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FIGURE 4: Electrophysiological recordings of the Kv4.3 channels. Whole cell patch-clamp recordings revealed endogenous
currents in untransfected cells (A), large rapidly inactivating A-type potassium current in wild-type (WT) Kv4.3-transfected cells
{B), and reduced current amplitudes in p.F227del Kv4.3-transfected cells (C). WT (open black circles) had a significantly larger
current density than p.F227del (red circles; ***p < 0.0005), and the current density of p.F227del was similar to that of controls

{Ctrl; filled black circles; D).

NM_004980) is the third voltage-gated potassium chan-
nel gene discovered to cause human cerebellar ataxia.
Point mutations®® > in Shaker Kvl.1-encoding KCNAI
cause episodic ataxia type 1 (OMIM160120). Point
mutations in Shaw-related Kv3.3-encoding KCNC3 cause
SCA13 (OMIM605259), with phenotypes ranging from
neurodevelopmental disorders to adult onset neurodegen-
eration.’*?> Although the exact mechanism is not yet
known how mutations may disrupt Kv4.3 function in
regulating neuronal excitability and how this may in turn
lead to neurodegeneration, the discovery of KCND3 as
the causative gene in SCA19/22 adds to the growing evi-
dence of the importance of fine tuning neuronal excit-
ability in the health and survival of neurons and espe-
cially cerebellar neurons. Other voltage-gated K*
channels have been proposed in neurodegenerative dis-
cases, 3638

Patients with p.F227del in Kv4.3 all have a pro-
tracted clinical course, with slowly progressive cerebellar
ataxia. As proposed, the phenotypes of dominant cerebel-
lar ataxias due to mutations other than polyglutamine
expansions are slow and less complicated despite earlier
age at onset.” There are clinical differences between fami-
lies A and B. The Chinese family presents with relatively
pure cerebellar signs, which are consistent with the clini-
cal classification of autosomal dominant cerebellar ataxia
(ADCA) type 111> similar to SCA6, whereas the French
family presents with signs consistent with ADCA rtype
1> The dlinical progression of SCA22 appears even
slower than that of SCAG, as evaluated with the clinical
rating scale of ataxia SARA.” For individuals carrying the
p.F227del mutation, the onset of ataxia was earlier (15—
30 years) in the younger generation than in the older
(30-50 years), which is also true for those with the
p.G345V mutation, although the age at onset was later
(50s in the older generation, compared to 30s—40s in the
younger generation), suggesting that the G345V-associ-
ated phenotype may be milder. Of note, the disease is
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almost fully penetrant in the 6 families described in this
report. It is our hope and expectation that additional
patients and families will be identified with SCA19/22 to
further define the clinical features.
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The Neurogenomics View of Neurological Diseases

Shoji Tsuji, MD, PhD

he availability of high-throughput genome sequencing technologies is expected to revo-
lutionize our understanding of not only hereditary neurological diseases but also spo-
radic neurological diseases. The molecular bases of sporadic diseases, particularly those
of sporadic neurodegenerative diseases, largely remain unknown. As potential mo-
lecular bases, various mechanisms can be considered, which include those underlying apparently
sporadic neurological diseases with low-penetrant mutations in the gene for hereditary diseases,
sporadic diseases with de novo mutations, and sporadic diseases with variations in disease-
susceptible genes. With unprecedentedly robust power, high-throughput genome sequencing tech-
nologies will enable us to explore all of these possibilities. These new technologies will soon be

applied in clinical practice. It will be a new era of datacentric clinical practice.

JAMA Neurol.

Published online April 9, 2013. doi:10.1001/jamaneurol.2013.734

The elucidation of the molecular bases of
neurological diseases is fundamental to the
development of disease-modifying and pre-
ventive therapies.! Over the past 3 decades,
we have witnessed remarkable progress in
the identification of the genes that cause he-
reditary neurological diseases (Figure 1).*
This has been accomplished mainly on the
basis of the research paradigm known as “po-
sitional cloning,"** which useslinkage stud-
ies to pinpoint the position of genes on chro-
mosomes followed by the identification of
the causative gene. The identification of caus-
ative genes has further made it possible to
develop disease models for hereditary neu-
rological diseases’!° and to develop thera-
peutic strategjes.""

The majority of neurological diseases,
however, are sporadic withoutany obvious
familial occurrence. We are thus faced with
the challenge of elucidating the molecular
bases of sporadic diseases. Intriguingly, the
clinical presentations and neuropathologi-
cal findings of hereditary forms of neurode-
generative diseases are often indistinguish-
able from those of sporadic diseases, raising
the possibility that common pathophysi-

Author Affiliations: Department of Neurology, Graduate School of Medicine,
University of Tokyo, and Medical Genome Center, University of Tokyo Hospital,

Japan.

ologic pathways underlie both hereditaryand
sporadic nenrodegenerative diseases.

In contrast to the molecular bases of he-
reditary neurological diseases, the molecu-
lar bases of sporadic neurological diseases,
particularly those of sporadic neurodegen-
erative diseases, largely remain unknown.
A potential clue to the molecular bases of
sporadic neurological diseases may be the
clinical observation that siblings and rela-
tives of a patient with a neurological dis-
ease are at an increased risk of developing
the same disease; this phenomenon has been
observed with regard to Parkinson disease
(PD)" and amyotrophic lateral sclerosis.”
These clinical observations suggest the in-
volvement of genetic factors in these dis-
eases (Figure 1). Until recently, it has been
difficult to elucidate the genetic factors un-
derlying sporadic neurological diseases.
Rapid advancements in genome science,
particularly the availability of massively par-
allel sequencing technologies that use next-
generation sequencers (NGSs), are revolu-
tionizing the neurogenomics view of spo-
radic neurological diseases. The elucidation
of the genomic variants underlying sporadic
diseases is expected to provide some answers
thatwillhelpus to develop disease-modifying
and preventive therapies.
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Road Map to Personal Genome Medicine
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Figure 1. Diagram showing the road map to personal genome medicine. Since
the completion of the human genome sequence in 2003, the research focus in
human genetics has moved to how human genome variations affect human
health. Human genome variations are considered to be associated not only
with hereditary diseases but also with sporadic diseases. In addition, human
genome variations are also associated with differences in drug responses and
adverse effects, Optimization of treatment and prevention based on personal
genome information will soon be a realistic paradigm in clinical practice.

Another important field is pharmacogenomics, in
which genomic variations underlie differences in drug
responses and adverse drug effects (Figure 1). This field
is currently being introduced into clinical practice.

Thus, it will be essential to better understand how hu-
man genome variations affect our health with regard to
diseases with Mendelian or complex traits, as well as with
regard to pharmacogenomics. Herein, the neuroge-
nomics view of neurological diseases and the future di-
rections of clinical practice are discussed.

HIGH-THROUGHPUT GENOME
SEQUENCING TECHNOLOGIES

Emerging new technologies for nucleotide sequencing
have brought about a remarkable revolution in analyses
of the human genome sequence. Compared with a con-
ventional technology (namely, the Sanger method),'***
the throughput of massively parallel sequencing that uses
NGSs'® is increasing dramatically, with the current
throughput at 600 GB per run, which means that a sui-
ficient amount of sequence data can be obtained for whole-
genome sequencing of at least 4 individuals.'” In typical
experiments, billions of short reads (100-150 base pairs
[bpl) are obtained. These short reads are aligned to hu-
man genome reference sequences, and sequence varia-
tions are called through computational analyses.
Currently, 2 types of sequencing strategy (namely, whole-
exome and whole-genome sequence analyses) are used. Be-
cause the cost of whole-genome sequencing is still consid-
erably high, it is not easy to conduct whole-genome
sequencing for a large number of individuals. In whole-
exome sequence analysis, the enrichment of exonic se-
quences using oligonucleotide “baits,” which is followed
by sequencing, has been preferentially used. With this strat-
egy, all exonic sequences in the human genome can be ef-

ficiently enriched.’®* With this approach, more than 90%
of target regions can be enriched, and these enriched ge-
nomic regions are then subjected to massively parallel se-
quencing using NGSs. This approach is currently being used
a lot for the identification of disease-relevant variants® !
and even for diagnostic purposes.***

Given the ever-increasing throughput of NGSs and the
dramatically decreasing costs, it will soon be a realistic
approach to conduct whole-genome sequencing for vari-
ous research applications (Figure 2).°" Studies have
shown that there are more than 3 million variations in
the human genome of each individual. In one study,™
among the 3.3 million single-nucleotide polymor-
phisms (SNPs), 8996 known nonsynonymous SNPs and
1573 novel nonsynonymous SNPs were identified. In-
terestingly, 32 alleles exactly matched mutations previ-
ously registered in the Human Gene Mutation Data-
base. In addition, 345 insertions/deletions were observed
to overlap in a coding sequence and may alter protein
function.® These findings indicate that, among the nu-
merous candidate variations, it will be a challenge to de-
termine which variations are relevant to diseases.

Given the enormous number of short read sequences
(~100 bp), informatics analyses, including mapping to ref-
erence sequences and indentifying variations, require a huge
computational power.*"** Furthermore, mutations can be
variable, including single base substitutions, insertions/
deletions, and structural variations. It is difficult to effi-
ciently identify all the variations using currently avail-
able NGSs and software. For example, expansions of repeat
motifs identified in frontotemporal dementia and amyo-
trophic lateral sclerosis™ are difficult to identify using NGSs.

As already stated, most of the currently available NGSs
produce billions of short reads of 100 to 150 bp. This s the
limitation in analyzing various structural variations, some
of which may be relevant to neurological diseases. Very re-
cently, single-molecule sequencing technology has become
available from Pacific Biosciences; this type of technology
enables the acquisition of nucleotide sequences as large as
10 kilobases. "* Another single-molecule sequencing tech-
nology using nanopores, which allows for the acquisition
of much longer sequences,” will soon become available.

EFFECT OF HIGH-THROUGHPUT GENOME
SEQUENCING ON UNDERSTANDING THE
MOLECULAR BASES OF HEREDITARY
NEUROLOGICAL DISEASES

The strategies for identifying causative genes for hereditary
diseases have been well established.”® The chromosomal
localization of the disease-causing genes is pinpointed by
linkage analysis using polymorphic DNA markers.*** Al-
though a number of genes have been identified by apply-
ing these technologies, more than 50% of the genes caus-
ing familial amyotrophic lateral sclerosis remain to be iden-
tified.” In [amilies with hereditary diseases, the availability
of affected and unaffected individuals is often limited ow-
ing to small family sizes and the smallnumber of family mem-
bers with a confirmed clinical and/or a pathological diag-
nosis. These circumstances pose a challenge to positional
cloning because the candidate regions cannot be narrowed
down to small regions that are sufficient for identifying the
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Figure 2. Diagram showing the paradigm shift (ie, the explosive growth in genome science and medical genomics). Over the past decade, genome-wide
association studies (GWASs) using common single-nuclectide polymorphisms (SNPs) have been conducted to identify genomic variations in sporadic
neurological diseases. The theoretical framework of GWASs is the common disease-common variants hypothesis. Although GWASs have successfully revealed
numerous susceptibility genes for common diseases such as diabetes mellitus, as well as neurodegenerative diseases, the odds ratios associated with these risk
alleles are generally low and account for only a small proportion of estimated heritability. The availability of high-throughput genome sequencing technologies will
enable us to identify all the genomic variants, and eventually those of disease-relevant alleles based on the common disease-multiple rare variants hypothesis.

causative genes by sequencing individual genesin the can-
didate regions. Despite these difficult circumstances, the
availability of NGSs with unbelievably high throughput has
made the identification of causative genes possible.”"*3*
Given the large capacity of NGSs, the most essential step
(and the bottleneck) isnow the collection of as many samples
from patients and their families as possible based on well-
characterized clinical information, including the correct di-
agnosis, regardless of family size or number.

EFFECT OF HIGH-THROUGHPUT GENOME
SEQUENCING ON UNDERSTANDING
THE MOLECULAR BASES OF SPORADIC
NEUROLOGICAL DISEASES

The elucidation of the molecular bases of sporadic neuro-
logical diseases isnowa big challenge. We need to take vari-
ous mechanisms into account as the molecular bases of spo-
radic neurological diseases, which include (1) apparently
sporadic diseases with low-penetrant mutationsin the gene
for hereditary diseases, (2) sporadic diseases with de novo
mutations, (3) sporadic diseases with variations in disease-
susceptible genes, and (4) sporadic diseases with other
mechanisms. These different molecular bases are reviewed.

APPARENTLY SPORADIC NEUROLOGICAL
DISEASES WITH LOW-PENETRANT MUTATIONS
IN THE GENE FOR HEREDITARY DISEASES

There are numerous examples of low-penetrant muta-
tions in apparently sporadic cases of neurological dis-
eases. Sporadic cases of amyotrophic lateral sclerosis due

to low-penetrant SODI mutations have been well char-
acterized.’®®! In prion diseases, patients with V180I or
M232R mutations in the prion protein (PRNP) gene rarely
have a family history of prion diseases, indicating that
these patients are usually diagnosed as having sporadic
Creutzfeldt-Jakob disease.5* -

SPORADIC NEUROLOGICAL DISEASES
WITH DE NOVO MUTATIONS

Alternating hemiplegia of childhood is a rare neurologi-
cal disorder characterized by early-onset episodes of
hemiplegia, dystonia, various paroxysmal symptoms, and
developmental impairments. Almost all cases are spo-
radic, but the concordance of alternating hemiplegia of
childhood in monozygotic twins and the dominant trans-
mission in a family with a milder phenotype have been
reported. With this background information, Rosen-
wich et al®® conducted whole-exome sequencing of 3 pro-
band-parent trios to identify a disease-associated gene and
then examined whether mutations in the gene were also
present in the remaining patients and their healthy par-
ents. Whole-exome sequencing indeed showed 3 het-
erozygous de novo missense mutations.®® Similar ap-
proaches have been used for a number of diseases,
including severe epileptic encephalopathy,®* autism, and
schizophrenia.®® The rationale for these approaches is
based on the hypothesis that patients with severe phe-
notypes associated with reduced reproductive fitness may
harbor de novo mutations.®

Twin studies in which differences in the phenotypes
of monozygotic and dizygotic twins were compared have
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Figure 3. Diagram showing the road map to the identification of disease-relevant variations. Shifting the paradigm from the common disease-common variants
hypothesis to the common disease-multiple rare variants hypothesis will lead to the elucidation of the molecular bases of sporadic neurological diseases.
Relatively rare sporadic neurological diseases will be good candidates for identifying disease-relevant alleles with large effect sizes because, depending on the

effect sizes, the sample sizes can be small.

long been conducted to delineate the involvement of ge-
netic factors. Therefore, the comparison of whole-
genome sequences of discordant monozygotic twins is
expected to accelerate the discovery of genomic varia-
tions responsible for the disease phenotypes.5™%

SPORADIC NEUROLOGICAL
DISEASES WITH VARIATIONS
IN DISEASE-SUSCEPTIBILITY GENES

Over the past decade, genome-wide association studies
(GWASs) using common SNPs have been conducted to
identify genomic variations associated with sporadic neu-
rological diseases. The theoretical framework of GWASs
is the “common disease—common variants” hypothesis,
in which common diseases are attributable in part to al-
lelic variants present in more than 5% of the popula-
tion.® 7' Although GWASs have successfully revealed nu-
merous susceptibility genes for common diseases such
as diabetes mellitus, as well as neurodegenerative dis-
eases, the odds ratios associated with these risk alleles
are generally low and account for only a small propor-
tion of estimated heritability.™*"

In GWASs, the general finding that the odds ratios as-
sociated with risk alleles identified for disease suscepti-
bility are low indicates that GWASs based on the com-
mon disease—common variants hypothesis are not effective
inidentilying genetic risks with large effect sizes. The cur-
rent experience with GWASs strongly suggests that rarer
variants that are difficult to detect by GWASs may ac-
count for the “missing” heritability.'"™ Such rare variants
may have large effect sizes as genetic risk factors for dis-
eases. Thus, the paradigm should be shifted from the “com-

mon disease-common variants” hypothesis to the “com-
mon disease-multiple rare variants” hypothesis to identify
disease-relevant alleles with large effect sizes (Figure 3).
An excellent example of rare variants with substan-
tially large effect sizes is the recent discovery of the glu-
cocerebrosidase (GBA) gene as a robust genetic risk fac-
tor for PD.7" A population-based study™ coupled with
genealogy information demonstrated that the estimated risk
ratio for PD for siblings of patients with PD was signifi-
cantly high, indicating that genetic factors substantially con-
tribute to the development of sporadic PD. Recent clini-
cal observations™ have suggested the association of sporadic
PD with heterozygous mutations in the GBA gene encod-
ing the enzyme that is deficient in patients with Gaucher
disease, an autosomal recessive lysosomal storage dis-
ease. Furthermore, the comorbidity of PD and Gaucher
disease was previously described.* We conducted an ex-
tensive resequencing analysis of GBA in patients with PD
and controls, and we found that GBA variants that are
pathogenic for Gaucher disease confer a robust suscepti-
bility to sporadic PD and even account for the familial clus-
tering of PD.” The combined carrier frequency of the
“pathogenic variants” was as high as 9.4% in patients with
PD and significantly higher than that in controls (0.37%),
with a markedly high odds ratio of 28.0 (95% CI, 7.3-
238.3) for patients with PD compared with controls.
We can draw the following conclusions from the dis-
covery of the major disease-susceptibility gene (GBA) with
a large effect size: (1) a genetic factor with a large effect
size has been discovered in sporadic PD; (2) in accor-
dance with the large effect size, there is a tendency of fa-
milial clustering (multiplex families such as affected sib-
lings); and (3) the disease-relevant allele could not be
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identified by GWASs using common SNPs and was iden-
tified only by nucleotide sequence analysis. These con-
clusions strongly encourage us to search for disease-
susceptibility genes with large effect sizes based on the
common disease—multiple rare variants hypothesis. Al-
though the majority of rare missense variants have been
suggested to be functionally deleterious in humans,® it
remains controversial whether a comparison of allele fre-
quencies of rare variants (in particular, missense vari-
ants) is a sufficient method for identilying variants as-
sociated with diseases. Functional annotation of all the
variants obtained by comprehensive genome sequenc-
ing will no doubt increase the robust power for detect-
ing significant associations of variants with diseases.

SPORADIC NEUROLOGICAL DISEASES
WITH OTHER MECHANISMS

Besides the mechanisms already mentioned, there may
be others underlying sporadic neurological diseases. The
involvement of somatic mutations occurring in certain
cell lineages in sporadic neurological diseases is a po-
tentially interesting mechanism. Such a mechanism in cer-
tain types of cancer is well established.®? The involve-
ment of epigenetics in the development of sporadic
neurodegenerative diseases is also a potentially attrac-
tive mechanism.*# Recently, there have been an increas-
ing number of studies suggesting that “prion-like” pro-
cesses (ie, the propagation of misfolded proteins leading
to abnormal aggregation) may be involved in the patho-
genesis of sporadic neurodegenerative diseases.8>% In the
field of autoimmune diseases such as multiple sclerosis,
the involvernent of genetic factors is well characterized.
The application of massively parallel sequencing to ex-
_ tensively characterize T-cell receptor repertoires®* and
immunoglobulin heavy chain genes,® along with se-
quence—based typing of HLAs,*?! will provide new in-
sights into the molecular bases of autoimmune diseases.
As discussed in this review, the availability of robust
technologies using NGSs will revolutionize our re-
search paradigms for exploring the molecular bases of
hereditary and sporadic neurological diseases. Further-
more, these technologies will soon be applied in clinical
practice. It will be a new era of datacentric clinical prac-
tice. Are we prepared for this new era?
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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 subjected 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. I794T 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.

Key words: 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 39415 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
aufosomal 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 (II-6 and III-1 of Family 1; III-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
MNumina 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.ncbi.nlm.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 CSFIR 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 0f 109.4, 100.1, 137.7,and 195.0
inI1-6 and 111-1 of Family 1, I1I-3 of Family 2, and I1I-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, PSENI, PSEN2, CST3, ITM2B,
TREX1, COL4Al, and CSFIR). We solely found a heterozygous
p.1794T mutation in CSFIR that was shared among the affected
individuals (I1I-1 and II-6) of Family 1 (Table IT). 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.



MITSUI ET AL.

953

Family 4

e

II-6 of
Family 1

nﬁ”

l

g
i

III-3 of Family 2

FIG. 1. Pedigree charts and neurcimaging findings. A: Males, squares; female, circles; affected individuals, solid symbols; unaffected individuals,
open symbols; available genomic DNAs, dot. B: Axial fluid attenuated inversion recovery [FLAIR]} magnetic resonance images of individual lil-1 of
Family 1 at the age of 54 and those of individual I|-6 of Family 1 at the age of 70, showing atrophy in frontal, parietal, and medial temporal lobes, with
periventricular confluent hyperintensities. Axial T2-weighted magnetic resonance images of individual 11I-3 of Family 2 at the age of 41, showing
atrophy in frontal, parietal and temporal lobes, with confluent hyperintensities in periventricular regions including corpus callosum.

Screening for CSF1R Mutations in Patients With
‘Spsg?d' ¢ Leukoencephalopathy and in a Patient
With Pathologically Diagnosed HDSL

Considering the possibilities of reduced penetrance, insufficient
information on the family history, or de novo mutations in
CSFIR in patients with sporadic leukoencephalopathies, we inves-
tigated the frequencies of CSFIR mutations in 21 patients with adult-
onset sporadic leukoencephalopathy. In this sporadic case series,

however, no mutations were identified. We further screened for
CSFIR mutations in a patient with pathologically diagnosed HDLS
(III-1 of Family 4, Fig. 1), which revealed another novel CSFIR
mutation (p.C653Y).

Implications of Mutant CSF1R as Cause of HDSL

None of the identified variants (C653Y, R777W, and I794T)
were identified either in dbSNP135, 1,000 Genomes (http://

TABLE I. Summary of Exome Sequence Analysis Results

Proportion of target
bases covered >

Mapped
Family Individual Read read Coverage
1 -6 672M 61.8M (91.8%) 109.4
-1 61.4M 56.5M (92.0%) 100.1
2 -3 779M 649M (83.4%) 1372.7
3 -1 944 M 91.9M [97.5%) 195.0

SNVs, single nucleotide variants; NS, nonsynonymous; SS, splice-site.

10-fold read SNVs Unknown Indels Unknown

depth (%) [total)  NS/SSSNVs [total] coding indels
89.1 227,491 354 20,965 32
88.2 218,020 349 20,261 30
80.8 193,528 396 18,271 36
80.8 253,999 292 24,951 31



TABLE II.

Family
1

Nonsynonymous Variants in Known Causative Genes of Autosomal Dominant Adult-Onset Leukoencephalopathies {NOTCH3,
LMNB1, GFAP, APP, PSEN1, PSEN2, CST3, ITM2B, TREX1, COL4A1, and CSF1R)

Individual
11-6

-1

-3

Il-1

Variants registered in dbSBP135

CSF1R, rs10079250
NOTCH3, rs1044009
COL4A1, rs536174
COL4A1, rs9515185
CSF1R, rs10079250
NOTCH3, rs1044009
COL4A1, rs3742207
COL4A1, rs536174
NOTCH3, rs1044009
COL4A1, rs3742207
COL4A1, rs536174
NOTCH3, rs1044009

Novel variants (not registered in dbSNP135)
CSF1R, 1794T

CSF1R, 17947

CSF1R, R?77W

None

COL4A1, rs536174

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 CSFIR 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
(III-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
III-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 mutations in CSF1Rhave been 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 1794T 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 isindeed 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 II-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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gradually developed alcoholism in his late thirties, and around the
age of 40, his cognitive impairment and gait disturbance worsened
rapidly. His clinical diagnosis was cerebral small vascular disease
with unknown etiology. It should be emphasized that the affected
individuals in Families 1 and 2 did not have a diagnosis of HDLS at

the outset, and that only through exome sequencing was CSFIR
identified. Thus CSFIR should be considered a candidate gene for
autosomal dominant leukoencephalopathies regardless of whether
biopsy has been obtained to look for spheroids. To data, the
diagnosis of HDLS has been made solely by neuropathological

TABLE Iil. Clinical Characteristics of Six Individuals From Three Japanese Families With CSFIR Mutations

ESFIR

anllg Individual mutation ~ Sex

1 -6
-1

2 2
-3

4 -1
-2

17947  Female

17941 Male
Not tested  Male
RPPPW. Male

C653Y Fernale

Not tested Female

Onset Death
age age
60  Alive
52 60
65 Alive
38  Alive
48 63
R

Body 'welght
~ loss

Clinical features during course of disease development

Dementia Depression Parkinsonism Seizures

+ - - =

b sl St o

=+ Not dést:rihed Not described +

= Not descnbed Not: __scrib'ed +
Not Not th ; Nnt : ‘Not

described  described  described d_e_scrl_he_.d' described
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Locations of previously
reported causative

missense mutations

Gsgop E633K e S

C653Y RTTTW

B Mutations Y - = W e e
Human NLLGACTHGGP .. KNCIHRDVARR .. GHVAKIGDFGL
Rhesus NLLGACTHGGP .. KNCIHRDVARR .. GHVAKIGDFGL
Mouse NLLGACTHGGP .. KNCIHRDVAAR .. GHVAKIGDFGL
Dog NLLGACTHGGP .. KNCIHRDVAAR .. GRVAKIGDFGL
Elephant NLLGACTHGGP .. KNCIHRDVARR . GHVAKIGDFGL
Opossum NLLGACTHGGP .. KNCIHRDVAAR .. RRVAKIGDFGL
Chicken NLLGACTYGGP .. KNCIHRDLAAR .. GRVAKICDFGL
X. tropicalis NLLGACTHGGP .. KNCIHRDVAAR .. GRVVKICDFGL
Zebrafish NLLGACTHGGP .. KNCIHRDVAAR .. SRVRAKICDFGL

C Functional prediction analyses of CSFIR mutants

C653Y RITTW 1794T
Polyphen2 Probably damaging Probably damaging Probably damaging
SIFT Damaging Damaging Damaging
MutationTaster Disease-causing Disease: ing Di causing

MUPro Stability decreasing Stability decreasing Stability decreasing

FIG. 3. Protein domain structure of CSF1R with summary of CSF1R mutations. A: Location of protein tyrosine kinase domain [PTK] of CSF1R, with
summary of mutations identified in the present study as well as previously reported causative missense mutations [Rademakers et al., 2011;
Kinoshita et al., 2012]. B: Comparative genomic analysis of multiple species for the parts of the PTK domain where the mutations occur is shown. C:
Summary of in silico analyses of pathogenicity prediction (Polyphen-2, SIFT, MutationTaster, and MUPro).

findings. With the availability of mutational analysis of CSFIR, the
clinical spectrum of patients with CSFI1R 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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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 c.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 in the disease course, but the degree of the sensory involve-

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

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, cor-
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 Okinawa 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 nm-14 m-15 n-4

Age at examination 405-50s 54 52 50 54

(years)

Age at onset (years) 3?._5. iB 44 N - 4_0 T, e ;:1; 205 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 + i mild + +

weakness and atrophy

Painful cramps il + + + LT + i )

Fasciculations + + + + g

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 — -+ - ~ - -

Sensory

Dysesthesia + + mild + +

Decreased tactile + + 5 Nm; mild + i

sensation

Decreased vibratory + mild mild mild +

sensation

Reflexes

Tendon reflexes diminished diminished diminished diminished diminished

Pathological reflexes - - - SR :—-m_m.m_m.__ S .: e i

Laboratory Tests and Electrophysiological Findings

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

level

Hyperglycemia 4/13 patients - RAOE - - vy +

‘I-wl;‘l—:;ﬂipidemia 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

with fibrillation

sharp waves

neurogenic changes

not examined not examined not examined

potentials and positive

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 hg18) around TFG (see Table
$2 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 rs4894942 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 GAIIx (100 bp single
end [[llumina]) and a one-fifth slide of SOLID 4 (50 bp
single end [Life Technologies]). GAllx and SOLiD4 yielded
2.60 and 2.76 Gb of uniquely mapped reads,'” respectively.
The average coverages were 29.0X and 26.8 X in GAIIx and
SOLiD4, respectively (Table $3 and Figure $1). 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 $2'?). Intriguingly, direct
nucleotide-sequence analysis of all TFG exons (see Table
$4 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. Pro285 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
c.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 $6, we ob-
tained full-length ¢cDNAs by PCR amplification of the
cDNAs prepared from a c¢DNA 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 $7 to conduct fragment analysis
of the RT-PCR products obtained from RNAs extracted
from wvarious 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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