and POLR3B mutations. Supporting
this idea, mutations in two genes involved in aminoacyla-
tion activity of tRNA synthetase cause defects of myelina-
tion in central nervous system: DARS2 (MIM 610956) and
AIMP (MIM 603605).>*** In addition, mutations in four
genes encoding aminoacyl-tRNA synthetase cause Char-
cot-Marie-Tooth disease (MIM 613641, 613287, 601472,
and 608323), resulting from demyelination of peripheral
nerve axons: KARS (MIM 601421), GARS (MIM 600287),
YARS (MIM 603623), and AARS (MIM 601065).2528
Thus, it is very likely that regulation of tRNA expression
is essential for development and maintenance of myelina-
tion in both central and peripheral nervous systems.

An interesting clinical feature of POLR3B mutations is
the absence of motor deterioration. All three individuals
with POLR3B mutations could walk without support at
ages 16, 27, and 30, whereas individual 3 with POLR3A
mutations had motor deterioration around age 14. Bernard
et al.'* also reported progressive upper motor neuron
dysfunction and cognitive regression in individuals with
POLR3A mutations. Thus, there is a possibility that pheno-
types caused by POLR3A mutations could be more severe
and progressive than POLR3B mutant phenotypes. Identi-
fication of a greater number of cases with POLR3B muta-
tions is required to confirm this hypothesis.

In conclusion, our data, together with that of a previous
report,’*> demonstrate that mutations in Pol III subunits
cause overlapping autosomal-recessive hypomyelinating
disorders. Establishment of an animal model will facilitate
our understanding of the pathophysiology of the multiple
defects caused by Pol IIl mutations.

Supplemental Data

Supplemental Data include three tables and can be found with this
article online at http://www.cell.com/AJHG/.
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REPORT

Exome Sequencing Reveals a Homozygous
SYT14 Mutation in Adult-Onset, Autosomal-Recessive
Spinocerebellar Ataxia with Psychomotor Retardation

Hiroshi Doi, 1.2 Kunihiro Yoshida,? Takao Yasuda,* Mitsunori Fukuda,* Yoko Fukuda,5 Hiroshi Morita,6
Shu-ichi Ikeda,® Rumiko Kato,” Yoshinori Tsurusaki,! Noriko Miyake,! Hirotomo Saitsu,! Haruya Sakai,!
Satoko Miyatake,! Masaaki Shiina,®8 Nobuyuki Nukina,® Shigeru Koyano,? Shoji Tsuji,s

Yoshiyuki Kuroiwa,2 and Naomichi Matsumotol*

Autosomal-recessive cerebellar ataxias (ARCAs) are clinically and genetically heterogeneous disorders associated with diverse neuro-
logical and nonneurological features that occur before the age of 20. Currently, mutations in more than 20 genes have been identified,
but approximately half of the ARCA patients remain genetically unresolved. In this report, we describe a Japanese family in which two
siblings have slow progression of a type of ARCA with psychomotor retardation. Using whole-exome sequencing combined with homo-
zygosity mapping, we identified a homozygous missense mutation in SYT14, encoding synaptotagmin XIV (SYT14). Expression analysis
of the mRNA of SYT14 by a TagMan assay confirmed that SYT14 mRNA was highly expressed in human fetal and adult brain tissue as
well as in the mouse brain (especially in the cerebellum). In an in vitro overexpression system, the mutant SYT14 showed intracellular
localization different from that of the wild-type. An immunohistochemical analysis clearly showed that SYT14 is specifically localized to
Purkinje cells of the cerebellum in humans and mice. Synaptotagmins are associated with exocytosis of secretory vesicles (including
synaptic vesicles), indicating that the alteration of the membrane-trafficking machinery by the SYT14 mutation may represent a distinct
pathomechanism associated with human neurodegenerative disorders.

Hereditary ataxias are genetically heterogeneous neurolog-
ical disorders: autosomal-dominant, autosomal-recessive,
X-linked, and mitochondrial types are known. Among
. ataxias, spinocerebellar ataxia (SCA) is relatively common
and involves the cerebellum, brainstem, or spinocerebellar
long tracts.! Autosomal-recessive cerebellar ataxias (ARCAs)
are generally associated with diverse neurological and non-
neurological attributes, resulting in complex phenotypes.
ARCAs include congenital nonprogressive ataxias and
progressive ataxias such as SCAs.? The clinical onset of
ARCAs usually occurs before the age of 20, even if congen-
ital types are excluded.’** Currently, more than 20 defec-
tive genes have been identified in ARCAs.>>% These genes
have variable recognized functions, including those in-
volving mitochondrial energy generation, cellular metabo-
lisms, DNA repair, chaperone-mediated protein folding,
RNA processing, and ion channels.”*® Approximately
half of the patients with ARCAs remain genetically un-
resolved.* Therefore, more investigations of ARCAs are
required. In this study, we describe a Japanese family with
two siblings showing psychomotor retardation and the
slowly progressive type of SCA without involvement of
pyramidal tracts or peripheral nerves. Exome sequencing

combined with homozygosity mapping successfully identi-
fied a causative mutation.

Clinical information and blood materials were obtained
from the family members after written informed consent
was secured. Experimental protocols were approved by
IRBs of the Yokohama City University and the Shinshu
University. Among the children of first-cousin parents,
two siblings (IV-3 and IV-4) were found to be affected,
whereas the other two (IV-1 and IV-2) were healthy
(Figure 1A). No similar patients were recognized within
the family. IV-3 had mild psychomotor retardation from
childhood. He found a job after graduating from an ordi-
nary junior high school. At 35 years of age, he lost his
job for social reasons. Although he had some gait distur-
bances from childhood, he could independently go
shopping and walk a dog even after leaving his occupa-
tion. At the age of ~56, he developed obvious gait unstead-
iness and began to stumble frequently. At 58, he started
to choke on food. These symptoms gradually worsened,
and he sought medical examination at 59 years of age.
He displayed disturbances of smooth-pursuit eye move-
ments, dysarthria, mild limb ataxia, and moderate truncal
ataxia. His muscle tone was normal, and no involuntary

1Department of Human Genetics, Graduate School of Medicine, Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Yokohama 236-0004, Japan;
2Department of Clinical Neurology and Stroke Medicine, Graduate School of Medicine, Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Yokohama
236-0004, Japan; *Division of Neurogenetics, Department of Brain Disease Reseach, Shinshu University School of Medicine, 3-1-1 Asahi, Matsumoto, Na-
gano 390-8621, Japan; *Laboratory of Membrane Trafficking Mechanisms, Department of Developmental Biology and Neuroscience, Graduate School of
Life Sciences, Tohoku University, Aobayama, Aoba-ku, Sendai, Miyagi 980-8578, Japan; SDepartment of Neurology, Graduate School of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan; *Department of Medicine (Neurology & Rheumatology), Shinshu University School
of Medicine, 3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan; 7Department of Pediatrics, National Higashi-Saitama Hospital, 4147 Kurohama, Hasuda
349-0196, Japan; ®Department of Biochemistry, Graduate School of Medicine, Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Yokohama 236-
0004, Japan; S’laborattory for Structural Neuropathology, Brain Science Institute, RIKEN, 2-1 Hirosawa, Wako 351-0198, Japan

*Correspondence: naomat@yokohama-cu.ac.jp

DOI 10.1016/j.ajhg.2011.07.012. ©2011 by The American Society of Human Genetics. All rights reserved.

320 The American Journal of Human Genetics 89, 320-327, August 12, 2011

39



