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ARTICLE INFO ABSTRACT

Article history:

TAR DNA-binding protein of 43 kDa (TDP-43) is the major component of the intracellular inclusions in
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Here, we show that
both monoclonal (60019-2-Ig) and polyclonal (10782-2-AP) anti-TDP-43 antibodies recognize amino
acids 203-209 of human TDP-43. The monoclonal antibody labeled human TDP-43 by recognizing
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KeyWOfdﬁ-’ Glu204, Asp205 and Arg208, but failed to react with mouse TDP-43. The antibodies stained the abnor-
?gg‘eg“t“’" mally phosphorylated C-terminal fragments of 24-26 kDa in addition to normal TDP-43 in ALS and FTLD
Aiuha—s nuclein brains. Immunoblot analysis after protease treatment demonstrated that the epitope of the antibodies
AL‘; Y (residues 203-209) constitutes part of the protease-resistant domain of TDP-43 aggregates which deter-
FTLD mine a common characteristic of the pathological TDP-43 in both ALS and FTLD-TDP. The antibodies and

methods used in this study will be useful for the characterization of abnormal TDP-43 in human mate-

rials, as well as in vitro and animal models for TDP-43 proteinopathies.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

TDP-43 is a nuclear ribonucleoprotein implicated in exon splic-
ing, gene transcription, regulation of mRNA stability, mRNA bio-
synthesis, and formation of nuclear bodies [1-5]. It has been
identified as the major component of the ubiquitin-positive tau-
negative intracytoplasmic inclusions in frontotemporal lobar
degeneration (FTLD), amyotrophic lateral sclerosis (ALS) [6,7] and
other neurodegenerative disorders [8-12]. Identification of muta-
tions in familial and sporadic ALS and FTLD cases demonstrated a
direct link between the genetic lesion and development of TDP-
43 pathology [13-16]. Immunohistochemical studies using anti-
TDP-43 antibodies revealed that TDP-43 translocates from its
normal nuclear localization into the cytoplasm in these disorders.
Furthermore, biochemical analysis detected abnormally phosphor-
ylated TDP-43 of 45 kDa, high-molecular-weight smearing and
C-terminal fragments of approximately 25 kDa, as well as normal
TDP-43 of 43 kDa in the detergent-insoluble, urea-soluble fraction
from affected brains. The antibodies generated by immunizing
C-terminal phosphopeptides of TDP-43, such as pS409/410 and
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pS403/404, strongly stain abnormal neuronal cytoplasmic and
dendritic inclusions in FTLD, and skein-like and glial cytoplasmic
inclusions in ALS spinal cord, with no nuclear staining, and thus
permit easier and more sensitive detection of abnormal TDP-43
accumulations in neuropathological examination [17]. Immuno-
blotting of the Sarkosyl-insoluble fractions from FTLD and ALS
cases using these phosphospecific antibodies clearly demonstrated
that hyperphosphorylated full-length TDP-43 of 45 kDa, smearing
substances and fragments at 18-26 kDa are the major species of
TDP-43 accumulated in FTLD and ALS, and the band patterns of
the C-terminal fragments of phosphorylated TDP-43 correspond
to the neuropathological subtypes.

Anti-TDP-43 monoclonal antibody (mAb) (60019-2-Ig; Protein-
tech Group Inc., Chicago, IL) and polyclonal antibody (pAb) (10782-
2-AP; Proteintech Group Inc., Chicago, IL) are widely used for the
investigation of TDP-43 pathology [6,7,9,18-21]. According to the
manufacturer’s specifications, anti-TDP-43 mAb and pAb were
generated against the N-terminal 260 amino acids (aa) of the pro-
tein, but the precise epitope has not yet been identified. Another
mouse monoclonal antibody against TDP-43 (2E2-D3; Abnova Cor-
poration, Taipei, Taiwan) is also commercially available; it recog-
nizes residues 205-222 of human TDP-43, but does not recognize
mouse or rat TDP-43 [22].
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In this study, we mapped the epitope for anti-TDP-43 mAb and
pAb (Proteintech Group Inc.). We also showed that anti-TDP-43
mAb recognizes human TDP-43, but not mouse TDP-43. Using
these antibodies, we investigated the abnormal forms of TDP-43
from ALS and FTLD brains, and found that the antibodies recog-
nized the amino-terminus of the TDP-43 C-terminal fragments of
24-26 kDa. Immunoblot analysis of Sarkosyl-insoluble fractions
after treatment of proteases also demonstrated that the epitope
is apparently resistant to trypsin and chymotrypsin in the abnor-
mal TDP-43, suggesting that the epitope region is important for
the formation of the pathological structure of TDP-43 in ALS and
FTLD. :

2. Materials and methods
2.1. Construction of plasmids

GFP-tagged TDP-43 C-terminal or N-terminal fragments were
constructed as described [23] by amplifying a ¢DNA encoding
full-length TDP-43 by means of PCR and inserting the fragment
into the pEGFP-C1 vector (Clontech). To investigate the specificity
of TDP-43 mAb for human TDP-43, site-directed mutagenesis of
GFP-tagged full-length TDP-43 was carried out to substitute
Glu204 to Ala (E204A), Asp205 to Glu (D205E), Arg208 to Gin
(R208Q), Glu209 to GIn (E209Q), Ser212 to Cys (5212C), Asp216
to Glu (D216E), and Met218 to Val (M218V), using a site-directed
mutagenesis kit (Strategene)(Fig. 4). All constructs were verified
by DNA sequencing.

2.2. Antibodies

TDP-43 polyclonal antibody, 10782-2-AP, and TDP-43 monoclo-
nal antibody, 60019-2-Ig, were purchased from Proteintech Group
Inc. Anti-GFP monoclonal antibody was purchased from MBL
(Nagoya, Japan). A polyclonal antibody specific for phosphorylated
TDP-43 (pS409/410) was prepared as described [17].

2.3. Cell culture and expression of plasmids

Human neuroblastoma cell line SH-SY5Y and mouse neuroblas-
toma cell line Neuro 2a were maintained in appropriate medium as
described previously [24,25]. Cells were then transfected with
expression plasmids using FuGENE6 (Roche) according to the
manufacturer’s instructions.

2.4. Immunoblotting

Expressed proteins in cell lysates were separated by 10% SDS-
PAGE and transferred onto polyvinylidene difluoride membrane
(Millipore, Bedford, MA). After blocking with 3% gelatin, mem-
branes were incubated overnight with primary antibodies
(1:1000) at room temperature. After incubation with an appropri-
ate biotinylated secondary antibody, labeling was detected using
the ABC system (Vector Lab., Burlingame, CA) coupled with a
diaminobenzidine (DAB) reaction intensified with nickel chloride.

2.5. Analysis of abnormal TDP-43 in ALS and FTLD-TDP brain

Brains from two cases with Alzheimer’s disease (AD), two with
ALS, two with FTLD-TDP (type A), two with FTLD-TDP (type B) and
two with FTLD-TDP (type C) were employed in this study. The two
AD cases had no TDP-43 pathology. The age, sex, brain weight, and
diagnosis are given in Table 1. Sarkosyl-insoluble, urea-soluble
fractions were extracted from these brains as previously described
[6,9]. The samples were loaded onto 15% polyacrylamide gel and

Table 1
Description of subjects.
Case No. Diagnosis Age (years) Sex BW (g)
1 AD 65 F 1165
2 AD 70 F 1126
3 ALS 62 M 1230
4 ALS 42 F 1140
5 FTLD-TDP (type A) 71 F 863
6 FTLD-TDP (type A) 66 F 1100
7 FTLD-TDP (type B) 45 M 1260
8 FTLD-TDP (type B) 67 M 1280
9 FTLD-TDP (type C) 67 M na
10 FTLD-TDP (type C) 59 M na

BW, brain weight; AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis;
FILD-TDP, frontotemporal lobar degeneration with TDP-43 pathology; na, not
available.

transferred onto a membrane. The membrane was cut in the center
of the loaded lane, and the same samples were reacted separately
with anti-TDP-43 Abs and pS409/410 as described above.

2.6. Protease treatment of TDP-43

Sarkosyl-insoluble fractions extracted from neocortical regions
of the brains were treated with trypsin (at a final concentration
of 100 pg/ml, Promega, Madison, USA) or chymotrypsin (at a con-
centration of 10 ug/ml, Sigma-Aldrich, St. Louis, USA) at 37 °C for
30 min. The reaction was stopped by boiling for 5 min. After centri-
fuging at 15,000 rpm for 1 min, the samples were analyzed by
immunoblotting with anti-TDP-43 pAb and mAb as described
above.

3. Results
3.1. Epitope mapping of anti-TDP-43 antibody

Our previous study showed that both TDP-43 mAb and pAb re-
acted with GFP-tagged TDP-43 C-terminal fragment (GFP-TDP
162-414), but failed to detect GFP-TDP 218-414 [23]. To map
the epitope of these antibodies, we expressed a series of GFP-
tagged human TDP-43 C-terminal fragments (Fig. 1A) in SH-SY5Y
cells and immunoblotted them with the antibodies. Both anti-
TDP-43 pAb and mAb detected endogenous human TDP-43 of
43 kDa and exogenous GFP-tagged full-length, 171-414, 181~
414, 191-414 and 201-414 TDP-43. However, both antibodies
failed to detect 211-414 (Fig. 1A). These results suggest that the
epitopes of these antibodies are located within residues 201-210.

To narrow down the epitope structure further, another series of
GFP-tagged C-terminal fragments of TDP-43 was expressed in SH-
SY5Y cells (Fig. 1B) and tested. Both antibodies reacted with GFP-
TDP 203-414, but failed to recognize GFP-TDP 204-414, 205-414
and 207-414 (Fig. 1B), demonstrating that Thr203 forms the N-ter-
minal border of the epitope for both antibodies.

To determine the C-terminus of the epitope, a series of GFP-
tagged N-terminal fragments of TDP-43 was expressed and immu-
noblotted with these antibodies (Fig 1C). Anti-TDP-43 pAb reacted
with all of the N-terminal fragments tested, although it stained the
1-212 fragment most strongly. This suggests that one of the pAb
epitopes is located at the N-terminal region of TDP-43, in addition
to the central epitope. Anti-TDP-43 mAb strongly stained GFP-TDP
1-212, moderately stained GFP-TDP 1-210, and barely stained GFP-
TDP 1-209, while it failed to react with GFP 1-208 and 1-207
(Fig. 1C), indicating that Glu209 forms the C-terminus of the epi-
tope for anti-TDP-43 mAb. Thus, anti-TDP-43 mAb recognizes res-
idues 203-209 of human TDP-43,
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Fig. 1. Epitope mapping of anti-TDP-43 polyclonal and monoclonal antibodies. (A) Schematic diagram of GFP-tagged full-length TDP-43 (GFP-TDP) and the C-terminal
fragments. Immunoblot analyses of GFP-TDP and the C-terminal fragments in SH-SY5Y cells. Both mAb and pAb reacted with GFP-TDP and the C-terminal fragments, except
for 211-414, The anti-GFP antibody recognizes all the proteins expressed. (B) Further epitope mapping of anti-TDP-43 antibodies. Immunoblot analyses of the GFP tagged
C-terminal fragments of TDP-43, Both mAb and pAb reacted with 203-414, but failed to recognize 204-414, 205-414, and 207-414. The anti-GFP antibody recognizes all of
the fragments, (C) Epitope mapping of the C-terminus recognized by anti-TDP-43 polyclonal and monoclonal antibodies. Immunoblot analyses of GFP-TDP and N-terminal
fragments in SH-SY5Y cells. Anti-TDP-43 pAb reacted with all of the N-terminal fragments, although it stained 1-212 fragment most strongly. In contrast, anti-TDP-43 mAb
strongly stained GFP-TDP 1-212, moderately stained GFP-TDP 1-210, and barely stained GFP-TDP 1-209, while it failed to react with GFP 1-208 and 1-207. The anti-GFP
antibody recognized ail of the fragments equally. The arrows indicate endogenous TDP-43 in SH-SY5Y cells.

3.2. Amino acid sequence differences between human and mouse TDP-
43

The anti-TDP-43 mAb reacted with endogenous TDP-43 of
human neuroblastoma SH-SY5Y cells, but not with TDP-43 of
mouse neuroblastoma Neuro2a cells (Fig. 1B, 1C, 2B). Similarly,
the mAb recognized TDP-43 in human brain extract, but failed to
detect TDP-43 in mouse brain extract, suggesting that the mAb
does not recognize mouse TDP-43 (data not shown). The absence
of reactivity with mouse TDP-43 is explained by
the sequence differences around the epitope between human and
mouse TDP-43 (Fig. 2A). Each different amino acid of human
TDP-43 was substituted to that of mouse TDP-43. The mutated
proteins were expressed in NeuroZ2a cells and immunoreactivity
with anti-TDP-43 mAb was examined. Substitution of D216 to E
and M218 to V did not affect the immunoreactivity (Fig. 2B),
whereas substitutions of E204 to A, D205 to E, and R208 to Q abol-
ished the immunoreactivity of anti-TDP-43 mAb, indicating that
these residues are necessary for recognition by the mAb.
Anti-TDP-43 pAb reacted with these mutants, although a marked

decrease in immunoreactivity was observed in the cases of
E204A, D205A, R208Q, and S212C.

3.3. Biochemical analysis of abnormal TDP-43 in ALS and FTLD brains
with anti-TDP-43 mAb

On immunoblots of Sarkosyl-insoluble fractions extracted from
the brain of patients with ALS and FTLD-TDP (type A), the anti-
TDP-43 mAb detected phosphorylated full-length TDP-43 at
45 kDa, two bands around 25kDa and high-molecular-weight
smears, in addition to the normal TDP-43 band at 43 kDa, which
can also be detected in control cases. Immunoblot analysis of the
split membrane with a phosphorylation-dependent anti-TDP-43
antibody pS409/410 revealed that the two bands around 25 kDa
stained with the mAb corresponded to the C-terminal fragments
of 24 and 26 kDa recognized by pS409/410 (Fig. 3)[17]. These re-
sults demonstrated that these 24 and 26 kDa C-terminal fragments
contain the epitope of the mAb, residues 203-209, and that the
cleavage sites of these C-terminal fragments are located at the
N-terminal side of Thr203.
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Fig. 2. Alignment of human and mouse TDP-43 (A) and immunoblot analyses of
mutated TDP-43 with anti-TDP-43 antibodies. (A) The amino acid sequences of
human (upper) and mouse (lower) TDP-43 around the epitope of anti-TDP-43 mAb.
The asterisks show identical amino acids. (B) Immunoblot analyses of GFP-TDP wild
type (Wt) and GFP-TDP mutants expressed in Neuro2a cells, Substitution of D216 to
E and M218 to V did not affect the immunoreactivity, whereas substitutions of E204
to A, D205 to E, and R208 to Q, abolished the immunoreactivity of anti-TDP-43 mAb.
Anti-TDP-43 pAb reacted with all these mutants, although markedly decreased
immunoreactivities were observed in E204A, D205A, R208Q, and $212C. The arrows
indicated endogenous TDP-43 in Neuro2A cells. Note that endogenous mouse TDP-
43 in Neuro 2a cells was not recognized by anti-TDP-43 mAb.
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Fig. 3. Immunoblot analyses of Sarkosyl-insoluble fractions from ALS, FTLD-TDP
(type A), and AD brains with anti-TDP-43 monoclonal antibody and phosphoryla-
tion-dependent anti-TDP-43 antibody, pS409/410. With pS409/410, fragments of
approximately 45 kDa and 18-26 kDa, as well as smearing, were detected. The
banding pattern of 18-26 kDa fragments showed three major bands at 23, 24, and
26 kDa, and 2 minor bands at 18 and 19 kDa, with the 24 kDa band being the most
intense. In addition to the normal full-length TDP-43 at 43 kDa, anti-TDP-43 mAb
labeled phosphorylated full-length TDP-43 at 45 kDa, high-molecular-weight
smears and two bands at 26 kDa and 24 kDa (arrowheads), which were not seen
in the AD case. The two bands corresponded to the major 26 and 24 kDa bands were
detected with pS409/410.

3.4. The epitope of these TDP-43 antibodies constitute part of protease-
resistant core domain of TDP-43 in ALS and FTLD brains

In order to characterize the epitope further, we treated the
Sarkosyl-insoluble fractions extracted from brains of patients with
proteases and analyzed them with these antibodies. Without pro-

tease treatment, both antibodies strongly stained normal full-
length TDP-43 of 43 kDa in all cases examined including AD cases
which were without TDP-43 pathology. In ALS and FTLD-TDP cases,
phosphorylated full-length TDP-43 of 45 kDa (Fig 4A, arrows) and
the ~25 kDa fragments (Fig 4A, arrow heads) were detected with
these antibodies. After trypsin treatment, the full-length band of
TDP-43 was disappeared and the protease-resistant fragments
around 25 kDa (Fig 4B, white arrows) and smearing substances ap-
peared in the ALS and FTLD-TDP cases. Similarly, after chymotryp-
sin treatment, protease-resistant triplet bands of 16, 20 and 25 kDa
(Fig 4C, white arrow heads) and smearing substances were clearly
detected in ALS and FTLD-TDP-cases with the mAb, while no such
bands were seen in AD cases. On blot with the pAb, multiple bands
were detected in addition to the triplet, and some of these bands
were also detected in AD cases, suggesting that the pAb stained
some normal fragments in addition to the abnormal TDP-43 bands.
In the cases examined, apparent difference was not detected in
these trypsin-resistant and chymotrypsin-resistant bands detected
among the clinicopathological phenotypes of the diseases. By pro-
teinase K treatment, immunoreactivities with these antibodies
were completely abolished (data not shown), suggesting that the
epitope is not entirely resistant to any proteases. However, it is
obvious that the epitope of the TDP-43 deposited in the patients
is fairly protease-resistant compared to the normal protein. These
results indicate that the epitope of the mAb (residues 203-209 of
TDP-43) constitute part of the protease-resistant domain of TDP-
43 which determine a common characteristic of the abnormal
TDP-43 in both ALS and FTLD-TDP.

4. Discussion

This is the first analysis of the epitopes of Proteintech’s anti-
TDP-43 polyclonal and monoclonal antibodies, which have often
been used to research TDP-43 proteinopathies since 2006 [6,7].
We demonstrated that anti-TDP-43 mAb specifically recognizes
residues 203-209 of human TDP-43, which form a part of the sec-
ond RNA-recognition motif (RRM2, residues 193-257) of normal
TDP-43 [26], but constitute part of the protease-resistant core do-
main of TDP-43 aggregates that determine the common character-
istic of abnormal TDP-43 in ALS and FTLD-TDP-43.

RRM2 is a functional domain with distinct RNA/DNA binding
characteristics. The anti-TDP-43 mAb recognized human TDP-43,
but not mouse TDP-43. Site-directed mutagenesis and subsequent
immunoblot analysis revealed that Glu204, Asp205 and Arg208
residues in human TDP-43 are important for the specific recogni-
tion by the mAb (Fig. 2). In fact, human TDP-43 shares 98.5%
homology with mouse TDP-43 at the amino acid level, but the
RRM2 domain has only 66% homology.

We also showed that one of the major epitopes of the pAb is lo-
cated in almost the same region at that of the mAb (Fig. 1),
although the pAb also recognizes the N-terminal region of TDP-
43. Recently, TDP-43 transgenic mice overexpressing human
TDP-43 have been produced as animal models of TDP-43 protein-
opathy [27]. However, abnormal TDP-43 pathologies in these mice
are very rare, so new transgenic or other animal models that devel-
op abundant TDP-43 pathology are still required. Since the TDP-43
mAD recognizes human TDP-43, but not mouse TDP-43, it will be a
useful reagent for the characterization of mouse lines transgenic
for human TDP-43, together with phosphorylation-dependent
antibodies.

Biochemical analyses of TDP-43 proteinopathies have demon-
strated that abnormally phosphorylated full-length and C-terminal
fragments of TDP-43 are the major species in the inclusions. The
band patterns of the C-terminal fragments at 18-26 kDa are closely
correlated with the clinicopathological subtypes of TDP-43 pro-
teinopathies {17]. In addition, most of the pathogenic mutations
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Fig. 4. Immunoblot analysis of Sarkosyl-insoluble fractions from AD and TDP-43 proteinopathies before and after protease treatment. (A) Without protease treatment,
normal TDP-43 of 43 kDa was detected with these antibodies in all cases examined. In the ALS and FTLD-TDP cases, phosphorylated full-length TDP-43 of 45 kDa (arrows),
high-molecular-weight smears, and the 24-26 kDa fragments (arrow heads) were detected in addition to the normal TDP-43. (B) Upon trypsin treatment, full-length TDP-43
disappeared, and the protease-resistant ~25 kDa fragments (white arrows) and smears appeared in ALS and FTLD-TDP cases, but not in AD cases. (C) After chymotrypsin
treatment, triplet bands (white arrowheads) were detected in ALS and FTLD-TDP cases with the mAb and muitiple bands were detected with pAb, whereas such

immunoreactivities were hardly detected in AD cases.

are found in the C-terminal half of the TDP-43 {13-16]. Therefore,
misfolding or structural alteration of the C-terminal half of TDP-43
seems to be the key to the pathogenesis of TDP-43 proteinopathies.
By mass spectrometric analysis of the 23 kDa band in Sarkosyl-
insoluble fraction from FTLD-TDP (type A), we identified the
cleavage site as the N-terminus of Asp219 [23]. Another group re-
ported cleavage at Asp208, based on N-terminal sequencing of urea
extracts of FTLD-TDP brain [28]. However, the cleavage sites of the
other major C-terminal fragments of 24 and 26 kDa have not been
determined yet. In this study, we showed that the pathological
TDP-43 C-terminal fragments of 24 and 26 kDa in ALS and FTLD-
TDP type A contain the epitope of anti-TDP-43 mAb, residues
203-209, by comparing the immunoblotting results with those
using pS409/410 (Fig. 3). This result suggests that the cleavage
sites of pathological TDP-43 C-terminal fragments in ALS and
FTLD-TDP are located at the N-terminal side of Thr203. Although
the mechanisms of generation of the C-terminal fragments are still
controversial, the presence of multiple cleavage sites suggests that
cleavage may occur after the aggregation or assembly of TDP-43.

Structural or conformational changes in the proteins are
thought to be the most important in protein aggregation in these
neurodegenerative diseases. To analyze the conformational change
in the epitope of TDP-43 from normal to the abnormal states fur-
ther, we treated the Sarkosyl-insoluble TDP-43 with trypsin or chy-
motrypsin, and immunoblotted with these antibodies. The
protease-resistant TDP-43 bands and smears were detected in
ALS and all subtypes of FTLD-TDP with these anti-TDP-43 antibod-
ies (Fig. 4), while no such bands were seen in AD cases. These dem-
onstrate that the epitope is protease-resistant in the abnormal
TDP-43 but not in normal TDP-43. Using an antibody pS409/410
that recognizes the C-terminal phosphorylation sites, some

protease-resistant TDP-43 bands are detected, and the band pat-
terns are slightly different between ALS and FTLD-TDP type C
[29]. On immunoblots with anti-TDP-43 pAb and mAb, such differ-
ence was not observed. This is probably due to that the epitope of
the mAb and pAb is located in the amino-terminus of the protease-
resistant core of the TDP-43, whereas epitope of the pS409/410
located in the C-terminus. Similar protease-resistant bands have
been reported in abnormal prion in prion diseases, tau in Alzhei-
mer’s disease and alpha-synuclein in Parkinson’s disease and
dementia with Lewy bodies. Biochemical studies in these protein-
opathies suggested that the protease-resistant bands represent the
core domains of the filamentous aggregates of these proteins with
cross-B structures [30-32]. By analogy with these proteins we pro-
pose that these protease-resistant C-terminal fragments represent
the core of the filamentous aggregates of TDP-43. Since the epitope
of the mAb and pAb are determined to locate at residues 203-209,
this may be important in the formation of a core region of patho-
logical TDP-43 aggregates which is common in all TDP-43 protein-
opathies. Finally, the protease treatment used in this study may be
useful for detection of the abnormal TDP-43 in brains of patients,
animal models, culture cells and in vitro models with these anti-
TDP-43 antibodies more specifically, as used for detection of
abnormal prion proteins.
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Abstract TDP-43 has been identified as a major compo-
nent of ubiquitin-positive tau-negative cytoplasmic inclu-
sions in frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U) and in amyotrophic lateral
sclerosis (ALS). We raised antibodies to phosphopeptides
representing 36 out of 64 candidate phosphorylation sites of
human TDP-43 and showed that the antibodies to pS379,
pS403/404, pS409, pS410 and pS409/410 labeled the
inclusions, but not the nuclei. Immunoblot analyses
demonstrated that the antibodies recognized TDP-43 at
~45 kDa, smearing substances and 18-26 kDa C-terminal

M. Hasegawa (B<)) - T. Nonaka + H. Tsuji - M. Yamashita -
E Kametani

Department of Neuropathology and Cell Biology,

Tokyo Metropolitan Institute of Medical Science,

2-1-6 Kamikitazawa, Setagaya-ku,

Tokyo 156-8506, Japan

e-mail: hasegawa-ms@jigakuken.orjp

M. Hasegawa - T. Nonaka - M. Yamashita - F Kametani + T. Arai -
H. Akiyama

Dementia Research Project,

Tokyo Metropolitan Institute of Medical Science,

2-1-6 Kamikitazawa, Setagaya-ku,

Tokyo 156-8506, Japan

H. Tsuji * A. Tamaoka

Department of Neurology, Graduate School of Comprehensive
Human Sciences, University of Tsukuba,

[baraki 305-8577, Japan

M. Yoshida

Department of Neuropathology,

Institute for Medical Science of Aging, Aichi Medical University,
21 Karimata, Yazako, Nagakute-cho, Aichi-gun,

Aichi 480-1195, Japan

T Arai

Department of Psychiatry, Graduate School of Comprehensive
Human Sciences, University of Tsukuba,

Ibaraki 305-8577, Japan

Published online: 16 June 2011

fragments. Furthermore, the band patterns of the C-terminal
fragments differed between neuropathological subtypes, but
were indistinguishable between brain regions and spinal
cord in each individual patient. Protease treatment of
Sarkosyl-insoluble TDP-43 suggests that the different band
patterns of the C-terminal fragments reflect different
conformations of abnormal TDP-43 molecules between
the diseases. These results suggest that molecular species of
abnormal TDP-43 are different between the diseases and
that they propagate from affected cells to other cells during
disease progression and determine the clinicopathological
phenotypes of the diseases.

Keywords Propagation - Phosphorylation - Tau -
o-Synuclein - Prion - Cancer

Introduction

TAR DNA-binding protein of M;=43 kDa (TDP-43) is a
nuclear factor that functions in regulating transcription and
splicing. It is structurally characterized by two RNA
recognition motifs and the C-terminal tail containing a
glycine-rich region, and resembles a heterogeneous ribonu-
cleoprotein (hnRNP) (Ayala et al. 2005). It has been shown
to interact with several nuclear ribonucleoproteins (RNP),
including hnRNP A and B and survival motor neuron
protein, inhibiting alternative splicing (Buratti et al. 2005;
Bose et al. 2008). In 2006, TDP-43 was identified as a
major component of ubiquitin-positive inclusions in fronto-
temporal lobar degeneration with ubiquitin-positive inclu-
sions (FTLD-U) and amyotrophic lateral sclerosis (ALS)
(Arai et al. 2006; Neumann et al. 2006). Subsequent
immunohistochemical examination demonstrated abnormal
accumulation of TDP-43 in neurodegenerative disorders
other than FTLD-U and ALS, including ALS/parkinsonism—
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dementia complex of Guam (Geser et al. 2007; Hasegawa et
al. 2007), Alzheimer’s disease (AD) (Amador-Ortiz et al.
2007; Higashi et al. 2007; Arai et al. 2009), dementia with
Lewy bodies (DLB) (Higashi et al. 2007; Nakashima-Yasuda
et al. 2007; Arai et al. 2009), Pick’s disease (Arai et al. 2006;
Freeman et al. 2008; Lin and Dickson 2008), argyrophilic
grain disease (Fujishiro et al. 2009) and corticobasal
degeneration (Uryu et al. 2008). These diseases with TDP-
43 pathologies are now referred to as TDP-43 proteinopa-
thies. In 2008, mutations in the TDP-43 gene (Z4RDBP)
were discovered in familial and sporadic cases of ALS
(Yokoseki et al. 2008; Gitcho et al. 2008; Sreedharan et al.
2008; Kabashi et al. 2008; Van Deerlin et al. 2008;
Barmada and Finkbeiner 2010; Pesiridis et al. 2009),
FTD-MND (Benajiba et al. 2009) and FTD (Borroni et al.
2009), clearly indicating that abnormality of TDP-43
protein causes neurodegeneration.

Identification of Abnormal Phosphorylation Sites
of TDP-43

Biochemical analyses of the detergent-insoluble fraction
extracted from brains of patients afflicted with FTLD-TDP
and ALS show that TDP-43 accumulated in these patho-
logical structures is phosphorylated and cleaved (Arai et al.
2006, Neumann et al. 2006). By producing antibodies
against syhthetic phosphopeptides containing 36 different
phosphorylation sites from among the 56 serine/threonine
residues of TDP-43, five abnormal phosphorylation sites
were identified at serine residues in the C-terminal region
(Hasegawa et al. 2008). The antibodies to pS379, pS403/
404, pS409, pS410 and pS409/410 strongly stain abnormal
neuronal cytoplasmic and dendritic inclusions in FTLD-U,
and skein-like and glial cytoplasmic inclusions in ALS
spinal cord, with no nuclear staining, and thus permit easier
and more sensitive detection of abnormal TDP-43 accumu-
lation in neuropathological examinations (Hasegawa et al.
2008). Immunoblotting of the Sarkosyl-insoluble fraction
from control, FTLD-U and ALS cases using these phospho-
specific antibodies clearly demonstrated that hyperphos-
phorylated full-length TDP-43 at ~45 kDa, smearing
substances and fragments at 18-26 kDa are the major
species of TDP-43 accumulated in FTLD-U and ALS
(Hasegawa et al. 2008).

Cellular Models of TDP-43

To establish cellular models of TDP-43 proteinopathies,
several deletion mutants of human TDP-43 in SH-SYSY
cells were expressed and the accumulation of TDP-43 was
analyzed by use of the phospho-TDP-43 antibodies and

;@_ Springer

ubiquitin. Wild-type (WT) full-length TDP-43 was local-
ized to nuclei and no inclusions were observed, whereas in
cells transfected with C-terminal fragments as GFP fusions,
round cytoplasmic inclusions with intense GFP fluores-
cence were formed (Nonaka et al. 2009b). In addition, a
deletion mutant lacking the nuclear localizing signal (NLS)
and six amino acids similar to the NLS also formed
aggregates in cells without any treatment (Nonaka et al.
2009a). These inclusions are strongly positive for anti-
bodies to phosphorylated TDP-43 and ubiquitin. Using
these cellular models, the effect of pathogenic mutations of
the TDP-43 gene was analyzed. Of 14 mutants examined,
seven mutants showed a significantly higher number of
aggregates than the WT C-terminal fragment, strongly
suggesting that these mutations of TDP-43 accelerate
aggregation of the C-terminal fragments (Nonaka et al.
2009b). In addition, when GFP-tagged C-terminal frag-
ments were co-expressed with DsRed-tagged full-length
TDP-43, cytoplasmic inclusions with both GFP and DsRed
signals were formed, suggesting that exogenous full-length
TDP-43 is trapped in cytoplasmic inclusions formed by C-
terminal fragments. This may explain why normal nuclear
staining of TDP-43 is lost in neuronal cells with inclusions
in diseased brains (Nonaka et al. 2009b). Furthermore, we
identified two cleavage sites of TDP-43 deposited in
FTLD-U by mass spectrometric analysis, and confirmed
that expression of these fragments as GFP fusions also
afforded cytoplasmic inclusions positive for ubiquitin and
phosphorylated TDP-43 (Nonaka et al. 2009b). The
cleavage sites identified in the 23-kDa C-terminal fragment
of FTLD were different from that of caspase-3, suggesting
that caspase is not the enzyme responsible for generating
the 23-kDa fragment (Nonaka et al. 2009b). These cellular
models recapitulate many of the features of TDP-43 in
patients, and therefore, should be useful for screening small
molecules for activity to inhibit TDP-43 aggregate forma-
tion. We tested whether or not methylene blue and dimebon
have the ability to suppress formation of pathological TDP-
43 inclusions. Compared to controls, a 50% reduction in the
number of inclusions with 0.05 uM methylene blue, a 45%
reduction with 5 M dimebon and an 80% reduction with
the combination of 0.05 pM methylene blue and 5 uM
dimebon were observed (Yamashita et al. 2009). The effects
were statistically significant and the results were also
confirmed by Western blotting. These results suggest that
these two compounds may be effective in the therapy of
ALS, FTLD-U and other TDP-43 proteinopathies.

TDP-43 C-Terminal Fragments

Based on neuropathological studies, TDP-43 proteinopa-
thies have been classified into 4 subtypes (Cairns et al.
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2007). Type 1 is characterized by dystrophic neurites (DNs)
with few neuronal cytoplasmic inclusions (NCIs) and no
neuronal intranuclear inclusions (NIls), Type 2 has numer-
ous NCIs with few DNs and no NliIs, Type 3 has numerous
NCIs and DNs and occasional NIIs and Type 4 has
numerous NIIs and DNs with few NCIs, a pattern which
is specific for familial FTLD-U with mutations of VCP
gene. There appears to be a strong relationship between
other subtypes of TDP-43 pathology and clinical pheno-
type. Type 1 is associated with semantic dementia, type 2
with FTLD with motor neuron disease (MND), ALS or
clinical signs of MND, and type 3 with progressive non-
fluent aphasia or FTD with mutation in the progranulin
gene. Recent studies of ALS have clarified the wide
distribution of neuronal and glial TDP-43 pathology in
multiple areas of the central nervous systems (Geser et al.
2008; Nishihira et al. 2009), suggesting that ALS does not
selectively affect only the motor system, but rather is a
multisystem neurodegenerative TDP-43 proteinopathy af-
fecting both neurons and glial cells.

By immunoblot analyses of the Sarkosyl-insoluble
fractions from FTLD-U and ALS patients, we found that
the band patterns of the C-terminal fragments of phosphor-
ylated TDP-43 corresponded to the neuropathological
subtypes. Type 1 FTLD-U showed two major bands at 23
and 24 kDa and two minor bands at 18 and 19 kDa, while
type 2 ALS showed three major bands at 23, 24 and 26 kDa
and two minor bands at 18 and 19 kDa. Type 3 FTD with
mutation in the progranulin gene showed an intermediate
pattern between those two. These results clearly indicate
that TDP-43 proteinopathies subclassified by neuropatho-
logical differences can also be distinguished biochemically.
This strong association between the neuropathology and the
biochemistry is critical for understanding the molecular
pathogenesis of TDP-43 proteinopathies.

Biochemical Analysis of TDP-43 in FTLD-U and ALS

The biochemical differences of TDP-43, as shown in the
different band patterns of TDP-43 C-terminal fragments, are
closely linked to the morphologies of inclusions. The
properties of the abnormal TDP-43 may determine the
neuropathological and clinical phenotypes of TDP-43
proteinopathies. Similar biochemical and neuropathological
differences have been reported in tau between PSP and
CBD. Both PSP and CBD are tauopathies with deposition
of 4-repeat tau isoforms; however, distinct types of C-
terminal fragments are detected, i.e., a 33-kDa band in PSP
and ~3-kDa bands in CBD (Arai et al. 2004).

So, what do the different band patterns mean? It is clear
that the fragments are produced by cleavage at multiple
sites of TDP-43. The band patterns also suggest that the

cleavage sites are slightly altered between the diseases.
Based on these observations, it is likely that the event may
occur after the assembly or aggregation of abnormal TDP-
43, and represent relatively protease-resistant domains of
TDP-43, which form beta-sheet structure. That is, the
different band patterns in TDP-43 proteinopathies represent
different conformations of abnormal TDP-43 in the diseases.
To test this idea, we performed protease treatment of the
abnormal TDP-43 recovered in the Sarkosyl-insoluble
pellets, and analyzed the protease-resistant bands. Proteins
can be easily cleaved by proteases if they are denatured or
unstructured, but domains that have rigid structures such as
beta-sheet structure, or that are structurally buried or
interacting with other molecules, are highly resistant to
proteases. Figure 1 shows the result of immunoblot analysis
of abnormal TDP-43 from two ALS and two FTLD-U cases
before and after protease treatment. Before treatment,
hyperphosphorylated full-length TDP-43 at 45 kDa, smear-
ing substances and 18-26 kDa C-terminal fragments were
detected by pS409/410. The band patterns of the C-terminal
fragments are different between FTLD-U with type 1
pathology and ALS with type 2 pathology. Upon trypsin
or chymotrypsin treatment, the full-length 45-kDa band and
smearing substance of TDP-43 disappeared and protease-
resistant core fragments appeared at 16-26 kDa (Fig. 1). As
expected, the protease-resistant band pattern of ALS is
different and clearly distinguishable from that of FTLD-U.
Doublet bands at ~16 kDa and a band at 25 kDa were
detected in ALS, but only a single broad band at ~16 kDa
was detected in FTLD-U with type 1 pathology after
trypsin treatment (Fig. 1). Similarly, multiple protease-
resistant bands were detected at 16-25 kDa after chymo-
trypsin treatment and the band patterns were different
between ALS and FTLD-U (Fig. 1). These results strongly
support the idea that the different band patterns of the
C-terminal fragments reflect different conformations of
abnormal TDP-43 molecules between ALS and FTLD-U.

TDP-43 in Different Brain Regions

Similar protease-resistant bands and differences in the band
patterns have been reported in prion diseases, CJD and BSE
(Collinge et al. 1996). Protease-resistant prion from new-
variant CJD cases showed a different characteristic pattern
from that in sporadic CJD cases, and the band pattern is
indistinguishable from that of mice infected with BSE
prion. This is biochemical evidence that the BSE agent has
been transmitted from bovine to human.

Applying this to TDP-43 in TDP-43 proteinopathies, it is
possible to determine whether there is any difference
between the abnormal TDP-43 accumulated in cortex and
that in spinal cord by analyzing the band patterns of the C-
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Fig. 1 Immunoblot analysis of abnormal TDP-43 from two ALS and
two FTLD-U cases before and after protease treatment with a
phosphorylation dependent anti-TDP-43 rabbit polyclonal antibody
(pS409/410). a Hyperphosphorylated full-length TDP-43 at 45 kDa,
smearing substances and 18-26 kDa C-terminal fragments were
detected by pS409/410 before treatment. The band patterns of the C-
terminal fragments are different between FTLD-U with type 1
pathology and ALS with type 2 pathology. b Upon trypsin treatment,

terminal fragments of TDP-43. Thus, we have prepared
Sarkosyl-insoluble fractions from cortex and spinal cords of
three ALS cases, immunoblotted them with pS409/410 and
compared the results. In all three cases, type 2 C-terminal
fragments of TDP-43 were detected, and there was no
significant difference between the band pattern in cortex
and that in spinal cord (data not shown). This strongly
suggests that the same form of abnormal TDP-43 molecule
is deposited in different brain regions. Similar results were
also obtained from the analysis of the C-terminal band
pattern of TDP-43 in FTLD-U. It seems highly unlikely that
the same conformational change would ocour synchronous-
ly in different brain regions. Instead, it seems more likely
that abnormal protein produced in cells is transferred to
different regions and propagated. These biochemical data
obtained from the brains of patients provide biochemical
evidence that abnormal species of TDP-43 are transmitted
from cell to cell and propagated in vivo.

Discussion

Amyloid-like protein deposition is a common neuropatholog-
ical feature of many neurodegenerative diseases. Hyperphos-
phorylated tau in Alzheimer’s disease and related tauopathies,
hyperphosphorylated alpha-synuclein in Parkinson’s disease
and other alpha-synucleinopathies, and expanded polyglut-
amines in polyglutamine diseases have been identified.
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the full-length 45 kDa band and smearing substance of TDP-43
disappeared and protease-resistant core fragments appeared at 16~
26 kDa. Doublet bands at ~16 kDa and a band at 25 kDa were seen in
ALS, but a single broad band at ~16 kDa was detected in FTLD-U
with type 1 pathology after trypsin treatment. ¢ Multiple protease-
resistant bands were detected at 16~25 kDa after chymotrypsin
treatment and the band patterns were different between ALS and
FTLD-U

Importantly, the extent of the abnormal protein pathologies is
closely correlated with the disease progression (Braak and
Braak 1991; Braak et al. 2003; Saito et al. 2003). The
proteins or protein fibrils deposited in cells in these diseases
have been shown to have a common structural feature. Cross-
beta structure, which is the same as in abnormal prion
protein, has been demonstrated in filaments or fibrils
composed of tau (Berriman et al. 2003), alpha-synuclein
(Serpell et al. 2000) or expanded polyglutamines (Perutz
1999). It has not been demonstrated in TDP-43 yet, but we
have shown by electron microscopy that phosphorylated
TDP-43 in motor neurons of ALS patients has a fibrous
structure (Hasegawa et al. 2008), suggesting that TDP-43 is
also an amyloid-like protein.

For the assembly of amyloid fibrils, nucleation-
dependent protein polymerization has been proposed. This
comprises nucleation and elongation phases, and nucleation
is the rate-limiting step. It takes a long time to form the first
aggregated seed from the monomer, but once the seed is
formed, the elongation step proceeds relatively quickly.
More importantly, by addition of amyloid-seed, proteins are
often converted to the same conformation as that of the
seed. For example, WT monomeric alpha-synuclein is
converted to A30P-type amyloid fibrils when it is incubated
with a small amount of fibril-seeds formed with A30P
mutant alpha-synuclein (Yonetani et al. 2009). Differences
in the conformations of the amyloid fibrils are detected
based on the differences in the protease-resistant band
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patterns, as in the typing of prion proteins. There is another
example of nucleation-dependent amyloid fibril formation in
cultured cells. We developed a novel method for introducing
amyloid seeds into cultured cells using lipofectoamine, and
presented experimental evidence of seed-dependent polymer-
ization of alpha-synuclein, leading to the formation of
filamentous protein deposits and cell death (Nonaka et al.
2010). Overexpression of alpha-synuclein itself in cells does
not generate abnormal inclusions, but if fibril seeds formed
with alpha-synuclein are introduced into cells, abundant
filamentous alpha-synuclein aggregates positive for PSer129
and ubiquitin are developed, and cells with inclusions
undergo cell death. This was also clearly demonstrated in
cells expressing different tau isoforms by introducing the
corresponding tau fibril seeds (Nonaka et al. 2010).

The above results obtained from biochemical analyses of
abnormal proteins in patients strongly suggest that intracel-
lular amyloid-like proteins, including TDP-43, propagate
from cell to cell and this propagation is the cause of disease
progression, analogously to metastasis of cancer cells to
multiple different tissues in cancer progression. From this
point of view, we have proposed as a hypothesis that
neurodegenerative diseases with amyloid-like proteins can
be regarded as “protein cancers.” The term prion, coined in
1982 by Stanley B. Prusiner, describes an agent transmis-
sible among humans and a variety of mammals. On the
other hand, the term “protein cancers” describes diseases
that involve the spreading or propagation of abnormal
proteins in tissues or individuals, even though the mecha-
nism of propagation is basically the same as that of prions.
Amyloid-like protein interacts with normal protein and
converts it to the same abnormal conformation, and the

Intraceliular amyloid-like protein
interacts with normal protein and
converts it to the same conformation,
like PrpSC protein.

amyloid-like
molecule .
~..abnormal proteins
transmit from cell to cell
probably through
oo synapses

Fig. 2 Schematic representation of prion-like conversion of normal
protein into amyloid-like protein and its propagation in neurodegen-
erative diseases. Intracellular amyloid-like protein interacts with
normal protein and converts it to the same abnormal conformation,
Amplified abnormal amyloid-like protein is transmitted from cell to
cell, probably through synapses, and propagates to various brain

7

amplified amyloid-like protein is transmitted from cell to cell,
probably through synapses, and propagates to various brain
regions (Fig. 2). As a result, the same abnormal protein
pathology expands gradually, and clinical manifestations that
are associated with affected brain regions become more
marked because of the transmission and propagation of the
abnormal protein. Therefore, it is important to regulate the
propagation of abnormal proteins for clinical therapy.

Conclusions

I. In ALS, FTLD-U and other TDP-43 proteinopathies,
abnormally phosphorylated, ubiquitinated, and truncat-
ed TDP-43 is accumulated in a filamentous form.

2. We established cellular models which recapitulate many of
the features of the abnormal TDP-43 in FTLD-U and ALS

3. ALS-related pathogenic mutations of the TDP-43
gene accelerate aggregate formation by the C-terminal
fragments.

4. The band pattern of the TDP-43 C-terminal fragments is
different between diseases with different clinicopatholog-
ical phenotypes, and it represents different conformations
of the abnormal TDP-43 between the diseases.

5. The C-terminal band patterns in several brain areas and
spinal cord in each individual case of sporadic ALS are
indistinguishable.

6. These and other results suggest that abnormal TDP-43,
tau and alpha-synuclein are transmitted and propagated
from cell to cell in different regions during disease
progression. It is important to find drugs that can block
the propagation of abnormal proteins for clinical therapy.
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regions. As a result, the same abnormal protein pathology expands
gradually, and clinical manifestations that are associated with affected
brain regions become more marked because of the transmission and
propagation of the abnormal protein. From this point of view,
neurodegenerative diseases with amyloid-like proteins can be regarded
as ’protein cancers”
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berrant  protein aggregates in
ffected brain cells of patients
with neurodegenerative diseases are a
well-known hallmark, but although
the formation of these inclusions is an
important pathogenic event, the mecha-
nism involved remains unclear. We have
recently established a simple method to
introduce protein fibrils into cultured
cells as seeds for protein aggregation,
and we showed that intracellular soluble
a-synuclein or tau can aggregate in cul-
tured cells dependently upon seeds intro-
duced in this way. Seeded aggregation of
a-synuclein induced necrotic cell death,
which was suppressed by the addition of
various polyphenols. Our cellular models
are expected to be valuable tools not only
for elucidating the molecular mecha-
nisms of onset of neurodegenerative dis-
eases, but also for drug discovery.

In patients with neurodegenerative disor-
ders, intracellular aberrant protein inclu-
sionsare oftenfound in the brain, including
neurofibrillary tangles in Alzheimer’s dis-
ease or Lewy bodies in Parkinson’s disease
and dementia with Lewy bodies. These
aberrant protein aggregates are often
observed in the most affected regions of
diseased brains, suggesting they may cause
neuronal cell death, leading to onset of
these diseases. Tau and a-synuclein are
well-known cytosolic proteins that are
the main components of neurofibrillary
tangles and Lewy bodies, respectively.
They are soluble and natively unfolded
proteins, and it remains unclear how they
become aggregated in neuronal cells.
Indeed, intracellular aggregate formartion
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of these proteins does not occur when cul-
tured cells are transfected with expression
plasmids encoding these proteins. On the
other hand, many in vitro studies using
recombinant proteins, such as Abeta, tay,
a-synuclein or poly glutamine-containing
protein, have shown that these proteins
are readily aggregated into fibrils in the
presence of seeds for aggregation. These
findings prompted us to examine whether
seeds-dependent aggregation would occur
in cultured cells. Thus, we aimed to intro-
duce protein fibrils into cultured cells as
seeds for aggregation.

Transfection of plasmid DNA into
cultured cells is conducted routinely by
the use of liposomes of polycationic and
neutral lipids in water, based on the prin-
ciple of cell fusion. Several commercially
available reagents such as Lipofectoamine,
Lipofectamine 2000 or FuGENEG are
available to efficiently transfect plas-
mid DNA into cultured cells. We rested
whether these transfection reagents
could transfect cultured SH-SYSY cells
not only with plasmid DNA, but also
with protein fibrils. After much trial and
error, we finally succeeded in transfecting
a-synuclein fibrils into these cells using
Lipofectamine reagent. We found that
the introduced recombinant a-synuclein
fibrils are phosphorylated at Serl29 in
cultured cells, indicating that they had
been introduced by Lipofectamine.!
Interestingly, monomeric and oligomeric
a-synuclein could not be introduced by
the use of Lipofectamine. We applied for
a patent covering the use of Lipofectamine
for transduction of recombinant protein
fibrils into cultured cells in 2005 (patents



pending in the United States: 12/086124,
the European Union: 06834541.2 and
Japan: 2007-549210). Recently, other
groups have also reported introduction of
fibrillar protein into cultured cells with or
without specific reagents.??

Next, we examined whether intra-
cellular o-synuclein can be aggregated
dependently upon introduced seeds.
When a-synuclein fibrils mixed with
Lipofectamine were introduced into cells
transiently expressing a-synuclein, phos-
phorylated and ubiquitinated a-synuclein
inclusions (~10 pm in diameter) were
observed by means of confocal laser micros-
copy, indicating that plasmid-derived sol-
uble a-synuclein formed aggregates in the
presence of exogenous a-synuclein fibrils
in cells, and these inclusions resembled
Lewy bodies in diseased brains. Others
have also reported that a-synuclein fibrils
seed the formaton of Lewy body-like
intracellular inclusions in cultured cells.
On the other hand, introduced tau fibrils
were also shown to act as seeds for intra-
cellular aggregation of plasmid-derived
soluble tau protein. Interestingly, we
found that fibrils composed of 3-repeat
tau isoform serve as seeds for intracel-
lular aggregation of soluble 3-repeat tau,
but not soluble 4-repeat tau and fibrils of
4-repeat tau seed serve as seeds for aggre-
gation of soluble 4-repeat tau, butr not
soluble 3-repeat tau. Likewise, introduc-
tion of a-synuclein fibrils did not elicit
intracellular rau aggregation in cells and
soluble a-synuclein did not form intracel-
lular aggregates in the presence of any tau
fibrils. These results clearly indicate that
intracellular protein aggregation is highly
dependent on the species of protein fibril
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sceds. Now, we are examining whether
detergent-insoluble  fractions  prepared
from several diseased brains can be intro-
duced into cells by Lipofectamine and can
serve as seeds for intracellular aggregate
formation of soluble a-synuclein, tau or
TDP-43.

Does the formation of these inclusions
lead to cell death or toxicity? The answer
is yes. We observed non-apoptotic cell
death in cells harboring these inclusions.
In these cells, proteasome activity was
found to be significantly reduced. This
suppression may be related to the cause
of cell death. Furthermore, we showed
that cell death in cells with a-synuclein
inclusions is effectively suppressed by the
addition of various small molecules to the
culture medium; polyphenols such as exi-
fone and gossypetin were the most effec-
tive, suggesting that these compounds
may be possible new drugs for the treat-
ment of neurodegenerative diseases.

Our study strongly supports a seed-
dependent mechanism for the formation
of the intracellular protein aggregates.
Recently, the intercellular transfer of
inclusions made of tau,*® a-synuclein®”®
and huntingtin’ has been reported, sug-
gesting the existence of mechanisms remi-
niscent of those by which prions spread
through the nervous system. It remains ro
be clarified whether the incorporation of
amyloid seeds into neurons or glial cells,
as shown in our study, also occurs in vivo,
but our results strongly suggest that extra-
cellular aggregates may be taken up into
neurons by endocytosis or under certain
specific conditions. Therefore, it may be
crucial to inhibit not only the production
of intracellular amyloid seeds, but also
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their spread into extracellular space and
their propagation. Vaccination against
a-synuclein'® or tau may be an effective
treatment, together with the inhibition
of intracellular aggregates formation with
small-molecular compounds, for the ther-
apy of neurodegenerarive diseases.
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