detected in affected nervous: tissues 3-8 These résults

suggest that TDP-43 is a causative protein in these dis-

orders. However, ‘the significance of TDP-43 in the
pathogencsxs of ‘these ncurodegeneranve dxsorders re-

mains to be elucidated.
We have repo;ted the:.case.of a SODI -negative
FALS family, in which one autopsied case showed de-

generation limited to the lower and upper motor neu-
and ubiquitinated

ron systems, with Bunina bo
skeinlike inclusions in the remaining lower motor neu-
rons; the clinical and pathologtcal findings are indistin-

guishable from those in SALS.? Subsequently, we dem-

onstrated = that  the  ubiquitinateéd - inclusions=* were
immunoreactive for TDP-43. 8 Here, Wwe report a mxs—
sense mutation in 7D ' y. Fur
thermore, we found a widespread distribution of TDP~
43—immunoreactive neuronal and glial cytop

inclusions, as well as abnormaLmolecuIar—wenght fragQ

ments of TDP-43 in the spms.l cord of an affected in-
dmdual with this mutation.. ,

Sub;ects and Me.thods

Mutational Amzly s of TDP-43

Sixteen ALS famil which muration of the SODI gene
had been excluded ‘were enrolled. Htghvmoleculal—wezght
genomic DNA was extracted after obtaining patients’ in-

formed consent. RNA was-extracted from: the spinal cord of

an affected individual (Fig 1A; Subject 11-2) and a1 control
subject.” We also ana]yzed genomic DNA from 92 clinically
diagnosed SALS patients; 20 autopsy-confirmed SALS cases,
and- 4 autopsy-confirmed cases with related -disorders: fron-
totemporal:-lobar degeneration with ubiquitin-positive:inchi=-
siot (RTLD-Uy in 1 casey FTLD with:mototneuron disease
in 2 cases; and prifary lateral sclerosis i1 caser We ampli-
fied all the exons of TDP-43 (NM 007375) witli the use of
a seties of primers, followed by sequence reaction. This study
was approved by the Institutional Review Board of Nugam
Umvetstty‘

TDP&43 lmmunobzstoc/aemzst;y

mclusxons (GCIS) was. stud;ed9 We: prepared 4;.Lm—th1ck
paraffin-embedded sections: These sections were immuno-
stainied by the avidin-biotin-peroxidase complex method with
the use of a Vectastain ABC kit (Vector Laborarories; But-
lingame, CA) and a rabbic polyclonal antibody
TDP-43 (10782-1- 000; :

cago; 11).

AI028G change in genomic DNA in be

indicated. (B) DNA sequence of genomic

The resulting Q343R is shown ar

merase chain reaction (RT-PCR) p

Analysis of AI028G in genomic PCGR pwduc

cated on the left, Lanes | to. e pat

TDP-43 in di ﬁé: ent species, An amino-acid. seque
V G al

ents corvelates with the human amin zzcz
determined, '

Drosophila melan stef :
" Anopheles gambias

merase cfmm reaction (PCR) product. Arrow indicares A1028G in the patient.
ramuatogram of the patient. (G) DNA sequence of reverse transcribed poly-
the autopsied case. Arrow indicates AIO28G in the case. (D)
Mspl digestion of PCR products is shown; fragment sizes in base pairs are indi-
to 7 indicate normal control subject. (E) Sequence alignments of
Homo sapiens NP 031401.1, Pan troglodytes XP 001135199.1,
1, Drosophila melanogaster NP_477400.1, and Anopheles gambiae -
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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 mutant (Q343R)
¢DNA was generated with the use of a GeneTailor site-
directed mutagenesis system (Invitrogen) and subcloned into
the pcDNA DEST-40 or pEGFP-C3 vector to express green
fluorescent protein-tagged TDP-43 in mammalian cells.

Fractionation of Frozen Spinal Cord Tissues and
Immunoblotting

Proteins from the spinal cord of the autopsied case (see
FiglA; Subject 11-2), five SALS patients, and three control
subjects was extracted as described previously.m In brief, fro-
zen tissues were homogenized. in buffer A (10mmol/L. Tris-
HCl [pH 7.5]; tmmol/L EGTA, 1mmol/L: dithiothreitol,
10% * sucrose). and: centrifuged. The: resulting - pellets were
then extracted . in buffer ‘A containing 1% Triton: X-100
(Sigma, St. Louis, MO) and centrifuged. These pellets:were
subsequently homogenized in buffer A conraining 1% sarko-
syl, incubated for 1 hour, and centrifuged. The sarkosyl-
insoluble pellets were solubilized in 8mol/L urea buffer. After
centrifugation, the supernatants were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and ana-
lyzed by immunoblotting with the anti-TDP-43 rabbit 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 Uhited
Kingdom).

Cell Culture and Confocal Microscopy '

COS-7, human embryonic kidney 293, and C6 cells were:

grown and transfected 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, Tokyo, Japan) equipped
with ‘240X objective.

Results

Mutation Detection

We analyzed the sequence of TDP-43 in the 16 ALS
families in which mutation of the SODI gene had been
excluded. We found a single base-pair change at posi-
tion 1028 from A to G (A1028G) in exon 6, which
resulted in a Gln-to-Arg substitution at position 343
(Q343R) in TDP-43 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; I1-2), showed that both normal
and mutant alleles were transcribed (see Fig 1C). This
substitution results in the generation of a novel Mgl
restriction site (see Fig 1D). By polymerase chain reac-
tion restriction fragment length polymorphism analysis,
we found that 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 neurodegenerative disorders (FTLD-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)."

Clinical Features and Pathology

The age at onset of FALS is from 52 to 75 years (see
Fig 1A).> All affected individuals predominantly expe-
rience development of dysarthria and dysphagia, which
are features similar to those of bulbar-type SALS.” Fur-
thermore, the neuropathological findings that include
the presence of Bunina bodies and ubiquitin-positive
NCIs in lower motor neurons are quite similar to those
of SALS.® TDP-43—immunoreactive NCIs 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 autopsied case using buffers with increasing abilities
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-
length TDP-43, an approximately 25kDa band and an
approximately 45kDa band were detected for all solu-
ble and insoluble fractions (Fig 2A). Analysis of 1%
sarkosyl-soluble fractions extracted from the spinal cord
of the control subjects, 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 control subjects and SALS patients
(see Fig 2B).

Because a TDP-43—positive inclusion is cytoplasmic
and abolishes normal nuclear TDP-43 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
¢DNA constructs into COS-7, human embryonic kid-
ney 293, and C6 cells. Both the wild-type and Q343R
TDP-43 proteins localized to the nucleus with a punc-
tuated pattern, which partially colocalized with coilin,
suggesting that the Q343R mutation has no adverse
effect on subcellular localization of TDP-43 (see Fig
2C).12 B

Discussion

In this study, we show Q343R substitution in 7DP-43
in a family with ALS. Although we did not obtain
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 chromo-
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sofries it Japanese control-subjects: Second; ‘the glu-
tamine at position 343 is well conserved in several spe-
cles. Thxrd Q343R was present in three affected
mdwtdua 5, mcludmg one autopsy—conﬁrmed case, in
two. generations.”

We observed wxdespread distribution of TDP-43-
‘ _— ; : , immunoreactive NCIs and GClIs in the autopsied case
_Motor E b - who had this substitution.® The autopsied case demon-
Paded -+~ | strated neuronal loss and gliosis restricted to the lower
Temporal o : and upper motor neuron systems; however;-the case
' ' demonstrated the TDPp: 43—xmmunoreactlve NCIs and

Table. ﬁisttibutioﬁ, éf TDP-43-Imm!‘mqt§active
Neuronal and Glial Cytoplasmic Inclusions

Cerebral cortex

Frontal

JInsulae coxtex

E 1torhmal
Subc tzcal ateas V
- Hippocampus .

Amygdala

Basal nucleus of Meynext

‘ Caudate and putamen
‘ Globus palhdus

lntemal capsule

mg ;
cause FTLD.& - Caeina
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—

2 L G , thermore; substicution is Iocated in the
 Facidl nucleus (motor) , C-terminal region of TDP-43; this region is essential
Pontine nuclel e for binding to heteroceneous nuclear nbonucleoprof,

neurons and “ha should ¢ mfy the moleculax: basxs for.

fofofo ‘ S i , the' ssocxatxon:between Q543R substmmon and the !

Intermedxate }ateral nucleus

Clalke nuc!cus
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Fig 2. Biochemical analysis of 43kDa TAR-DNA-binding protein (TDP-43) in familial amyotrophic lateral sclerosis (EALS). (A)

Immunoblots of extracts from spinal cords of control su
(top) and anti-veurafilament L (bottom) antibodies
(asterisks) and approximately 45kDa bands (doubl

bjects and ALS patient with TDP-43 mutation probed with anti-TDP-43
. The 43kDa bands are observed for all the fiactions. The approximately 25kDa
¢ asterisks) are detected for the patient fractions. Lane 1, low salt; lane 2, bigh

salt with 19 Triton X-100; lane 3, 1% sarkosyl; lane 4, 8mmol/L wrea. (B) One percent sarkosyl-soluble fractions Jrom spinal

cords were subjected to immunoblot analysis with anti-
control subjects; lanes 4 to 8, sporadic ALS (SALS); lane 9,

TDP-43 (1ap) and anti-neurofilament L (bottom) antibodies. Lanes-1 10 3,
FALS with Q343R; (C) TDP:43 localization. COS-7 cells transfected

with wild-type or Q343R GFP-tagged TDP-43 and TurboRed-tagged coilin are shown. The merged image shows TDP-43 (green)
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