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Autosomal-recessive complicated spastic paraplegia
with a novel lysosomal trafficking requlator

gene mutation

Haruo Shimazaki," Junko Honda,' Tametou Naoi," Michito Namekawa,
Imaharu Nakano,? Masahide Yazaki,? Katsuya Nakamura,® Kunihiro Yoshida,
Shu-ichi Ikeda,? Hiroyuki Ishiura,* Yoko Fukuda,* Yuji Takahashi,* Jun Goto,*

Shoji Tsuji,* Yoshihisa Takiyama®

ABSTRACT

Background Autosomal-recessive hereditary spastic
paraplegias (AR-HSP) consist of a genetically diverse
group of neurodegenerative diseases characterised by
pyramidal tracts dysfunction. The causative genes for
many types of AR-HSP remain elusive. We tried to
identify the gene mutation for AR-HSP with cerebellar
ataxia and neuropathy.

Methods This study included two patients in a
Japanese family with their parents who are first cousins.
Neurological examination and gene analysis were
conducted in the two patients and two normal family
members. We undertook genome-wide linkage analysis
employing single nucleotide polymorphism arrays using
the two patients” DNAs and exome sequencing using
one patient's sample.

Results We detected a homozygous missense mutation
(c.4189T>G, p.F1397V) in the lysosomal trafficking
regulator (LYST) gene, which is described as the
causative gene for Chédiak—Higashi syndrome (CHS).
CHS is a rare autosomal-recessive syndrome
characterised by hypopigmentation, severe immune
deficiency, a bleeding tendency and progressive
neurological dysfunction. This mutation was co-
segregated with the disease in the family and was
located at well-conserved amino acid. This LYST
mutation was not found in 200 Japanese control DNAS.
Microscopic observation of peripheral blood in the two
patients disclosed large peroxidase-positive granules in
both patients’ granulocytes, although they had no
symptoms of immune deficiency or bleeding tendency.
Conclusions We diagnosed these patients as having
adult CHS presenting spastic paraplegia with cerebellar
ataxia and neuropathy. The clinical spectrum of CHS is
broader than previously recognised. Adult CHS must be
considered in the differential diagnosis of AR-HSP.

INTRODUCTION

Hereditary spastic paraplegias (HSP) comprise a
genetically diverse group of inherited neurological
disorders mainly exhibiting increased tone of the
lower limb muscles with various associated symp-
toms. HSP are classified into two subtypes, that is,
pure and complicated forms. The pure HSP pre-
sents with symptoms of progressive bilateral leg
spasticity and weakness, exaggerated tendon
reflexes and positive  pathological reflexes.

Meanwhile, the complicated HSP has additional
neurological symptoms, as follows: mental impair-
ment, extrapyramidal signs, cerebellar ataxia, per-
ipheral neuropathy, muscle atrophy and optic
atrophy, as well as symptoms other than neuro-
logical ones.

HSP can be inherited in an autosomal-dominant
(AD), autosomal-recessive (AR) or X-linked reces-
sive (XR) pattern. Fifty-seven spastic paraplegia
gene (SPG) loci have been assigned and about 40
causative genes have been identified to date. The
pure HSP is mainly transmitted as an AD trait,
whereas the complicated HSP exhibits AR or XR
transmission. SPG4, the most common pure
AD-HSE is accounting for about 50% of such
cases.” The most frequent AR-HSP is SPG11, which
shows a complex phenotype, including cognitive
impairment, a thin corpus callosum and peripheral
neuropathy.’ However, the majority of causative
genes for AR-HSPs remain to be identified.

A number of pathogenic mechanisms underlying
HSPs have been suggested by studies on several
implicated genes for HSP HSP is thought to be .
involved in intracellular trafficking, resulting from
disruption of the axonal transport of molecules,
organelles and other cargos, which predominantly
affects the distal parts of motor neurons.*

Here, we present an AR-HSP family with cere-
bellar ataxia and neuropathy with a novel homozy-
gous missense mutation in the lysosomal trafficking
regulator (LYST) gene. LYST is known as the causa-
tive gene for Chédiak-Higashi syndrome (CHS,
OMIM #214500),% which is a rare AR syndrome
characterised by hypopigmentation, severe immune
deficiency, a bleeding tendency and progressive
neurological dysfunction.

METHODS

Patients

This study included two patients from a family
with spastic paraplegia, cerebellar ataxia and per-
ipheral neuropathy. The family tree is shown in
figure 1C. The parents were first cousins. Two
affected (II-1 and II-2) and two unaffected
members  (II-3, III-1) of the family underwent
neurological examinations and blood analyses. All
of the genomic DNA samples were obtained with
written informed consent.
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Linkage analysis

We extracted genomic DNAs from blood samples in the two
affected individuals (II-1 and II-2) (figure 1C). Then, we con-
ducted multipoint parametric linkage analysis using a pipeline
software, SNP high-throughput linkage analysis system (SNP
HiTLink).® We can directly import SNP chip data for the
Mapping 100k/500k array set and Genome-Wide Human SNP
array V6.0 (Affymetrix, Santa Clara, California, USA) and pass
to a multipoint parametric linkage analysis program, Allegro,
with this system.” We calculated Parametric logarithm of the
odds (LOD) scores using Allegro V.2 with the parameter setting
of an AR model with 100% penetrance.

Exome sequencing

We extracted Genomic DNA from leucocytes from one patient
(II-1) and then sheared. We purified the sample using Agencourt
AMPure XP beads. We prepared an adaptor-ligated library and
clustered on the ¢cBOT system (Illumina, San Diego, California,
USA). We performed exon capture with a SureSelect Human All
Exon 50 Mb Kit (Agilent). We carried out paired-end sequen-
cing on an Illumina Hiseq 2000, which generated 101 bp reads.
We aligned the sequences with the human genome reference
sequence  (hgl9  build,  http:/hgdownload.cse.ucsc.edu/
goldenPath/hg19/chromosomes/) using a Burrows-Wheeler
Aligner for sequence alignment, variant calling and annotation.
We carried out substitution calling with a Genome Analysis
Toolkit (GATK, http:/www.broadinstitute.org/gsa/wiki/index.
php/The_Genome_Analysis_Toolkit). SNP calls were made with
a GATK Unified Genotyper, and indel calls were made with a
GATK IndelGenotyper V2. We performed SNP calling with ref-
erence to dbSNP13S (ftp:/ftp.ncbi.nlm.nih.gov/snp/orgasms/
human_9606/ASN1 flat/) and 1000  Genomes  (ftp:/
1000genomes.ebi.ac.uk/voll/ftp/release/20110521). All variants
were annotated with reference to consensus coding sequences
(CCDS) (NCBI release 20111122) and RefSeq (UCSC dumped
20111122).

Validation of mutations by Sanger sequencing
We amplified exon 12 of LYST and flanking intronic sequences
using the genomic DNA of the two patients using a M]J
Research PTC-100 Thermal Cycler (Marshall Scientific,
Brentwood, New Hampshire, USA). The primer sequences were
as follows: LYST ex12-F: agg aat gct gat atg tgt ggg; LYST
ex12-R: cac att ttt acg gct caa gga. We performed Sanger
sequencing according to an established standard protocol on an
Applied Biosystems (ABI) 3730 capillary sequencer (Applied
Biosystems, Carlsbad, California, USA). We also analysed
genomic DNA samples from 200 Japanese subjects without
apparent neurological disorders as controls.

The institutional review boards of the Jichi Medical
University, the Shinshu University, the University of Tokyo and
the University of Yamanashi approved this study.

RESULTS

Clinical features

The proband (II-2) was a 53-year-old man who was admitted to
our hospital because of gait disturbance and slowly progressive
weakness of the lower extremities. He was experiencing difficul-
ties in walking up stairs and standing upright at age 48 years.
Later he walked with a cane due to unsteadiness. His
Mini-Mental State Examination (MMSE) score was 25/30. On
neurological examination, he showed bilateral leg spasticity, and
bilateral iliopsoas muscle weakness and atrophy. Tendon reflexes

were exaggerated in all extremities except for diminished ankle
jerks. He showed extensor bilateral plantar responses. We could
observe subtle ataxia in the upper extremities. Brain MRI
showed mild cerebellar atrophy, and spinal MRI revealed mild
thoracic cord atrophy (figure 2A). Mild decreases of motor and
sensory nerve conduction velocities in the lower extremities
were revealed by a nerve conduction study, but SNAPs were not
evoked in the sural nerves. Motor-evoked potential examination
disclosed marked delay of the central motor conduction times in
the corticospinal tracts. His eyes exhibited no areas of hyperpig-
mentation or hypopigmentation on ophthalmological examin-
ation. Pigmentary abnormalities of the skin were not observed.
Peroxidase staining of peripheral blood revealed giant granules
in granulocytes (figure 2B) and mild reduction of natural killer
cell activity.

The second case, an older brother of the proband (II-1),
showed almost the same clinical presentations except for the leg
tonus. He suffered from gait difficulty at age 58 years and
became unable to walk for a long time at age 62 years. A year
later he walked with a cane and was admitted to our hospital
for slowly progressive gait disturbance. His MMSE score was
16/30. Neurological examination at age 63 years showed bilat-
eral iliopsoas muscle weakness and atrophy, but leg spasticity
was not noted. Tendon reflexes were diminished in all extrem-
ities with extensor plantar responses bilaterally. Mild ataxia in
the upper extremities was observed. Brain MRI showed mild
cerebellar atrophy, whereas spinal MRI revealed no spinal cord
atrophy. A nerve conduction study showed normal motor and
sensory nerve conduction velocities in the upper and lower
extremities, whereas the amplitudes of compound muscle action
potentials and sensory nerve action potentials were decreased in
all extremities, and F-wave conduction velocities were decreased
in the lower extremities. Motor-evoked potential examination
revealed prolongation of the central motor conduction times in
the corticospinal tracts. Needle EMG showed chronic neuro-
genic patterns in his legs. A sural nerve biopsy disclosed a
decreased number of nerve fibres of large diameter and residual
axonal swelling, but no formation of onion bulb-like structure.
Peripheral blood examinations showed peroxidase-positive giant
granules in granulocytes and reduced natural killer cell activity.

Identification of candidate chromosome areas

We found linkages to a several parts of chromosomes 1 (rs3914503-
rs2186205), 2  (rs12614444-rs4035021), 11 (rs11235880-
rs120435) and 17 (rs7216464-rs4128515, rs7217461-rs11079098),
with maximum cumulative LOD scores of 1.8 (figure 1A).
These four chromosome parts did not contain previously
reported HSP loci.

Exome sequencing allowed identification of the candidate
gene substitutions

Exome sequencing covered 98.65% of the target region with an
average sequence depth of 106.24X. All coding sequences in
the four candidate chromosomal areas were covered at least
eight times. The presence of consanguinity and two asymptom-
atic parents supported that the patients have homozygous
disease-causing mutations. We selected all coding variants in the
homozygous regions and then filtered them by discarding var-
iants documented in the dbSNP135 and the 1000 Genomes
Project, and heterozygous and synonymous substitutions. We
identified three novel homozygous, non-synonymous single
nucleotide variants: ¢.4189T>G (p.F1397V) in LYST in the
chromosome 1 candidate area (figure 1B), c.5135G>A (p.
G1712E) in FAT3 in the chromosome 11 candidate area and
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Figure 1 Linkage analysis and mutation of the lysosomal trafficking regulator (LYST) gene in the family. (A) Linkage analysis involving single
nucleotide proteins revealed the highest logarithm of the odds (LOD) scores (about 1.8) in parts of chromosomes 1, 2, 11 and 17 (arrows). These
four areas were thought to be candidate areas in which the causative gene was located. (B) Exome sequencing using one patient’s DNA identified
the mutation of the LYST gene on chromosome 1. This mutation was demonstrated with Integrative genomics viewer (IGV).%® (C) Family tree and
Sanger sequencing validation. Sanger sequencing confirmed the homozygous missense mutation (c.4189T>G, p.F1397V) of the LYST gene identified
in the proband and the affected brother. This mutation was co-segregated with the disease in this family. (D) This amino acid substitution
(p.F1397V) is located at a highly conserved residue within the concanavalin A (ConA)-like lectin domain (amino acid numbers 1390-1691) of the

LYST protein.
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