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Spinocerebellar ataxia autosomal recessive 1 (SCAR1/AOAZ2) is clinically characterized by an early-onset pro-
gressive cerebellar ataxia with axonal neuropathy, ocular motor apraxia, and elevation of serum alpha-
fetoprotein level. The disorder is caused by mutations in senataxin (SETX) gene. Here, we report a Japanese
SCAR1/AOA2 family with a homozygous nonsense mutation (p.Q1441X) of SETX that was identified by
exome sequencing. The family was previously reported as early-onset ataxia of undetermined cause. The
present study emphasized the role of whole exome-sequence analysis to establish the molecular diagnosis
of neurodegenerative disease presenting with diverse clinical presentations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Spinocerebellar ataxia, autosomal recessive 1 (SCAR1/AOA2) is an
autosomal recessive cerebellar ataxia (ARCA) that is caused by muta-
tions in senataxin (SETX) [1]. The disorder is characterized clinically by
an early-onset progressive cerebellar ataxia, axonal neuropathy, and
elevation of serum alpha-fetoprotein (AFP) level [2,3]. We previously
reported the case of early-onset ataxia with motor and sensory neu-
ropathy of undetermined cause in a Japanese family [4]. To establish
the molecular diagnosis for this family, we applied whole exome-
sequence analysis and identified the causative mutation of SETX.

2. Patients

Three affected Japanese patients (IV-3, V-4 and IV-6; Fig. 1A)
were reported having early-onset ataxia with motor and sensory neu-
ropathy in the previous study, and they showed normal serum AFP
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levels [4]. Healthy consanguineous parents and three affected siblings
in this family suggest autosomal recessive inheritance. The ages of
onset of all the patients were in their teenage years [4].

3. Methods
3.1. Linkage analysis

Genomic DNAs were extracted from peripheral blood leukocytes of
the two affected siblings and one unaffected sibling (IV-3, IV-6 and
IV-1; Fig. 1A) of the previously reported family after informed consent
was obtained [4]. The three members (IV-3, IV-6 and IV-1; Fig. 1A) of
the family were genotyped using Genome-Wide Human SNP Array 6.0
(Affymetrix, Santa Clara, CA), and parametric linkage analysis was
performed using the pipeline of SNP-HiTLink [5]. The conditions of
SNP selection for the linkage analysis were the following; single nucle-
otide polymorphisms (SNPs) with a p value of >0.001 in the Hardy-
Weinberg test, a call rate of >0.98, a confidence score of genotyping
<0.2, a minor allele frequency in the controls >0, and intermarker dis-
tances of 80 to 120 kb. Parametric multipoint linkage analysis was
performed with autosomal recessive model with complete penetrance
(disease gene frequency: 0.001) using Allegro version 2 [6].

276



LLZ

¥ol
Jrev]

LOD score

C Chr.9: 135,202,664
position 135202661 HEEI0263 ‘l’ ABEAES (136202867
Ref——=> g
V-6

135202663 HA3SA0EES. - 1RE0WET

Fig. 1. A. Pedigree of the present family. This chart simplified the pedigree chart of the previous report [4]. Squares and circles indicate males and fernales, respectively. Diamonds represent males or females. Filled symbols represent affected
individuals. A diagonal line through a symbol represents a deceased person. The state of deceased or not is based on the information of the previous report [4] because the family is untraceable now. A person with the arrow is the proband.
Persons with available genomic DNAs are indicated by dots. B. Parametric multipoint linkage analysis and candidate regions. Multipoint LOD scores spanning all the chromosomes are shown. The horizontal axis is the cumulative genetic
distance (centimorgan: cM) starting at the short arm of chromosome 1. The vertical axis represents LOD scores. Regions on chromosomes 1, 9, 10 and 11 give the highest multipoint LOD score of 1.93. The loci of the causative genes of
ARCA with neuropathy are indicated with arrow. The loci of APTX, ATM and TDPI were out of the regions with a multipoint LOD score of 1.93. C. Aligned short reads by exome analysis showed homozygous mutation on position
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3.2. Exome analysis

The genomic DNA of the proband (IV-6) was captured using TruSeq™
Exome Enrichment Kit (Illumina, San Diego, CA). Massively parallel
sequencing was accomplished using GAlIx (110 bp-long paired end
read; Illumina). Short reads were aligned to the reference genome
(GRCh37/hg19 assembly) with Burrows-Wheeler Alignment tool
(BWA) [7], using default parameters. After removing multiple aligned
reads (mapping quality of 0) and PCR duplicates, single nucleotide vari-
ants (SNVs) and short insertion/deletion variants (indels) were called
with SAMtools [8]. After annotation with RefSeq (http://www.ncbi.
nlm.nih.gov/RefSeq/), 1000 genomes project database (http://www.
1000genomes.org/) and dbSNP135 (http://www.ncbinlm.nih.gov/
projects/SNP/), all the novel nonsynonymous variant calls were
subjected to direct nucleotide sequence analysis for confirmation. We
confirmed the mutation in SETX by direct nucleotide sequence analysis
using a primer pair of SETX 1F: TGAGGCCGACTTACAGAATC and SETX
1R: AGGCAGATCAGACCCAAATC.

4. Resulfs

Multipoint parametric linkage analysis revealed the highest LOD
score of 1.93 in five regions on chromosomes 1, 9, 10 and 11, spanning
approximately 66 Mb in total including the locus of SETX (Fig. 1B). The
loci of APTX, ATM and TDP1, the causative genes for ARCAs with neurop-
athy, were out of the regions with a multipoint LOD score of 1.93
(Fig. 1B).

Massively parallel sequencing analysis was performed using
GAllx, and we obtained 105,741,428 reads. Short reads were aligned
to the reference genome sequence (GRCh37/hg19 assembly). Aligned
to the reference genome were 87,315,716 reads (82.6%), and
71,469783 reads (67.6%) were aligned uniquely to the target region.
The average coverage of the target region was 126.6.

After annotation with RefSeq (http://www.ncbi.nlm.nih.gov/RefSeq/),
1000 genomes project database (http://www.1000genomes.org/) and
dbSNP135 (http://www.ncbi.nlm.nih.gov/projects/SNP/), 309 novel
nonsynonymous variants were identified, of which six were located in
the target regions. Among the six novel nonsynonymous variants, we
identified a homozygous mutation of c4321 C> T (p.Q1441X) of
SETX cosegregating with the disease in the present family, which was
further confirmed by Sanger sequencing (Fig. 1C, D).

5. Discussion

We identified the homozygous p.Q1441X mutation of SETX in the
family which was previously reported as a family with early-onset atax-
ia with motor and sensory neuropathy of undetermined cause in 2007
[4]. The homozygous p.Q1441X mutation in SETX was previously
reported in an unrelated Japanese family [1,2], thus confirming the di-
agnosis of SCAR1/AOA2 in our family. The finding was unexpected, be-
cause the diagnosis of SCAR1/AOA2 was previously considered unlikely
on the basis of normal serum AFP levels at that time [4]. The stocked
serum of the proband's affected brother (IV-3; Fig. 1A) was available
and serum AFP level was measured, which revealed a moderately ele-
vated serum AFP level (33.2 ng/ml, normal value < 9 ng/ml), further
confirming the diagnosis of SCAR1/AOA2.

The clinical feature of SCAR1/AOA2 was characterized by early
onset progressive ataxia with neuropathy [2]. Previous studies re-
vealed polyneuropathy in 97.5% of SCAR1/AOA2 patients, cerebellar
atrophy in 96%, occasional oculomotor apraxia (OMA) in 51%, and el-
evated serum AFP levels in 99%, [3]. Given the elevated serum AFP
level, our patients showed rather typical clinical presentations as
SCAR1/AOA2. Since the previous medical records were discarded,
we could not confirm the exact values of AFP, making it difficult to in-
terpret the serum AFP levels in our previous reports. Nonetheless, the
increased serum AFP level obtained from the analysis of the stocked
serum of the proband's affected brother (IV-3; Fig. 1A) further con-
firmed the diagnosis of SCAR1/AQA2.

ARCA is a heterogeneous group of neurodegenerative diseases
that are clinically characterized by progressive ataxia in association
with various neurological and/or biochemical findings and more
than 15 causative genes for ARCA have been identified [9], making
the prioritization of genes for molecular diagnosis difficult. Availabil-
ity of exome analysis and massively parallel sequencing technology
are expected to accelerate the comprehensive mutational analyses
to establish the molecular diagnosis of diseases associated with nu-
merous causative genes, as demonstrated in this report.
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Genetic and phenotypic heterogeneities are considerably high
in adult-onset leukoencephalopathy, in which comprehensive
mutational analyses of the candidate genes by conventional
methods are too laborious. We applied exome sequencing to
conduct a comprehensive mutational analysis of genes for auto-
somal dominant leukoencephalopathies. Genomic DNA samples
from four patients of three families with autosomal dominantly
inherited adult-onset leukodystrophy were subjecied to exome
sequencing. On the basis of the results, 21 patients with adult-
onset sporadic leukodystrophy and one patient with patholog-
ically proven HDLS were additionally screened for CSFIR
mutations. Exome sequencing identified heterozygous CSFIR
mutations (p.I794T and p.R777W) in two families. 1794T has
recently been reported as a causative mutation for hereditary
diffuse leukoencephalopathy with spheroids (HDLS), and
R777W is a novel mutation. Although mutational analysis of
CSFIRin 21 sporadic cases revealed no mutations, another novel
CSFIR mutation, p.C653Y, was identified in one patient with
autopsy-proven HDSL. These variants were located in the PTK
domain where the causative mutations cluster. Functional pre-
diction of the mutant CSF1Ras well as cross-species conservation
of the affected amino acids supports the notion that these
variants are pathogenic for HDLS. Exome sequencing is useful
for a comprehensive mutational analysis of causative genes for
hereditary leukoencephalopathies, and CSFIR should be con-
sidered a candidate gene for patients with autosomal dominant
leukoencephalopathies. © 2012 Wiley Periodicals, Inc.

Keywords: hereditary diffuse leukoencephalopathy with sphe-

roids; CSFIR; exome sequencing; molecular diagnosis
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INTRODUCTION

Hereditary diffuse leukoencephalopathy with spheroids (HDLS) is
a rare autosomal dominant disease characterized neuropatholog-
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ically by myelin loss and the presence of axonal spheroids. The
clinical presentations of HDLS are characterized by a mean age
at onset of 39+ 15 years (range: 8—78 years) and insidiously
progressive behavioral, cognitive, and/or motor dysfunctions
(parkinsonism, ataxia, pyramidal dysfunctions, and epilepsy)
[Axelsson et al., 1984; Wider et al., 2009]. White matter abnormal-
ities are predominantly found in the frontal and parietal lobes
accompanied by evolving cortical atrophy on magnetic resonance
imaging (MRI). Because neither the clinical symptoms nor the MRI
findings are specific, until recently, diagnosis of HDLS has depended
solely on histopathological examination [Axelsson et al., 1984] or
brain biopsy [Mateen et al., 2010]. The causative gene for HDLS
has recently been identified to be the colony stimulating factor 1
receptor gene (CSFIR) [Rademakers et al., 2011].

Leukoencephalopathies are clinically and genetically hetero-
geneous diseases and a number of diseases need to be considered
for the differential diagnosis. The following are among the
leukoencephalopathies with autosomal dominant inheritance:
cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) [Joutel et al,
1996], lamin B1 duplications [Padiath et al., 2006], Alexander
disease [Brenner et al., 2001], several types of cerebral amyloid
angiopathy and small vessel diseases [Ghiso et al., 1986; Levy
et al., 1990; Van Broeckhoven et al., 1990; Sherrington et al.,
1995; Vidal et al., 1999; Paloneva et al., 2000; Brenner et al., 2001;
Gould et al., 2006; Padiath et al., 2006; Richards et al., 2007], and
HDLS. The following are among the leukoencephalopathies with
autosomal recessive inheritance: cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephalopathy
(CARASIL) [Hara et al., 2009], vanishing white matter disease
[Leegwater et al., 2001; van der Knaap et al., 2002], Nasu-Hakola
disease [Paloneva et al., 2000; Kondo et al., 2002], Krabbe disease
[Sakai et al., 1994], and metachromatic leukodystrophy [Polten
et al, 1991]. Hence, establishing the diagnosis of these
conditions is often difficult in clinical practice, necessitating
comprehensive mutational analysis of a substantial number of
causative genes for leukoencephalopathies [Kohler, 2010]. Here,
we applied exome sequencing employing massively parallel
sequencers for a comprehensive mutational analysis of causative
genes for leukoencephalopathies, and identified cases with muta-
tions in CSFIR.

METHODS
Exome Sequencing Analysis

Written informed consent was obtained from all the participants.
Genomic DNA samples were extracted from peripheral blood
leukocytes following standard procedures. We conducted exome
sequencing in four individuals of three Japanese families with
autosomal dominantly inherited adult-onset leukodystrophy of
unknown etiology (1I-6 and III-1 of Family 1; I1I-3 of Family 2;
and III-1 of Family 3, Fig. 1A). Exonic sequences were enriched
using a TruSeq Exome Enrichment kit (Illumina, San Diego, CA)
and subjected to massively parallel sequence analysis employing an
Tumina Genome Analyzer IIx platform (Illumina) following the
manufacturer’s instructions. Burrows Wheeler Aligner [Li and
Durbin, 2009] and Samtools [Li et al., 2009] were used with the

default settings for alignment of raw reads and variation detection.
All the genomic variants were filtered against dbSNP (build 135)
[http://www.ncbinlm.nih.gov/snp]. Aligned short reads were
viewed using the University of Tokyo Genome Browser (UTGB)
[Saito et al., 2009]. Variant confirmations were conducted by direct
nucleotide sequence analysis using an ABI 3100 Genetic Analyzer
(Life Technologies, Foster City, CA).

Screening for CSFLR Mutations in Patients With
Sporadic Leukoencephalopathy and in a Case of
Pathologically Diagnosed HDSL

To investigate the frequency of CSFIR mutations in patients with
sporadic leukoencephalopathies, we further conducted the direct
nucleotide sequence analysis of CSFIR in 21 Japanese patients with
the clinical diagnosis of sporadic leukoencephalopathies. Because
all the previously reported mutations in patients with HDLS are
solely located in the protein tyrosine kinase (PTK) domain of
CSF1R, we screened for mutations of CSFIR exons 12-20. In
addition, the result of mutational analysis of CSFIR for one
pathologically proven case of HDLS (III-1 of Family 4, Fig. 1A)
was also included in this study.

In Silico Analyses

To predict the impact of amino acid substitutions on protein
activity, we conducted a battery of in silico analyses using Poly-
morphism phenotyping v2 (Polyphen-2) [Adzhubei et al., 2010];
SIFT [Ng and Henikoff, 2001]; MutationTaster [Schwarz et al,,
2010]; and MUPro [Cheng et al., 2006], along with species con-
servation analysis using UCSC Genome Browser [Karolchik et al.,
2007].

RESULTS
Exome Sequencing

We obtained mean coverage depths 0f109.4, 100.1, 137.7,and 195.0
in II-6 and ITI-1 of Family 1, ITI-3 of Family 2, and III-1 of Family 3,
respectively, which are sufficient for examining the exons for
mutations. All the nonsynonymous and splice-site single-nucleo-
tide variants (SNVs), or insertions and deletions in coding sequen-
ces (coding indels), which were not registered in dbSNP135, were
obtained (hereafter collectively called “novel variants”). The results
of the exome sequence analysis are summarized in Table I. We then
screened for variants involving previously known causative
genes of autosomal dominant adult-onset leukoencephalopathies
(NOTCH3, LMNBI, GFAP, APP, PSEN1, PSEN2, CST3, ITM2B,
TREX1, COL4A1l, and CSFIR). We solely found a heterozygous
p-I794T mutation in CSFIR that was shared among the affected
individuals (I1I-1 and II-6) of Family 1 (Table II). This mutation is
identical to that previously identified as the causative mutation for
HDLS [Rademakers et al., 2011]. We, furthermore, identified a
novel CSFIR mutation (p.R777W) in III-3 of Family 2 (Fig. 2).
There were no other novel variants in the known causative genes
either in Family 1 or in Family 2 (Table II). No candidate variants
were identified in the known causative genes for autosomal dom-
inant leukoencephalopathies in III-1 of Family 3.
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~TABLE ll” "Nonsgnongmous Vanants in Known Causatlve Genes of Autosomalinommant Adult-Onset Leukoencephalopathles [NOTCH3
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www.1000genomes.org/, accessed at June 2012), NHLBI Exome
Sequencing Project (http://evs.gs.washington.edu/EVS/, EVS-
v0.0.13), or 720 samples (individuals with other neurological
diseases from the Japanese population) of inhouse exome database,
showing that these are novel variants irrespective of ethnicity. In
the above databases, many rare and relatively common missense
variants are registered, many of which map near the two newly
identified variants. Nonetheless, the absence of the two newly
identified variants in these databases is strongly indicative of
pathogenicity. As the family members were unavailable for segre-
gation analyses of the mutation except for Family 1, we then
investigated cross-species conservation of the mutated amino acids
and functional prediction analyses to obtain supporting evidence
for the pathogenicity of the mutant CSF1R identified in this study.
As shown in Figure 3B, a strong conservation of the affected amino
acids across species was well demonstrated for all three variants.
In silico functional prediction analyses unanimously predicted all
the identified variants to be “Probably damaging” by Polyphen-2,
“Damaging” by SIFT, “Disease-causing” by MutationTaster,
and “Stability decreasing” by MUPro (Fig. 3C). Intriguingly,
they were all located in the PTK domain similarly to previously
reported mutations (Fig. 3A). Taken together, we considered that
all the identified variants (one known causative mutation and two
novel mutations) were pathogenic for HDLS.

Clinical Features

In total, three families with adult-onset leukoencephalopathy with
CSFIR mutations were identified, including one family with the
pathological diagnosis of HDSL. Detailed clinical information was
available for six individuals from the three families. A summary of
the clinical characteristics is shown in Table III. The mean age at
onset of the six patients was 51.0 &= 10.0 years (range: 38—65 years),
and the mean age at death of the three deceased patients was
55.7 £ 10.2 years (range: 44—63 years). Initial symptoms substan-
tially varied within and across the families. Notably, the proband
(I11-3) of Family 2 developed alcoholism 4 years before his admis-

sion to our hospital, and substance abuse such as alcoholism has
often been reported in HDLS [Axelsson et al., 1984; van der Knaap
et al., 2000]. In the course of disease development, personality and
behavioral changes, and dementia were highly prevalent. Parkin-
sonism was observed in one of the three patients, and seizures were
present in two of the five patients. Brain MR images of individuals
1II-1 and II-6 of Family 1, and III-3 of Family 2 are shown in
Figure 1B, which showed atrophy in the frontal, parietal, and medial
temporal lobes, with periventricular confluent hyperintensities on
fluid attenuated inversion recovery (FLAIR) or T2-weighted
images. Detailed information on the medical history of the patients
is provided in Supplementary Text.

DISCUSSION

Various mutationsin CSFIRhavebeen described in 15 families with
HDLS [Rademakers et al., 2011; Kinoshita et al., 2012], and all the
causative mutations are located in the PTK domain of CSFIR
(Fig. 3A). We herein identified CSFIR mutations in three families
with autosomal dominantly inherited leukoencephalopathy (two
with leukoencephalopathy of unknown etiology and one with
autopsy-proven HDLS). The I794T mutation is the same as that
identified in a previously reported family in the United States
(Family SC) [Van Gerpen et al., 2008}, and the novel mutations
identified (C653Y and R777W) are also located at the PTK domain.
Taken together with strong conservation of the affected amino acids
across species (Fig. 3B), and in silico prediction of functional
impairment associated with the mutations (Fig. 3C), all the iden-
tified mutations in this study are considered to be pathogenic.
HDLS is indeed a rare hereditary disease, and it is likely unrecog-
nized owing to the nonspecific MRI findings, which are common to
ischemic changes or other causes of white matter diseases, and also
owing to the quite variable clinical presentations. The affected
individuals (III-1 and 1I-6) of Family 1 started to show cognitive
impairments in their fifth or sixth decades, which relatively rapidly
worsened year by year, and their clinical diagnosis was atypical
Alzheimer disease. The examined member (III-3) of Family 2
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individuals in Families 1 and 2 did not have a diagnosis of HDLS at ~ diagnosis of HDLS has been made solely by neuropathological
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1 s
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 Functional prediction analyses of CSFIR mutants
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Disease-cansing
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findings. With the availability of mutational analysis of CSFIR, the
clinical spectrum of patients with CSFIR mutations and genotype—
phenotype correlations should be thoroughly investigated.

There are numerous genes related to leukoencephalopathies, for
which it is difficult to focus on particular genes for the mutational
analysis depending solely on phenotypes. Targeted sequencing
would be as effective as exome sequencing and certainly a lot
less expensive currently. On the other hand, a growing number
of causative genes have been identified in Mendelian diseases, and
comprehensive mutational analysis of causative genes may neces-
sitate updating of a method for target sequencing on a continuous
basis, which is often difficult in clinical practice. Considering this
situation, exome sequencing has become a common method of
molecular diagnosis of Mendelian diseases. On the other hand, we
are encountering an increasing number of very rare variants that are
not necessarily pathogenic. Because exome sequencing provides
virtually all the variants of genes that are relevant to a particular
disease group, that is, leukoencephalopathies in this study, knowl-
edge of allele frequencies of variants in a specific phenotyped
population is indeed quite helpful for interpreting which of those
variants are likely to be pathogenic.
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The TRK-Fused Gene Is Mutated in Hereditary Motor and
Sensory Neuropathy with Proximal Dominant Involvement
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Hereditary motor and sensory neuropathy with proximal dominant involvement (HMSN-P) is an autosomal-dominant neurodegener-
ative disorder characterized by widespread fasciculations, proximal-predominant muscle weakness, and atrophy followed by distal
sensory involvement. To date, large families affected by HMSN-P have been reported from two different regions in Japan. Linkage
and haplotype analyses of two previously reported families and two new families with the use of high-density SNP arrays further defined
the minimum candidate region of 3.3 Mb in chromosomal region 3q12. Exome sequencing showed an identical ¢.854C>T (p.Pro285-
Leu) mutation in the TRK-fused gene (TFG) in the four families. Detailed haplotype analysis suggested two independent origins of the
mutation. Pathological studies of an autopsied patient revealed TFG- and ubiquitin-immunopositive cytoplasmic inclusions in the
spinal and cortical motor neurons. Fragmentation of the Golgi apparatus, a frequent finding in amyotrophic lateral sclerosis, was
also observed in the motor neurons with inclusion bodies. Moreover, TAR DNA-binding protein 43 kDa (TDP-43)-positive cytoplasmic
inclusions were also demonstrated. In cultured cells expressing mutant TFG, cytoplasmic aggregation of TDP-43 was demonstrated.
These findings indicate that formation of TFG-containing cytoplasmic inclusions and concomitant mislocalization of TDP-43 underlie
motor neuron degeneration in HMSN-P. Pathological overlap of proteinopathies involving TFG and TDP-43 highlights a new pathway
leading to motor neuron degeneration.

Hereditary motor and sensory neuropathy with proximal
dominant involvement (HMSN-P [MIM 604484]) is an
autosomal-dominant disease characterized by predomi-
nantly proximal muscle weakness and atrophy followed
by distal sensory disturbances.! HMSN-P was first described
in patients from the Okinawa Islands of Japan, where
more than 100 people are estimated to be affected.” Two
Brazilian HMSN-P-affected families of Okinawan ancestry
have also been reported.>*

The disease onset is usually in the 40s and is followed by
a slowly progressive course. Painful muscle cramps and
abundant fasciculations are observed, particularly in the
early stage of the disease. In contrast to the clinical presen-
tations of other hereditary motor and sensory neuropa-
thies (HMSNs) presenting with predominantly distal
motor weakness reflecting axonal-length dependence,
the clinical presentation of HMSN-P is unique in that it
involves proximal predominant weakness with widespread
fasciculations resembling those of amyotrophic lateral
sclerosis (ALS).®> Distal sensory loss is accompanied later

in the disease course, but the degree of the sensory involve-
ment varies among patients. Neuropathological findings
revealed severe neuronal loss and gliosis in the spinal ante-
rior horns and mild neuronal loss and gliosis in the hypo-
glossal and facial nuclei of the brainstem, which indicates
that the primary pathological feature of HMSN-P is a motor
neuronopathy involving motor neurons, but not a motor
neuropathy involving axons."> The posterior column, cot-
ticospinal tract, and spinocerebellar tract showed loss of
myelinated fibers and gliosis. Neuronal loss and gliosis
were found in Clarke’s nucleus. Dorsal root ganglia showed
mild to marked neuronal loss.”® These observations
suggest that HMSN-P shares neuropathological findings
in part with those observed in familial ALS.®

Previous studies on Okinawan kindreds mapped the
disease locus to chromosome 3q." Subsequently, we identi-
fied two large families (families 1 and 2 in Figure 1A)
affected by quite a similar phenotype in the Kansai area
of Japan, located in the middle of the main island of Japan
and far distant from the Okinawa Islands. We mapped the
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Figure 1. Pedigree Charts and Linkage Analysis

(A) Pedigree charts of families 1 and 2 (Kansai kindreds) and families 3 and 4 (Okinawan kindreds) are shown. Squares and circles indicate
males and females, respectively. Affected persons are designated with filled symbols. A diagonal line through a symbol represents
a deceased person. A person with an arrow is an index patient. Genotypes of TFG c.854 are shown in individuals in whom genomic
DNA was analyzed. Individuals genotyped with SNP arrays for linkage analysis and haplotype reconstruction are indicated by dots.
(B) Cumulative parametric multipoint LOD scores on chromosome 3 of all the families are shown.

disease locus to chromosome 3q,” overlapping with the
previously defined locus, which strongly indicates that
these diseases are indeed identical.

In addition to the large Kansai HMSN-P-affected fami-
lies, we found two new Okinawan HMSN-P-affected

families (families 3 and 4 in Figure 1A) in our study. In
total, 9 affected and 15 unaffected individuals from
the Kansai area and four affected and four unaffected
individuals from the OKkinawa Islands were enrolled in
the study. Written informed consent was obtained from
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Table 1. Clinical Characteristics of Patients with HMSN-P from Families 1 and 2 from Kansai and Families 3 and 4 from Okinawa
Family 3 Family 4
Families 1 and 2 n-12 ini-14 i-15 mn-4
Age at examination 40s-50s 54 52 50 54
(years)
Age at onset (years) 375 £8 44 40 early 20s 41

Initial symptoms shoulder dislocation proximal leg weakness  painful cramps painful cramps painful cramps
and difficulty walking and fasciculation  and calf atrophy

Motor

Proximal muscle + + mild + +

weakness and atrophy

Painful cramps + + + + +

Fasciculations + + + + +

Motor ability bedridden after 10-20 unable to walk; only mild difficulty  walk with effort unable to walk;
years from disease onset ~ wheelchair climbing stairs wheelchair

Bulbar symptoms -t - - - -

Sensory

Dysesthesia + mild +

Decreased tactile - mild +

sensation

Decreased vibratory + mild mild mild +

sensation

Reflexes

Tendon reflexes diminished diminished diminished diminished diminished

Pathological reflexes - - - - -

Laboratory Tests and Electrophysiological Findings

Serum creatine kinase 270 + 101 1U/1 761 1U/1 not measured 625 1U/1 399 1U/1

level

Hyperglycemia 4/13 patients - - - +

Hyperlipidemia 3/13 patients + - + +

Nerve conduction study

motor and sensory
axonal degeneration

motor and sensory
axonal degeneration

not examined

not examined

motor and sensory

axonal degeneration

Needle electromyography

neurogenic changes
with fibrillation
potentials and positive
sharp waves

neurogenic changes
with fibrillation
potentials and positive
sharp waves

not examined

not examined

not examined

The clinical characteristics of the patients from families 1 and 2 were summarized in accordance with the previous studies.>®

all participants. This study was approved by the institu-
tional review boards at the University of Tokyo and the
Tokushima University Hospital. Genomic DNA was ex-
tracted from peripheral-blood leukocytes or an autopsied
brain according to standard procedures.

The clinical presentations of the patients from the four
families are summarized in Table 1 and Table S1, available
online. Characteristic painful cramps and fasciculations
were noted at the initial stage of the disease in all the
patients from the four families. Whereas some of the
patients showed painful cramps in their 20s, the ages of
onset of motor weakness (41.6 = 2.9 years old) were quite
uniform. These patients presented slowly progressive, pre-
dominantly proximal weakness and atrophy with dimin-

ished tendon reflexes in the lower extremities. Sensory
impairment was generally mild. Indeed, one patient (III-4
in family 4) has been diagnosed with very slowly progres-
sive ALS. Although frontotemporal dementia (FID) is an
occasionally observed clinical presentation in patients
with ALS, dementia was not observed in these patients.
Laboratory tests showed mildly elevated serum creatine
kinase levels. Electrophysiological studies showed similar
results in all the patients investigated and revealed
a decreased number of motor units with abundant positive
sharp waves, fibrillation, and fasciculation potentials.
Sensory-nerve action potentials of the sural nerve were
lost in the later stage of the disease. All these clinical find-
ings were similar to those described in previous reports.*>*
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To further narrow the candidate region, we conducted
detailed genotyping by employing the Genome-Wide
Human SNP array 6.0 (Affymetrix). Multipoint parametric
linkage analysis and haplotype reconstruction were per-
formed with the pipeline software SNP-HiTLink® and
Allegro v.2° (Figure 1A). In addition to the SNP genotyping,
we also used newly discovered polymorphic dinucleotide
repeats for haplotype comparison (microsatellite marker
1 [MS1], chr3: 101,901,207-101,901,249; and MS2, chr3:
102,157,749-102,157,795 in hgl8) around TFG (see Table
S2 for primer sequences). The genome-wide linkage study
revealed only one chromosome 3 region showing a cumu-
lative LOD score exceeding 3.0 (Figure 1B), confirming the
result of our previous study.” An obligate recombination
event was observed between 154894942 and rs1104964,
thus further refining the telomeric boundary of the candi-
date region in Kansai families (Figure 2A). The Okinawan
families (families 3 and 4) shared an extended disease
haplotype spanning 3.3 Mb, consistent with a founder
effect reported in the Okinawan HMSN-P-affected fami-
lies,* thus defining the 3.3 Mb region as the minimum
candidate region.

We then performed exon capture (Sequence Capture
Human Exome 2.1 M Array [NimbleGen]) of the index
patient from family 3 and subsequent passively parallel
sequencing by using two lanes of GAllx (100 bp single
end [Illuminal) and a one-fifth slide of SOLID 4 (50 bp
single end [Life Technologies]). GAIlIx and SOLiD4 yielded
2.60 and 2.76 Gb of uniquely mapped reads,'° respectively.
The average coverages were 29.0% and 26.8x in GAllx and
SOLiD4, respectively (Table S3 and Figure S1). In summary,
175,236 single nucleotide variants (SNVs) and 25,987
small insertions/deletions were called.'* The numbers
of exonic and splice-site variants were 14,189 and 127,
respectively. In the minimum candidate region of 3.3 Mb,
only 11 exonic SNVs were found, and only one was novel
(i.e,, not found in dbSNP) and nonsynonymous. Direct
nucleotide-sequence analysis confirmed the presence of
heterozygous SNV ¢.854C>T (p.Pro285Leu) in TRK-fused
gene (TFG [NM_006070.5]) in all the patients from families
3 and 4 (Figure 3A and Figure S2'%). Intriguingly, direct
nucleotide-sequence analysis of all TFG exons (see Table
S4 for primer sequences) of one patient from each of
families 1 and 2 from the Kansai area revealed an identical
¢.854C>T (p.Pro285Leu) TFG mutation cosegregating with
the disease (Figure 1A and Figure 3A). The base substitution
was not observed in 482 Japanese controls (964 chromo-
somes), dbSNP, the 1000 Genomes Project Database, or
the Exome Sequencing Project Database. Pro28S5 is located
in the P/Q-rich domain in the C-terminal region of TFG
(Figure 3B) and is evolutionally conserved (Figure 3C).
PolyPhen predicts it to be “probably damaging.” Because
some of the exonic sequences were not sufficiently covered
by exome sequencing (i.e., their read depths were no
more than 10x) (Figure S1), direct nucleotide-sequence
analysis was further conducted for these exonic sequences
(Table S5). However, it did not reveal any other novel

nonsynonymous variants, confirming that c.854C>T
(p.Pro285Leu) is the only mutation exclusively present in
the candidate region of 3.3 Mb. All together, we concluded
that it was the disease-causing mutation.

Because we found an identical mutation in both
Kansai (families 1 and 2) and Okinawan (families 3 and
4) families, we then compared the haplotypes with the
¢.854C>T (p.Pro285Leu) mutation in the Kansai and
Okinawan families in detail. To obtain high-resolution
haplotypes, we included custom-made markers, including
MS1 and MS2, and new SNVs identified by our exome
analysis, in addition to the high-density SNPs used in the
linkage analysis. The two Kansai families shared as long
as 24.0 Mb of haplotype, and the two Okinawan families
shared 3.3 Mb, strongly supporting a common ancestry
in each region. When the haplotypes of the Kansai and
Okinawan families were compared, it turned out that these
families do not share the same haplotype because the
markers nearest to TFG are discordant at markers 48.5 kb
centromeric and 677 bp telomeric to the mutation within
a haploblock (Figure 2B). Although the possibility of rare
recombination events just distal to the mutation cannot
be completely excluded, as suggested by the population-
based recombination map (Figure 2B), these findings
strongly support the interpretation that the mutations
have independent origins and provide further evidence
that TFG contains the causative mutation for this disease.

Mutational analyses of TFG were further conducted in
patients with other diseases affecting lower motor neurons
(including familial ALS [n = 18], axonal HMSN [n = 26],
and hereditary motor neuropathy [n = 3]) and revealed
no mutations in TFG, indicating that ¢.854C>T (p.Pro285-
Leu) in TFG is highly specific to HMSN-P.

In this study, we identified in all four families a single
variant that appears to have developed on two different
haplotypes. The mutation disrupts the PXXP motif, also
known as the Src homology 3 (SH3) domain, which might
affect protein-protein interactions. In addition, substitu-
tion of leucine for proline is expected to markedly alter
the protein’s secondary structure, which might substan-
tially compromise the physiological functions of TFG.

By employing the primers shown in Table S6, we ob-
tained full-length cDNAs by PCR amplification of the
cDNAs prepared from a cDNA library of the human
fetal brain (Clontech). During this process, four species
of ¢cDNA were identified (Figure S3A). To determine the
relative abundance of these cDNA species, we used the
primers shown in Table S7 to conduct fragment analysis
of the RT-PCR products obtained from RNAs extracted
from various tissues; these primers were designed to
discriminate four cDNA species on the basis of the size of
the PCR products. The analysis revealed that TFG is ubiqui-
tously expressed, including in the spinal cord and dorsal
root ganglia, which are the affected sites of HMSN-P
(Figure S3B).

Neuropathological studies were performed in a TFG-
mutation-positive patient (IV-25 in family 1) who died of
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Figure 2. Haplotype Analysis and Minimum Candidate Region of HMSN-P

(A) Haplotypes were reconstructed for all the families with the use of SNP array data and microsatellite markers. Previously reported
candidate regions are shown as “Kansai 2007” and “Okinawa 2007.”" Because families 1 and 2 are distantly related, an extended shared
common haplotype was observed on chromosome 3, as indicated by a previous study.® A reassessment of linkage analysis with high-
density SNP markers revealed a recombination between 154894942 and rs1104964 in family 2, thus refining the telomeric boundary
of the candidate region in Kansai families (designated as “Common haplotype shared between families 1 and 2). Furthermore, a shared
common haplotype (3.3 Mb with boundaries at rs16840796 and rs1284730) between families 3 and 4 was found, defining the minimum
candidate region.
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Figure 3. Identification of Causative Mutation

(A) Exome sequencing revealed that only one novel nonsynonymous variant is located within the minimum candidate region. Direct
nucleotide-sequence analysis confirmed the mutation, ¢.854C>T (p.Pro285Leu), in TFG in both Kansai and Okinawan families. The

mutation cosegregated with the disease (Figure 1A).

(B) Schematic representation of TFG isoform 1. The alteration (p.Pro285Leu) detected in this study is shown below.
(C) Cross-species homology search of the partial TFG amino acid sequence containing the p.Pro285Leu alteration revealed that Pro285 is

evolutionally conserved among species.

pneumonia at 67 years of age.’> Immunohistochemical
observations employing a TFG antibody (Table S8) re-
vealed fine granular immunostaining of TFG in the
cytoplasm of motor neurons in the spinal cord of neuro-
logically normal controls (n = 3; age at death = 58.7 %
19.6 years old) (Figure 4A). In the HMSN-P patient, in
contrast, TFG-immunopositive inclusion bodies were de-
tected in the motor neurons of the facial, hypoglossal,
and abducens nuclei and the spinal cord, as well as in
the sensory neurons of the dorsal root ganglia, but were
not detected in glial cells (Figures 4B—4D). A small number
of cortical neurons in the precentral gyrus also showed
TFG-immunopositive inclusion bodies (Figure 4E). Serial
sections stained with antibodies against ubiquitin or TFG
(Figure 4F) and double immunofluorescence staining
(Figure 4G) demonstrated that TFG-immunopositive inclu-
sions colocalized with ubiquitin deposition. Inclusion
bodies were immunopositive for optineurin in motor
neurons of the brainstem nuclei and the anterior horn of
the spinal cord,” as well as in sensory neurons of the dorsal
root ganglia (data not shown). These data strongly indicate
that HMSN-P is a proteinopathy involving TFG.

Because HMSN-P and ALS share some clinical character-
istics, we then examined whether neuropathological
findings of HMSN-P shared cardinal features with those
of sporadic ALS.'*"*® Immunohistochemistry with a TDP-
43 antibody revealed skein-like inclusions in the remain-
ing motor neurons of the abducens nucleus and the
anterior horn of the lumbar cord (Figures 4H-4I). Phos-
phorylated TDP-43-positive inclusions were also identified
in neurons of the anterior horn of the cervical cord and
Clarke’s nucleus (Figures 4J-4K). In contrast, TFG immu-
nostaining of spinal-cord specimens from four patients
with sporadic ALS (their age at death was 72.3 * 7.4 years
old) revealed no pathological staining in the motor
neurons (data not shown). Double immunofluorescence
staining revealed that many of the TFG-immunopositive
round inclusions in the HSMN-P patient were negative
for TDP-43 (Figure 4L), whereas a small number of
inclusions were positive for both TFG and TDP-43
(Figure 4M). In addition, to investigate morphological
Golgi-apparatus changes, which have recently been found
in motor neurons of autopsied tissues of ALS patients,’”
we conducted immunohistochemical analysis by using

(B) Disease haplotypes in the Kansai and Okinawan kindreds are indicated below. Local recombination rates, RefSeq genes, and the
linkage disequilibrium map from HapMap JPT (Japanese in Tokyo, Japan) and CHB (Han Chinese in Beijing, China) samples are shown
above the disease haplotypes. When disease haplotypes of the Kansai and Okinawan kindreds are compared, the markers nearest to TFG
are discordant at markers 48.5 kb centromeric and 677 bp telomeric to the mutation within a haploblock, strongly supporting the inter-
pretation that the mutations have independent origins.
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Figure 4. TFG-Related Neuropathological Findings

(A) TFG immunostaining (with hematoxylin counterstaining) of a motor neuron in the spinal cord of a neurologically normal control.
A high-power magnified photomicrograph (inset) shows fine granular staining of TFG in the cytoplasm. The scale bars represent 20 pm
(main panel) and 10 um (inset).

(B-E) TFG-immunopositive inclusions of the neurons (with hematoxylin counterstaining) in the hypoglossal nucleus (B), anterior horn
of the spinal cord (C), dorsal root ganglion (D, arrows), and motor cortex (E, arrow) of the patient with the TFG mutation. The scale bars
represent 20 pm (B-D) and 50 pm (E).

(F and F’) Serial section analysis of the facial nucleus motor neuron showing an inclusion body colabeled for TFG (F) and ubiquitin (F).
The scale bars represent 20 pm.

(G-G") Double immunofluorescence microscopy confirming colocalization of TFG (green) and ubiquitin (red) in an inclusion body of
a motor neuron in the hypoglossal nucleus. The scale bars represent 20 um.

(H and I) TDP-43-positive skein-like inclusions in the motor neurons of the abducens nucleus (H) and anterior horn of the lumbar cord
(D). The scale bars represent 20 pm.

(J and K) Phosporylated TDP-43-positive inclusion bodies in the cervical anterior horn (J) and Clarke’s nucleus (K). The scale bars repre-
sent 20 pm.

(L-L") Round inclusions (arrows) positive for TFG (green) but negative for TDP-43 (red). The scale bars represent 20 pm.
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Figure 5. Formation of Cytoplasmic TDP-43 Aggregation Bodies
in Cells Stably Expressing Mutant p.Pro285Leu TFG

The coding sequence of TFG cDNA was subcloned into pBluescript
(Stratagene). After site-directed mutagenesis with a primer pair
shown in Table $9, the mutant cDNAs were cloned into the BamHI
and Xhol sites of pcDNA3 (Life Technologies). Stable cell lines
were established by Lipofectamine (Life Technologies) transfec-
tion according to the manufacturer’s instructions. Established
cell lines were cultured under the ordinary cell-culture conditions
(37°C and 5% COy) for 5-6 days and were subjected to immuno-
cytochemical analyses. Neuro-2a cells stably expressing wild-
type TFG (A), mutant TFG (p.Pro285Leu) (B), and a mock vector
(C) are shown. TDP-43-immunopositive cytoplasmic inclusions
are absent in the cells stably expressing wild-type TFG or the
mock vector (A and C); however, TDP-43-immunopositive cyto-
plasmic inclusions were exclusively demonstrated in cells stably
expressing mutant TFG (p.Pro285Leu), as indicated by arrows
(B). Similar results were obtained with HEK 293 cells (not shown).
Scale bars represent 10 pm.

a TGN46 antibody. It revealed that the Golgi apparatus was
fragmented in approximately 70% of the remaining motor
neurons in the lumbar anterior horn. The fragmentation of
the Golgi apparatus was prominent near TFG-positive
inclusion bodies (Figures 4N-4R). In summary, we found
abnormal TDP-43-immunopositive inclusions in the
cytoplasm of motor neurons, as well as fragmentation of
the Golgi apparatus in HMSN-P, confirming the overlap-
ping neuropathological features between HMSN-P and
sporadic ALS. ;

To further investigate the effect of mutant TFG in
cultured cells, stable cell lines expressing wild-type and
mutant TFG (p.Pro285Leu) were established from neuro-
2a and human embryonic kidney (HEK) 293 cells as previ-

ously described.'® Established cell lines were cultured
under the ordinary cell-culture conditions (37°C and 5%
CO,) for 5-6 days and were subjected to immunocyto-
chemical analyses. The neuro-2a cells stably expressing
wild-type or mutant TFG demonstrated no distinct differ-
ence in the distribution of endogenous TFG, FUS, or
OPTN (data not shown). In contrast, cytoplasmic inclu-
sions containing endogenous TDP-43 were exclusively
observed in the neuro-2a cells stably expressing untagged
mutant TFG, but not in those expressing wild-type TFG
(Figure 5). Similar data were obtained from HEK 293 cells
(data not shown). Thus, the expression of mutant TFG
leads to mislocalization and inclusion-body formation of
TDP-43 in cultured cells.

TFG was originally identified as a part of fusion oncopro-
teins (NTRK1-T3 in papillary thyroid carcinoma,'® TFG-
ALK in anaplastic large cell lymphoma,?® and TFG/NOR1
in extraskeletal myxoid chondrosarcoma®!), where the
N-terminal portions of TFG are fused to the C terminus
of tyrosine kinases or a superfamily of steroid-thyroid
hormone-retinoid receptors acting as a transcriptional
activator leading to the formation of oncogenic products.
Very recently, TFG-1, a homolog of TFG in Caenorhabditis
elegans, and TFG have been discovered to localize in endo-
plasmic-reticulum exit sites. TFG-1 acts in a hexameric
form that binds the scaffolding protein Seclé complex
assembly and plays an important role in protein secretion
with COPII-coated vesicles.?? It is noteworthy that muta-
tions in genes involved in vesicle trafficking®>** (such
genes include VAPB, CHMPZB, alsin, FIG4, VPS33B,
PIP5SKIC, and ERBB3) cause motor neuron diseases,
emphasizing the role of vesicle trafficking in motor neuron
diseases. Thus, altered vesicle trafficking due to the TFG
mutation might be involved in the motor neuron degenes-
ation in HMSN-P. The presence of TFG-immunopositive
inclusions in motor neurons raises the possibility that
mutant TFG results in the misfolding and formation of
cytoplasmic aggregate bodies, as well as altered vesicle
trafficking.

An inftriguing neuropathological finding is TDP-43-
positive cytoplasmic inclusions in the motor neurons;
these inclusions have recently been established as the
fundamental neuropathological findings in ALS.'** Of
note, expression of mutant, but not wild-type, TFG in
cultured cells led to the formation of TDP-43-containing
cytoplasmic aggregation. These observations are similar

(M-M") An inclusion immunopositive for both TFG (green) and TDP-43 (red) is observed in a small number of neurons. The scale bars

represent 20 pm.

(N) Normal Golgi apparatus in the neurons of the intact thoracic intermediolateral nucleus. The scale bar represents 20 pm.
(O and P) Fragmentation of the Golgi apparatus with small, round, and disconnected profiles in the affected motor neurons of the

lumbar anterior horn. The scale bars represent 20 um.

(Q-R") Immunohistochemical observations of the Golgi apparatus and TFG-immunopositive inclusions employing antibodies against
TGN46 (red) and TFG (green), respectively. The scale bars represent 10 pm.

(Q) Normal size and distribution (red) in a motor neuron without inclusions.

(R-R") The Golgi apparatus was fragmented into various sizes and reduced in number in the lumbar anterior horn motor neuron with
TFG-positive inclusions (green). The fragmentation predominates near the inclusion (arrow), whereas the Golgi apparatuses distant from

the inclusion showed nearly normal patterns (arrow head).
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to what has been described for ALS, where TDP-43 is
mislocalized from the normally localized nucleus to the
cytoplasm with concomitant cytoplasmic inclusions.
Cytoplasmic TDP-43 accumulation and inclusion forma-
tion have also been observed in motor neurons in familial
ALS with mutations in VAPB (MIM 608627) or CHMP2B
(MIM 600795).25%¢ Furthermore, TDP-43 pathology has
been demonstrated in transgenic mice expressing mutant
VAPB.?” Although the mechanisms of mislocalization of
TDP-43 remain to be elucidated, these observations suggest
connections between alteration of vesicle trafficking and
mislocalization of TDP-43. Thus, common pathophysio-
logic mechanisms might underlie motor neuron degenera-
tions involving vesicle trafficking including TFG, as well as
VAPB and CHMPZ2B. Because TDP-43 is an RNA-binding
protein, RNA dysregulation has been suggested to play
important roles in the TDP43-mediated neurodegenera-
tion.?® Furthermore, recent discovery of hexanucleotide
repeat expansions in C9ORF72 in familial and sporadic
ALS/FTD (MIM 105550)**3° emphasizes the RNA-medi-
ated toxicities as the causal mechanisms of neurodegener-
ation. Observations of TDP-43-positive cytoplasmic inclu-
sions in the motor neurons of the patient with HMSN-P
raise the possibility that RNA-mediated mechanisms
might also be involved in motor neuron degeneration in
HMSN-P.

In summary, we have found that TFG mutations cause
HMSN-P. The presence of TFG/ubiquitin- and/or TDP-43-
immunopositive cytoplasmic inclusions in motor neurons
and cytosolic aggregation composed of TDP-43 in cultured
cells expressing mutant TFG indicate a novel pathway of
motor neuron death.

Supplemental Data

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