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TAR DNA-binding protein of 43 kDa (TDP-43) has been
identified as the major component of ubiquitin-positive neuro-
nal and glial inclusions in frontotemporal lobar degeneration
and amyotrophic lateral sclerosis. Aggregation of TDP-43 to
amyloid-like fibrils and spreading of the aggregates are sug-
gested to account for the pathogenesis and progression of these
diseases. To investigate the molecular mechanisms of TDP-43
aggregation, we attempted to identify the amino acid sequence
required for the aggregation. By expressing a series of deletion
mutants lacking 20 amino acid residues in the C-terminal region
in SH-SY5Y cells, we established that residues 274 –313 in the
glycine-rich region are essential for aggregation. In vitro aggre-
gation experiments using synthetic peptides of 40 amino acids
from this sequence and adjacent regions showed that peptides
274 –313 and 314 –353 formed amyloid-like fibrils. Transduc-
tion of these fibrils induced seed-dependent aggregation of
TDP-43 in cells expressing wild-type TDP-43 or TDP-43 lacking
nuclear localization signal. These cells showed different phos-
phorylated C-terminal fragments of TDP-43 and different tryp-
sin-resistant bands. These results suggest that residues 274 –353
are responsible for the conversion of TDP-43 to amyloid-like
fibrils and that templated aggregation of TDP-43 by seeding
with different peptides induces various types of TDP-43 pathol-
ogies, i.e. the peptides appear to act like prion strains.

Frontotemporal lobar degeneration (FTLD)2 is the second
most common dementing disorder in patients under 65 years of
age and is characterized by progressive atrophy of the frontal
and temporal lobes in the brain. Amyotrophic lateral sclerosis
(ALS) is a fatal neurodegenerative disease characterized by pro-

gressive motor neuron degeneration. In 2006, TAR DNA-bind-
ing protein of 43 kDa (TDP-43) was identified as the major
component of tau-negative, ubiquitin-positive inclusions in these
diseases (1, 2). TDP-43 is a heterogeneous nuclear ribonucleo-
protein of 414 amino acids, originally identified as a transcrip-
tional repressor that binds to the transactivation-responsive
region of the HIV-1 gene (3). It is expressed ubiquitously and is
localized mainly in nuclei, functioning in exon splicing, gene
transcription, regulation of mRNA stability and biosynthesis,
and the formation of nuclear bodies. For example, it has been
reported that TDP-43 binds to the junctional region between
exons 9 and 10 of the gene coding cystic fibrosis transmem-
brane conductance regulator and causes skipping of exon 9 (4).
Structurally, TDP-43 is characterized by two RNA-recognition
motifs, a C-terminal tail that contains a glycine-rich region and
a glutamine/asparagine (Gln/Asn)-rich region.

Discovery of missense mutations in the TARBDP gene in
patients with familial and sporadic ALS and FTLD (5–12) dem-
onstrated a direct link between genetic lesions and develop-
ment of TDP-43 pathology. Importantly, most of the mutations
are localized in the carboxyl-third of the molecule, which shows
sequence similarity to prion proteins. Furthermore, biochemi-
cal and histological analyses demonstrated accumulation of
full-lengthandC-terminal fragments(CTFs) inhyperphosphor-
ylated and fibrillar forms in brain and spinal cord of patients
(13). Furthermore, the CTF-banding patterns are different
between the diseases and are closely related to the neuropatho-
logical phenotypes, which can be classified into at least four
groups (types A–D) (13, 14). The CTF-banding patterns are
considered to reflect the protease resistance of the assembled
protein structures (15). It was recently demonstrated that the
pathological TDP-43 has prion-like activity and can convert
normal TDP-43 to an abnormal form in cultured cells (16).
Interestingly, the CTF-banding patterns of converted host pro-
teins resemble those of the pathological TDP-43 used as seeds,
suggesting that the conversion is template-dependent.

These findings strongly suggest that aggregation of C-termi-
nal regions of TDP-43 plays a central role in the pathogenesis
and progression of ALS and FTLD with TDP-43 pathologies
(FTLD-TDP). The aggregation of CTFs of TDP-43 has also
been demonstrated in experimental cellular models; for exam-
ple, our previous study showed that expression of CTF(162–
414) of TDP-43 with a GFP tag in SH-SY5Y cells induced
cytosolic mislocalization of TDP-43 in phosphorylated and
ubiquitinated aggregates, recapitulating the TDP-43 pathology
in brains (17).
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In this study, we investigated aggregation of TDP-43 in cul-
tured cells expressing a series of deletion constructs to identify
the sequences responsible for the aggregation. Then, self-ag-
gregation of synthetic peptides derived from the identified
sequence and surrounding sequences was examined. Synthetic
fibrillar aggregates of peptides from the identified sequence
were found to work as seeds, converting normal TDP-43 into
abnormal aggregates in cultured cells.

Experimental Procedures

Construction of Plasmids—To construct a series of deletion
mutants lacking sequences of 20-amino acid residues in TDP-
CTF with a GFP tag, we conducted site-directed mutagenesis of
pEGFP-TDP(162– 414) (17). PCR was carried out using a site-
directed mutagenesis kit (Stratagene) with the following prim-
ers: Del 1 (lacking 214 –233), forward, 5�-GAGTTCTTCTCT-
CAGTTTGCAGATGATCAG-3�, and reverse, 5�-CTGATCA-
TCTGCAAACTGAGAGAAGAACTC-3�; Del 2 (lacking 234 –
253), forward, 5�-TTTGCCTTTGTTACAAGCGTTCATAT-
ATCC-3�, and reverse, 5�-GGATATATGAACGCTTGTAAC-
AAAGGCAAA-3�; Del 3 (lacking 254 –273), forward, 5�-ATC-
ATTAAAGGAATCGGAAGATTTGGTGGT-3�, and reverse,
5�-ACCACCAAATCTTCCGATTCCTTTAATGAT-3�; Del 4
(lacking 274 –293), forward, 5�-CAGTTAGAAAGAAGTGG-
GGGTGGAGCTGGT-3�, and reverse, 5�-ACCAGCTCCAC-
CCCCACTTCTTTCTAACTG-3�; Del 5 (lacking 294 –313),
forward, 5�-TTTGGTAATAGCAGAGGTGCGTTCAGCATT-
3�, reverse, 5�-AATGCTGAACGCACCTCTGCTATTAC-
CAA-3�; Del 6 (lacking 314 –333), forward, 5�-GGTGGGATG-
AACTTTTGGGGTATGATGGGC-3�, and reverse, 5�-GCC-
CATCATACCCCAAAAGTTCATCCCACC-3�; Del 7 (lacking
334 –353), forward, 5�-GCACTACAGAGCAGTCAAAACC-
AAGGCAAC-3�, and reverse, 5�-GTTGCCTTGGTTTTGAC-
TGCTCTGTAGTGC-3�; Del 8 (lacking 354 –373), forward,
5�-CCATCGGGTAATAACTATAGTGGCTCTAAT-3�, and
reverse, 5�-ATTAGAGCCACTATAGTTATTACCCGATGG-
3�; Del 9 (lacking 374 –393), forward, 5�-TCTGGAAATAA-
CTCTGGCAGTGGTTTTAAT-3�, and reverse, 5�-ATTAAA-
ACCACTGCCAGAGTTATTTCCAGA-3�. Deletion mutants
lacking 40 amino acid residues were also constructed from
GFP-tagged TDP-CTF(162– 414), full-length TDP-43, and
TDP-43(�NLS(187–192)). Twenty amino acid-long deletions
of Del 2, 4, and 5 were induced in pEGFP-TDP(162– 414),
pcDNA3-TDP-43, and pcDNA3-TDP-43(�NLS(187–192))
(18) as described above, and PCR was conducted with the fol-
lowing primers: Del(234 –273), Del 2(234 –253) was used as a
template, and the primers were forward, 5�-TTTGCCTTTGT-
TACAGGAAGATTTGGTGGT-3�, and reverse, 5�-ACCA-
CCAAATCTTCCTGTAACAAAGGCAAA-3�; Del(274 –313),
Del 4(274 –293) was used as a template, and the primers were
forward, 5�-CAGTTAGAAAGAAGTGGTGCGTTCAGC-
ATT-3�, and reverse, 5�-AATGCTGAACGCACCACTTCTT-
TCTAACTG-3�; Del(314 –353), Del 6(314 –333) was used as a
template, and the primers were forward, 5�-GGTGGGATGA-
ACTTTCAAAACCAAGGCAAC-3�, and reverse, 5�-GTT-
GCCTTGGTTTTGAAAGTTCATCCCACC-3�.

Antibodies—A monoclonal antibody specific for GFP was
purchased from MBL. An antibody specific for TDP-43 (mono-

clonal and polyclonal) was obtained from Proteintech. Mono-
clonal and polyclonal antibodies specific for abnormal phos-
phorylation of TDP-43 (pS409/410) and a polyclonal antibody
specific for the TDP-43 C-terminal region (405– 414) were pre-
pared as described previously (13, 19), which are available from
Cosmo Bio. As secondary antibodies, biotin-labeled secondary
antibody was purchased from Vector Laboratories for use in the
avidin-biotin complex method, and goat anti-mouse IgG
(H�L)-HRP conjugate was obtained from Bio-Rad for use in
the enhanced chemiluminescence (ECL) method.

Cell Culture and Transfection of Plasmids—SH-SY5Y cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 medium (Sigma) supplemented with 10% fetal
calf serum, minimum Eagle’s medium nonessential amino
acid solution (Gibco), and penicillin/streptomycin/glutamine
(Gibco). Cells were maintained at 37 °C under a humidified
atmosphere of 5% CO2 in a culture chamber. Cells were grown
to 50% confluence in six-well culture dishes, and transfection of
expression plasmids into cells was carried out using FuGENE 6
(Roche Applied Science) according to the manufacturer’s
instructions.

Immunoblot Analysis—Transfected SH-SY5Y cells were
incubated in six-well plates for the indicated time and harvested
in A68 buffer (10 mM Tris-HCl (pH 7.5), 10% sucrose, 0.8 M

NaCl, 1 mM EGTA) containing 1% Sarkosyl (Sar). Cell lysate
was centrifuged at 100,000 � g for 20 min at 25 °C, and the
supernatant was recovered as the Sar-soluble fraction. The
remaining pellets were lysed in SDS-sample buffer and heated
at 100 °C for 5 min to prepare the Sar-insoluble fraction. The
Sar-insoluble fraction was also prepared from brains of patients
with FTLD or ALS as described (13). Trypsin digestion of the
Sar-insoluble fraction was performed by incubation in 30 mM

Tris-HCl buffer (pH 7.4) containing 0.01 mg/ml trypsin at 37 °C
for 30 min. Protein concentration was estimated using the BCA
protein assay kit (Pierce). Samples were loaded on SDS-12.5%
polyacrylamide gels electrophoresed with the Tris-glycine
buffer system. Proteins in gels were transferred onto a polyvi-
nylidene difluoride membrane (Millipore) and blocked with 3%
gelatin. The blots were incubated overnight with the indicated
primary antibodies in 10% calf serum at an appropriate dilution
(1:1000 –5000) at room temperature. Membranes were washed
and incubated for 1 h with a biotin-labeled secondary antibody
(Vector Laboratories) or a horseradish peroxidase-labeled sec-
ondary antibody (Bio-Rad) at room temperature. Signals were
detected using an avidin-biotin complex staining kit (Vector
Laboratories) or ECL Prime Western blotting Detection Sys-
tem (GE Healthcare).

Fluorescence Microscopic Analysis—SH-SY5Y cells trans-
fected with expression plasmids were grown on 35-mm glass
dishes (Iwaki) for 2 days. To observe intracellular aggregates of
GFP-tagged TDP-CTF (they show intense fluorescence of
GFP), cells were examined with a fluorescence microscope
(DIAPHOTO, Nikon) set at 488 nm. Quantitation of aggregate
formation was performed as follows; nine images were acquired
using a fluorescence microscope (BioZero, KEYENCE), using a
sliding field of view. The nine images were combined to form a
single image using BZ-2 Analyzer (KEYENCE) and luminance
extraction was conducted to quantify the fluorescence of aggre-
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gates in the image. The lower limit threshold of luminance for
extraction was adjusted to exclude the fluorescence of non-
aggregated protein (which is weaker than that of aggregated
protein), so that only luminance of aggregated TDP-CTF was
detected and quantified.

In Vitro Aggregation of Synthetic Peptides—Synthetic 40-mer
peptides with the following partial sequences of TDP-43 (234 –
273, FADDQIAQSLCGEDLIIKGISVHISNAEPKHNSNR-
QLERS; 274 –313, GRFGGNPGGFGNQGGFGNSRGGGAGL-
GNNQGSNMGGGMNF; 314 –353, GAFSINPAMMAAAQ-
AALQSSWGMMGMLASQQNQSGPSGNN; and 353–392,
QNQGNMQREPNQAFGSGNNSYSGSNSGAAIGWGSASN-
AGS) and control generated randomly (NHYVKMILKKALSR-
YPNRRNLPCVDLRYKRKSIILQRKYS) were dissolved in DMSO
and diluted with Tris-HCl (pH 7.5) to the indicated concentra-
tions. These peptide solutions were incubated on a shaker at
37 °C, and 10-�l aliquots were added to 300 �l of 20 mM MOPS
buffer containing 5 �M thioflavin S at the indicated time. After
30 min of incubation at room temperature, 200-�l aliquots
were loaded on a 96-well black plate, and fluorescence of thio-
flavin S (�ex � 436 nm and �em � 535 nm) was measured using
a luminescence plate reader (Chameleon, HIDEX).

Transmission Electron Microscopy—For electron micros-
copy, peptide solutions were incubated on a shaker for 8 days,
placed on collodion-coated 300-mesh copper grids, and stained
with 2% (v/v) phosphotungstate. Micrographs were recorded
on a JEOL 1200EX electron microscope.

Induction of TDP-43 Aggregation in Cells by Peptide Fibrils—
Aliquots of 100 �l of TDP-43 peptide solutions were incubated
for 8 days on a shaker, diluted with 500 �l of 30 mM Tris-HCl
(pH 7.5), and centrifuged at 100,000 � g for 20 min. After cen-
trifugation, the supernatant was removed, and the remaining
pellets (peptide fibrils) were dissolved in 30 mM Tris-HCl (pH
7.5). Aliquots of 5 �l of peptide fibril solution were added to 95
�l of 6 M guanidine HCl solution, and peptide fibrils were quan-
tified by means of HPLC. For introduction into cells, 5 �g of
peptide fibrils was mixed with 120 �l of Opti-MEM, and 62.5 �l
of Multifectam (Promega) was added. After incubation for 30
min at room temperature, 62.5 �l of Opti-MEM was added.
The mixture was further incubated for 5 min and added to cells
immediately after transfection of expression plasmids of TDP-
43. The treated cells were further incubated for 2 days in a CO2
incubator.

Immunocytochemistry—Transfection of expression plasmids
and induction of peptide fibrils were conducted as described
above, using SH-SY5Y cells grown on coverslips. After incuba-
tion for 2 days in a CO2 incubator, cells were fixed with 4%
paraformaldehyde and stained with the indicated primary anti-
bodies at 1:1000 dilution. After incubation for 1 h, cells were
washed and treated with secondary antibodies (anti-rabbit IgG-
conjugated Alexa-568 and anti-mouse IgG-conjugated Alexa-
488, Invitrogen) and TO-PRO-3 (Invitrogen) to counterstain
nuclear DNA. After 1 h, the cells were mounted and analyzed
using an LSM5 Pascal confocal microscope (Carl Zeiss).

Cell Death Assay—Cell death assays were conducted using a
CytoTox 96 non-radioactive cytotoxicity assay kit (Promega).

Statistical Analysis—All values in figures are means � S.E.
Biochemical data were statistically analyzed using the unpaired

two-tailed Student’s t test. A p value of �0.05 was considered
statistically significant.

Results

Expression and Aggregation of Deletion Mutants Lacking 20
Amino Acids in SH-SY5Y Cells—To determine the sequences
responsible for aggregation of CTFs of TDP-43, we constructed
a series of deletion mutants lacking 20-amino acid residues in
TDP-CTF with a GFP tag: Del 1(�214 –233); Del 2(�234 –253);
Del 3(�254 –273); Del 4(�274 –293); Del 5(�294 –313); Del
6(�314 –333); Del 7(�334 –353); Del 8(�354 –373); and Del
9(�374 –393) (Fig. 1, A and B). Aggregation of TDP-43 in cells
transfected with a deletion or wild-type construct was evalu-
ated by biochemical analysis of Sar-insoluble TDP-43 (Fig. 2).
The Sar-soluble TDP-43 CTF levels were similar among the
deletions as detected with anti-GFP (Fig. 2, left panel), but
remarkable decreases of Sar-insoluble TDP-43 were detected
with anti-GFP or pS409/410 in cells expressing Del 4, 5, or 8
(Fig. 2, middle and right panels). The results of band quantita-
tion are shown in the lower panels. These data suggest that
deletion of residues 274 –293, 294 –313, or 354 –373 reduced
the TDP-43 aggregation.

Aggregation of the deletion mutants of TDP-43 was also
evaluated by means of fluorescence microscopy (Fig. 3). In cells
expressing Del 1, 2, or 3, many small dot-like aggregates were
observed, which were morphologically distinct from those in
cells expressing wild-type CTF. In contrast, only small amounts
of TDP-43 aggregates, or none, were observed in cells express-
ing Del 4 – 8, compared with those in cells expressing wild-type
or Del 9. Intracellular aggregates of GFP-tagged TDP-43 CTF
had much more intense fluorescence than diffusely expressed
non-aggregated GFP-tagged TDP-43 CTF. Therefore, to quan-
tify TDP-43 aggregates by luminance extraction, we adjusted

FIGURE 1. Construction of a series of partial deletion mutants of TDP-43
C-terminal fragment. A, schematic diagrams of full-length TDP-43 and GFP-
tagged TDP-CTF(162– 414). Deletion sites (1–9) were designed on the 214 –
393 region of TDP-CTF. B, schematic diagrams of deletion mutants of TDP-CTF
(Del 1–9). Each mutant possesses one of nine deletions. Del 1 and 2 have
deletions in RNA-recognition motif 2, Del 4 and 5 have deletions in the gly-
cine-rich domain, and Del 7 and 8 have deletions in the Gln/Asn-rich domain.
Deletion sites of Del 3 and 6 were designed to lie within gaps of domains, and
Del 9 was closest to the C terminus.
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the lower limit (threshold) of luminance value so that only the
aggregates were detected. As shown in Fig. 3B, markedly
reduced aggregate formation was observed in cells expressing
Del 4 – 8, confirming the visual observations. These results
indicate that sequences in the region between 274 and 373 are
responsible for the aggregation of TDP-CTF, although there is
some discrepancy between the results of these morphological
observations and those of biochemical analyses shown in Fig. 2.
It is possible that amorphous aggregates, which are different
from the amyloid-like aggregates, but are nevertheless insolu-
ble and phosphorylated, are formed in cells due to deletion of
the sequence 314 –353. Such aggregates might be diffusely
localized in the cytoplasm of cells and would not be detected as
aggregates by fluorescence microscopy.

Expression and Aggregation of Deletion Mutants Lacking 40
Amino Acids in SH-SY5Y Cells—To further analyze the effect of
these sequences on TDP-43 aggregation, we constructed

another series of deletion mutants lacking 40 amino acid resi-
dues in GFP-tagged TDP-CTF and an untagged full-length
TDP-43 mutant (�NLS(187–192)), which lacks both the NLS
(78 – 84) and a similar sequence (187–192), and forms aggre-
gates in cells (18). Remarkable reduction of aggregation was
observed both biochemically and morphologically in cells
expressing the Del 4 and Del 5 mutants described above. The
sequences deleted in these mutants correspond to the glycine-
rich region of TDP-43. Therefore, 40-amino acid deletion con-
structs were made by deleting Del 4 –5 and the adjacent Del
2–3, Del 6 –7, and Del 8 –9. They were expressed in cells, and
aggregate formation was investigated by quantitation of Sar-
insoluble TDP-43 (Fig. 4). Deletion of residues 234 –273 (Del
2–3) in GFP-CTF caused a significant increase of Sar-insoluble
phosphorylated TDP-43. In contrast, insoluble TDP-43 was
dramatically reduced by deletion of residues 274 –313 (Del
4 –5), although no reduction was detected in response to dele-
tion of residues 314 –353 (Fig. 4A). Deletion of residues 354 –
393 (Del 8 –9) also showed significant reduction of insoluble
TDP-43 on the blot with pS409/410 but not with anti-GFP anti-
body. Similar results were observed in a cellular aggregation
model using untagged full-length mutant (�NLS(187–192))
(Fig. 4B), suggesting that residues 274 –313 and 354 –393 are
important for aggregation of not only CTF but also full-length
TDP-43. Aggregate formation of these deletion mutants was
also investigated by means of fluorescence microscopy. In cells
expressing undeleted GFP-tagged CTF, Del 2–3(234 –273), and
Del 8 –9(354 –393), distinct aggregates were observed, whereas
diffuse cytoplasmic localization of GFP was observed in cells
expressing Del 4 –5(274 –313) or Del 6 –7(314 –353). The
results of quantitation of aggregates (Fig. 4, C and D) suggested
that residues 314 –353 may also be important for aggregation of
TDP-CTF.

In Vitro Aggregation of Synthetic Peptides of TDP-43—Next,
we investigated whether or not these 40 amino acid peptides
can themselves form amyloid-like fibrillar aggregates. Synthetic
peptides corresponding to sequences 234 –273, 274 –313, 314 –
353, and 353–392 of TDP-43 and a control peptide (Fig. 5A)
were dissolved in 30 mM Tris-HCl buffer at various concentra-

FIGURE 2. Immunoblot analysis of Sar-insoluble fraction of cells expressing TDP-CTF deletion mutants. After 48 h of incubation, SH-SY5Y cells transfected
with TDP-CTF deletion mutants and WT (without deletion) were lysed in A68 buffer containing 1% Sar and sequentially fractionated into Sar-soluble (sup,
supernatant) and Sar-insoluble (ppt, pellet) by centrifugation. These fractions were subjected to SDS-PAGE, and proteins in gels were transferred to PVDF
membrane. Bands were detected with anti-GFP and anti-pS409/410 antibodies, and relative intensity (versus WT) is shown in the plot. Data are means � S.E.
(n � 3). *, p � 0.05 by Student’s t test against the value of WT.

FIGURE 3. Fluorescence microscopic analysis of aggregate formation of
TDP-CTF deletion mutants expressed in cells. A, fluorescence microscopic
images of SH-SY5Y cells transfected with deletion mutants of TDP-CTF and
WT. The fluorescence of GFP, which is fused to TDP-CTF, was detected. Aggre-
gated TDP-CTF is distinguishable from diffusely expressed TDP-CTF, appear-
ing as round or dot-like structures with much more intense GFP fluorescence.
B, luminance extraction was conducted on acquired fluorescence micro-
scopic images to quantify aggregate formation. To exclude fluorescence of
non-aggregated protein, the lower limit of detectable GFP luminance level
was adjusted so that only fluorescence of aggregated TDP-CTF was detected.
Measured luminance was calculated as a relative value with respect to TDP-
CTF WT. Data are means � S.E. (n � 3). *, p � 0.05 by Student’s t test against
the value of WT.
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tions (0.05, 0.1, and 0.2 mM), and incubated at 37 ° C with shak-
ing. Amyloid-like aggregate formation was analyzed in terms of
thioflavin S (ThS) fluorescence. The peptide 234 –273 showed
an increase of ThS fluorescence at day 4 at a concentration of
0.2 mM, but no increase was observed even by day 8 at lower
concentrations. In contrast, the peptides 274 –313 and 314 –

353 showed markedly increased ThS fluorescence at day 1 at
most concentrations studied (Fig. 5B). No ThS increase was
observed with the peptide 353–392 or the control peptide. The
amyloid-like aggregates formed by the above peptides at a con-
centration of 0.2 mM were negatively stained with phospho-
tungstate on a grid and observed by electron microscopy. As

FIGURE 4. Effect of 40-amino acid deletions on aggregate formation of TDP-CTF and TDP-43(�NLS(187–192)). Deletion mutants of GFP-tagged TDP-
CTF(162– 414) and TDP-43(�NLS(187–192)) were constructed with 40-amino acid deletions at 234 –273, 274 –313, 314 –353 and, 354 –393 and expressed in
SH-SY5Y cells. TDP-43 deletion mutants collected in Sar-soluble (sup) and Sar-insoluble (ppt) fractions were detected with anti-GFP and anti-pS409/410
antibodies for GFP-tagged TDP-CTF series (A), and with anti-TDP-43 and anti-pS409/410 for TDP-43 (�NLS(187–192)) series (B), respectively. Cells expressing
GFP-tagged TDP-CTF deletion mutants were also observed by fluorescence microscopy (C), and aggregate formation was quantified by luminance extraction
of GFP fluorescence of aggregated TDP-CTF (D). Data are means � S.E. (n � 3). *, p � 0.05 by Student’s t test against the value of WT.
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shown in Fig. 5C, short fibrillar aggregates were observed in the
peptide 234 –273 solution. In contrast, relatively long, straight,
or twisted fibrils (10 –15 nm diameter) were observed in the
274 –313 and 314 –353 peptide solutions. These results indicate
that the TDP-43 peptides 274 –313 and 314 –353 have a high
propensity to form amyloid-like fibrils, whereas 234 –273 and
354 –393 peptides have a low propensity.

Synthetic Peptide Fibrils Can Serve as a Seed to Convert Intra-
cellular TDP-43 into Abnormal Aggregates—Prion-like propa-
gation of intracellular abnormal proteins has been demon-
strated in cellular and animal models (20 –22). It has also been
shown that the Sar-insoluble TDP-43 fibrils prepared from the
brains of patients with ALS/FTLD have prion-like properties
and can seed-dependently convert normal TDP-43 to abnormal
forms (16). Therefore, we investigated whether fibrils made of
these synthetic peptides have the ability to convert normal
TDP-43 into abnormal aggregates. SH-SY5Y cells were tran-

siently transfected with wild-type TDP-43 and then transduced
with these peptide monomers or the fibrils (234 –273, 274 –313,
and 314 –353), and then Sar-soluble and -insoluble TDP-43 was
analyzed by immunoblotting (Fig. 6, A and B). In cells trans-
duced with the monomeric peptides, no insoluble phosphory-
lated TDP-43 was detected. In contrast, pS409/410-positive
insoluble TDP-43 of 45 kDa was detected in cells transduced
with fibrils of peptide 274 –313 or peptide 314 –353, suggesting
that these synthetic peptide fibrils converted wild-type full-
length TDP-43 to abnormal aggregates. We also investigated
the effect of phosphorylation on seed-dependent TDP-43
aggregation. Mutant TDP-43 (S403A/S404A/S409A/S410A),
in which the four major phosphorylation sites Ser-403, Ser-404,
Ser-409 and Ser-410 were substituted by alanine, was expressed
in cells, which were treated with peptide fibrils. The amount of
insoluble TDP-43 was compared with that in cells expressing
wild-type TDP-43 by using anti-TDP-43 and anti-TDP-

FIGURE 5. In vitro aggregation of synthetic TDP-43 peptides (40 amino acid residues). A, schematic diagrams of deletion sites on TDP-43 and sequences of
synthetic peptides. B, TDP-43 peptide solutions of 0.05, 0.1, and 0.2 mM were prepared and incubated in 37 °C on a shaker. At the indicated time point, aliquots
of peptide solution were added to 5 �M ThS solution, and ThS fluorescence was measured. Data are means � S.E. (n � 3). C, peptide solutions after 8-day
incubation at 37 °C on a shaker were loaded on a grid and negatively stained with phosphotungstate. Samples were observed under a transmission electron
microscope. Magnification of acquired micrographs is �40,000, and scale bar is 100.0 nm.
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43(405– 414), because pS409/410 could not be used in this case.
Immunoblot analysis showed no differences in aggregation
between mutant TDP and WT-TDP (Fig. 6C), strongly suggest-
ing that phosphorylation of TDP-43 is not necessary for aggre-
gation of TDP-43, but it most likely occurs as a secondary event
in seed-dependent TDP-43 aggregation.

To confirm the aggregate formation morphologically, we
performed immunocytochemical analyses of cells expressing
WT-TDP-43 or �NLS-TDP-43 and treated with these fibrils
(Fig. 7A). No phosphorylated and aggregated TDP-43 was seen
in cells expressing WT-TDP-43 or �NLS-TDP-43 alone. In
contrast, dot-like structures positive for pS409/410 were found
in WT-TDP-43-transfected cells treated with synthetic peptide
fibrils of 274 –313 or 314 –353. The inclusions were also posi-
tive for anti-TDP-43 antibody, which recognizes the middle
region of TDP-43. Most of the inclusions appeared to be local-
ized in the cytoplasm, not in the nuclei, and this was confirmed
by image analysis (Fig. 7B; representative data for cells trans-
fected with WT-TDP-43 � fibril 274 –313 are shown). Interest-
ingly, the nuclear staining of endogenous TDP-43 was lost in
the cells with cytoplasmic TDP-43 aggregates, recapitulating an
important neuropathological feature of TDP-43 proteinopathy.
Together with the immunoblot analyses, these results indicate
that full-length WT-TDP-43 expressed in cells became aggre-
gated and phosphorylated after introduction of the synthetic
peptide fibrils of 274 –313 and 314 –353 but not with peptide
fibrils of 234 –273. More cytoplasmic inclusions of TDP-43,
positive for both anti-pS409/410 and anti-TDP-43, were
detected in cells expressing �NLS-TDP-43 and treated with
these peptide fibrils. There were no apparent differences in
morphology of the inclusions formed in cells treated with pep-
tide fibrils 274 –313 and peptide fibrils 314 –353.

Distinct Conformational Changes Are Induced by Different
Peptide Fibrils—We further investigated these inclusions bio-
chemically to determine whether there is any difference

between the aggregates induced by the 274 –313 fibrils and
those induced by the 314 –353 fibrils. Immunoblot analyses
of the Sar-insoluble fractions of cells transfected with
WT-TDP-43 or �NLS-TDP-43 showed that full-length
TDP-43 with an apparent molecular mass of 45 kDa is accumu-
lated in response to treatment with fibrils of peptide 274 –313
or peptide 314 –353. In addition to the intensely labeled 45-kDa
band, some weak bands were also detected in the upper and
lower molecular weight regions with both anti-TDP-43 and
pS409/410 antibodies (Fig. 8A). Interestingly, the banding pat-
terns at lower molecular weight were different between the
treatments with the 274 –313 fibrils and the 314 –353 fibrils.
This was the case both in cells expressing WT-TDP-43 and in
cells expressing �NLS-TDP-43. This finding may indicate that
the different peptide fibrils converted WT-TDP-43 into con-
formationally distinct aggregates. The finding that these fibrils
converted wild-type full-length TDP-43 to abnormal aggre-
gates is important, and to confirm this observation, we treated
the Sar-insoluble fractions of these cells with trypsin and then
analyzed the trypsin-resistant fragments by immunoblotting
with pS409/410. It should be noted that trypsin-resistant band-
ing patterns are different between different disease phenotypes
and the patterns are useful for biochemical classification of
TDP-43 proteinopathy (13, 15). Upon treatment of the Sar-
insoluble fractions with trypsin, the full-length TDP-43 band
disappeared, and bands of 16 –24 kDa appeared in the cases of
cells treated with the 273–313 fibrils and the 314 –353 fibrils
(Fig. 8B). The banding pattern of the 273–313 fibril-treated
cells (several major bands at 18, 19, and 	23 kDa) was different
from that of the 314 –353 fibril-treated cells (one major band at
18 kDa and one minor band at 16 kDa) (Fig. 8B). To link these
results to the molecular pathogenesis of TDP-43 proteinopa-
thy, we compared the banding patterns of TDP-43 aggregates
formed in cultured cells by peptide-fibril introduction to those
in the brains of patients. TDP-43 proteinopathy is subclassified
into at least three types based on the predominant TDP-43-
positive structures: type A is mainly seen in FTLD-TDP with
PGRN mutations; type B corresponds to ALS and FTLD with
motor neuron disease and type C is a representative feature of
sporadic FTLD-TDP with impairment of semantic memory
(14). Each type is characterized biochemically by specific pat-
terns of insoluble TDP-43 CTFs detected with anti-pS409/410
(13, 15). In this study, Sar-insoluble fractions were prepared
from brains of typical cases with FTD (type A) and ALS (type B)
(Fig. 8C). As shown in Fig. 8C, the trypsin-resistant bands of
insoluble TDP-43 from FTD and ALS were very similar to those
in cells treated with 274 –313 and 314 –353 fibrils, respectively,
in terms of both patterns and molecular sizes. These results
strongly suggest that extracellular introduction of different
TDP-43 peptide fibrils induced formation of different types of
intracellular TDP-43 aggregates via seeded conversion of full-
length WT-TDP-43 and �NLS-TDP-43. We also conducted
lactate dehydrogenase assay to examine cytotoxicity in cells
containing intracellular aggregates following peptide-fibril
introduction. No significant increase of lactate dehydrogenase
was detected in this experiment (Fig. 8D), suggesting that tox-
icity of the aggregates is below the detectable limit in this assay.

FIGURE 6. Synthetic peptide fibrils function as seeds in SH-SY5Y cells
expressing full-length TDP-43. TDP-43 peptide monomers (5 �g) without
incubation (A) and fibrils prepared as described above (B) were introduced
into cells immediately after transfection of full-length TDP-43. After incuba-
tion for 2 days, Sar-soluble (sup) and Sar-insoluble (ppt) fractions of cell lysate
were prepared, and immunoblot analysis using anti-TDP-43 and anti-pS409/
410 antibodies was conducted. Black arrowhead indicates abnormally
phosphorylated TDP-43 of 45 kDa. C, cells transfected with WT-TDP-43 and
TDP-43 (S403A/S404A/S409A/S410A) were treated with peptide fibrils of
274 –313 and 314 –353 and then immunoblotted using anti-TDP-43 and
anti-TDP-43(405– 414).
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Molecular Mechanism of Seed-dependent Aggregation of
TDP-43—To investigate the molecular mechanism of the intra-
cellular aggregation of TDP-43 induced by transduction of the
peptide fibrils, we expressed deletion mutants of TDP-43 lack-
ing these 40-amino acid sequences, namely TDP-43(del234 –
273), TDP-43(del274 –313), and TDP-43(del314 –353) in cells,
and then treated the cells with the peptide fibrils. These dele-
tion mutants were detected at 	40 kDa, with apparently lower
molecular mass than WT-TDP-43, in the Sar-soluble fraction
(sup). Expression of WT-TDP-43 or deletion mutant TDP-43
(del274 –313) or TDP-43 (del314 –353) alone did not afford
Sar-insolublephosphorylatedTDP-43(Fig.9A),butaphosphor-
ylated insoluble 40-kDa band was detected in cells expressing
TDP-43 (del234 –273). These results indicate that deletion of
residues 234 –273 from full-length TDP-43 promoted aggrega-
tion, but deletion of the other 40-amino acid sequences did not
affect aggregation.

Cells expressing these deletion mutants were treated with
peptide fibrils and cultured for another 2–3 days. The Sar-in-
soluble fractions prepared from these cells were analyzed by
immunoblotting with anti-TDP-43 and pS409/410. As shown
in Fig. 9B, the Sar-insoluble phosphorylated TDP-43 induced
by fibrils (274 –313) was dramatically decreased in cells
expressing TDP-43 lacking residues 274 –313, compared with
those in cells expressing WT-TDP-43 or the other deletion
mutants. Similarly, the Sar-insoluble phosphorylated TDP-43
induced by the fibrils (314 –353) was markedly decreased in
cells expressing TDP-43 lacking residues 314 –353, compared
with those in cells expressing WT-TDP-43 or the other deletion
mutants (Fig. 9C). Expression levels of WT and deletion
mutants were almost the same as observed in immunoblot anal-
ysis of the soluble fractions (Fig. 9, B and C). The greater accu-
mulation of insoluble TDP-43 in cells expressing TDP-43 (del
234 –237) is probably due to its high propensity to form aggre-
gates (Fig. 9A). Thus, these results demonstrate that seed-de-
pendent conversion of intracellular TDP-43 into abnormal
aggregates requires association of fibril seeds with the same
sequence in the host protein.

Discussion

In this study, we have identified the region between residues
274 and 373 of TDP-43 as an essential sequence for aggregation
of GFP-tagged TDP-CTF and untagged full-length TDP-43
lacking NLS, as well as the similar (�NLS(187–192)), by using
two series of deletion mutants lacking 20 or 40 amino acids. In
addition, synthetic peptides corresponding to residues 274 –
313 and 314 –353 in this region have a high propensity to form
amyloid-like fibrils.

FIGURE 7. Immunocytochemical analysis of intracellular aggregation of
TDP-43 induced by peptide fibrils. Cells cultured on coverslips were trans-
fected with expression plasmids of WT-TDP-43 and �NLS-TDP-43 and treated

with TDP-43 peptide fibrils (234 –273, 274 –313, and 314 –353). After 2 days of
incubation, cells were fixed and stained with antibodies and nuclear staining
dye (green, anti-TDP-43; red, anti-pS409/410; blue, TO-PRO-3). A, white arrows
indicate abnormally phosphorylated cytoplasmic TDP-43 aggregates. Scale
bar, 20 �m. B, cytoplasmic localization of abnormally phosphorylated TDP-43
aggregates in WT-TDP-43 � fibril (274 –313) cells was confirmed by image
analysis. The locations of aggregates on single and merged images are sur-
rounded by white lines (upper left panel). A magnified TO-PRO-3 image of the
vicinity of the aggregates is shown in the upper right panel (with and without
the white lines to indicate the location of aggregates). The lower panel and
graph show the intensity distribution profiles of TDP-43 (green line), phosphor-
ylated TDP-43 (red line), and TO-PRO-3 (blue line) along the indicated line.
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The TDP-43 C-terminal domain (233– 414) has a moderate
level of sequence similarity to prion protein (23), and the two
highly amyloidogenic 40-amino acid sequences (274 –313 and
314 –353) identified in this study cover 	44% of this region.
The former sequence 274 –313 contains 17 Gly residues in the
40 amino acids, corresponding to the glycine-rich region of
TDP-43, and 18 amino acids (17 Gly and 1 Asn) are identical
and 7 amino acids are similar to those in the prion protein. The
latter sequence 314 –353 contains 9 Gln/Asn and 5 Met resi-
dues, covering half of the Gln/Asn-rich region of TDP-43.
Within this sequence, 10 amino acids (4 Ala, 2 Gly, 2 Met, 1
Asn, 1 Leu, and 1 Ser) are identical and 4 amino acids are similar

to those of the prion protein (Fig. 9D). Reported pathogenic
mutations of ALS/FTLD are intensely focused in these
regions, and it has been suggested that the A315T mutation
increases the tendency of the protein to form a �-sheet struc-
ture. Because these two synthetic 40-amino acid peptides
have a high propensity to form amyloid-like fibrils at a low
concentration, these sequences are likely to be important for
aggregation of full-length TDP-43. In fact, deletion of these
sequences resulted in a dramatic decrease in the formation
of dot-like intracellular inclusions in cells expressing
GFP-tagged TDP-CTF or untagged full-length TDP-43
(�NLS(187–192)), although the Sar-insoluble phosphorylat-

FIGURE 8. Different peptide fibrils generated different band patterns of TDP-43 C-terminal fragments and protease-resistant fragments. Peptide fibrils
of 274 –313 and 314 –353 were introduced into cells expressing WT-TDP-43 and �NLS-TDP-43, and aggregated TDP-43 contained in the Sar-insoluble fraction
was detected by immunoblot analysis using anti-pS409/410 antibodies. A, 22–28-kDa band patterns were compared between 274 –313 and 314 –353 peptide
fibril-induced cells. Schematic diagrams of band patterns are indicated below the blot. B, Sar-insoluble fractions were treated with 10 �g/ml trypsin for 30 min,
and then the reaction was stopped by heating at 100 °C for 5 min. Immunoblot analysis using anti-pS409/410 detected remaining trypsin-resistant bands, and
their pattern is indicated as a schematic diagram below the blot. C, comparison of TDP-43 in brains of patients with that in cells treated with peptide-fibril seeds.
Sar-insoluble fractions prepared from brains of patients (one case of FTD and one case of ALS) and from cells treated with peptide fibrils of 274 –313 and
314 –353 were digested with trypsin (10 �g/ml at 37 °C for 30 min). Untreated and trypsin-treated samples were immunoblotted with pS409/410. D, extents of
cell death in transfected and fibril-introduced cells were quantified by lactate dehydrogenase assay. Cell death assay was conducted 2 days after treatment
with peptide fibrils. Data are means � S.E. (n � 3).
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ed TDP-43 was not reduced by deleting the sequence of
314 –353.

It remains unknown why such inconsistent results were
obtained between the biochemical analysis and the observa-
tions by fluorescence microscopy. One possible explanation is
that the Del 6 –7 mutant may form amorphous unstructured,
Sarkosyl-insoluble aggregates rather than punctate amyloid-
like aggregates. The sequence 314 –353 may stabilize the
TDP-43 molecule, and its deletion leads to formation of amor-
phous aggregates of oligomers, which are insoluble and phos-
phorylated, and are diffusely localized in cytoplasm; such struc-
tures would not be detected as aggregates by fluorescence
microscopy. It remains to be clarified whether such diffusely
accumulated TDP-43 has any toxic effect on cells and whether
it has any prion-like ability to serve as a seed for TDP-43
aggregation.

The significance of the abnormal phosphorylation in these
intracellular abnormal proteins in relation to neurodegenera-
tive diseases has been debated. Our present results clearly show
that phosphorylation on Ser-403, Ser-404, Ser-409, and Ser-410
has no effect on seed-dependent aggregation of TDP-43, sug-
gesting that phosphorylation may be a secondary event occur-
ring after seed-dependent amyloid-like fibril formation. This
may also be the case in other intracellular abnormal amyloid-
like protein diseases.

Some research to identify aggregation-related sequences of
TDP-43 has been reported. For example, Hu and co-workers
(24) assayed the aggregation ability of a series of N- or C-termi-

nally truncated TDP-43 (C-terminally GFP-tagged form) in an
Escherichia coli overexpression system and proposed that 318 –
343 is essential for aggregation of TDP-43. A synthetic peptide
corresponding to this sequence underwent structural transfor-
mation from �-helix to �-sheet during aggregation (24). Wang
et al. (25) proposed that the truncated RRM2208 –265) has a
more important role than the glycine-rich region in TDP-43
aggregation, based on findings in Neuro2A cells overexpressing
C-terminally GFP-tagged truncated RRM-2 or glycine-rich
region. Saini et al. (26) identified 246 –255 and 311–320 as core
aggregation sequences of TDP-43 by evaluating the aggregation
ability of a series of peptides derived from the TDP-43 C-termi-
nal sequence (220 – 414). Furukawa et al. (27)reported that the
C-terminal half of TDP-43 (i.e. TDP-432-C) can recapitulate
the aggregation propensities of the full-length protein.
Huang and co-workers (28, 29) showed that peptides in the
sequence (287–322) have a propensity for aggregation, and
this tendency was altered by substitution of glycines with
prolines. The sequences reported in previous studies and
identified in this study are summarized in Fig. 10. Our
sequence 274 –353 overlaps well with those reported by
Huang and co-workers (28, 29), although other sequences
were not identified in this study. The discrepancy may be due
to the difference in the length of peptides used in in vitro
aggregate formation assay (we prepared 40-mers in contrast
with their short 8 –12-mer peptides). Furthermore, we
clearly demonstrated the seeding ability of our peptide
fibrils, which had not been addressed previously.

FIGURE 9. Seeding ability of peptide fibrils for TDP-43 deletion mutants. A, series of deletion mutants of WT-TDP-43 lacking a 40-amino acid
sequence of the C-terminal region were constructed and expressed in SH-SY5Y cells. After 48 h of incubation, cells were fractionated into Sar-soluble
(sup) and Sar-insoluble (ppt). Immunoblotting of sup was conducted using anti-TDP-43 and immunoblotting of ppt was conducted using anti-pS409/
410 antibodies. B, TDP-43 peptide fibrils of 274 –313 (B) and 314 –353 (C) were introduced into cells expressing these WT-TDP-43 deletion mutants. The
sup and ppt fractions were prepared and immunoblotted. Black arrowhead indicates endogenous full-length TDP-43, and white arrowhead indicates
deletion mutant of TDP-43. D, based on a report of moderate similarity between C-terminal regions of TDP-43 and PrP (23), regions corresponding to
TDP-43 (234 –273, 274 –313 and 314 –353) are indicated on the alignment of human TDP-43 C-terminal region and human prion protein (PrP). *, identical
amino acid residues.

Aggregation-related Sequence of TDP-43

APRIL 22, 2016 • VOLUME 291 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 8905



Emerging evidence suggests prion-like propagation or
spreading of intracellular pathological proteins, including tau,
�-synuclein, and TDP-43, in diseased brains. In fact, the inclu-
sions in brains of patients are positive for thioflavin S fluores-
cence, and most of these pathological proteins are accumulated
in filamentous or fibrous forms (30). In addition, the paired
helical filaments prepared from Alzheimer disease brains and
�-synuclein fibrils made of recombinant protein were demon-
strated to have a cross-� structure (31, 32), which is the same as
that of abnormal prion protein. Furthermore, the seed-depen-
dent prion-like conversion of normal proteins into an abnormal
form has been demonstrated experimentally in cellular and ani-
mal models (16, 20 –22).

TDP-43 pathologies can be seen in various diseases and
are thought to be the cause of neurodegeneration in these dis-
eases, including ALS, FTLD, and related disorders, which are
referred to as TDP-43 proteinopathy. Clinicopathologically,
the TDP-43 proteinopathy can be classified to at least four sub-
types (types A–D), and there is a close relation between the
pathological subtypes of TDP-43 proteinopathy (14) and the
immunoblot patterns of C-terminal fragments of phosphory-
lated TDP-43 (13, 15). Furthermore, protease-resistant band-
ing patterns of pathologically insoluble TDP-43 are also useful
for biochemical classification of the subtypes (15). However,
the molecular mechanisms have been unclear. In this study, we
demonstrated that fibrils made of synthetic peptides corre-
sponding to the critical regions of TDP-43 have the ability to
convert intracellular wild-type TDP-43 into abnormal aggre-
gates, when they are introduced into cells. The TDP-43 aggre-
gates induced by different peptide fibrils showed different CTF-
banding patterns and different trypsin-resistant bands, strongly
suggesting that different seeds induce assembly of TDP-43 into
distinct amyloid-like fibrils. We also demonstrated that the
interaction of the seeds with the same peptide sequence in the
host protein is required for the seeded aggregation. The distinct
seeds formed by assembly of different parts of the C-terminal
regions of TDP-43 may convert normal TDP-43 into corre-
sponding abnormal conformations and thus determine the
clinicopathological subtypes of TDP-43 proteinopathy. Cell-
to-cell spreading of a single species of pathological protein in
brain may account for the relatively homogeneous pathology in
individual brains, despite the fact that various types of confor-
mational change or structural assembly can occur.

The sequences identified in this study and the seeded aggre-
gation model that we have developed should be useful for estab-
lishing animal models of TDP-43 proteinopathy. The results
obtained in this study may also contribute to our understanding
of the pathogenesis and progression of TDP-43 proteinopathy.
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