| Neuropathol Exp Neurol ¢ Volume 69, Number 10, October 2010

Vaccination in ALS Model Mice
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FIGURE 7. Vaccination of nontransgenic (non-Tg) mice using recombinant wild-type (WT) superoxide dismutase 1 (SOD1) protein
effectively induces antibody with no detectable detrimental effect. (A) ELISA of sera of non-Tg mice vaccinated with mouse SOD1
and saline with adjuvant at days 120 and 210 (n = 5 in each group). Data show mean + SEM (n = 5). *p < 0.01 by 1-way analysis
of variance of Bonferroni test. (B) Comparison of body weights after vaccination between mouse SOD1-vaccinated and saline/
adjuvant-injected controls. Each point shows mean body weight (g) of 5 mice per group. (€) ELISA for IgG subclasses induced
by mouse SOD1 vaccination. The titer for IgG1, 2b, and 2c against recombinant mouse SOD1 was determined in sera from
SOD1-vaccinated and control saline/adjuvant-injected mice at day 210 and expressed as OD 405 nm (mean + SE forSE for each
group, n=5). *p < 0.01 by 1-way analysis of variance of Bonferroni test.

r =10.7333, p = 0.0156, by Spearman r), whereas IgG1 and
IgG2c showed no significant correlation (Figure, part B, a, c,
Supplemental Digital Content 3, http:/links.lww.com/NEN/
A180). By contrast, there was no positive correlation of the
G93A vaccination with any 1gG subtype. Rather, the IgG1 titer
was negatively correlated to the survival effect (Figure, part B,
d, Supplemental Digital Content 3, http:/links.lww.com/NEN/
A180; r= —0.5879, p = 0.0403, by Spearman r).

Antibody Induction in Non-Tg Mice by
Vaccination With Murine WT SOD1

Because the human WT SODI is a foreign antigen to
mice, antibody is generally easily induced. For human trials,
induction of the antibody against human WT-SOD1 in human
body would be required. Therefore, we investigated whether
the murine WT-apo SOD1 induced antibody by breaking
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immunologic tolerance to endogenous SOD1 in mice. Vac-
cination of non-Tg C57BL/6 mice with recombinant mouse
WT-apo SODI induced antibody against mouse SODI at
days 120 and 210 (Fig. 7A). Simultaneously, the adverse
reactions of the vaccination were monitored for BW loss
(Fig. 7B), movement, hair length, spontaneous activity, and
provoked biting as well as observation of tissue hemorrhage
or anemia at autopsy. These analyses displayed no abnor-
malities that could be attributed to vaccination. The analysis
of IgG subclass profile showed that all the subclasses in-
cluding IgG1, IgG2b, and 1gG 2¢c were comparably elevated
(Fig. 7C), indicating that both Tyl and T};2 immunity is in-
duced in non-Tg mice.

DISCUSSION

In this report, we demonstrate a beneficial effect of
vaccination with the WT-apo SOD1 protein to prolong the life
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span of G93A SODI Tg mice. The chief effect was delaying
the discase onset rather than slowing its progression. The
G93A SOD1 vaccine also delayed the onset significantly and
showed a trend to prolonging the life span. This result is
in agreement with our previous finding that the vaccination
with the G93A-apo SODI protein against G37R SOD1 mice
(5 times higher) led to a 3-week delay of onset and a 4-week
prolongation of life span, whereas the same vaccination of
high-copy G93A SODI1 (G93AGur) mice (17 times higher)
was not effective (10). Therefore, the expression level of the
mutant protein in the Tg mice may determine the vaccine
effect, particularly in the late stage. Because there generally
are 1 or 2 copies of the mutant SOD! gene in ALS patients,
our results indicate that further development of vaccination
aiming not only for prevention but also for disease inhibition
after onset is warranted.

Unexpectedly, the apo-form of the SOD! was a dimer,
although the precise molecular features of the WT-apo SODI
are unclear. The apo-SOD1 of both WT and G93A are slightly
larger molecules than the holo-SODls, indicating that the
apo-form of SODIs form nonnative dimers. Intriguingly, the
previous report showed that a nonnative SOD1 dimer is a
common finding in mutant and sporadic ALS (24). Therefore,
the misfolded dimeric conformation might mediate the
vaccine effect of the WT-apo SODI1. Because of its utility
regardless of the mutation type, the protective effect of the
WT-apo SOD! in G93AGur® mice may represent a widely
applicable paradigm. We observed no detrimental effect of
WT-apo SOD! vaccination in G37R Tg mice, but there
seemed to be some beneficial effect (personal observation).
We and others have reported potential misfolding property
of the WT SOD1 when posttranslationally modified such as
monomerization (21) or oxidation (34), which may account
for the effect of the WT-apo SODI vaccination. Therefore,
further modification by narrowing the critical domains for
misfolding or by specifying more aberrant structures such
as oligomer or aggregates 1s a potential strategy for develop-
ing vaccines against mutant SOD1-linked ALS.

The precise mechanisms of the beneficial effects of
vaccination with the misfolded SOD! protein are unclear. We
found that Clq increased around the remaining motor neurons
and that IgG immunoreactivity increased in the spinal cord
meninges. Moreover, the blood-brain barrier of mutant SODI
Tg mice is fragile (35), and recent studies show CD4" T-cell
proliferation in the spinal cord of mutant SODT Tg mice
(17, 18). Therefore, it is conceivable that immune-related
molecules or cells may easily penctrate into the ONS in
mutant SOD1-linked ALS patients and that viceine-induced
antibodies could directly target extracellular SOD1 in the
spinal cord. Although immunohistochemistry showed no
obvious change in the SODI1 aggregates by the vaccination
(not shown), this indicates that only small fractions of solu-
ble misfolded species might participite it the extracellular
toxicity.

Our results indicate that there s induction of protective
immunity by vaccination with the Ribn adjuvant. The effect of
both SODI vaccinations or [y deviation in the spinal cord
is striking. Moreover, 8 TA B amadyars sugpests that activated
microglia in the spinal cord sl matat SO Tg mice are the
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source of IFNwy. Indeed, a recent report also showed that
STAT4 is chiefly expressed in the active microglia in the
cerebral white matter in multiple sclerosis (36). Active mi-
croglia expressing Mac-2 in the spinal cords are detected in
presymptomatic mutant SOD1 Tg mice but not in non-Tg or
WT SODI Tg mice (personal observation). Thus, microglia-
derived IFN-y might be a pathogenic proinflammatory factor
in mutant SOD1-linked ALS. Indeed, accumulating evidence
also indicates the detrimental effect of IFNvy in the CNS,
including oxidative stress (14), mitochondrial damage (30),
and MHC class [I+ cell proliferation (18). On the other hand,
it should be noted that the toxicity of IFNvy is context-
dependent and that it is regulated by a complex crosstatk
between microglia and T-cell subtypes (37). It was reported
that the stimulation of microglial cells with IFN+ rescues cells
with various toxic challenges through the induction of IGF-1
(38) or IGF-2 (39). A recent study also shows that a low dose
of IFNy provides neuroprotection by enhancing neurogenesis
in the amyloid precursor protein Tg mice (40). Therefore, the
effects of IFNy in the CNS are complex, and synergistic ef-
fects of other proinflammatory cytokines (e.g. TNF) in spe-
cific conditions likely are involved. Interestingly, the saline/
adjuvant injection also promoted T2 deviation, possibly as
a result of using the Ribi adjuvant (29). This result indicates
that the adjuvant is crucial to acquire desirable effect of
the vaccination, especially in ALS mutant mice. However,
because of the lack of a therapeutic effect of saline/adjuvant
injection, Ty2 deviation is not the primary mediator of the
beneficial effects of vaccination.

We previously reported that late-stage G37R Tg mice
with SOD1 vaccination had greater Mac2+ microglia than
control mice (10). However, in the present study, analysis of
the mice at the same point showed no significant difference
in the number of Mac2+ microglia. Therefore, it may be that
longer-lived mice with SODI vaccination showed more
abundant microgliosis. Further analyses including in situ hy-
bridization are needed to clanfy this issue because of the
diverse and complicated functions of microglia.

We show here that the both SODI vaccinations in-
creased IL-4 mRNA levels 1in the spleen at an early time point
and that there was a significant difference in IgG2c titer
and IgG1/1gG2c ratio between the WT-apo and the G93A-apo
vaccinations at the late stage. These results suggest that
peripheral IL-4 may drive a Tiy2 milieu from the early pre-
symptomatic stage in the spinal cord, and circulating IFNy
may have some detrimental effect in the later period. Thus,
the amount of IFNy or TNF in the serum at the preclinical
stage might be a useful marker for selecting an appropriate
vaccine and adjuvant. Furthermore, the titer of cach IgG
subclass was not positively correlated in G93A-apo vacci-
nation; rather, IgG1 titer was negatively correlated to the
life span (Figure, Supplemental Digital Content, part B, d,
http://links.lww.com/NEN/A180). These results suggest that
T 1/Ty2 regulation is unbalanced by the G93A vaccination
in the Tg mice with the same mutation. Taken together, Tyl
deviation in the G93A vaccination in the later stage might
counteract the effect to slow the progression. A recent report
shows that IFNv is increased in the serum of ALS patients
{(41). Moreover, systemically injected IFNvy distributes in the
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brain (42) and it is known to disturb the immunologic priv-
ilege by the induction of MHC class I antigen in CNS cells
(43). On the other hand, ablation of CD4" cells in mutant
SOD1 Tg mice accelerated the ALS phenotype, which is
mediated by microglial inhibition of IGF-1 (17). It was also
reported that intravenous injection of regulatory or effecter
T-cells significantly prolongs the longevity of G93A Tg mice
(19). In a spinal cord injury model, externally injected mac-
rophages potentiated the repair of damaged tissue by halting
microglial activation (44). In such cases, anti-inflammatory
cytokines including IL-4 (17} and IL-10 (45) mediate transter
of protective signals to microglia. Because there is potentially
aberrant immunity in ALS, vaccinations should be cautiously
designed. Considering recent conflicting reports as for ther-
apeutic outcomes of a glatiramer acetate vaccination (46-49),
in which an adjuvant is used only in the successful case (49)
but not in other failures (46—48), it is possible that the repet-
itive challenges of a neuroprotective antigen without adjuvant
may not suffice to evoke protective immunity. Therefore, in
light of current understanding of the role of the nflamma-
tion in neurodegeneration, Tyl /T2 balance may determine a
detrimental/protective direction of neurons by regulating
microglial function (50). Thus, it is important to recognize
that a proper combination of antigen and adjuvant may syn-
ergistically augment the therapeutic effect of vaccination.
Notably, the positive correlation between IgG2b (a subclass
induced by TGFp) and the therapeutic effect, including delay
of disease onset and prolongation of the life span, prompts
us to consider the benefit of mucosal immunity such as nasal
or intestinal vaccination in which neuroprotective cytokines
such as TGFB and IL-4 are induced (51).

Vaccination of non-Tg mice with mouse WT SODI
effectively induced antibody but did no overt harm. This is
very important for the future application of anti-SOD1 anti-
body in terms of potential adverse reactions and immunologic
tolerance. Abundant IgG2c as well as IgG1 was induced by
the vaccination indicating that Ty] immunity is provoked.
Therefore, further modifications for the improvement of
the vaccine effect include the development of misfolding
structure—targeted vaccines, such as an oligomer or more
narrowed sequences involved in the pathogenesis, the choice
of adjuvant, and the route of vaccination. '

In conclusion, our results indicate that WT-apo SOD!1
may be a candidate as a vaccine for familial ALS patients
with SOD1 mutations. Moreover, they suggest that induction
of protective immunity and immunomodulation to suppress
Tyl immunity, particularly at the later stage, may enhance the
outcome. Despite the advantage of passive immunization,
which can abolish such immune response considerably, fur-
ther improvement of vaccines will prove beneficial to familial
ALS patients because of their long-lasting effects and of po-
tential noninvasive ways for overcoming adverse reactions.
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Phosphorylated TDP-43 in Frontotemporal
Lobar Degeneration and Amyotrophic
Lateral Sclerosis

Masato Hasegawa, PhD,' Tetsuaki Arai, MD, PhD,” Takashi Nonaka, PhD,' Fuyuki Kametani, PhD,’
Mari Yoshida, MD, PhD,” Yoshio Hashizume, MD, PhD,” Thomas G. Beach, MD, PhD,*
Emanuele Burarti, PhD,” Francisco Baralle, MD, PhD,”> Mitsuya Morita, MD, PhD,°
Imaharu Nakano, MD, PhD,® Tatsuro Oda, MD, PhD,” Kuniaki Tsuchiya, MD, PhD,* and
Haruhiko Akiyama, MD, PhD?

Objective: TAR DNA-binding protein of 43kDa (TDP-43) is deposited as cytoplasmic and intranuclear inclusions in brains of
patients with frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) and amyotrophic lateral sclerosis
(ALS). Previous studies reported that abnormal phosphorylation rakes place in deposited TDP-43. The aim of this study was to
identify the phosphorylation sites and responsible kinases, and to clarify the pathological significance of phosphorylation of
TDP-43.

Methods: We generated multiple antibodies specific to phosphorylated TDP-43 by immunizing phosphopeptides of TDP-43,
and analyzed FTLD-U and ALS brains by immunohistochemistry, immunoelectron microscopy, and immunoblots. In addition,
we performed investigations aimed at identifying the responsible kinases, and we assessed the effects of phosphorylation on
TDP-43 oligomerization and fibrillization.

Results:  We identified multiple phosphorylation sites in carboxyl-terminal regions of deposited TDP-43. Phosphorylation-
specific antibodies stained more inclusions than antibodies to ubiquitin and, unlike existing commercially available anti-TDP-43
antibodies, did not stain normal nuclei. Ultrastructurally, these antibodies labeled abnormal fibers of 15nm diameter and on
immunoblots recognized hyperphosphorylated TDP-43 at 45kDa, with additional 18 to 26kDa fragments in sarkosyl-insoluble
fractions from FTLD-U and ALS brains. The phosphorylated epitopes were generated by casein kinase-1 and -2, and phos-
phorylation led to increased oligomerization and fibrillization of TDP-43.

Interpretation: These results suggest that phosphorylated TDP-43 is a major component of the inclusions, and that abnormal
phosphorylation of TDP-43 is a critical step in the pathogenesis of FTLD-U and ALS. Phosphorylation-specific antibodies will

be powerful tools for the investigation of these disorders.

Ann Neurol 2008;64:60-70

Tau-negative and ubiquitin-positive inclusions (UPIs)
that include neuronal cytoplasmic inclusions (NClIs),
neuronal intranuclear inclusions (NIls), and dystrophic
neurites (DNs) are the pathological hallmarks of fron-
totemporal lobar degeneration with ubiquitinated in-
clusions (FTLD-U) with or without clinical features of
motor neuron disease (MND).' Recently, several genes
and chromosomal loci, including the progranulin
(PGRN) gene,”” valosin-containing protein (VCP)

4 - - w g
gene," and an unidentified site at chromosome 9p,”°

have been reported to be associated with familial
FTLD-U. Ubiquitin-positive, tau-negative NCIs have
also been recognized in patients with the classic type of
MND, amyotrophic lateral sclerosis (ALS),” in which
skein-like cytoplasmic inclusions are found in the lower
motor neurons of the hypoglossal nucleus and spinal
cord.®*” In both FTLD-U and ALS, understanding
why these inclusions form may provide critical clues to
the neurodegenerative process.

Recently, TAR DNA-binding protein of 43kDa
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(TDP-43), which functions in regulating transcription
and alternative splicing,'®"" was identified as a com-
ponent of these UPIs."> '* TDP-43 appears to belong
to the group of two RNA-binding domain-Gly RNA-
binding proteins, which include the heterogeneous nu-
clear ribonucleoprotein (hnRNP) family and factors in-
volved in RNA splicing and transport.'” TDP-43 binds
hnRNP A/B and hnRNP Al through its C-terminal
region, inhibiting premessenger RNA splicing.'® Sev-
eral disorders, including FTLD-U, FTLD-MND, and
ALS are now referred to as TDP-43 proteinopa-
thies."”™"*  Immunoblot analysis of the sarkosyl-
insoluble fraction extracted from brains of patients af-
flicted with these disorders shows an abnormal TDP-
43-immunoreactive band at 45kDa. The electric
mobility of this band changes after dephosphorylation,
suggesting that abnormal phosphorylation takes place
in accumulated TDP-43.'>"? However, the phosphor-
ylation sites, responsible kinases, and pathological sig-
nificance of phosphorylation are still unknown.

In this report, we demonstrate that multiple anti-
bodies raised against TDP-43 phosphopeptides label
UPIs in histological sections from FTLD-U and ALS
brains. These antibodies may offer advantages over pre-
vious antibodies used to identify these structures be-
cause they appear to be more sensitive than anti-
ubiquitin antibodies and, unlike commercially available
anti-TDP-43 antibodies, do not stain normal neuronal
nuclei. In addition, these antibodies specifically recog-

nize abnormal TDP-43 species on immunoblots of
sarkosyl-insoluble fractions extracted from FTLD-U
and ALS brains. Furthermore, we show that the mul-
tiple phosphorylation epitopes identified in aggregated
TDP-43 are generated by casein kinase-1 (CK1), and
that oligomerization or fibril formation of TDP-43 is
promoted by phosphorylation with CK1 in vitro.
These results suggest that phosphorylated TDP-43 is a
critical component of UPIs in FTLD-U and ALS, and
that phosphorylation of TDP-43 by CKI may be in-

volved in the accumulation of the protein.

Subjects and Methods
Materials

Human brain tssue was obtained from the Brain Donarion
Program at Sun Health Research Institute (Sun City, AZ),
Aichi Medical University (Japan), Jichi Medical University
(Japan), National Shimofusa Mental Hospital (Japan), and
Tokyo Metropolitan Matsuzawa Hospital (Japan). Small
blocks of brain tssue were dissected at autopsy and frozen
rapidly at —70 to 80°C or fixed in 4% paraformaldehyde in
0.IM phosphate buffer (pH 7.4) for 2 days. Brain tissue
from sporadic FTLD-U, familial FTLD-U with PGRN mu-
tations (mPGRN), sporadic ALS, and sporadic FTLD-MND
was compared with brain dssue from Alzheimer’s disease
(AD) and neurologically normal control subjects. The age,
sex, brain regions examined, diagnosis, and histopathological
subtyping for these cases are given in Table 1. Neuropatho-
logical diagnoses of FTLD-U, FTLD-MND, ALS, and AD

were made in accordance with published guidelines.l'q'”’](J

Table 1. Subjects, Brain Regions, Pathological Diagnosis, and Subtypes Examined

Case No. Age (y) Sex Region Diagnosis Subtype
1 67 M Hip, T, F FTLD-U (sporadic) 1
2 59 M Hip, T FTLD-U (sporadic) 1

3 68 F Hip, T FTLD-U (sporadic) 1

4 49 F - T FTLD-MND 2

5 76 M Prec FTLD-MND 2

6 66 M F, SC ALS 2

7 70 M Prec, SC ALS 2

8 69 M Prec ALS 2

9 53 M Hip, T, F FTLD-U (mRGRN) 3

10 56 F Hip, T, F FTLD-U (mRGRN) 3

11 54 M Hip, T, F FILD-U (mRGRN) 3

12 68 F Hip, T AD —

13 83 F Hip, T AD

14 65 M Hip, T Conrol —

15 72 M Hip, T Control -

Hip = hippocampus; T = temporal; F = frontal; FILD-U = frontotemporal lobar degeneration with ubiquitinated indlusions; :

MND = motor neuron disease; Prec = precentral; SC = spinal cord; ALS = amyotrophic lateral sclerosis; mPGRN = mutations of
| progranulin gene; AD = Alsheimer's disease.
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Although none of the three ALS cases had a documented
history of dementia, all had immunohistochemical evidence
of pathology in the neocortex.

Preparation of Antibodies

Immunogens consisted of 39 synthetic phosphopeptides rep-
resenting 36 of the 64 Ser/Thr/Tyr sites in the human
TDP-43 molecule. All peptides were conjugated at the amino
or carboxyl terminal by a cysteine linkage to synthetic thyro-
globulin using m-maleimidobenzoyl-N-hydroxysuccinimide es-
ter as a coupling reagent.?® The rabbit antisera were purified
by obraining flow-through fractions from a Toyopearl AF-
Tresyl-650M (TOSOH, Tokyo, Japan) or SulfoLink Cou-
pling Gel (Pierce Biotechnology, Rockford, IL) precoated
with the nonphosphorylated synthetic peptide. The specific-
ities of the antibodies were verified by enzyme-linked immu-
nosorbent assay and immunoblot. A phosphorylation-
independent rabbit polyclonal antibody to TDP-43 was also
produced using a C-terminal peptide of TDP-43 (405-414)
as immunogen.

Immunobistochemistry

After cryoprotection in 15% sucrose in 0.01M phosphate-
buffered saline (pH 7.4), paraformaldehyde-fixed tissue
blocks were cut on a freezing microtome at 30pum thickness.
The free-floating sections were immunostained with an anti-
ubiquitin antibody (DF2, a gift from Dr Mori, 1:200),”' a
commercially obtained phosphorylation-independent anti-
TDP-43 antibody (10782-1-AP; ProteinTech Group, Chi-
cago, IL; 1:2,000), and a panel of phosphorylation-
dependent anti-TDP-43 antibodies including pS409/410,
using methods previously described.'” Double-labeled immu-
nofluorescence was performed using fluorescein isothioci-
anate- and tetramethylrhodamine isothiocyanate-conjugared
secondary antibodies; sections were examined with a confocal
laser microscope (LSM5 PASCAL; Carl Zeiss Microlmaging
GmbH, Jena, Germany).

Immunoelectron Microscopy

Tissue blocks of ALS lumber spinal cord were fixed in para-
formaldehyde and embedded in LR White Resin (London
Resin, Reading, United Kingdom). Ultrathin sections were
incubated with pS409/410 (1:1,000), and the immunoreac-
tion products were probed using colloidal gold particles
(1:10 dilution; BBinternational, Cardiff, United Kingdom)
according to a standard immunogold-based postembedding
electron microscopic procedure.””

Immunoblotting

Sarkosyl-insoluble, urea-soluble fractions were extracted from
the frontal and the temporal regions of control, FTLD-U,
and ALS brains as previously described.”” The samples before
(—) and after (+) the treatment with lambda protein phos-
phatase (A\PPase) were loaded on 10% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis. Proteins in the gel
were then electrotransferred onto a polyvinylidene difluoride
membrane (Millipore, Bedford, MA). After blocking with
3% gelatin in tris(hydroxymethyl)aminomethane (Tris)-buff-
ered saline (S0mM Tris-HCl, pH 7.5, 150mM NaCl), mem-

branes were incubated overnight with the primary antibod-
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ies. After incubation with an appropriate biotinylated
secondary antibody, labeling was detected as described previ-
ously.'>??

In Vitro Phosphorylation and Fibrillization

of TDP-43

Human TDP-43 complementary DNA were subcloned into
pRK172 expression vectors and transformed into Escherichia
coli BL21(DE3). For in vitro phosphorylation, crude extracts
from E. coli that expressed human TDP-43 were used to pre-
pare partially purified TDP-43 using heparin-Toyopearl col-
umn chromatography and elution with 0.5M NaCl. The
elutes were phosphorylated with CK1 (10,000U/ml; New
England Biolabs, Beverly, MA), casein kinase-2 (CK2)
(10,000U/ml; New England Biolabs), or glycogen synthase
kinase-3B (GSK3B) (10,000U/ml; New England Biolabs) ar
30°C for 14 hours. To study fibrillization, we incubated par-
tially purified TDP-43 aliquots in 30mM Tris-HCl at pH
7.5 containing 4mM magnesium chloride, 2mM ATP, with
or without CK1 (10,000U/ml) at 30°C for 3 days. A few
drops of reaction solution was then applied to a carbon-
coated copper grid and allowed to air-dry. The grid was
placed on a drop of blocking solution (10mg/ml bovine se-
rum albumin in phosphate-buffered saline) for 10 minutes
and then placed on a drop of primary antibody (pS409/410,
1:200) for 2 hours at room temperature. After washing with
10mg/ml bovine serum albumin in phosphate-buffered sa-
line, the grid was placed on a drop of the secondary antibody
conjugated to 10nm colloidal gold particles (1:50; Sigma, St.
Louis, MO) for 1 hour at room temperature. Finally, after
another round of washing, the grid was negatively stained
with 2% sodium phosphotungstate and examined with the
electron microscopy (JEM-1230; JEOL, Akishime, Japan).

Results

Multiple Sites within TDP-43 Are Abnormally
Phosphorylated in Frontotemporal Lobar
Degeneration with Ubiquitinated Inclusions and
Amyotrophic Lateral Sclerosis
There are multiple potential phosphorylation sites
within human TDP-43, including 41 serine (Ser), 15
threonine (Thr), and 8 tyrosine (Tyr) residues. To
identify the critical phosphorylation sites of TDP-43,
we raised antibodies against 39 different synthetic
phosphopeptides, representing 36 of 64 candidate
phosphorylation sites (Table 2). The major strategy
was to choose Ser and Thr residues that cover known
protein kinase consensus phosphorylation morifs, in-
cluding R-X-pSer/Thr for protein kinase A, pSer/Thr-
X-X-Ser/Thr for CKI1, pSer/Thr-X-X-E/D for CK2,
and pSer/Thr-X-X-X-Ser for GSK3 and CK1. In addi-
tion, Ser/Thr residues in C-terminal region of TDP-43
were chosen because they are analogous to abnormal
phosphorylation sites found in tau or a-synuclein.
Of the generated antibodies, pS379, pS403/404,
pS409, pS410, and pS409/410 intensely immuno-
stained the UPIs in FTLD-U and ALS, and demon-

strated, on immunoblots of sarkosyl-insoluble fractions
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pS20
pS29
pT88
pS91
pS92
pS91/92
pT103
pS104
pT116
pT141
pT153
pS180
pS183
pS190
pT199
pT203
pT233
pS254
pS258
pS266
pS273
pS292
pS305
pS317
pS332
pS350
pS375
pS379
pS389
pS393
pS395
pS403
pS404
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GNNSYS(p)GSNSGC
CSGSNS(p)GAAIG
CGWGSAS(p)NAGS
CASNAGS(p)GSGF
CAGSGS(p)GFNGG
CGFNGGFGS(p)SMD
CNGGFGSS(p)MDSK
CNGGFGS(p)S(p)MDSK

CGSSMDS(p)KSSGW
CMDSKS(p)SGWGM
CMDSKSS(p)GWGM
CMDSKS(p)S(p)GWGM
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limmunohistochemical staining showed that five of
the phosphorylation-specific anti-TDP-43 antibodies
entificd UPls in both FTLD-U and ALS brains.
Of the phosphorylation-specific antibodies, the im-
munoreactivity of pS409/410 was particularly robust
{(Fig 1). In comparison, the commercially obtained,
phosphorylation-independent, anti-TDP-43 antibody
labeled NClIs, DNs, and neuronal nuclei in the den-
tate gyrus (see Fig 1A) and the temporal cortex (see
Fig 1B) of the sporadic FTLD-U cases, and skein-like
inclusions and neuronal nuclei in the spinal cord of
ALS cases (see Fig 1C). It was particularly difficult to
distinguish the staining of NClIs from that of neuro-
nal nuclei in the dentate gyrus of the sporadic
FTLD-U cases (see Fig 1A). By contrast, NCIs and
DNs were unambiguously identified by the
phosphorylation-specific antibody pS409/410, with
no nuclear staining (see Figs 1D, E). Similarly,
pS409/410 clearly labeled skein-like (see Fig 1F) and
glial inclusions (see Fig 1G) in the spinal cord, and
NClIs in the frontal and precentral cortices of the
FTLD-MND and ALS cases (see Fig 1H). Glial in-
clusions in the frontal and precentral regions of the
FTLD-MND and ALS cases were also immunoposi-
tive (data not shown). In the cases of familial
FTLD-U with PGRN mutations, pS409/410 in-
tensely stained NCIs, DNs, and NlIs in the cerebral
cortex (see Figs 1I-K) and abundant positive struc-
tures in the cerebral white matter (see Fig 1L). The
results  of  double-immunofluorescence  staining
showed that pS409/410 identified more NCls than
the ubiquitin antibody (see Figs IM-O).

Based on morphological aspects, TDP-43 pro-
teinopathies have been classified into four subtypes.**
Type 1 is characterized by DNs with few NClIs and no
NIIs, type 2 has numerous NCls with few DNs and
no Nlls, type 3 has numerous NCls and DNs and an
occasional NII, and type 4 has numerous NllIs and
DNs with few NCls. Type 4 is specific for familial
FTLD-U with mutations of valosin-containing protein
(VCP) gene. In this study, using the commercial anti-
TDP-43 antibody, all of the sporadic FTLD-U cases
showed type 1 pathology, all FTLD-MND and ALS
cases showed type 2 pathology, and all FTLD-U with
mPGRN showed type 3 pathology, in agreement with
previous reports.”*?*>

The staining patterns obtained with our phosphor-
ylation-dependent antibodies were similar to those seen
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with the commercial phosphorylation-independent an- Figs 2G-I), and pS410 (see Figs 2]J-L). Preabsorption

tibody, suggesting that all of the inclusion types pre- of the antibodies with phosphopeptide immunogens
viously described contain phosphorylated TDP-43. abolished the labeling of these structures (data not
Similar staining patterns were obtained using pS379 shown).

(Figs 2A-C), pS403/404 (see Figs 2D-F), pS409 (see Immunoelectron microscopic examination of the

Fig 1. Immunohistochemical comparison of frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) and amyo-
trophic lateral sclerosis (ALS) brains using the phosphorylation-independent anti-TAR DNA-binding protein of 43kDa (TDP-43)
antibody (ProteinTech) (A-C) and the phosphorylation-dependent anti~-TDP-43 antibody (pS409/410) (D-L), in the dentate gyrus
(A, D) and temporal cortex (B, E) of the sporadic FTLD-U cases, in the lumbar spinal cord (C, F, G) and the frontal cortex (H)
of the ALS cases, and in the frontal cortex (I-K) and the frontal white marter (L) of the familial FTLD-U cases with progranulin
(PGRN) mutations. (A) Because most of the nuclei of dentate gyrus granular neurons are immunapositive with the phosphorylation-
independent antibody, it is difficult vo identify neuronal cytoplasmic inclusions (NCL). (B) TDP-43—positive dystrophic neurites
(DNs) are recognizable (arrowheads) in addition to the nuclei. (C) The black arrow indicates a cell with skein-like inclusions.
White arrows and arrowheads indicate the normal nuclei of anterior horn cells and glial nuclei, respectively. Photomicrographs
(D-F) illustrate the corresponding areas to (A-C), respectively. Note the absence of nuclear staining in (D-G) with the
phosphorylation-dependent antibody pS409/410. (D) NCIs (arrows) and DNs (arrowheads) are clearly seen. (E) More abundant
DNs are seen than in (B). (F) Arrows indicate skein-like inclusions; arrowheads indicate glial inclusions. (G, insert) Glial inclu-
sions at a higher magnification. (H) NCIs in the frontal cortices of the ALS case are immunopositive. In the cases with PGRN
mutations, pS409/410 clearly stains NCIs (arrows), DNs (1), and neuronal intranuclear inclusions (NIIs) (], K) in the superficial
cortical layers, and abundant immunopositive structures in the white matter (L, arrowheads), with no nuclear staining. Sections are
counterstained with hematoxylin to show nuclei in (C, F-L). (M-0) Antiubiquitin (DF2) and pS409/410 double-label immuno-
fluorescence histochemistry of the dentate gyrus in the FTLD-U case. Only some of the pS409/410-positive NCIs are also ubiquitin
positive. (M) DF2; (N) pS409/410; () merge. Cell nuclei are stained with TO-PRO-3 (Invitrogen, Tokyo, Japan), producing a
blue color. Scale bars = 100um (A, B, D, E, I); 50um (C, F, H, L); 25um (G); 10um (], K).
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spinal cord motoneuron inclusions of an ALS patient
with the pS409/410 antibody showed immunopositive
abnormal fibers of 15nm in diameter (Figs 3A, B).

Immunoblot Analysis of Phosphorylated TDP-43

Immunoblot analyses of sarkosyl-insoluble fractions ex-
tracted from the brains of control, AD, FTLD-U, and
ALS cases with the phosphorylation-independent
TDP-43 antibody (ProteinTech) always showed a band
of 43kDa and also showed an additional 45kDa band
that was present only in FTLD-U and ALS cases, as
described previously'*'? (Fig 4A). The phosphorylation-
dependent antibodies specific for pS409/410 (see Fig
4B), pS409 (see Fig 4C), pS410 (see Fig 4D), pS403/
404 (see Fig 4E), and pS379 (see Fig 4F) did not rec-
ognize the normal 43kDa band, showing a single band
at approximately 45kDa, several smaller fragments at
approximately 25kDa, and indistinct smears in
FTLD-U and ALS cases but not in control and AD
cases (see Figs 4B-F). The intensity of the approxi-
mately 25kDa fragments tended to be greater than that
of the 45kDa band in FTLD-U (see Figs 4B-E) and in
ALS (see Figs 4B, D). As for the immunohistochemical
findings, the antibody to pS409/410 showed the most
intense labeling (see Fig 4B). All of the immunoreac-
tive bands were completely abolished by dephosphory-

lation, which was performed with lambda protein
phosphatase (8,000U/ml; New England Biolabs) at
30°C for 2 hours.

Immunoblot Distinction between Clinicopathological
Subtypes of TDP-43

To investigate the biochemical basis of the different
TDP-43 clinicopathological subtypes, we have care-
fully compared the results of immunoblots of the
sarkosyl-insoluble, urea-soluble fractions from cerebral
cortex of sporadic FTLD-U, FTLD-MND, ALS, and
mPGRN cases. The results showed that the band pat-
terns of the 18 to 26kDa fragments differed between
clinicopathological subtypes (Figs 5A, B). Sporadic
FTLD-U cases showed 2 major bands at 23 and
24kDa, and 2 minor bands at 18 and 19kDa, whereas
FTLD-MND and ALS cases showed 3 major bands at
23, 24, and 26kDa, and 2 minor bands at 18 and
19kDa. A 23kDa band is the most intense in sporadic
FTLD-U, whereas a 24kDa band is the most intense
in FTLD-MND and ALS. Furthermore, the band
pattern of mPGRN cases was not distinctive but in-
termediate between FTLD-U, FTLD-MND, and ALS

cases.

Fig 2. Immunobistochemistry of frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) brains and amyorrophic
lateral sclerosis (ALS) spinal cords using the phosphorylation-dependent anti-TAR DNA-binding protein of 43kDa (TDP-43) anti-
bodies specific for pS379 (A-C), pS403/404 (D-F), pS409 (G-1), and pS410 (J-L). These antibodies recognize neuronal cytoplas-
mic inclusions (NCIs) (arrows in A, D, G, ]) and dystrophic neurites (DNs) (arrowheads in A, D, G, J) in the dentate gyrus of
the sporadic FTLD-U cases and motoneuronal round inclusions (arcow in B, E, H), skein-like inclusion (K, artow), and glial in-
clusions (C, F, I, L) in the lumber spinal cord of the ALS cases. Note the absence of nuclear staining. Sections are counterstained
with hematoxylin to show nuclei in (A-C, E, F, H, I, K, L). Scale bars = 100um (A, D, G, J); 25um (B, E, H, K); 12.5um

(C ELL).
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Fig 3. (A) A low-power immunoelectron micrograph of a phosphorylated TAR DNA-binding protein of 43kDa (TDP-43)—positive
motoneuronal inclusion in the spinal cord of an amyotrophic lateral sclerosis (ALS) patient. The irreqularly shaped structure sur-
rounded by lipofuscins (arrowheads) is the inclusion. (B) At higher magnification, abnormal filaments of 15nm in diameter are
immunopositive. Immunoreaction with pS409/410, probed with immunogold particles (diameter 10nm), appears as black dots.

Bars = 5um (A); 500nm (B).

Phosphorylation Epitopes Are Generased by

Casein Kinase-1

To investigate the kinase responsible for the abnormal
phosphorylation of TDP-43, we treated recombinant
TDP-43 in vitro with CK1, CK2, and GSK3B. Immu-
noblot analyses of the recombinant TDP-43 showed
that phosphorylation by CK1 caused a reduction in gel
mobility of TDP-43 to approximately 45kDa and
strong immunoreactivity to the phosphorylation-
specific antibodies (Fig 6A). TDP-43 phosphorylated
by CK2 was only weakly immunoreactive for these an-
tibodies (see Fig GA), and that phosphorylated by
GSK3p was negative (data not shown). Kinase activity
capable of generating the approximately 45kDa
TDP-43 with pS409/410 epitopes was also detected in
crude rat brain extracted with a high concentration
(10-20mM) of MgCl, (data not shown). This kinase
activity was not inhibited by the CK2 inhibitor hepa-
rin, suggesting that CK1 may be the major kinase in
brain extract. Interestingly, increased levels of sodium
dodecy!l sulfate—stable TDP-43 oligomers were ob-
served after phosphorylation by CK1 (see Fig 6B). Fur-
thermore, based on immunoelectron microscopic anal-
ysis, recombinant TDP-43 phosphorylated by CKI
formed abundant filaments when applied on a carbon-
coated copper grid (see Fig 6C), whereas nonphospho-
rylated recombinant TDP-43 formed few filaments
(data not shown).

66 Annals of Neurology Vol 64 No 1 July 2008

-361 -

Discussion

We show here that antibodies generated to multiple
TDP-43 phosphorylation sites stain the pathological
structures in FTLD-U and ALS. These structures in-
clude NClIs, NIIs, and DN in the cerebral cortex and
hippocampus, as well as skein-like, round, and glial in-
clusions in the spinal cord. The phosphorylation-
dependent antibodies stain these structures more exten-
sively than an anti-ubiquitin antibody and do not stain
normal neuronal nuclei. Furthermore, on immunoelec-
tron microscopy, the phosphorylation-dependent anti-
bodies label abnormal filaments in the motoneuronal
inclusion of the ALS case, although these findings may
not be the same as for other types of cytoplasmic and
intranuclear  inclusions.®® Immunoblot analysis of
sarkosyl-insoluble fractions from FTLD-U and ALS
brains shows that these antibodies specifically stain ab-
normal TDP-43 species. These findings are therefore
analogous to previous discoveries of phosphorylation-
specific epitopes for tau and a-synuclein in tauopathies
and a-synucleinopathies.”” %’

At least five sites on TDP-43 are phosphorylated
(Ser 379, Ser 403/404, Ser 409/410) in subjects with
FTLD-U and ALS. These results suggest that abnormal
phosphorylation takes place mainly near the carboxyl
(C)-terminal region of TDP-43. This again is similar
to tauopathies and synucleinopathies,””"*® where mul-
tiple Ser residues in the C-terminal region, including
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Fig 4. (A) Immunoblot analyses of sarkosyl-insoluble, urea-soluble fractions from control, Alzheimer’s disease (AD), frontotemporal
lobar degeneration (FTD; frontotemporal lobar degeneration with ubiquitinated inclusions [FTLD-U]), and amyotrophic lateral
sclerosis (ALS) brains with phosphorylation-independent anti-TAR DNA-binding protein of 43kDa (TDP-43) antibody (Protein-
Tech) (A) and phosphorylation-dependent anti-TDP-43 antibodies specific for pS409/410 (B), pS409 (C), pS410 (D), pS403/404
(E), and pS379 (F) before (=) and afier (+) the treatment with lambda protein phosphatase (\PPase). (A) With the
phosphorylation-independent antibody, a positive band of 43kDa is commonly seen (asterisk), whereas an additional band of
45kDa is observed only in FTD and ALS (arrow), the labeling of which is abolished afier dephosphorylation. (B-F) The
phosphorylation-dependent antibodies specifically label the approximately 45kDa band (arrow) and the approximately 25kDa frag-
ment (arrowhead), as well as a smear, only in FTD and ALS. These immunoreactivities are abolished afier dephosphorylation.
Normal 43kDa TDP-43 in control and diseased brains is not stained by these phosphorylation-dependent antibodies. The two
bands recognized by the antibody specific for pS403/404 in AD (E, double asterisk) disappear afier dephosphorylation, suggesting a

cross-reaction of the antibody to other phosphorylated proteins.

Ser422 in tau and C-terminal Ser129 in a-synuclein,
are abnormally phosphorylated. It has been established
that hyperphosphorylated tau and «-synuclein repre-
sent the earliest detectable molecular change in the
brain in these neurodegenerative diseases.””** Thus,
the results of this study suggest that abnormally phos-
phorylated TDP-43 is a critical component of UPls in
FTLD-U and ALS.

There is a close relation between the pathological
subtypes of TDP-43 proteinopathy and the immuno-
blot pattern of C-terminal fragments of phosphorylated
TDP-43. These findings confirm and extend Sampathu
and colleagues™' and Neumann and coworkers™* pre-
vious reports that showed C-terminal fragment compo-

sition varied between cases with type 1 and 2 pathol-
ogy. Furthermore, we have shown that cases with type
3 pathology have a band pattern that is mixed or in-
termediate. These results parallel our earlier findings of
differing C-terminal tau fragments in progressive su-
pranuclear palsy and corticobasal degeneration, despite
identical composition of tau isoforms.”> Taken to-
gether, these results suggest that elucidating the mech-
anism of C-terminal fragment origination may shed
light on the pathogenesis of several neurodegenerative
disorders involving TDP-43 proteinopathy and tauopa-
thy.

These phosphorylation-specific antibodies are a new
and powerful tool for the investigation of TDP-43 pro-
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Fig 5. A relation between the clinicopathological subtypes of TAR DNA-binding protein of 43kDa (TDP-43) proteinopathies and
the band pattern of the C-terminal fragments of phosphorylated TDP-43. (A) Immunoblots of the sarkosyl-insoluble, urea-soluble
fractions from sporadic frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U), FTLD-motor neuron disease
(MND), amyotrophic lateral sclerosis (ALS), and progranulin mutations (mPGRN) cases with the pS409/410 antibody. The sam-
ples are loaded on 15% polyacrylamide gel. Sporadic FTLD-U cases (lanes 1, 2) show a band pattern with 2 major bands at 23
and 24kDa, and 2 minor bands at 18 and 19kDa. A band of 24kDa is weaker than that of 23kDa, and a 19kDa band is
weaker than an 18kDa band. FTLD-MND (lane 3) and ALS (lane 4) cases show a pattern with 3 major bands at 23, 24, and
26kDa, and 2 minor bands at 18 and 19kDa. A 24kDa band is the most intense, and an 18kDa band is weaker than a 19kDa
band. mPGRN (lanes 5, 6) cases show 3 major bands ar 23, 24, and 26kDa, and 2 minor bands at 18 and 19kDa. A 23kDa
band is the most intense, and a band of 18kDa and that of 19kDa show similar intensity. The band pattern of mPGRN cases is
therefore a composite of that seen in FTLD-U, FTLD-MND, and ALS. (B) Schematic diagram of the band pastern of the

C-terminal fragments of phosphorylated TDP-43.

teinopathies. Because phosphorylation-dependent anti-
bodies to TDP-43 react only with abnormally depos-
ited TDP-43, they offer advantages over existing
commercially available antibodies for the pathological
diagnosis and subtyping of TDP-43 proteinopathies. In
addition, and again in analogy with tauopathies, these
antibodies may be useful for detecting abnormal
TDP-43 in biological fluids such as cerebrospinal flu-
id.”?

The results suggest that CK1 is involved in the ab-
normal phosphorylation and accumulation of TDP-43.
In this study, the treatment of recombinant TDP-43
by CK1 generates the same phosphorylation epitopes
that are recognized by phosphorylation-dependent an-
tibodies. In addition, phosphorylation at these epitopes
facilitates filament formation. In comparison, several
protein kinases have been reported to be responsi-
ble for phosphorylating tau and a-synuclein. They in-
clude, for tau phosphorylation,*~*" GSK3B, cyclin-
dependent kinase 5, mitogen-activated protein kinase,
and mitogen-activated protein/microtubule affinity-
regulating kinase, and for a-synuclein phosphoryla-
tion,**~*® CK1, CK2, and G-protein—coupled receptor
kinase 5.

The pathological significance of phosphorylation of
TDP-43 is not clear. It is well known that protein
phosphorylation plays an important role in regulating
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transcription and premessenger RNA splicing. Several
splicing factors including hnRNPs, small nuclear ribo-
nucleoproteins, and serine/arginine-rich protein family
are known to be phosphorylated in vivo. Various ki-
nases including CK1 have been implicated in phos-
phorylating these factors.*'~** Phosphorylation of these
factors modulates protein-protein and protein-RNA in-
teractions, and affects their subcellular localization and
physiological functions.*' For instance, Habelhah and
colleagues** showed that phosphorylation of hnRNP-K
by extracellular-signal-regulated kinase results in its cy-
toplasmic accumulation and also inhibits messenger
RNA translation. van der Houven van Oordt and co-
authors reported that stress-induced activation of the
mitogen-activated protein kinase kinases,;-p38 path-
way causes hyperphosphorylation and cytoplasmic ac-
cumulation of hnRNP Al, affecting alternative splicing
regulation.*> Thus, phosphorylation of TDP-43 may
lead to its cytoplasmic accumulation and influence var-
ious physiological functions. Currently, however, it is
unclear whether TDP-43 is physiologically phosphory-
lated in brain. Although in Hela cells, Ser91 and
Ser92 of TDP-43 were reported to be phosphorylat-
ed,** the antibody specific to pS91/pS92 we made in
this study did not stain any structures in normal brains
(data not shown). Despite the normal nuclear location
of TDP-43, none of the our five phosphorylation-
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Fig 6. (A) Immunoblot analyses of recombinant TAR DNA-binding protein of 43kDa (TDP-43) phosphorylated in vitro. The
crude extract from E. coli that expressed human TDP-43 is treated with casein kinase-1 (CK1) and CK2 at 30°C for 14 hours,
and probed with a phosphorylation-independent antibody against a C-terminal peptide of TDP-43 (405-414), and with
phosphorylation-dependent antibodies pS379, pS403/404, and pS409/410. Phosphorylation by CKI causes the mobility shift to ap-
proximately 45kDa and induction of intense immunoreactivity to the phosphorylation-dependent antibodies. (B) Immunoblot analy-
ses of recombinant TDP-43 phosphorylated by CK1. The recombinant TDP-43, which is partially purified by heparin-Toyopearl
column chromatography, is incubated with (lanes 4-6) or without (lanes 1-3) CK1 in the presence of adenosine triphosphate at
37°C for 14 hours, and probed with the phosphorylation-independent TDP-43 antibody (ProteinTech). Results in three indepen-
dent, representative experiments are shown. Note the sodium dodecyl sulfate (SDS)~stable TDP-43 oligomers at approximately 100
to 200kDa (asterisk) are detected after phosphorylation by CK1. (C) Positive immunolabeling by pS409/410 of filaments assembled
Sfrom recombinant TDP-43 phosphorylated by CK1 (10nm colloidal gold). Scale bar = 200nm.

dependent antibodies stained normal nuclei, suggesting
that phosphorylation of these sites is a disease-specific
phenomenon.

Our in vitro studies suggest that phosphorylation of
TDP-43 facilitates the formation of sodium dodecyl sul-
fate-stable oligomers and filaments of TDP-43. These
abnormal structures may be neurotoxic, as suggested
previously for tauopathies and a-synucleinopathies.”
Thus, abnormal phosphorylation of TDP-43 may be
pathological through either a loss of function or a toxic
gain of function, or both, leading to the characteristic
neuronal degeneration and clinical syndromes.
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TAR DNA binding protein of 43 kDa (TDP-43) is a major component of the ubiquitin-positive inclusions found
in the brain of patients with frontotemporal lobar degeneration (FTLD-U) and amyotrophic lateral sclerosis
(ALS). Here, we report that expression of TDP-43 C-terminal fragments as green fluorescent protein (GFP)
fusions in SH-SY5Y cells results in the formation of abnormally phosphorylated and ubiquitinated inclusions
that are similar to those found in FTLD-U and ALS. Co-expression of DsRed-tagged full-length TDP-43 with
GFP-tagged C-terminal fragments of TDP-43 causes formation of cytoplasmic inclusions positive for both
GFP and DsRed. Cells with GFP and DsRed positive inclusions lack normal nuclear staining for endogenous
TDP-43. These results suggest that GFP-tagged C-terminal fragments of TDP-43 are bound not only to trans-
fected DsRed-full-length TDP-43 but also to endogenous TDP-43. Endogenous TDP-43 may be recruited to
cytoplasmic aggregates of TDP-43 C-terminal fragments, which results in the failure of its nuclear localization
and function. Interestingly, expression of GFP-tagged TDP-43 C-terminal fragments harboring pathogenic
mutations that cause ALS significantly enhances the formation of inclusions. We also identified cleavage
sites of TDP-43 C-terminal fragments deposited in the FTLD-U brains using mass spectrometric analyses.
We propose that generation and aggregation of phosphorylated C-terminal fragments of TDP-43 play a pri-
mary role in the formation of inclusions and resultant loss of normal TDP-43 localization, leading to neuronal
degeneration in TDP-43 proteinopathy.

INTRODUCTION

Progressive neuronal loss and abnormal protein deposits as
intracellular inclusions are neuropathological features of the
majority of neurodegenerative disorders, as exemplified by
tau in Alzheimer’s disease (AD), alpha-synuclein in Parkin-
son’s disease (PD) and expanded polyglutamine gene products
in CAG repeat diseases. Conformational changes, post-
translational modifications or subcellular mislocalization of
these normally highly soluble proteins results in the formation
of abnormal protein aggregates or inclusions. It is important to
establish the molecular mechanisms through which these pro-
teins are converted to abnormal aggregates in neurons or glial
cells in order to understand the pathogenesis of these diseases
and to develop evidence-based, fundamental therapies.

Frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U) and amyotrophic lateral sclerosis
(ALS) are well-known neurodegenerative disorders. FTLD is
the second most common form of cortical dementia in the
population below the age of 65 years (1). ALS is the most
common of the motor neuron diseases, being characterized
by progressive weakness and muscular wasting, resulting in
death within a few years. Ubiquitin (Ub)-positive inclusions
are found as a pathological hallmark in brains of FTLD-U
and ALS patients, as well as in AD and PD, but the major
component of these inclusions had remained unknown.
TAR-DNA binding protein of 43 kDa (TDP-43) has been
identified as a major protein component of Ub-positive
inclusions in FTLD-U and ALS brains (2,3). In 2008,
mutations in the TDP-43 gene were discovered in familial
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Figure 1, Schematic diagram of GFP-tagged N-terminal and C-terminal TDP-43

CFTRexond
inclusions  skipping
activity

~ : GFP-TDP43 wildtype No Yes
(GFP-TDP WT)

GFP-TDP 162414  Yes No
GFP-TDP 218414 Yes No

: GFP-TDP 274414 Yes No

414

_ :GFP-TDP 315414  Yes No
: GFP-TDP 1-314 No Yes

: GFP-TDP 1-273 No Yes

: GFP-TDP 1-217 No Yes

: GFP-TDP 1-161 Yes No

fragments. Green fluorescent protein (GFP), nuclear localization signal (NLS:

82-98 residues), two RNA-recognition motifs (RRM-1, 105-169 residues; RRM-2, 193-257 residues) and glycine-rich domain (274-314 residues) were

colored green, yellow, blue and red, respectively. The formation of inclusions

and the exon skipping ability of each fragment were reported on the right.

The CFTR exon 9 skipping activity of these fragments were determined as shown in Fig. 5.

and sporadic cases of ALS (4-8), clearly indicating that
abnormality of TDP-43 protein causes neurodegeneration.
Very recently, it was also reported that two TDP-43 mutations
were found in FTLD-MND patients (9). In previous genetic
studies of familial ALS, superoxide dismutase 1 (SODI)
gene mutation was considered to be responsible for ~20%
of cases (10,11). It has been reported, however, that TDP-43
is not deposited in spinal cords of familial ALS patients
with SOD1 mutations (12,13). These observations suggest
that the mechanisms of motor neuron degeneration caused
by SODI! mutations are different from those in sporadic
ALS. TDP-43 is also a major component of skein-like
inclusions seen in 100% of sporadic ALS cases (14). Thus,
it is important to investigate the molecular mechanisms of
TDP-43-mediated neurodegeneration in order to understand
the pathogenesis and to develop effective treatments for spora-
dic ALS and other TDP-43 proteinopathies. One of the known
biochemical features of TDP-43 deposited in FTLD-U and
ALS brains is the presence of truncated TDP-43 fragments
(2,3). Recently, using multiple anti-phosphorylated TDP-43
specific antibodies including pS409/410-specific antibodies,
we have shown that 18-26 kDa C-terminal fragments of
TDP-43 are major constituents of inclusions in FTLD-U and
ALS brains (15).

In this study, we investigated the roles of fragmentation and
pathogenic mutations of TDP-43 for the formation of
Ub-positive inclusions in SH-SYS5Y cells. Here we show that
expression of TDP-43 C-terminal fragments results in the for-
mation of cytoplasmic inclusions positive for antibodies to
phosphorylated TDP-43 and Ub, and incorporation of newly
synthesized endogenous full-length TDP-43 into cytoplasmic
aggregates of the C-terminal fragments. Expression of
fourteen pathogenic ALS mutations so far discovered in
the TDP-43 gene shows a propensity to promote intracellular

aggregation. Furthermore, using mass spectrometric analysis,
we have successfully identified new cleavage sites of C-terminal
fragments of TDP-43 deposited in FTLD-U brains.

RESULTS
Expression of TDP-43 fragments in SH-SYSY cells

To examine whether C-terminal fragments of TDP-43 readily
aggregate in neuronal cells, we expressed several kinds of
N-terminal and C-terminal fragments of TDP-43 and full-
length TDP-43 as GFP-fusions (Fig. 1). Confocal microscopic
analysis showed that the fluorescence of GFP-tagged full-length
TDP-43 (GFP-TDP WT) was mainly localized in the nuclei
(Fig. 2B). This is consistent with the expression pattern of
non-tagged wild-type TDP-43 (16), suggesting that the GFP
tag did not alter the cellular localization of TDP-43.

When cells were transfected with GFP-TDP 162-414 or
GFP-TDP 218-414, round or dot-like cytoplasmic structures
with intense GFP fluorescence were found (Fig. 2C-F).
These structures were positive for both anti-pS409/410 and
anti-Ub antibodies (Fig. 2C—F). Cells expressing GFP-TDP
274-414 (Fig. 2G and H) and GFP-TDP 315-414 (Fig. 2I
and J), on the other hand, showed diffuse GFP staining and
pS409/410-positive but Ub-negative inclusion-like structures.
We previously reported the presence of such pS409/
410-positive and Ub-negative inclusions in the brains of
FTLD-U and ALS cases (15). The expression of these all
C-terminal fragments was found in cytoplasm by analyses
using confocal microscopy (Fig. 2) and biochemical fraction-
ation (Supplementary Material, Fig. S1A), because they lacks
nuclear localization signal (16,17). Taken together, these
results indicate that cytoplasmic expression of C-terminal
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GFP-TDP WT

GFP- TDP 274—414

GFP TDP 315—414 GFP TDP 315-414

Figure 2. Expression of GFP-tagged C-terminal fragments of TDP-43 leads to aggregate formation in SH-SYSY cells. SH-SYSY cells 72 h post-transfection with
GFP (A), GFP-tagged TDP-43 wild-type (GFP-TDP WT) (B), GFP-tagged fragments of residues 162-414 (GFP-TDP 162-414) (C and D), GFP-TDP 218-414
(E and F), GFP-TDP 274—414 (G and H) and GFP-TDP 315-414 (I and J) were stained with anti-pS409/410 (A, B, C, E, G, I) or anti-Ub (D, F, H, J). DNA was
labeled with TO-PRO-3. Note that there are intracellular inclusion-like structures positive for both anti-Ub and anti-pS409/410 antibodies in cells expressing

GFP-TDP 162-414 (C, D) and GFP-TDP 218-414 (E, F).

fragments of TDP-43 results in the formation of intracellular
aggregates similar to those found in diseased brains.
N-terminal fragments of GFP-TDP-43 were also expressed
in SH-SYSY cells and analyzed using confocal microscopy
and biochemical fractionation. As shown in Fig. 3A, irregu-
larly shaped cytoplasmic structures with strong GFP fluor-
escence, which are partially positive for Ub, were observed
in cells expressing GFP-TDP 1-161. Only a few aggregates
positive for Ub were observed in cells transfected
with GFP-TDP 1-217 (Fig. 3B). Since these fragments lack
the epitope for anti-pS409/410, the phosphorylation state of
these structures could not be determined by immunohistochem-
istry. None of the cells transfected with other N-terminal
fragments had any Ub-positive inclusion-like structures
(Fig. 3C and D). The results of biochemical fractionation
showed that the amount of these N-terminal fragments was
greater in the cytoplasm than in the nucleus, while that of
GFP-TDP WT was greater in the nucleus than in the cytoplasm
(Supplementary Material, Fig. SIA). These results suggest
that truncations of TDP-43 C-terminal regions affect normal

targeting of TDP-43 to nuclei. This observation is in good
agreement with the previous report by Ayala et al. (18).
Since intracellular inclusion-like structures showed the
highest-intensity GFP signals in Figs 2 and 3, they were able
to be selectively detected by reducing the laser power at
488 nm. Quantitative analyses under such analytical con-
ditions clearly indicated that significantly a larger number of
intracellular aggregates were formed in cells expressing
GFP-TDP 162-414, GFP-TDP 218-414 and GFP-TDP
1-161 than in cells expressing GFP-TDP WT (Fig. 3E).
Figure 4 shows the results of immunoblot analyses of
cell lysates using anti-GFP, a commercially available
phosphorylation-independent ~ anti-TDP-43  (ProteinTech),
and anti-pS409/410 antibodies. Anti-TDP-43 detected endo-
genous TDP-43 at 43 kDa, exogenous full-length TDP-43,
all N-terminal fragments and GFP-TDP 162-414, but did
not GFP-TDP 218-414, 274-414 and 315-414 (Fig. 4A
and D). These results suggest that the epitopes of this antibody
are located in the N-terminal region between 1 and 217 resi-
dues. Anti-GFP antibody stained all the exogenous TDP-43
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GFP-TDP 1-161 GFP-TDP 1-217

GFP-TDP 1-314

GFP-TDP 1-273

{a.u.)

Celis with aggregates

Figure 3. Expression of GFP-tagged N-terminal fragments of TDP-43 resulted
in the formation of intracellular inclusions in SH-SY5Y cells. SH-SY5Y cells
72h post-transfection with GFP-tagged fragments of 1-161 residues
(GFP-TDP 1-161) (A), GFP-TDP 1-217 (B), GFP-TDP 1-273 (C) and
GFP-TDP 1-314 (D) were stained with anti-Ub. DNA was labeled with
TO-PRO-3. Note the characteristic inclusions detected with anti-Ub antibody
in cells transfected with GFP-TDP 1-161. (E) The rates of cells including
intracellular aggregates were calculated in arbitrary units. Fluorescence inten-
sity within an area of ~800 x 800 m was assessed by confocal microscopy.
The intensity of GFP was calculated as a ratio to that of TO-PRO-3. Six areas
per sample were measured (n =6). Data are means+ SEM. **P << 0.01:
P < 0.001 by Student’s r-test against the value of GFP-TDP WT.

(Fig. 4B and E). In these immunoblot analyses, we used the
intensity of the bands of endogenous TDP-43 (arrows in
Fig. 4A and D) as a loading control. While the amounts of
exogenous protein are nearly constant, that of 1-161 is rela-
tively low and those of 274-414 and 315-414 relatively
high. Nevertheless, such variability does not affect the occur-
rence or absence of inclusion formation (Fig. 1). Endogenous
and exogenous full-length TDP-43 (GFP-TDP WT) were
detected mostly in TS-, TX- and Sar-soluble fractions, and
were negative for anti-pS409/410 (Fig. 4).

Although GFP-TDP 162-414 was also detected in TS-, TX-
and Sar-soluble fractions with anti-TDP-43 and anti-GFP, a
slightly higher-molecular-weight band (~60 kDa, black arrow-
head in Fig. 4C) was detected in Sar-soluble and insoluble frac-
tions with anti-pS409/410. A similar band was only weakly

detected with anti-TDP-43 (black arrowhead in Fig. 4A), and
was negative to anti-GFP antibody. These results confirmed
our previous reports that our anti-pS409/410 is specific to and
is more sensitive in detecting abnormally accumulated
TDP-43 than phosphorylation-independent antibodies such as
anti-TDP-43 (ProteinTech) (15,16,19). Anti-GFP used here
seems to be less sensitive in immunoblot. Anti-GFP may also
be affected by possible structural changes during aggregates
formation when applied to the Sarkosyl insoluble fraction.
GFP-TDP 218-414 was mainly detected in Sar-soluble and
-insoluble fractions with anti-GFP (Fig. 4B), and a slightly
higher-molecular-weight band at 52 kDa (white arrowhead in
Fig. 4C) and smears were visualized in the Sar-soluble and
-insoluble fractions with anti-pS409/410. Similarly, pS409/
410-positive bands were detected in the Sar-soluble and insoluble
fractions of cell lysates expressing GFP-TDP 274-414 or
GFP-TDP 315-414 (black-lined arrowhead for GFP-TDP-
274—-414; white-lined arrowhead for GFP-TDP 315-414 in
Fig. 4C), although no abnormal band pattern was detected with
anti-TDP-43 or anti-GFP.

The N-terminal fragments, including GFP-TDP 1-314,
GFP-TDP 1-273 and GFP-TDP 1-217, were detected
mainly in the TS- and TX-soluble fractions, together with
GFP-TDP WT and endogenous TDP-43 (Fig. 4D and E).
However, GFP-TDP 1-161, the shortest N-terminal fragment,
was detected only in the Sar-soluble fraction (black-lined
arrowheads in Fig. 4D and E), which is consistent with the
inclusion formation observed in cells expressing this fragment,
as shown in Fig. 3A.

Loss of function and intracellular accumulation of TDP-43
fragments

TDP-43 has been reported to regulate the alternative splicing
of exon 9 of cystic fibrosis transmembrane conductance regu-
lator (CFTR) transcripts (20). TDP-43 is capable of binding to
a (UG)nUm element in CFTR intron 8 near its junction with
exon 9. Through this binding, TDP-43 enhances the exon
skipping of exon 9 during CFTR splicing. To evaluate the
functional significance of TDP-43 fragments used in this
study, we performed CFTR exon 9 skipping assay (16). We
co-transfected the expression plasmid of TDP-43 wild-type
or fragments with the reporter plasmid pSPL3-CFTRO (includ-
ing a TGI1T7 polymorphic locus) (16) into SH-SYSY cells.
The transcripts with and without the CFTR exon 9 insert are
expected to be 360 and 177 bp long, respectively (16), and
these were analyzed by RT-PCR. As shown in Fig. 5,
mRNA from cells transfected with empty vector pEGFP
gave only one RT-PCR band of 360 bp, while that from
cells transfected with TDP-43 wild-type gave two RT—PCR
bands, 360 and 177 bp, showing that skipping of CFTR exon
9 was increased by expression of GFP-TDP WT. We also
confirmed that the GFP portion did not affect the CFTR
exon skipping activity of TDP-43. All mRNAs from cells
co-transfected with the C-terminal fragments showed one
RT-PCR band of 360 bp (Fig. 5A). Of the four mRNAs
from cells co-transfected with the N-terminal fragments,
mRNA from GFP-TDP 1-161 showed a band of 360 bp,
while the others showed two bands of 360 and 177 bp
(Fig. 5B). These results indicate that the fragments without
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Figure 4. Immunoblot analyses of inclusions composed of GFP-tagged N-terminal and C-terminal fragments of TDP-43. SH-SY5Y cells, 72 h post-transfection
with GFP alone or GFP-fused TDP-43 fragments, were sequentially extracted with Tris-saline (TS), 1% Triton X-100 (TX) and 1% Sarkosyl (Sar), and the
supernatants and the Sarkosyl-insoluble pellets (ppt) were subjected to SDS-PAGE. Bands were transferred to PVDF membrane and probed with
anti-TDP-43 antibody (A and D), anti-GFP antibody (B and E) and anti-pS409/410 antibody (C). The arrow indicated the band of endogenous TDP-43.
Note that bands of pS409/410-positive C-terminal fragments were detected in Sarkosyl-soluble or -insoluble fractions of cells expressing GFP-TDP 162-
414 (black arrowhead in C), GFP-TDP 218-414 (white arrowhead in C), GFP-TDP 274414 (black-lined arrowhead in C) and GFP-TDP 315-414 (white-lined
arrowhead in C), and that N-terminal fragment of GFP-TDP 1-161 was recovered in TX-insoluble fractions (black-lined arrowhead in D and E).

the entire RRM-1 motif do not have exon skipping activity,
while the wild-type and fragments with the RRM-1 motif
have the activity (Figs 1 and 5). These results are in good
agreement with the observation by Buratti and Baralle (21)
that the RRM-1 domain is necessary for binding with RNA.
It is noteworthy that all the TDP-43 fragments which form
intracellular aggregates lack exon skipping activity.

Expression of TDP-43 C-terminal fragment facilitates
aggregation of full-length TDP-43 in SH-SYSY cells

To test whether C-terminal fragments of TDP-43 interact with
full-length TDP-43, C-terminal fragments of GFP-TDP-43 or
full-length GFP-TDP-43 was co-expressed with full-length
DsRed-fused TDP-43 (DsRed-TDP-43) in SH-SYSY cells.
Immunoprecipitation experiments of cell lysates using agarose
conjugated anti-GFP followed by immunoblotting with
anti-RFP or anti-TDP-43 showed that GFP-TDP-43 C-terminal
fragments as well as full-length GFP-TDP-43 were bound to full-
length DsRed-TDP-43 (Fig. 6). Full-length GFP-TDP-43 was
found to more strongly interact with DsRed-TDP-43 than any
other C-terminal fragments of GFP-TDP-43. The experiments
also showed a weak but notable interaction between endogenous
TDP-43 and full-length GFP-TDP-43 or C-terminal fragments
of GFP-TDP-43. These results suggest that both full-length
GFP-TDP-43 and its C-terminal fragments interact not only
with full-length DsRed-TDP-43 but also with endogenous
TDP-43 in SH-SYS5Y cells.

To monitor the intracellular interaction between endogenous
TDP-43 and C-terminal fragments of GFP-TDP-43, SH-SYSY

cells were transfected with GFP-TDP 162-414 or GFP-TDP
218—-414 and analyzed by confocal microscopy. Immunostain-
ing using anti-TDP-43 showed that full-length GFP-TDP-43
was co-localized with endogenous TDP-43 in nuclei
(Fig. 7A). We observed that GFP signals from cytoplasmic
inclusions of GFP-TDP 162414 or GFP-TDP 218—-414 were
overlapped with immunoreactivities of anti-TDP-43. Further-
more, immunoreactivities of anti-TDP-43 were almost elimi-
nated from the nuclei of these cells (Fig. 7B and C). When
full-length GFP-TDP-43 was co-expressed with full-length
DsRed-TDP-43, both proteins were found to be localized
in nuclei with no formation of inclusion-like structures
(Fig. 7D). In contrast, round cytoplasmic inclusions with both
GFP and DsRed signals appeared when GFP-TDP 162-414
(Fig. 7E) or GFP-TDP 218-414 (Fig. 7F) was co-expressed
with full-length DsRed-TDP-43. These results indicate that
endogenous TDP-43 or exogenous full-length DsRed-TDP-43
is trapped into cytoplasmic inclusions formed by GFP-TDP
162—414 or GFP-TDP 218-414, which is consistent with the
results of immunoprecipitation experiments shown in Fig. 6.

Effects of pathogenic mutations on aggregation of TDP-43

Then, we tested the effect of mutations of the TDP-43 gene
found in familial and sporadic ALS cases on the intracellular
aggregates of C-terminal fragments of GFP-TDP-43
(GFP-TDP 162-414). GFP-TDP 162-414 with or without
mutations was expressed in SH-SYSY cells, which were
then analyzed by immunoblot and confocal microscopy. We
first confirmed almost same expression levels of all exogenous
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