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B Abstract Sudden death has been
reported in patients with multiple
system atrophy (MSA), although
the frequency of this event has not
been well delineated. We investi-
gated the frequency and potential
causes of sudden death in patients
with MSA. During the 5-year
observation period, 10 of 45
patients with probable MSA died.
The causes of death included
sudden death of unknown etiology
(seven patients), aspiration
pneumonia (one patient), asphyxia
after vomiting (one patient),and
lung cancer (one patient). The
mean survival time of patients wit‘h

Introduction

sudden death was 63.0+24.7
months (range, 39-116 months),
Among seven patients who experi-
enced sudden death, six were found
to have died during sleep. Among
these patients, two had been
treated with tracheostomy and
three with continuous positive air-
way pressure (CPAP) or noninva-
sive positive pressure ventilation
(NPPV) during sleep, suggesting
that these treatments do not always
prevent sudden death in patients
with MSA. Nocturnal sudden death
should be recognized as the most
common mechanism of death in
patients with MSA.

& Keywords multiple system
atrophy - sudden death -
tracheostomy - continuous positive
airway pressure - noninvasive
positive pressure ventilation

the survival time in patients with MSA [2], In this study,

weinvestigated the frequency of sudden death in patients

with MSA.

Suddendeath has been reported in patients with multiple
system atrophy (MSA) [7-9, 13], although the frequency
ofthis event hasnot been well delineated. The mechanism
underlying sudden death remains unclear; it may be
explained by laryngeal obstruction due to vocal cord
abductor paralysis (VCAP) [3]. Tracheostomy, which
bypasses the obstruction of vocal cords, is usually
considered as the optimal treatment for VCAP; continu-
ous positive airway pressure, (CPAP) or noninvasive
positive pressure ventilation (NPPV), which prevents
upper airway obstruction, has been shown to increase

Patients and methods

Ethical approval for this study was obtained from the Ethical Com-
mittee omigma University School of Medicine. In accordance with
the consensus statement criteria [1], we enrolled consecutive Japa-
nese patients with probable MSA who were admitted to our hospital
between May 2001 end April 2004, and followed through June 2006.
We retrospectively evaluated the frequency of sudden death. A hyper-
intense putaminal rim and a “hot cross bun” sign on MRI [5] were
used to support the disgnosis. Patients were excluded from the study
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if they showed evidence for hereditary spinocerebellar ataxias by a
molecular genetic test [10]. The onset of symptoms was determined
as the time at which the initial ay'r?!nms of movement impairment

were first noted by the individual and close family members. Screening
for dysphagia was performed by videofluorography,and eous
endoscopic gastrostomy (PEG) was used for tube ing when

dysp or aspiration was observed. Standard nocturnal polysom-
nography (ng and laryngoscopy were performed as described
previously [10]. Patients who had VCAP or nocturnal oxygen desatu-
ration that fulfilled CT90 (cumulative percentage of time spent at
saturations below 2096) greater than 10% were treated with CPAP or
NPPV. Ventilator settings were adjusted to p apnea, hypopnea,
snoring, stridor, and desaturation. Patients who had recurrent
aspiration pneumonia and VCAP were treated with conventional
surgical tracheostomy. The data represent mean * 5D,

L

Cmultiple system atrophy with dinical predominance of cerebelfar symptoms (MSA-C); P multiple system atrophy with dinical predominance thM;mmmmmm M urinary Incontinence;

.
|

Results

We enrolled 47 patients with probable MSA; however,
two patients (4.3 %) were lost during the follow-up pe-
riod. On the basis of their clinical presentation, 45 pa-
tients were subdivided into those with prominent par-
kinsonism (MSA-P, n=11) and those with prominent
cerebellar ataxia (MSA-C,n=34). The mean age at onset
was 58.845.3 years (range, 41-73 years). Among them,
ten patients died during the study period and the mean
survival time from disease onset to the time of death was
63.0+24.7 months (range, 39-116 months). The causes
of death included sudden death of unknown etiology
(seven patients), aspiration pneumonia (one patient),
asphyxia after vomiting (one patient), and lung cancer
(one patient) (Table 1). One patient who preferred not to
be treated with PEG tube feeding died as a result of
aspiration pneumonia.

We analyzed the clinical features of the seven patients
with MSA who experienced sudden death. Studies before
their death revealed that four patients had VCAP. Two
patients exhibited bilateral partial abduction restriction
of the vocal cords, and two patients exhibited bilateral
complete abduction restriction of the vocal cords, Day-
time stridor during wakefulness was observed in two
patients, Hypercapnea (PaCO2 > 45 mmHg) was present
in 3 of 7 patients. None of the patients had pneumonia,
hypoxemia,arrhythmia, cardiac failure, or choking prior
to 24 hours of the day of sudden death. Six patients had
nocturnal death. The mode of the sudden death was
unclear due to lack of any witnesses at the time of death.
Among seven patients, two had been treated with tra-
cheostomy and three with CPAP or NPPV during sleep.
Although patient 3 (Table 1) had neither VCAP nor re-
current aspiration pneumonia, he underwent tracheos-
tomy because he had frequent episodes of transient res-
piratoryarrestduring sleep. Three of these seven patients
died within five years after the onset of the disease. The
two patients treated with tracheostomy died 3 and 4
mionths, respectively, after the tracheostomy, and the
three patients treated with CPAP or NPPV died 2,4, and
21 months, respectively, after the treatment. We

of vocal cords; BC bifateral complete abduction restriction of vocal cords; CPAP continuous positive airway pressure; NPPV

uction restriction

gastrostony; Al apnea-hypopnea Index; 0 obstructive type; M mixed type; C central type; (790 cumulative percentage of time spent at saturations

below 90%. Survival time indicates the time from disease onset to death. Number in parenthesis Indicates the pressures of CPAP or NPPY used

VAP vocal cord abductor paralysis; NE not examined; 8P bilateral partial abd
noninvasive positive pressure ventilation; PEG percutaneous endoscopic

Table1 Summary of dinical features of MSA patients who died
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confirmed that at least two of these three patients were
wearing a nasal mask at the time of death.

Discussion

We conducted an analysis of mortality among patients
with MSA. The incidence of death associated with
aspiration pneumonia was lower than previously
reported [11], suggesting that careful screening and
treatment for dysphagia might reduce mortality by
preventing deathsassociated withaspiration pneumonia.
We found that sudden death of unknown etiology was
the most common cause of death in our cohort. We also
found that the time interval between the onset of the
disease and sudden death was diverse, and that sudden
death can occur in the early phase of the disease. Little
information about the mode of death was obtained,
becanse six of the seven patients died during sleep with-
out apparent warning symptoms such as arrhythmia
and pnenmonia. However, because we encountered one
patient suffered a reiimmry arrest without cardiac
arrest, we speculate that cardiac arrest during sleep
might have occurred subsequent to respiratory arrest,
which might have been caused by central dysfunction of
the respiratory regulation system [9] and impaired
chemosensitivity to hypoxemia [12].

We noted two patients who developed sudden death
despite tracheostomy. These findings suggest that tra-
cheostomy does not always prevent sudden death as
previously reported [6, 11] and that sudden death is
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caused by a mechanism other than upper airway
obstruction such as VCAP and obstructive sleep apnea
syndrome.A recent study has reported thattracheostomy
might aggravate central sleep apnea, thereby increasing
the risk of nocturnal sudden death in MSA [4]. In the
present study, the interval between tracheostomy and
death was diverse (3,4, 5,and 13 months). PSG would be
an appropriate study to elucidate whether tracheostomy
aggravates central Sleep apnea and causes nocturnal
sudden death. We also noted three patients who
developed nocturnal sudden death despite CPAP or
NPPV treatment. This indicates that, as with tracheos-
tomy, CPAP or NPPV also does not always prevent
sudden death, although it is important to maintain a
high compliance rate and adequate ventilator settings
during the treatment.

A comparison of the clinical features of the patients
who experienced sudden death with those of patients
who died but not suddenly might help us to elucidate
the effect of therapeutic interventions on survival.
Unfortunately, because of lack of sufficient numbers of
patients treated with CPAP, NPPV, or tracheostomy who
died but did not die suddenly, the present study did not
provide information about this. Further studies should
be performed to identify the role of these treatments in
sudden death in patients with MSA.
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Total deletion and a missense mutation of

ITPRI in Japanese SCA15 families

~~

ABSTRACT

Background: Spinocerebellar ataxia type 15 (SCA15) is a progressive neurodegenerative disor-
der characterized by pure cerebellar ataxia, very slow progression, and distinct cerebellar atro-
phy. The locus for SCA15 was first mapped to 3p24.2-3pter in an Australian family. We have
subsequently mapped two Japanese families presenting with ataxia and postural tremor of the
head, arm, or trunk to the SCAL15 locus. Recently, partial deletions involving both the type 1
inositol 1,4,5-triphosphate receptor (ITPR1) and sulfatase modifying factor 1 (SUMF1) genes
have been identified in Australian and British families with SCA15

Mecthods: We conducted fine haplotype analysis on the region including ITPR1. To identify the
delation, we conducted gene dosage analysis and array-based comparative genomic hybridiza-
tion (CGH) analysis. Gene expression analysis was performed using guantitative real-time re-
verse transcription PCR. Mutational analyses of ITPR1 and SUMF1 were also performed.
Results: We have identified a 414-kb deletion including the entire ITPR1 and exon 1 of SUMF1 in
patients in family A. The expression levels of ITPR1 and SUMF1 mRNAs of the patient were half
those of the normal control. Furthermora, in family B, we have identified a C-to-T substitution at
position 8581 of ITPR1, resulting in the amino acid substitution of leucine for proline at codon
1058, which is highly conserved among species.

Conclusions: Our results strongly confirm that ITPR1 is the causative gene for SCA15 and sug-
gest that we need to investigate the point mutation in ITPR1 in the patients with autosomal dom:-
inant cerebellar ataxia and tremor.Neurology® 2008;71:1-1

GLOSSARY
sCGH = array-based comparative genomic hybridization; LCR = low- copy repaat; NAHR = nonallalic homologous racombina
tion; NHEJ = nanhomologous end joining; SCA15 = spinocerebaellar ataxia type 15

Spinocerebellar araxia rype 15 (SCA15) was first reported on the basis of a single large Austra-
lian family with pure cerebellar ataxia, very slow progression, and marked cerebellar atrophy,
particularly in the vermis.’? The disease locus was mapped to chromosome 3p24.2-3pter.’”
We have subsequently identified two Japanese families with autosomal dominant cerebellar
ataxia characterized by postural and action tremor. The disease locus for these Japanese SCA
families was mapped to 3p25.3-26.1 with the highest cumulative multipoint lod score of 3.30
at D353728.7 Interestingly, the critical region for our families partly overlapped with the locus
for the Australian SCA15 family. The overlapping region was 7.9 ¢M between D351620 and
D351304. Clinical features, including a very slow progression, tremor of the head, arm, or
trunk and distinct cerebellar atrophy withour brainstem atrophy, are shared among these fam-

r-Pub ahead of print ai wunw. nevrelogy. org.
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ilies; raising the possibility that the causative
gene for the Australian SCA15 family is allelic ro
that for the two Japanese SCA15 families.!
However, some of the clinical features of the
Japanese families are distinct from those of the
Australian family as regards to the extracerebel-
lar signs. Postural tremor of the head, arm, or
trunk is more predominant in the Japanese pa-
dents than in the Australian patients. Subse-
quently, additional families have been reported
to link to the SCA15 locus.*

Recently, partial deletions of type 1 inosi-
tol 1,4,5-triphosphate recepror (JTPRI) and
sulfatase modifying factor 1 (SUMFI) genes
have been identified in the Australian SCA15
family and two British families with pure cer-
ebellar ataxia, suggesting that JTPR! is the
causative gene for SCA15.5 Furthermore, a
partial deletion of /TPRI has been identified
in the Japanese SCA16 family.® However, it is
unclear whether I7PRI is solely responsible
for SCA15, because the deletions also involve
SUMF]I. Here, we report that the two families
mapped to the SCA15 locus have the muta-
tions in /7PRI, including a missense muta-
tion, which strongly confirms that /7PRJ is
the causative gene for SCA15.

METHODS SCA families. The family members of the two
Japanese fumilics mapped to the SCA15 locus were analyzed in
the present study. In addition, 54 1 d SCA fam-
ilies in which sbnormal expansions of CAG repeats in the responsi-
ble genes for SCAI, SCA2, Machado-foscph disease/SCA3, SCAS,
SCAB, SCA17, and dentatorubral-pallidoluysian atrophy have been
excluded are also enrolled for gene copy number analysis of ITPRY.
High-molecular-weight genomic DNA was extracted from periph-
eral lenl ¥ after ob ;v. o 1 fom d!. s
The present study was approved by the Institutional Review Board
of Niigara University,

Genetic analysis. For fine haplotype mapping, we established
nine new microsatellite markers, namely, M4439, M4497,
M4583, M4667, M4714, M4832, M4919, M4964, and
M5757 in the region berween D353706 and D351515 includ-
ing ITPRI. Gene dosage was analyzed using a quantitative real-
time PCR techaique with the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA). We
also employed the custom high-definition army-based compara-
tive genomic hybridization (aCGH) microarrays (Agilent Tech-
nologies Inc., Palo Alto, CA).” A region of approxitnately 3.8 Mb
from CNTN4 (Gene ID: 152330) 1o D351303 was included in
the microarray at an average interval of 200 bp for the probes.
For gene expression analysis, RNA was extracted from cultured
skin fibroblasts from an affected individual (11-4) and a control.
The amplified products of all 58 exons of [TPRI were subjected
to a cycle sequence reaction wsing BigDye Terminator vemion
3.0 (Applied Biosystems).* Detailed methods are available In ta-

Neurclogy 71 August 18, 2008

blee-1 and e-Methods on the Newrolog™ Web site at www.neu-
rology.org.

RESULTS Identification of deletion involving entire
ITPRI in family A (Ped 256). To investigate whether
a common haplotype is shared among the affected
individuals in the two Japanese ataxia families linked
to the SCA15 locus,* we conducted fine haplorype
analyses based on the linkage analysis. We did not
find any common founder haplotypes between these
Japanese ataxia families. However, all of the affected
individuals in family A (Ped 256) lost heterozygosity
from M4497 to M4832 (figure 1A). Furthermore,
alleles from M4583 to M4832 were not transmitted
from the affected individual 11-5 to his affected
daughter III-3 (figure 1A). These findings strongly
suggested that the affected individuals in this family
(Ped 256) had a heterozygous deletion in the region
containing two genes: JTPRI and SUMFI (figure
e-1A). We performed quantitative real-time PCR
analyses for [TPRI and SUMFI. The dosages of ex-
ons 2, 26, and 58 of ITPR! and exon 1 of SUMFI in
the affected individuals were one-half those of unaf-
fected individuals (figure e-1B). These findings indi-
cated that the affected individuals had the deletion of
the entire JTPRI and exon 1 of SUMFI.

Identification of breakpoint sequence in ITPRI. To
confirm the deletion of /TPRI, we performed aCGH
analysis using oligonucleotide probes spanning the
region from CNTN4 1o D351303 on chromosome
3p from three affected individuals (11-5, 11-6, and
11-8) and two unaffected individuals (II-7 and 111-2)
in family A. The log, R ratios for the affected indi-
viduals for the probes from the nucleotide posidion
4,476,024 to 4,887,327 were decreased to ~—1,
whereas those for the probes from the nucleoride po-
sition 4,142,899 to 4,471,831 and from the nucleo-
tide position 4,887,691 to 5,242,899 were ~0,
confirming the extent of the deletion (figure 1B). In
contrast, we detected no deletion in this region in an
affecred individual in family B (Ped 2216). Further-
more, 2CGH analysis was applied to 54 autosomal
dominant SCA families; however, no deletion of
ITPRI or SUMFI was detected in these families.

To determine the breakpoint, we developed the
primers for each end and performed PCR, obtaining a
~2,300 bp fragment from the affected individuals, but
not from the unaffected individuals (figure e-24). The
sequence analysis of this junction fragment revealed that
no significant homology was observed when the junc-
tion sequence was aligned with the reference genomic
sequence at the proximal and distal breakpoints and the
sequences at proximal and distal breakpoints showed a
two nucleotide overlap (figures e-2B and e-2C). Repeat-
Masker (hop://www.repeatmasker.org/) revealed thar

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.
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I Figure 1 Deletion analysis of ITPR1
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(Al Haplotype analysis of family A (Ped 256) employing microsatellite markers spanning the SCA1S5 locus at 3p26.1.
Squares Indicate males. Circles indicate females. Affected individuals are indicated by solid symbols, and unaffected indi-
viduals by open symbols. Deceased individuals are indicated by diagonal lines. Age at death or current age are indicated [n
in brackets) in unaffected individuals, Age at onset is Indicated [n in brackets) in affected individuals. Haplotypes linked to
tha diseasa are boxed. It cannot be detarmined whether the M4497 locus Is includéd in the deletion, since all the affectad
individuats had the identical allale “1” at M4497; parentheses, (B) Deletion of entire ITPAR1 Identified by high-density oligo-
nucleotide array-based CGH analysis. A part of the results of array-based CGH analysis of the affected individual II-5 are
plotted as a function of chromosomal position (Mb). Regions of loss (green) and gain [red) ara color-coded.

the distal breakpoint was embedded within an AT
dinucleotide repeat. The proximal breakpoint was em-
bedded immediately before the AluSx element. The de-
letion in this family is thus 414,018 bp in size,
including the entire JTPRI and exon 1 of SUMFI.
Chromosomal deletion is mainly mediated by two
mechanisms: nonallelic homologous recombination
(NAHR) or nonhomologous end joining (NHE]).* In
the case of NAHR, the chromosomal reengagement oc-
curs berween large, highly homologous low-copy repeat
(LCR) structures, AT-rich palindromes, and pericen-
womeric repeats.® To determine whether the break-
points are embedded within LCR structures, we

compared the 1-Mb genomic sequence surrounding
SUMFI and ITPRI against itself using PipMaker.” The
sequence analyses of the junction in our case and those
in previously reported cases showed thar distal break-
points were scattered within a ~65 kb region and prox-
imal breakpoints were scattered within a ~223 kbp
region**(figure e-3). These breakpoints are frequently
embedded within or beside repetitive sequences; how-
ever, none of the breakpoints were embedded within
LCR suuctures, AT-rich palindromes, and pericentro-
meric repeats (figure ¢-3).% In addidon, the sequences
at breakpoints showed a 2-5-nucleotide overlap, which
is frequently observed in chromosomal rearrangements

Neuwrology 71 August 19,2008 3
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Figure 2 Mutation analysis of ITPR1
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(A) Functional domains of ITPRL and location of missense mutation (PL509L). (B) Direct sequencing revealed a heterozy-
gous C-to-T substitution at position 8581 of ITPR1, resulting in the amino acid substitution of leucine for proline at codon
10589, (C) Amino acid sequences at the mutation site in ITPR1 and the orthologs of ITPR1 aligned by ClustalW. Conserved
amino acid residues are shaded using GeneDoc. Each shade represents a degree of conservation [black, 100%; dark gray,

80%).

mediated by NHE] (figure e-2C).*4'%!! Taken to-
gether, the results indicate that JTPR] deletion is medi-
ated by NHE].

Consequences of J/TPRI and SUMFI deletion at
mRNA level. The quantitative real-rime PCR analysis
using mRNA from cultured skin fibroblasts from an
affected individual (11-4) revealed thar the mRNA ex-
pression levels of /TPRI exons 5-6, /TPRI exons 25—
26, ITPRI exons 44 —45, and SUMFI exons 67 of the
affected individual were one-half those of the normal
control, indicating that /TPRI and SUMFI from the
deleted allele were not expressed (figure c-4).

Identification of mi ion in /TPRI in fam-
ily B (Ped 2216). We performed nucleotide sequence
analyses of the entire exons and splice junctions in
ITPRI and SUMFI of the affected individuals in
family B and identified one missense mutation,
C8581—T (resulting in substitution of leucine for
proline: P1059L) in exon 25 of /TPR! in all the af-
fected individuals in the heterozygous state, whereas
unaffected individuals did not have this substitution
(figure 2, A and B). This nucleotide change was not
observed in 234 normal chromosomes in Japanese
controls. We found no nucleotide substitutions in
SUMFI1. P1059L was located in the modulatory and
transducing domain in J/TPRI (figure 2A). Amino
acid sequence alignment of JTPR! using Clustal W™
revealed that the proline residue ar codon 1059 is
highly consesved among species (figure 2C).

DISCUSSION In this study, we found the total de-
letion of ITPRI and the decrease in JTPRI mRNA

Neurology 71  August 18, 2008

expression level by half in family A. Partial deletions
of ITPRI and SUMFI have been reported in one
Australian SCA1S family and two British families
with pure cerebellar ataxia® Deletions involving
ITPRI were not observed in the other 54 families
with undetermined autosomal dominant araxia, sug-
gestng that deletions of /TPR/ are not frequent in
Japanese autosomal dominant SCA families. All the
deletions identified in the SCA1S families, including
our cases, also included SUMFI, SUMF] is a caus-
ative gene for multiple sulfatase deficiency, which is
an aurosomal recessive disorder characrerized by
mental retardation, scizure, and leukodystrophy. '
Patients with a heterozygous murarion in SUMFI are
clinically healthy, suggesting that the partial defi-
ciency of SUMFI does not likely cause neurodegen-
crative disorders. In addition, in family B, we first
idendficd the missense mutaton P1059L in /TPRI.
Although we did not investigate the function of mu-
tant /TPRI with P1059L, we consider that this
P1059L mutation causes cerebellar ataxia, because
this muration was not present in 234 chromosomes
in Japanese controls and showed complete cosegrega-
tion with the disease. Morcover, the murated proline
residue at codon 1059 is highly conserved among
species. Recently, a parrial deletion of /7PRI has
been identified in a Japanese SCA16 family.® Taken
togerher, these results strongly confirm thar [TPRI is
the responsible gene for cerebellar ataxia in humans.

How do the deletions or the missense mutation
of ITPRI cause cercbellar ataxia in patients with
SCA15? ITPR1 1.4,5-

is a major inositol

Copyright @ by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



triphosphate recepror, which mediates Ca*™ re-
lease from the endoplasmic reticulum in various
neurons, including CAl, basal ganglia, and the
thalamic neurons, particularly Purkinje neu-
rons.'*!* Intracellular Ca*>* homeostasis is impor-
tant for maintaining the funcrion of neurons
particularly Purkinje neurons.’® Indeed, mice ho-
mozygous for null /TPRI develop ataxia and epi-
lepsy  without  apparent morphologic
abnormalities."”"* On the other hand, mice het-
erozygous for null /TPRI develop mild moror dis-
coordinaton without apparent morphologic
abnormalities in the cerebellum.'® Thus, the hap-
loinsufficiency of JTPR! may result in dysfunc-
tions confined to Purkinje neurons, and the
complete loss of /TPRI results in dysfunctions in
both cortical and Purkinje neurons, The finding
indicates thar Purkinje neurons are particularly
vulnerable to the gene dosage of /TPRI. Indeed,
none of the individuals with SCA15 with /TPRI
mutation had epilepsy or abnormal electroen-
cephalograms, and the clinical phenotype was lim-
ited to cerebellar araxia with tremor even in the
elderly.*** The neuropathologic findings of indi-
viduals with /TPR] dcletion or missense muta-
tions will confirm this speculation.

Dysregulation of intracellular Ca®* homeostasis
by haploinsufficiency or missense mutation of /TPR1
results in dysfunction of Purkinje neurons, and uld-
mately might result in degeneration of Purkinje neu-
rons in humans. The study of the molecular
mechanism underlying Purkinje cell degeneration
caused by /TPRI will provide new insights into the
mechanism of ataxias and eventually the develop-
ment of new therapeutic approaches for preventing
the degeneration of Purkinje neurons,

El t. A k Fpr

NCBI accession
numbers: Homo sapiens ITPR1, AAB04947.2; Bos
raurus ITPR1, NP_777266.1; Mus musculs
ITPR1, NP_034715.2; Rattus norvegicus 1TPRI,
NP_001007236.1; Gallus gallus TTPR1, XP_414438.2:
Xenopus lacvie TTPR1, NP_001084015.1; Apis mellfera
ITPR1, XP_392236.3; Caenorhabditis elegans TTPR1,
NP_001023174.1.

Received September 21, 2007. Accepred in final form January 31,
2008.
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Amyorrophic lateral sclerosis (ALS) is a famal neurodegenera-
rive disorder. Accumularing evidence has shown that 43kDa
TAR-DNA-binding protein (TDP-43) is the disease prorein
in ALS and frontotemporal lobar degeneration. We previ-
ously reported a familial ALS with Bumina bodies and TDP-
43-positive skein-like inclusions in the lower motor neurons;
these findings are indistinguishable from those of sporadic
ALS. In three affected individuals in two generations of one
family, we found a single base-pair change from A 0 G ar
position 1028 in TDP-43, which resulted in a Gln-to-Arg
substitution at pesition 343, Our findings provide a new in-
sight into the molecular pathogenesis of ALS.
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Amyotrophic lateral sclerosis (ALS) is a fatal and incur-
able neurodegenerative disorder. One of the neuro-
pathological hallmarks of ALS is the presence of ubi-
quitinated neuronal cympiasmic inclusions (NCls) in
lower moror neurons.? Recently, the 43kDa TAR-
DNA-binding protein (TDP-43) has been identified as
the major component of NCls in sporadic ALS (SALS)
and superoxide dismutase 1 (SOD1)-negative familial
ALS (FALS), as well as sporadic and familial fronto-
temporal lobar dementia (FTLD).*7 Furthermore, the
abnormal-molecular-weight fragments of TDP-43 were
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detected in affected nervous tissues.™>® These results
suggest that TDP-43 is a causative protein in these dis-
orders. However, the significance of TDP-43 in the
pathogenesis of these neurodegenerative disorders re-
mains ro be elucidated.

We have reporied the case of a SODI-negative
FALS family, in which one autopsied case showed de-
generation [imited ro the lower and upper motor neu-
ron systems, with Bunina bodies and ubiquitinated
skeinlike inclusions in the remaining lower motor neu-
rons; the clinical and pathological findings are indistin-
guishable from those in SALS.” Subsequently, we dem-
onstrated that the ubiquitinated inclusions were
immunoreactive for TDP-43.% Here, we report a mis-
sense mutation in TDP-43 in the case’s family. Fur-
thermore, we found a widespread distribution of TDP-
43-immunoreactive neuronal and glial cytoplasmic
inclusions, as well as abnormal-molecular-weighr frag-
ments of TDP-43 in the spinal cord of an affected in-
dividual with this mutation.

Subjects and Methods

Musational Analysis of TDP-43

Sixteen ALS families in which mumation of the 50D/ gene
had been excluded were enrolled, High-molecular-weight
genomic DNA was extracted after obrining patients’ in-

TR20EE BE sEFERaE V. BREROTITS- RIS

formed consent. RNA was exmcted from the spinal cord of
an affected individual (Fig 1A; Subject 11-2) and a control
subject.” We also analyzed genomic DNA from 92 clinically
diagnosed SALS patients, 20 autopsy-confirmed SALS cases,
and 4 autopsy-confirmed cages with related disorders: fron-
totemporal lobar degeneration with ubiquitin-positive inclu-
son (FTLD-U) in | case; FTLD with moror neuron disease
in 2 cases; and primary lateral sclerosis in 1 case. We ampli-
fied all the exons of TDP-43 (NM_007375) with the use of
a series of primers, followed by sequence reacrion. This study
was approved by the Ineritutional Review Board of Niigara
Universiry.

TDP-43 Immunohistochemistry

In an autopsied case (see Fig 1A; Subject [1-2), the distribu-
tion of TDP-43-immunoreactive NCls and glial cytoplasmic
inclusions (GCls) was studied.” We prepared dpm-thick,
paraffin-embedded sections. These sections were immuno-
stained by the avidin-biotin-peroxidase complex method with
the use of a Vecrasrain ABC kit (Vector Laboratories, Bur-
lingame, CA) and a rabbit polyclonal antibody against
TDP-43 (10782-1-AP; 1:4.000; ProteinTech Group, Chi-
cago, 11).

Plasmid Constructs
Full-lengeh, wild-type, human TDP-43 complementary
DNA (cDNA) was isolated from the human whole-brain

A B

I
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Fig 1. Detection of TDP43 mutation in familial amyotrophic lateral sclerosis (FALS). (A) Partial family pedigree. Q343R,
Al028G change in genomic DNA in hetevozygous state. Age ar death or current age and age at ducase onset (n [m]) are
indicated. (B) DNA sequence of genomic polymerase chain reaction (PCR) product, Arrow indicates AI028G in the patient.
The resulring Q343R is shown ar the bottom of the chromatogram of the patient. (C) DNA sequence of reverse transcribed poly-
merase chain reaction (RT-PCR) product from spinal cord of the autopsied caze. Arrow indicares AI028G in the case. (D)
Analysis of A1028G in genomic PCR products. Mspl digestion of PCR products is shown; fragment sizes in base pairs are indi-
cated on the left. Lanes 1 to 3 indicate patients; lanes 5 to 7 indicate normal control subject. (E) Sequence alignments of
TDP-43 in different species. An amino-dacid sequence of Homo sapiens NP_031401.1, Pan troglodyres XP_001135199.1,
Mus musculus NP_663531.1, Gallus gallus XP_417612.1, Drosophila melanogaster NP_477400.1, and Anopheles gambiae
XP_309663.2 were multiply aligned with the use of the ClustalW program, version 1.81."" The numbering on tap of the align-
ments correlates with the human amino acid sequence. Amino acid 343, which is the site of Q343R, is indicated. ND = not

determined.
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cDNA library (Clontech, Palo Alto, CA) and subcloned into
the pcDNA DEST-40 (Invitrogen, Carlsbad, CA) or
pEGFP-C3 vector (Clontech). TDP-43 muranr (Q343R)
¢DNA was generated with the use of 2 GeneTailor sire-
dirccted mutagenesis system (Invitrogen) and subcloned into
the pcDNA DEST-40 or pEGFP-C3 vector 1o express green
fluorescent protein-ragged TDP-43 in mammalian cells.

Fractionation of Frozen Spinal Cord Tissues and
Immunablotting
Proteins from the spinal cord of the autopsicd case (see
FiglA; Subject 11-2), five SALS parients, and three control
subjects was extracted as described previously.'® In brief, fro-
zen tissues were homogenized in buffer A (10mmol/L Tris-
HCl [pH 7.5], Immoal/l. EGTA, Immol/L dithiothreital,
109% sucrose) and centrifuged. The resulting pellets were
then extracred in buffer A conmining 1% Triton X-100
(Sigma, Sr. Louis, MO) and centrifuged. These pellers were
bsequently homogenized in buffer A containing 1% sarko-
syl, incubated for 1 hour, and cenmifuged. The sarkosyl-
insoluble pellers wete solubilized in 8mol/L urea buffer. Afer
centrifugation, the supernatants were separated by sodium
dodecyl sulfate-polyacrylamide gel clectrophoresis and ana-
Iyzed by immunoblorting with the anti-TDP-43 rabbir poly-
clonal antibody (10782-1-AP; 1:1,000; ProteinTech Group)
and anti-neurofilament L rabbit polyclonal antibody (NA
1214; 1:1,000; BIOMOL International L.P, Exeter United
Kingdom),

Cell Culture and Confocal Micrascopy

COS-7. human embryonic kidney 293, and C6 cells were
grown and rransfected with the use of lipofectamine 2000
(Invitrogen). All images were acquired with an inverted mi-
croscope (TE-300NT; Nikon, Tokyo, Japan) and a confocal
microscope (CSU-10; Yokogawa, Tokye, Japan) equipped
with a 40X objecrive.

Results

Mutation Detection

We analyzed the sequence of TDP-43 in the 16 ALS
families in which muration of the SODJ gene had been
excluded. We found a single base-pair change at posi-
rion 1028 from A o G (A1028G) in exon 6, which
resulted in a Gln-to-Arg substitution at position 343
(Q343R) in TDP43 in three affected individuals in
two generations in one FALS family (see Figs 1A, B).?
The sequence analysis of the reversed transcribed poly-
merase chain reaction products of messenger RNA,
which was extracted from the spinal cord of the autop-
sied case (see Fig 1A: 11-2), showed that both normal
and mutang alleles were transcribed (see Fig 1C). This
substitution results in the generation of a novel Mipl
restriction site (see Fig 1D). By polymerase chain reac-
tion restriction fragment length polymorphism analysis,
we found thar the A1028G substitution did not exist
in any of 267 unrelated healthy individuals, 92 patients
clinically diagnosed with SALS, 20 cases with autopsy-
confirmed SALS, or 4 cases with autopsy-confirmed
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sporadic neurodegenerarive disarders (FILD-U [n =
1], FTLD with motor neuron disease [n = 2], primary
lateral sclerosis [n = 1]}, Furthermore, glutamine at
position 343 is well conserved in several species (see
Fig 1E)."!

Clinicil Features and Pashology

The age at onset of FALS is from 52 wo 75 years (see
Fig 1A).” All affected individuals predominantly expe-
rience development of dysarthria and dysphagia, which
are features similar o those of bulbar-type SALS.” Fur-
thermore, the neuropathological findings that include
the presence of Bunina bodies and ubiquitin-positive
NCls in lower motor newrons are quite similar to those
of SALS.® TDP-43-immunoreactive NCls and GCls
were also observed in various regions of the subjects’
central nervous systems (Table).

TDP-43 Expression Analysis

To characterize TDP-43 protein biochemically, we se-
quentially extracted proteins from the spinal cord of
the autopsicd case using buffers with increasing abiliies
to solubilize proteins and then analyzed the proteins by
immunoblotting with an anti-C-terminal TDP-43 an-
tibody. In addition to the band corresponding to full-
Jength TDP-43, an approximarely 25kDa band and an
approximately 45kDa band were detected for all solu-
ble and insoluble fractions (Fig 2A). Analysis of 1%
satkosyl-soluble fractions extracted from the spinal cord
of the control subjecrs, SALS patients, and FALS pa-
tients with (Q343R demonstrated that an approxi-
mately 25kDa band and an approximately 45kDa band
were more distinctly observed in the FALS patient with
Q343R;than in the cdptrol subjects and SALS patients
(see Fig 2B).

Because a TDP-43-positive inclusion is cyroplasmic
and abolishes normal nuclear TDP43 staining,*® we
investigated the’ consequences of the Q343R substitu-
tion at the cellular level. We transiently transfected
wild-type or Q343R-myc— or GFP-tagged TDP-43
c¢DNA constructs into COS-7, human embryonic kid-
ney 293, and C6 cells. Both the wild-type and Q343R
TDP-43grorteins localized to the nucleus with a punc-
tiated pattern, which partially colocalized with coilin,
suggesting that the Q343R muration has no adverse
cﬁ'cctlnn subeellular localization of TDP-43 (see Fig
20

Discussion

In this study, we show Q343R substitution in TDP-43
in a family with ALS. Although we did not obrain
DNA from unaffected individuals and we failed to
show abnormal localization of TDP-43 with Q343R,
we consider this Q343R substitution to be associated
with the ALS phenotype in the family for the following
reasons. First, Q343R was not present in 534 chrome-



Table. Distribution of TDP-43-Immunoreactive
Neuronal and Glial Cytoplasmic Inclusions

Cerebral correx

Fronual - -
Moror =+ +
Parietal + =
Temporal + e
Insular correx + +

 Entorhinal = =

! Subcortical areas

o Hippra.mpus = =
Amygdala % =
Basal nucleus of Meynert NE NE
Caudate and putamen + +

Globus pallidus = *=
«  Internal capsule =
Thalamus + +
Subthalamic nucleus NE NE r
Brainstem .?
Midbrain tectum .

=TS = A

Reticular formation
Red nucleus
Substantia nigra
Cerebral peduncle +
Locus ceruleus NE NE *

Facial nucleus (motor) + -

+ = + %
+

TIT

Pontine nuclei - =

Superior olivary nucleus - =

i
+

Hypoglossal nucleus
Dorsal vagal nucleus
Nucleus ambiguus

+ o+ o+
[

Inferior olivary nuclei

Pyramis ;
Spinal cord

Anterior hom + + a

T Tl SRRl P T, W N

Intermediate lateral nucleus - =
Clarke nucleus - -

. Posterior horn + =

! White matter -
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somes in Japanese control subjects. Second, rhe glu-
tamine at position 343 is well conserved in several spe-
cies. Third, Q343R was present in three affected
individuals, including one autopsy-confirmed case, in
two generations.”

We observed widespread distribution of TDP-43-
immunoreactive NCls and GCls in the autopsied case
who had this substitution.® The autopsied case demon-
strated neuronal loss and gliosis restricted to the lower
and upper motor neuron systems; however, the case
demonstrated the TDP-43-immunoreactive NCIs and
GCls in various regions of the central nervous system
(see the Table), suggesting that the case had a multi-
system neuroglial proteinopathy of TDP-43.%? Similar
findings in SALS have also been described.® Interest-
ingly, none of the affected individuals in the family
showed dementia.” Although a few TDP-43-immuno-
reactive NCls were found in the parietal, temporal,
and insular cortices (no such inclusions were ohserved
in the hippocampal dentate granule cells), no neurode-
generative features were evident in the aurtopsied case,
indicating that Q343R substitution is not sufficient to
cause FTLD.%?

In this study, we failed to show abnormal functional
consequence of Q343R substitution in TDP-43. How-
ever, we found abnormal-molecular-weight fragments
of TDP-43 in the spinal cord of the autopsied case;
these fragments are observed in SALS and in SODI-
negative FALS.>™7 This result suggess that the
(Q343R substirution accelerates the production of
abnormal-molecular-weight fragments of TDP-43. Fur-
thermore, the Q343R substitution is located in the
C-terminal region of TDP-43; this region is essential
for binding to heterogeneous nuclear ribonucleopro-
teins and exhibits RNA-splicing inhibitory activity.'?
The result suggests thar the substitution alters the abil-
ity of TDP-43 1o bind to hererogeneous nuclear ribo-
nucleoproteins and discurb RNA splicing.

Although the frequency of the mutation of the cod-
ing sequence of TDP-43 is rare,"* further study for the
functional consequences of Q343R substitution in
neurons and glia should clarify the molecular basis for
the association between Q343R substitution and the
ALS phenorype, and may provide new insights into the
pathomechanism of ALS,
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Fig 2. Biochemical analysis r:f{‘}l‘ﬁ;r TAR-DNA-binding protein (TDP-43)
f cantrol subjects and ALS patient with TDP-43 mutation llpm!'arr." with
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