Dynamic Change in Precision of ¢-Cleavage of SAPP

e-site cleavages do not always correlate (/7). Furthermore,
in the current study, we showed that the precision of ¢- and
y-site cleavages on PM and endosomes did not change in
parallel. Our results support the hypothesis that the e-cleavage
process is distinct from that of the y-cleavage, although both
occur on the same transmembrane domain and are mediated
by the same PS-dependent y-secretases.

Recent reports have described the existence of several long
Ap species that are thought to be membrane-bound remnants
from e-cleavage of CTF stubs (35—37). Also, it has been
reported that there is an association between the cleavages
at €51 and at y42, which are types of ¢- and y-site cleavages,
respectively (/6). These findings indicate that there is a time-
dependent relationship between y- and e-cleavages, namely,
that y-cleavage follows e-cleavage (36, 37). If this is
generally true, de novo AICD and Af is generated from
distinct substrates in our cell-free assay; in other words,
AICDs is generated from CTF stubs of SAPP, whereas A
must be generated from long and membrane-bound Af.
Otherwise, our results suggest that the process determining
the precision of e-cleavage is distinct from that for the
y-cleavage. Thus, it appears that the time-dependent associa-
tion between y- and e-cleavages either is not dominant but
rather simply reflects the rate of each cleavage under
physiological conditions.

In our cell-free assay, conditions mimicking physiological
cell functions (i.e., changes in subcellular location, endocy-
tosis, and pH) affected the efficiency of cleavage at €49 and
€51; however, we could not find any consistent correlations
between relative peak heights of AICDe48 and those of
AlICDe49 or AICDeSI, even though AICDe48 was one of
the major species.

In summary, we demonstrate here that the precision of
e-cleavage of SAPP changes depending on endocytotic
function. In future studies, we will examine whether similar
changes in the precision of PS-mediated cleavage in the
TM-C also occur for other substrates, such as Notch-1.
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SUPPORTING INFORMATION AVAILABLE

Four figures indicating that (i) inhibition of endocytosis
by bafilomycin Al treatment caused a drastic change of
e-cleavage precision, (ii) the relative ratio of the AICDe49
peak height to that of AICDe51 semiquantitatively correlated
with the relative amount of each AICD species, and (iii) wt
BAPP as well as SAPP sw caused the drastic change in the
precision of e-cleavage. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Mutations in the presenilin 1 (PSI) gene are responsible for the
early onset of familial Alzheimer disease (FAD). Accumulating evi-
dence shows that PS1 is involved in y-secretase activity and that
FAD-associated mutations of PS1 commonly accelerate Af3,_,,
production, which causes Alzheimer disease (AD). Recent studies
suggest, however, that PS1 is involved not only in A production
but also in other processes that lead to neurodegeneration. To bet-
ter understand the causes of neurodegeneration linked to the PS1
mutation, we analyzed the development of tau pathology, another
key feature of AD, in PS1 knock-in mice. Hippocampal samples
taken from FAD mutant (I1213T) PS1 knock-in mice contained
hyperphosphorylated tau that reacted with various phosphodepen-
dent tau antibodies and with Alz50, which recognizes the confor-
mational change of PHF tau. Some neurons exhibited Congo red
birefringence and Thioflavin T reactivity, both of which are histo-
logical criteria for neurofibrillary tangles (NFTs). Biochemical anal-
ysis of the samples revealed SDS-insoluble tau, which under elec-
tron microscopy examination, resemmbled tau fibrils. These results
indicate that our mutant PS1 knock-in mice exhibited NFT-like tau
pathology in the absence of Af deposition, suggesting that PS1
mutations contribute to the onset of AD not only by enhancing
A, _,, production but by also accelerating the formation and accu-
mulation of filamentous tau.

Alzheimer disease (AD)? is characterized pathologically by neurofi-
brillary tangles (NFTs), which are composed of highly phosphorylated
taw, and by neuronal loss and A deposition. AD is manifested symp-
tomatically by dementia. Presenilin 1 (PSI), a gene identified to be
responsible, in part, for early onset familial Alzheimer disease (FAD),
has been cloned (1, 2). To date more than 70 mutations of the PSI gene
have been reported (3, 4). In each mutation, early onset of AD develops
with 100% penetration (3, 4). PS1 is required for y-secretase to cleave
amyloid precursor protein into A specics such as AB _,, and AB,_,,.
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Improper cleavage of amyloid precursor protein because of a PS1 muta-
tion increases the production of AB,_,, {(5-7), a highly aggregative,
neurotoxic species of AS that is longer than the less toxic AB,_,,. One
hypothesis for the neurodegeneration observed in AD, therefore, is that
PS1 mutation leads to increasing amounts of extracellular, neurotoxic
AB,_ 4y thereby inducing neurodegeneration (8 ~11).

Accumulating data suggest that, in addition to its role in AB,_,,
production, PS1 mutation also contributes to NFT formation. For
example, PS1 conditional knock-out mice display phosphorylated tau,
synaptic dysfunction, and memory impairment, even in the absence of
A production and deposition (12). In a rclated line of research, some
patients clinically diagnosed with fronto-temporal dementia (FTD)
have been shown to harbor PS1 mutations (13-16). Interestingly, FTD
is characterized by the appearance of NFTs without A deposition (17).
A patient harboring the G183V PS1 mutation displayed the clinical
manifestations of FTD and exhibited phospho-tau-positive Pick body
pathology throughout the cortex and limbic region, without A depo-
sition. Other reports have also shown that PS1 mutations accelerate
NFT formation and neuronal loss without affecting the rate of A dep-
osition (18). Thus, these data lead to the hypothesis that PS1 mutations
might contribute to NFT formation as well as increase AB, _,, produc-
tion in FAD.

To investigate this hypothesis, we examined tau pathology in mutant
PS1 1213T knock-in mice (19). This line of mice was generated with a
targeted insertion of the 1213T missense mutation into exon 7 of the
mouse PSI gene using homologous recombination. Therefore, these
PS1 mutant knock-in mice harbor the FAD mutation in the mouse PS/
gene and produce PS1 1213T. Heterozygote mutant PS1 1213T mice
showed no change in AB, _,,levels but had increased levels of AB, _,,, a
1.3-fold incrcase when compared with wild-type mice. This AB,_,,
increase is comparable to that observed in human cases. Because this
mouse strain shares the same PS1 genotype and related pathology as
that of paticnts harboring the PS1 mutation, we initially expected these
mice to develop the AD phenotype. The increase in murine AB,_,,
however, failed to lead to a corresponding AB deposition, possibly
because murine AS has a different amino acid sequence that reduces its
tendency to aggregate. Using this dissociation to our advantage, we
investigated the Af deposition-independent effects of the PS1 mutation
in this mouse model. We found that GSK-3 activation was followed by
the accumulation of hyperphosphorylated tau in the hippocampal
region, which fulfills the histological criteria for the presence of NFTs.

EXPERIMENTAL PROCEDURES

Animals—Mutant PS1 1213T knock-in mice (mPS1 mice) were
maintained at the RIKEN BS] animal facilities according to the Institute
guidelines for the treatment of experimental animals.

JOURNAL OF BIOLOGICAL CHEMISTRY 5037



Tau Inclusions in FAD Mutant PS1 Knock-in Mice

FIGURE 1. Histochemical and histopathological
assessment of brain sections from wild-type
{wPS1) and mutant PS1 knock-in (mP$1) mice.
A~-G, anti-tau immunoreactivity in hippocampal
CA3 of wPS1 mice (A C, E) and heterozygous mPS1
mice (B, D, F) at 7 months (A, B) and 15 months
(C-G) of age. A-D, PS199 immunoreactivity; £-G,
AlzS50 immunoreactivity. The low power micro-
graph in G shows how hippocampal immunoreac-
tivity is confined latrgely to CA3. H-L, histopathol-
ogy in CA3 of heterozygous mPS1 mice at 15
months of age. H-J, Congo red staining without
(H) or with (/) polarizing filters; K, Thioflavin T; and
L, Gallyas silver-staining. M and N, immunoreactiv-
ity in CA3 of wPS1 (M) and heterozygous mPS1
mice (N) at 16 months of age. M and N, double
immunolabeling with «-tubulin (red) and PS199
(green) antibodies. O, TUNEL staining of dentate
gyrus in the wPS1 mouse; P, TUNEL staining of
dentate gyrus in the homozygous mPS1 mouse; Q,
TUNEL staining of CA3 in the wPS1 mouse; R,
TUNEL staining of CA3 in the homozygous mP$1
mouse. Scale bars: 50 um in A-F and O-R; 100 um
in G; 10 pmin H-L; 25 umin Mand N.

Antibodies—The following antibodies were used: mouse monoclonal
anti-tubulin (DM1A, Sigma); anti-ubiquitin (Santa Cruz Biotechnol-
ogy); anti-GSK3f (Transduction Laboratory); anti-MAP2 (HM2,
Sigma); anti-tau Alz50, which recognizes the conformational epitope of
paired helical filaments (PHFs), component of NFT (a generous gift
from Dr. P. Davies, Albert Einstein College of Medicine, Bronx, NY);
anti-phosphorylated tau AT8 (Innogenetics Zwijndrecht); anti-dephos-
phorylated tau, Tau-1 (Chemicon); rabbit polyclonal anti-tau JM (20);
anti-phosphorylated tau PS199, PS262, PS396, PS404, and PS422 (BIO-
SOURCE), which recognize tau phosphorylated at the indicated sites;
and anti-GSK3p Ser-9 (Cell Signaling).

Western Blot Analysis—Brains were homogenized in modified radio-
immunoprecipitation assay (RIPA) buffer (50 mm Tris, 150 mm NaCl,
1% Nonidet P-40, 5 mm EDTA, 0.5% sodium deoxycholate, and 0.1%
SDS, pH 8.0), and the suspension was centrifuged at 100,000 X g for 20
min at 4 °C in an Optima TL ultracentrifuge (Beckman). The pellet was
washed five times with 1% SDS-Tris-buffered saline (TBS) (50 mm Tris,
150 mM NaCl, and 1% SDS, pH 8.0) followed each time by centrifuga-
tion. The SDS-insoluble pellet was solubilized in 70% formic acid,
lyophilized, reconstituted in Laemmli SDS-PAGE sample buffer, and
subjected to SDS-PAGE. Separated proteins were blotted onto Immo-
bilon-P membranes (Millipore). The membranes were incubated with
primary antibody then with the species-appropriate horseradish perox-
idase-conjugated secondary antibody. Immunoreactivity was visualized
with a chemiluminescent detection system (ECL, Amersham Bio-
sciences). Quantitation and visual analysis of immunoreactivity were
performed with a computer-linked LAS-1000 Bio-Imaging Analyzer
System (Fuyjifilm) using the software program Image Gauge 3.0
(Fujifilm).

Glycogen Synthase Kinase (GSK)-3 Activity—Brains were homoge-
nized in TBS (pH 7.4) and centrifuged at 100,000 X g for 20 min at 4 °C
in an Optima TL ultracentrifuge (Beckman). Protein concentration in
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the supernatant was determined with a Bradford protein assay, and
10-pug samples were assayed for GSK-38 activity with an immunaopre-
cipitation assay (21).

Ultrastructural Studies—For electron microscopy studies, SDS-in-
soluble materials were prepared from the brains of mPS1 mice as
described above in the Western blot analysis section. The materials
were mildly sonicated and dispersed in phosphate-buffered saline. The
dispersed solution was absorbed onto glow-discharged supporting
membranes on 400-mesh grids and prefixed by floating the grids on
drops of 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min. After
washing, the grids were incubated with primary antibody (JM, anti-tau
antibody), followed with a 5-nm colloidal gold-conjugated secondary
antibody. The grids were then negatively stained with 2% sodium phos-
photungstic acid, dried, and observed with a LEO 912AB electron
microscope at 100 kV.

Immunohistochemical and Histopathological Studies—Brains were
immersion-fixed in 10%-buffered formalin, and paraffin-embedded sec-
tions (4 um) were prepared. PS199, Alz50, anti-MAP2, and AT8 were
used as primary antibodies. After reacting the sections with species-
appropriate sccondary antibodics, we visualized for light microscopy
analyses immunoreactive elements by treating the sections with ABC
followed by DAB using Peroxidase Stain DAB kits (Nacalai Tesque
Japan). PS199 and anti-a-tubulin were used as primary antibodies for
confocal laser microscopy analyses. Immunoreactive elements were
visualized with Alexa568-conjugated anti-mouse IgG and Alexa488-
conjugated anti-rabbit IgG, and then examined with a Radiance 2000
KR3 confocal microscope (Bio-Rad). We stained some sections with
Congo red and Thioflavin T, which recognize the B-sheet structure of
tau fibrils, and then examined them with a light microscope equipped
with crossed polarizing filters (Nikon). NFTs were identified using a
standard Gallyas silver-impregnation method, which is used to assess
structural changes of the brain in AD (22).
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RESULTS

The A levels in the brains of mPS1 knock-in mice were quantified by
sandwich enzyme-linked immunoassay (23} and Western blot analysis.
Similar to a previous report (19), the level of AB, ,, was elevated in the
brains of mPS1 mice compared with that in the brains of wild-type mice
(wPS1 mice). Most of the AB,_,, and AB,_,,; was recovered in the
Triton X-100-soluble fraction, and very little was recovered in the 1%
SDS-insoluble fraction, suggesting that neither AB,_,, nor Af,_,,
aggregated and deposited within the brains of the mPS1 mice. More-
over, A immunostaining in tissue sections was absent, suggesting
again that neither extracellular nor intracellular AB accumulated in vivo
(data not shown). Thus, murine A failed to deposit in the brains of
mPS1 mice, even though AB, _4, levels in these brains increased.

Characterization of NFT-like Pathology in Mutant PS1 Mice—Five-
month-old heterozygous mPS1 mice exhibited no pathological changes
(Fig. 14); however, in 7-month-old or older mice, we detected phospho-
rau accumulation (PS199) in neurons in the hippocampal region (Fig.
1B). The prevalence and distribution of these PS199-positive neurons
gradually increased and widened, respectively, with age, and in 14 -16-
month-old mice, we observed phospho-tau immunoreactivity in hip-
pocampal CA3 neurons {Fig. 1D). By contrast, wPS1 mice did not show
this pattern of phospho-tau immunoreactivity (Fig. 1, C and D). Alz50,
an antibody that recognizes the conformational change of tau in PHF-
taw, also labeled CA3 neurons (Fig. 1, £~G). In summary, these findings
indicate that heterozygous mPS1 mice, whose alleles most precisely
reflect the genotype of humans bearing this mutation, exhibited phos-
pho-tat accumulation with PHF-tau epitopes, whereas wPS1 mice of
the same age showed no sign of tau accumulation.

Data related to the other histological criteria for NFTs confirmed
these findings. In heterozygous mPS1 mice, we observed Congo red
birefringence (Fig. 1, H-/) and Thioflavin T reactivity (Fig. 1K) in hip-
pocampal neurons. The Gallyas silver staining method revealed argy-
rophillic neurons in the hippocampus of mPS1 mice (Fig. 1L). Argy-
rophillic and Congo red-positive neurons were less numerous than
phospho-tau-positive neurons (less than 5% of phospho-tau-positive
neurons). The tau-accumulating neurons of these mice also exhibited
reduced a-tubulin immunoreactivity (Fig. 1, M and N) similar to that
displayed by NFT-bearing neurons. As we previously showed in tau Tg
mice (24, 25), weaker a-tubulin immunoreactivity might indicate
destruction of microtubules in tau-accumulating neurons in the mPS1
mice. TUNEL staining, however, revealed no signs of apoptosis in these
neurons (Fig. 1, O-R). Taken together, these results suggest that mPS1
affects the cytoskeleton of hippocampal neurons and induces NFT-like
accumulation of hyperphosphorylated tau.

Bivchemical and Ultrastructural Analysis of Tau in Mutant PS1 Mice—
We confirmed the accumulation of NFT-like tau in mPS1 mice with bio-
chemical and clectron microscopy analyses. Because tau becomes deter-
gent insoluble when aggregated, we assessed the amount of tau in the SDS-
insoluble fraction derived from the brains of mPS1 mice. As shown in Fig.
2A, small amounts of tau were recovered in the SDS-insoluble fraction from
2-month-old mPS1 mice. The amount of tau recovered in the SDS-insolu-
ble fraction increased with aging, and a large amount of tau was recovered
from 14-month-old heterozygous mPS1 mice compared with age-matched
wPS1 mice. (The amount of SDS-insoluble tau in mPS1 mice was ~2% of
the total tau in these mice).

We also investigated the amount of SDS-insoluble tau in different
brain regions of mPS1 mice. Tau was recovered from the hippocampus,
and small amounts were recovered from the cerebral cortex, striatum,
and cerebellum. This might be explained by the inverse correlation of
NET with pinl expression (26).
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FIGURE 2. Biochemical and electron microscopy (EM) analyses of mPS$1 mice. A,
SDS-insoluble tau from the brains of 2-, 7-, and 14-month-old heterozygous mPS1
mice. B, SDS-insoluble tau in micro-dissected cortex (Cx), hippocampus (Hp), brain-
stem (St), and cerebeilum (Cb} of 12-month-old wild-type PS1, heterozygous mPS1,
and homozygous mPS1 mice. C, immuno-EM analysis of SDS-insoluble materials
from 12-month-old heterozygous mPS1 mice. Fibrils labeled with S-nm gold parti-
cles indicate immunoreactivity to the phosphorylation-independent tau antibody,
JM (upper panel). Immunogold labeling was not observed on fibrils (control) stained
in the absence of primary antibody (Jower panel). Scale bars: 100 nm. D, Western blots
containing SDS-insoluble and RIPA-soluble materials from the hippocampi of
14-month-old w wPS1, heterozygous mPS1, and homozygous mPS1 mice. (Lane
pairs correspond to a set of two mice per mouse strain.) Order of blots (from top to
bottom): SDS-insoluble tau (tau (ins.); RIPA-soluble tau (tau (sol.); RIPA-soluble phos-
phorylated tau (P5199, P5262, P5396, P5S404, P5422, and AT8); unphosphorylated tau
(Tau1), active GSK3 (GSK3B); and inactive GSK3 B (GSK38 (Ser-9)).

The SDS-insoluble material recovered from mPS1 mice were further
investigated with electron microscopy. As shown in Fig. 2C, tau-positive
fibrils were detected in the SDS-insoluble fraction. These fibrils
appeared to be straight tubules, about 10 nm in diameter. The biochem-
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FIGURE 3. Tau kinase activity in 12-month-old mPS1 mice. A, hippocampal lysates from wPS1, heterozygous mPS1, and homozygous mPS1 mice were analyzed with Western
blotting and antibodies against tau kinases and phosphatases: total JNK (JNK}; phospho-JNK (P-JNK); MAP kinase (MAPK); phosphorylated MAP kinase (PMAPK); CDK5; the CDK5
activators, p35 and p25; and phosphatase 2a (PP2a)). A blot stained with anti-tubulin antibody {Tub) represents the control. 8, G5K-38 activity in immunoprecipitated brain samples
derived from wPS1, heterozygous mPS1, and homozygous mPS1 mice were determined with an assay that measures the incorporation of 32P into a GSK-38 substrate peptide. Data

are expressed as averages * S.D. (¥, p <0.05;n = 3).

ical and ultrastructural analyses strongly suggest that NFT-like tau
aggregation formed primarily in hippocampal neurons of mPS1 mice.
The NFTs found in AD brains contain highly phosphorylated tau
(27). Hyperphosphorylation of tau leads to the formation of fibrillar tau
(28). To determine whether tau hyperphosphorylation also occurs in
mPS1 mice, we examined the extent of tau phosphorylation in
14-month-old wPS1, heterozygous mPS1, and homozygous mPS1 mice
(Fig. 2D). Immunoblotting with various phosphorylation-dependent
anti-tau antibodies revealed that the amount of SDS-insoluble tau was
nearly the same in heterozygous and homozygous mPS1 mice (Fig. 2D,
tau(ins.)). This amount, however, was greater than that in wPS1 mice.
Although the total amounts of tau in soluble fractions from the three
types of mice were similar (i.e. bands had slower mobility than the
unphosphorylated Tau-1-immunoreactive band) (Fig. 2D, tau(sol.)), the
amounts of phosphorylated tau immunostained by PS199, PS262,
PS396, PS404, PS422, and AT8 were elevated in the heterozygous and
homozygous mPS1 mice compared with those in the wPS1 mice. The
extent of tau phosphorylation at the AT8, PS422, and PS199 epitopes
appeared to depend on the number of mPS1 alleles present in the mice,
as shown by the comparatively greater immunosignal intensity of sam-
ples derived from homozygous than in heterozygous mPS1 mice, sug-
gesting that mPS1 expression affects the hyperphosphorylation of tau.
The immunostaining intensity of Tau-1, an antibody that recognizes
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unphosphorylated tau, also correlated with genotype. Tau-1 immuno-
reactivity was greater in samples derived from wPSI mice than in het-
erozygous and homozygous mPS1 mice (wPS1 > heterozygous mPS1 >
homozygous mPS1), confirming that mPS1 induced the hyperphospho-
rylation of tau.

GSK-3B8, Tau Kinase, and Tau Phosphatase Activity— Activation of
GSK-38, a known tau kinase, was also associated with mPS1 genotype.
Although total GSK-38 levels were similar among wPS1, heterozygous
mPS1, and homozygous mPS1 mice, inactive GSK-38 (GSK-38 phos-
phorylated at Ser-9) levels varied inversely with the number of mPS1
alleles present (Fig. 2D; GSK3 and GSK38(Ser-9)). This inverse corre-
lation was confirmed by comparing the GSK-38 activity in immunopre-
cipitated brain samples derived from wPS1, heterozygous mPS1, and
homozygous mPS1 mice (Fig. 3B). This assay revealed clevated GSK-33
activity in heterozygous mPS1 compared with wPS1 mice (p < 0.05;n =
3), and also in homozygous mPS1 mice compared with heterozygous
mice (p < 0.05 n = 3). Taken together, we conclude that the mutant
PS1 activated GSK-38, thereby enhancing tau phosphorylation and
resulting in the formation of NFT-like tau aggregates (Figs. 1 and 2).
These results support those from a previous report (20).

We also investigated how other kinases and phosphatases may contrib-
ute to tau phosphorylation in mPS1 mice. As shown in Fig. 34, levels of the
active forms of phosphorylated JNK; phosphorylated MAP kinase; CDKS5;
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the CDK5 activators p35 and p25; and PP2a were similar among wPS1,
heterozygous mPS1, and homozygous mPS1 mice, indicating that the tau
phosphorylation mediated by these enzymes are not affected by the PS1
mutation. Nonetheless, other mechanisms are expected to be involved in
the mPS1-induced hyperphosphorylation of tau, because GSK-3f3 alone
cannot phosphorylate all of the phosphorylation sites in tau.

DISCUSSION

In the present study, we demonstrated that the brains of mice harboring
a PS1 mutation accumulated NFT-like phospho-tau. Biochemical analysis
of SDS-insoluble tau revealed tau fibrils. These NFT-like tau inclusions
were similar to those observed in FTDP-17 mutant tau transgenic mice (24,
25, 28), in mice overexpressing p25, a CDK5 activator (29), and in Pinl
knock-out mice (26). The neurons of other PS1 knock-in and mutant PS1
transgenic mice; however, failed to show cytoskeletal changes (30, 31). To
create their mutant PS1 knock-in mice, Guo et al. (32) used a hybrid mouse
composed of 1295V and C57BL6 strains, whereas in the present study we
used mice resulting from 10 generations of crossbreeding with C57BL6]
mice. The genetic background of our mice, which is most likely to be dif-
ferent from the backgrounds of mice used in previously studies, could have
influenced how the PS1 mutation contributed to NFT formation and
cytoskeletal changes. Another possible explanation for the apparent dis-
crepancy between our findings and others is that our PS1 knock-in mice
harbored a different PS1 mutation from that harbored by mutant PS1
knock-in mice developed by other laboratories.

Previously, we found certain PS1 mutations that increase AB, 4, lev-
¢ls are poor predictors for the onsct of FAD (5). Our present results,
however, suggest that the accumulation of NFT-like tau could deter-
mine the onset of AD. These two differing outcomes would also explain
why some PSI mutations accelerate NFT formation and neuronal loss
without accelerating AB deposition (18). Thus, PS1 mutations that
accelerate both NFT formation and A, _,, production may further
accelerate related neuropathologies, suggesting that the cause of early
onset AD may be related to a PS1 mutation.

The mechanism underlying the mutant PS1-associated accumulation
of NFTs may involve the activation of GSK-38. Our results indicate that
GSK-38 is activated in our mPS1 knock-in mice; this is consistent with
other mPS1 transgenic mice. Recently, wild-type PS1 has been shown to
activate PI3 kinase/Akt signaling by promoting the association of cad-
herin and PI 3-kinase, whereas mutant PS1 was unable to do so (32).
Thus, mutant PS1 appears to impair PI 3-kinase/Akt signaling by affect-
ing sclected signaling receptors (33) or by reducing cadherin/PI3 kinase
association (32), which eventually leads to the activation of GSK-38.
Whereas the mutant PS1-associated activation of GSK-3f3 occurred in
young mice, tau accumulation occurred only later on in older mice. This
led us to hypothesize that, by some mechanism, phosphorylated tau
degrades before it aggregates. This unknown mechanism is then inacti-
vated during aging, leading to the accumulation and aggregation of tau
that occurs in aged individuals.

Patients harboring the FAD mutation of PS1 develop AD with 100%
penetration. Based on our results, we propose that the PS1 mutation in
FAD leads to the early onset of AD through the activation of GSK-38,
which leads to NFT formation and the loss of neurons and synapses.
Moreover, we believe that the rate of GSK-38 activation is accelerated
by extracellular AB oligomers. The exact molecular mechanism medi-
ating the mutant PS1-induced activation of GSK-38 requires clarifica-
tion to further our understanding of how AD develops.
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Abstract

Ubiquitin-positive tau-negative neuronal cytoplasmic inclusions and dystrophic neurites are common pathological features in fron-
totemporal lobar degeneration (FTLD) with or without symptoms of motor neuron disease and in amyotrophic lateral sclerosis
(ALS). Using biochemical and immunochistochemical analyses, we have identified a TAR DNA-binding protein of 43 kDa (TDP-43),
a nuclear factor that functions in regulating transcription and alternative splicing, as a component of these structures in FTLD. Further-
more, skein-like inclusions, neuronal intranuclear inclusions, and glial inclusions in the spinal cord of ALS patients are also positive for
TDP-43. Dephosphorylation treatment of the sarkosyl insoluble fraction has shown that abnormal phosphorylation takes place in
accumulated TDP-43. The common occurrence of intracellular accumulations of TDP-43 supports the hypothesis that these disor-
ders represent a clinicopathological entity of a single disease, and suggests that they can be newly classified as a proteinopathy of
TDP-43.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Phosphorylation; Accumulation: Insoluble; Neurite; Glia; Motoneuron; Spinal cord; Mass spectrometry; Immunoblot; Immunohistochemistry

Frontotemporal dementia (FTD) is a clinical term
applied to progressive dementia with behavioral changes
and/or language dysfunction. Pathological diagnosis of
FTD can be classified into three major categories [1]. The
first category consists of tauopathies including Pick’s dis-
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ease (PiD), corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), and FTD with parkinsonism
linked to chromosome 17 (FTDP-17). The second is fron-
totemporal lobar degeneration (FTLD) with ubiquitin-
positive tau-negative neuronal cytoplasmic inclusions
(NCI). This can be divided into two subtypes. One is
FTLD with motor neuron disease (MND), which is also
known as presenile dementia with MND [2] or amyotro-
phic lateral sclerosis (ALS) with dementia [3,4]. The other
is FTLD with MND-type inclusions but without MND,
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which is also designated as motor neuron disease-inclusion
dementia (MNDID) [5] or atypical PiD without Pick
bodies [6,7]. The last category is FTLD without tau- or
ubiquitin-positive inclusions, also known as dementia lack-
ing distinctive histology [8]. It has been reported that
FITLD with MND-type inclusions but without MND
(FTLD-MND-type) is the most common in FTD [9].

The appearance of ubiquitin-positive tau-negative NCI
was first recognized in patients with ALS [10], and was
subsequently found in those with FTLD with MND
(FTLD-MND) [4,11] and in FTLD-MND-type [5,6,12].
The overlap of such ubiquitin pathology suggests that a
common pathological process exists among these disorders
[5,12-14]. To clarify this issue, it is important to identify
key components of the inclusions. Thus far, p62, a
ubiquitin binding protein, and a ubiquitin-like protein
(neural precursor cell-expressed and developmentally
down-regulated 8 (NEDDS)), have been reported to be
incorporated in ubiquitin-positive inclusions in these disor-
ders [15,16]. However, these proteins are also present in
other ubiquitinated inclusions such as neurofibrillary tan-
gles, Lewy bodies, and glial cytoplasmic inclusions
[16,17], indicating that their accumulation is not a specific
process for FTLD-MND-type, FTLD-MND, or ALS.

A subset of patients with familial FTLD has been
reported to have ubiquitin-positive neuronal intranuclear
inclusions (NII) and/or NCI similar to those in sporadic
cases [18-21]. Recently, null mutations in the gene encod-
ing progranulin (PGRN), a growth factor involved in mul-
tiple processes including development, wound repair,
inflammation, and tumorigenesis, have been identified in
several FTLD families with NII and NCI linked to chro-
mosome 17 [22-25]. It is proposed that PGRN haploinsuf-
ficiency leads to neurodegeneration due to reduced PGRN-
mediated neuronal survival [22,23]. Immunohistochemical
examination has shown no staining of NCI and NII for
PRGN, indicating that the disease does not cause accumu-
lation of PRGN [22-24]. Familial FTD with inclusion
body myopathy and Paget disease of bone is caused by
mutations in the valosin-containing protein (VCP) gene,
a member of AAA-ATPase gene super family [26]. It has
been reported that these families have ubiquitin-positive
NII and dystrophic neurites but rare NCI, and most of
the ubiquitin-positive structures are negative for VCP
(21]. Thus, the major component of the ubiquitinated pro-
teins in NCI and NII still remains unknown.

In the present study, using biochemical and immunohis-
tochemical analyses, we have identified TAR DNA-binding
protein of 43 kDa (TDP-43), a nuclear protein which is
involved in transcriptional repression and alternative splic-
ing [27,28], as a component of ubiquitin-positive tau-nega-
tive inclusions in FTLD-MND-type, FTLD-MND, and
ALS. These results support the notion that these disorders
represent a clinicopathological spectrum of a single disease.
The results of biochemical analysis suggest that abnormal
phosphorylation of TDP-43 may be involved in the patho-
genesis of these disorders.

Materials and methods

Materials. Brains from six cases of FTLD-MND-type, 3 with FTLD-
MND, 4 with ALS, 5 with Alzheimer’s disease (AD), 7 with PiD with Pick
bodies, 3 with dementia with Lewy bodies (DLB), 3 with multiple system
atrophy (MSA), one each case of CBD, PSP, and tangle only dementia,
and six controls without neurological symptoms were employed in this
study. The age, sex, brain weight, brain regions examined, and diagnosis
are given in Table 1.

Table |

Description of the subjects

Case No. Age (years) Sex BW (g) Region Clinical diagnosis

1 67 M 1250 Hip, T FTLD-MND-type

2 59 M  na Hip, T FTLD-MND-type

3 68 M 1210 F FTLD-MND-type

4 69 M 1166 F FTLD-MND-type

5 68 F 1120 Hip, T FTLD-MND-type

6 81 M 950 Hip, T FTLD-MND-type

7 49 F 1115 T FTLD-MND

8 65 F  na T FTLD-MND

9 72 F 1070 SC (L) FTLD-MND

10 69 F na Caudate ALS

11 55 M 1650 SC(L,S) ALS

12 72 F 1330 SC(L,S) ALS

13 48 M 1400 SC(L,S) ALS

14 84 F 960 T AD

15 68 F 1040 T AD

16 75 M 1000 T AD

17 89 M 1310 Hip, T AD

18 83 F 940 Hip, T AD

19 67 F na Hip, T PID

20 51 F 530 Hip, T PiD

21 76 M na Hip, T PiD/AD

22 71 M 680 F PiD

23 75 M 1080 F PiD

24 56 F 950 Hip, T PiD

25 67 F 1120 Hip, T PiD

26 67 M 840 Poc/Prec CBD

27 72 M 1290 Poc/Prec PSP

28 86 F 945 Hip Tangle only
dementia

29 82 F 1050 Hip, T, SN DLB

30 85 F 1040 T DLB

31 51 M 1050 T DLB

32 70 M na P MSA

33 49 M 1450 P MSA

34 56 F 1130 SN MSA

35 75 M 1280 SC (L) Sch, pneumonia

36 56 M 1150 Hip, T Sch, lung cancer

37 70 F 1220 Hip, T Gastric cancer

38 72 M 1300 Hip, T Sch, pneumonia

39 81 F 1110 Hip, T Retroperitoneal
tumor

40 65 M 1270 Hip, T Dilated

cardiomyopathy

BW, brain weight; Hip, hippocampus; T, temporal; F, frontal; SC, spinal
cord; L, lumbar; Poc/Prec, postcentral/precentral; SN, substantia nigra;
FTLD, frontotemporal lobar degeneration; MND, motor neuron disease;
ALS, amyotrophic lateral sclerosis; AD, Alzheimer’s disease; PiD, Pick’s
disease; CBD, corticobasal degeneration; PSP, progressive supranuclear
palsy; DLB, dementia with Lewy bodies; MSA, multiple system atrophy;
Sch, schizophrenia; na, not available.

149



604 T. Arai et al. | Biochemical und Biophysical Research Communications 351 (2006) 602—611

Fractionation of brain exiracts. Frozen temporal or frontal cortex
(0.5 g) from 4 cases of FTLD-MND-type (cases 1-4) and a case of FTLD-
MND (case 7), 3 with AD (cases 14-16), 2 with PiD (cases 22, 23), 2 with
DLB (cases 29, 30), 2 with MSA (cases 32, 33), and a control (case 37)
were homogenized in 10 volumes (5 ml) of buffer A (10 mM Tris—HCI, pH
7.5, 1 mM EGTA, 10% sucrose, and 0.8 M NaCl). After addition of
another 5 ml of buffer A containing 2% Triton X-100, the homogenate was
incubated for 30 min at 37 °C and spun at 100,000¢ for 30 min at 4 °C.
The resultant pellet was homogenized in 5 volumes of buffer A, followed
by an incubation for 30 min at 37 °C with 1% sarkosyl. The homogenate
was then spun at 100,000¢g for 30 min at room temperature. The sarkosyl-
insoluble pellet was homogenized in 4 volumes of buffer A containing 1%
CHAPS and spun at 100,000g for 20 min at room temperature. The pellet
was sonicated in 0.2 volumes of 7 M guanidine hydrochloride, followed by
overnight dialysis at 4 °C against 30 mM Tris—HCI (pH 7.5).

For dephosphorylation, the sample was incubated with Lambda pro-
tein phosphatase (1600 U/ml; New England Biolabs, Ipswich, MA) for
30 min at 30 °C according to manufacturer’s instruction.

In gel digestion and LCIMSIMS analysis. The dialyzed samples from
FTLD-MND-type, AD, DLB, and a control were run on SDS-PAGE
using 4-20% polyacrylamide gel (PAG mini, Daiichi, Tokyo). After
staining with Coomassie brilliant blue R-250 (CBB), each lane was cut out
every 5 mm from the bottom to the top of the running gel. The resultant
all gel pieces were cut into | x | mm cubes and washed twice with 50%
acetonitrile in 0.1 M ammonium carbonate and dried in a vacuum cen-
trifuge. The gel pieces were then rehydrated in buffer containing 1 pg/ml
trypsin (Promega Inc., Madison, WI) and 0.1 M ammonium carbonate,
and incubated for 16 h at 37 °C. The digested peptides were extracted
using 50% acetonitrile and 5% formic acid, and dried. They were dissolved
in 0.1% trifluoroacetic acid, 2% acetonitrile and an aliquot was separated
on a Develosil ODS-HG-5 column (0.15 x 50 mm, Nomura Chemical
Company, Aichi, Japan) at a flow rate of 300 nl/min using nano-flow
HPLC (Dina; TYK Tech Company) and analyzed by ion-trap spectrom-

cetry (LCQ Advantage; Thermo Electron Corporation, Waltham, MA).
The MS/MS data files were searched using the Turbo Sequest algorithm
within the Bioworks software (Thermo Electron, CA). Results were fil-
tered using two independent measures for the accuracy of matches: p value
and a cross correlation {XCorr) score.

Immunohistochemical analysis. Small blocks of brain were dissected at
autopsy or from fresh frozen brain samples and fixed in 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) for 2 days. Following cryo-
protection in 15% sucrose in 0.01 M phosphate-buffered saline (PBS) (pH
7.4). blocks were cut on a freezing microtome at 30 pm thickness. The free
floating sections were immunostained with two well-characterized com-
mercial antibodies: a polyclonal (10782-1-AP, ProteinTech Group Inc..
Chicago. IL; 1:2000) and a monoclonal (2E2-D3, Abnova Corporation,
Taipei, Taiwan; 1:1000) specific for TDP-43. A monoclonal antibody to
ubiquitin (DF2; 1:200) {29] and a polyclonal antibody to tau (A0024,
DakoCytomation. Carpinteria, CA; 1:30000) were also used. For
analyzing the spinal cord from FTLD-MND and ALS cases, 10% for-
malin-fixed and paraffin-embedded blocks were dissected at 10 um and
immunostained using the primary antibodies with 10 times lower dilution
than in floating sections.

The sections were incubated with the primary antibody for 72 h in the
cold. Following treatment with the appropriate secondary antibody,
labeling was detected using the avidin-biotinylated HRP complex (ABC)
system coupled with a diaminobenzidine (DAB) reaction to yield a brown
precipitate. In some sections, the DAB reaction was intensified with nickel
ammonium sulfate to yield a dark purple precipitate. Pretreatment of
tissues by autoclaving in 10 mM sodium citrate buffer for 10 min at 120 °C
was needed for staining with 2E2-D3.

Immunoblot analysis. After SDS-PAGE, proteins in the gel were
electrotransferred onto a polyvinylidene difluoride membrane (Millipore
Corp., Bedford, MA). After blocking with 3% gelatin in Tris-buffered
saline (20 mM Tris-HCI, pH 7.5, 500 mM NaCl), membranes were incu-
bated overnight with the polyclonal and monoclonal antibodies to TDP-
43, 10782-1-AP (1:2000) and 2E2-D3 (1:1000), HT7 (Innogenetics, Gent,
Belgium: 1:3000) and anti-PSer129 (1:3000) [30]. Following incubation
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with an appropriate biotinylated secondary antibody, labeling was
detected using ABC system (Vector Lab., Burlingame, CA) coupled with a
DAB reaction intensified with nickel chloride.

Results

Fig. 1 illustrates the representative results of SDS-
PAGE on the sarkosyl insoluble fraction from cases of
FTLD-MND-type, DLB, AD, and control. Western blot-
ting using a mixture of anti-PSer129, a phosphorylation-
dependent antibody to a-synuclein, and HT7, a phosphor-
ylation-independent antibody to tau, showed, as previously
reported [30,31], an intense band of a-synuclein in DLB
(A, lane 3), and a triplet of 68, 64, and 60 kDa typical
for hyperphosphorylated tau (PHF-tau) in AD (A, lane
4), but virtually nothing in the control (A, lane 1). In the
FTLD-MND-type case, only a small amount of the
PHF-tau bands are shown (A, lane 2). This finding corre-
sponds to the mild occurrence of neurofibrillary tangles
and neuropil threads in the cerebral cortex in this case
(data not shown). CBB staining of the identical gel to that
blotted showed virtually no difference among cases (B).

LC/MS/MS analysis of samples obtained from the
digested gel identified the sequences of a-synuclein in
DLB and those of tau in AD, proving the adequacy of
the method to pick up the accumulated proteins (data
not shown). The proteins identified by the database search
in the same molecular weight area were compared among
FTLD-MND-type, AD, DLB, and the control. By analyz-
ing the area below 40 kDa, we identified the peptide with
the amino acid sequence of FGGNPGGFGNQGGFG
NSR in the FTLD-MND-type case (Fig. 2). This sequence
was identical with the sequence of TDP-43 (276-293;
according to the report by Ou et al. [27]).

By immunohistochemistry using the antibodies to TDP-
43, nuclei of neurons and glial cells were positive in the
gray and whiter matters of the temporal, frontal, and pari-
etal lobes, the hippocampus (Fig. 3A and B), the brain
stem, and the cerebellum in all cases examined. In the
FTLD-MND and FTLD-MND-type cases, in addition to
such nuclear stainings, the antibodies recognized NCI
and dystrophic neurites in the hippocampal region and
temporal cortex (Fig. 3C-F). The morphology of these
TDP-43 positive inclusions and neurites was comparable
to that of ubiquitin-positive NCI and neurites (Fig. 3G
and H). Ubiquitin-positive dystrophic neurites in the cau-
date nucleus were also positive for TDP-43 in a case of
ALS (data not shown). '

In the spinal cord of the ALS and FTLD-MND cases,
skein-like inclusions were positive for ubiquitin (Fig. 4A)
as previously reported [32,33]. They were also positive for
both polyclonal and monoclonal antibodies (Fig. 4B and C)
in all such cases examined. Furthermore, the polyclonal
antibody to TDP-43 stained compact rounded or irregular
cytoplasmic inclusions similar to dense bodies reported by
Leigh et al. [33], and the dystrophic neurite-like structure in
an apical dendrite in some motoneurons in both types of
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Fig. 1. (A) Immunoblotting of sarkosyl insoluble fraction using a mixture of PSer129 and HT7 antibodies. Lane 1, control (case 37); lane 2, FTLD-MND-
type (case 3); lane 3, DLB (case 29); lane 4, AD (case 15). An intense band of a-synuclein in DLB (arrowhead in lane 3) and an abundant triplet of 68, 64,
and 60 kDa typical for hyperphosphorylated tau in AD (arrows in lane 4) are shown. There is no positive band in the control (lane A) and only a small
amount of triplet of 68, 64, and 60 kDa in FTLD-MND-type (lane 2). (B) Coomassie staining of identical gel to that blotted in (A). Virtually no significant
difference is observed among cases (lanes 1-4). Each lane was cut every 5 mm from the bottom to the top of the gel as indicated by horizontal lines for the
gel digestion and LC/MS/MS analysis (see Materials and methods for details). Molecular mass markers are shown on the left.

cases (Fig. 4D). In a case of ALS (case 11), neuronal intra-
nuclear inclusions were stained with the polyclonal anti-
body to TDP-43 in the lumbar and sacral cord (Fig. 4E).
Moreover, the polyclonal antibody to TDP-43 stained
curved or bullet-shaped inclusions in the cytoplasm of glial
cells in the gray matter, and anterior and lateral funiculi of
lumber spinal cord in all the ALS and FTLD-MND cases
(Fig. 4F and G). Similar glial cytoplasmic inclusions posi-
tive for A0024, a phosphorylation-independent antibody to
tau, were also found in the same area of the spinal cord
(Fig. 4H). The frequency of these inclusions varied from
case to case. These TDP-43 positive neuronal intranuclear
and glial cytoplasmic inclusions were negative for
ubiquitin.

In other diseases, the polyclonal antibody to TDP-43
stained Pick bodies in PiD (Fig. 5A and B), neurofibrillary
tangles in AD (Fig. 5C) and tangle only dementia, and
thread- or coil-like structures in CBD (Fig. 5D). The num-
ber of TDP-43 positive Pick bodies was about comparable

to that of tau-positive ones, while only a part of tau-posi-
tive structures in AD and CBD were immunopositive for
TDP-43. The same antibody did not stain any tau-positive
structures in PSP, Lewy bodies in DLB, and glial cytoplas-
mic inclusions in MSA. The monoclonal antibody to TDP-
43 did not stain any structures in these tauopathies and
synucleinopathies.

By Western blotting of sarkosyl insoluble fraction using
the antibody to TDP-43, a major band of 43 kDa, which
might correspond to the full-length TDP-43, was seen in
all samples examined. Fig. 6A illustrates the results of Wes-
tern blotting in the control, DLB, AD, FTLD-MND-type,
and FTLD-MND cases. The intensity of the 43-kDa band
varied from case to case even among FTLD-MND-type
cases (lanes 6-8, 10). However, an additional band of
45 kDa, as well as a diffuse smear staining throughout the
gel, was observed only in FTLD-MND-type and FTLD-
MND cases (lanes 6-10). Moreover, several positive bands
below 40kDa tend to be more prominent in the

151



606

FGGHPGGF GNAGGFENSK
Caleulated TneHl'
Caleulated [+2HT%
Experinental [H+2H1Z

= 1726.77
= $63.69
= 864,10

oyle

=i

T. Arai et al. | Biochemical and Biophysical Research Communications 351 (2006) 602-611

SR

-1

gi-10

G —i—G —"

Sequence #

F 1 14
G 2 20
G 3 26
N 4 376
P 5 473
G 6 53
G 7 58
F 8 7

G 9

N 10

Q 11

G 12

G 13

F 14

G 15

N 16

S 17

R 18 1708.

Fig. 2

[N G RN ee)

1=

u)i;Jllll | i

\.-50 =

R S S ] e b

P e b ey e de——f ——{
Y (+1}
L1 1726.8 18
.1 1579.7 17
1 1522.7 16
.2 1465.7 15
.2 1351.6 14
e 1254 .6 13
.3 1197.% 12
3 1140.5 11
3 993.5 10
9326.4 9
L4 322.4 8
.5 594 .3 7
.5 637.3 6
.6 433.2 4
.5 376.2 3
.7 262.2 2
8 175.1 1

. Identification of a tryptic peptide of TDP-43 in the sarkosyl insoluble fraction extracted from the FTLD-MND- type brain by ion-spray mass

spectrometry. Product ion spectrum of mass signal (M+2H)** of m/z 864.10 (the b and y ion series) is shown.

FTLD-MND-type and FTLD-MND than in other cases.
After dephosphorylation of the samples, the 45-kDa band
disappeared, suggesting that phosphorylation takes place
in the full-length TDP-43 (Fig. 6B). Western blotting of the
samples from PiD and MSA showed mainly a single band
of 43 kDa asin DLB, AD. and the control (data not shown).

Discussion
TDP-43 is a ubiquitously expressed human protein that

functions in transcriptional repression and exon skipping.
It was first identified as a protein capable of binding to a
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TAR DNA of the human immunodeficiency virus 1
(HIV-1) long terminal repeat (LTR) region [27]. TDP-43
interacts with several nuclear ribonucleoproteins (RNP)
including heterogencous nuclear RNP A/B and survival
motor neuron protein, inhibiting alternative splicing
[34,35]. Database analysis and ¢cDNA cloning have shown
that the primary transcript of the human TDP gene under-
goes alternative splicing to generate 8 mRNA [28]. The
physiclogical function of TDP-43 in brain cells has not
yet been determined.

In the present study, we have identified TDP-43 as a
component of mneuronal and glial inclusions in
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Fig. 3. Immunohistochemical staining of the hippocampal region in FTLD-MND-type with a polyclonal antibody to TDP-43 (A,C,E); a monoclonal
antibody to TDP-43 (B,D,F); a monoclonal antibody to ubiquitin (DF2) (G,H). In the control (A,B), both polyclonal (A) and monoclonal (B) antibodies
to TDP-43 immunostain the neuronal and glial nuclei in the hippocampus. The nuclear staining of the granular cells in the dentate gyrus is shown in
(A and B). In the FTLD-MND-type (C-H), both polyclonal and monoclonal antibodies to TDP-43 stain the cytoplasmic inclusions in the granular cells in
the dentate gyrus (C,D) and dystrophic neurites in the parahippocampal cortex (E,F). The morphology of these TDP-43 positive inclusions and neurites is
comparable to that of ubiquitin-positive inclusions (G) and neurites (H). The sections are counterstained with hematoxylin to reveal nuclei in (C-H). Scale

bars A 200 pm; B 100 um; C (also for D-H) 50 pm.

FTLD-MND-type, FTLD-MND, and ALS by biochemi-
cal and immunohistochemical methods. On Western blot-
ting of sarkosyl insoluble fractions using the antibody to
TDP-43, FTLD-MND-type and FTLD-MND cases
showed an additional 45-kDa band and diffuse smear stain-

ing, phenomena not observed in AD, DLB, PiD, MSA or
control cases. Disappearance of the 45-kDa band after
dephosphorylation suggests that phosphorylation of full-
length TDP-43 takes place. This is important since abnor-
mal phosphorylation of accumulated proteins like tau or
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Fig. 4 Immunostaining of the spinal cord in ALS. Skein-like inclusions in the motoneurons of the lumbar spinal cord are stained with anti-
ubiquitin (DF2, A} and both polyclonal (B) and monoclonal (C) antibodies to TDP-43. A compact rounded inclusion in a neuronal cytoplasm
and the dystrophic neurite-like structure in an apical dendrite are stained with the polyclonal antibody to TDP-43 in the anterior horn of the
lumber spinal cord (D). Two neuronal intranuclear inclusions that are positive for TDP-43 are shown in the anterior horn of the sacral cord
(E). TDP-43 positive glial inclusions curved (F) or bullet-shaped (G) are observed in the lumbar spinal cord. Similar glial inclusions positive for
tau are also found in the lumbar spinal cord (H). The sections are counterstained with hematoxylin. Bars A (also for B-D) 20 um; D (also for
F-H) 8 pm.

Fig. 5. The polyclonal antibody to TDP-43 stains Pick bodies in the dentate gyrus (A) and the CAl region (B) of the hippocampus in Pick’s disease,
neurofibrillary tangles in the CAl region of the hippocampus in Alzheimer’s disease (C), and thread- or coil-like structures in the frontal cortex in
corticobasal degeneration (D). The sections are counterstained with hematoxylin in (A and B). The diaminobenzidine reaction is intensified with nickel
ammonium sulfate to yield a dark purple precipitate in (D). Thus, most round immunopositive structures in (D) indicate nuclei of neurons and glial eells.
Bar A 50 um.
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Fig. 6. Immunoblotting of the sarkosyl insoluble fraction with the
antibody to TDP-43. (A) Lane 1, control (case 37); lanes 2 and 3, DLB
(cases 30, 31); lanes 4 and 5, AD (cases 14, 15); lanes (6-8) and 10, FTLD-
MND-type (cases 1-4); lane 9, FTLD-MND (case 7). A positive band of
43 kDa is commonly seen in all cases (lanes 1-10), while an additional
band of 45 kDa as well as a diffuse smear staining are observed only in
FTLD-MND-type and FTLD-MND (lanes 6-10). Furthermore, several
positive bands below 40 kDa are more prominent in FTLD-MND-type
and FTLD-MND (lanes 6-10) than in other cases (lanes 1-5). (B) The
effect of dephosphorylation on the samples from the control (lanes 1 and 2,
case 37) and FTLD-MND-type (lanes 3 and 4, case 3; lanes 5 and 6, case
4; lanes 7 and 8, case 1). Lanes 1, 3, 5, and 7, non-dephosphorylated
samples; lanes 2, 4, 6 and 8, dephosphorylated samples. Dephosphoryl-
ation does not change the electrical mobility of a major band of 43 kDa in
the control (lanes 1, 2) and FTLD-MND-type (lanes 3-8). However,
another band of 45kDa observed in the non-dephosphorylated samples
from FTLD-MND-type cases (arrow in lanes 3, 5, 7) is not seen after
dephosphorylation (lanes 4, 6, and 8). A faint band of 44 kDa appearing in
lane 4 may represent a partial dephosphorylation of the 45-kDa band.
Staining was performed with the polyclonal antibody to TDP-43.
Molecular mass markers are shown on the left.

a-synuclein has been reported to play an major role in the
pathogenesis in many neurodegenerative diseases including
AD or Parkinson’s disease [30,36]. The smear staining for
TDP-43 is also of interest since a similar staining pattern
of insoluble tau on immunoblot, referred to as smeared
tau, has been reported to be characteristic of tau with
abnormal modifications in AD, including phosphorylation,
ubiquitination, deamidation, isomerization, and proteolyt-
ic cleavage [37-40]. Finally, the TDP-43 positive lower
molecular weight bands prominently found in
FTLD-MND-type and FTLD-MND cases may represent
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fragments or alternatively spliced isoforms of TDP-43
[28]. Further analysis is needed to elucidate this issue.

These findings suggest the possibility that an imbalance
between kinases and phosphatases is involved in the path-
ogenesis of these disorders. There is no report indicating
such an abnormality in the brain of FTLD-MND-type
and FTLD-MND cases. In the spinal cord of ALS patients,
however, the elevated expression and/or activation of many
protein kinases such as protein kinase C (PKC), glycogen
synthase kinase o/f (GSK3o/B), p38 mitogen-activated
protein kinase (p38MAPK), calcium/calmodulin-depen-
dent protein kinase kinase (CaMKK), extracellular regulat-
ed kinase 2 (ERK2), and stress-activated protein kinase
(SAPK) have been shown [41]. Moreover, skein-like inclu-
sions, a specific pathological feature for ALS [32,33], are
immunopositive for activated p38MAPK, suggesting that
phosphorylation of proteins might be involved in the path-
ological processes in ALS [42]. Further analysis is needed
to clarify the details of abnormal modifications of TDP-
43 including phosphorylation sites and responsible kinases.

Immunohistochemical examinations in this study have
shown that both polyclonal and monoclonal antibodies
to TDP-43 recognize all the pathological hallmarks of
FTLD-MND-type, FTLD-MND, and ALS. They include
NCI and dystrophic neurites in the hippocampus and tem-
poral cortex in FTLD-MND-type and FTLD-MND, and
skein-like inclusions in the spinal cord in FTLD-MND
and ALS cases.

In addition, in the spinal cord of FTLD-MND and ALS
cases, we have identified some TDP-43 positive structures
that have not been reported so far. They include compact
and rounded inclusions, neuronal intranuclear inclusions,
and glial cytoplasmic inclusions. The morphology of the first
is similar to that of dense bodies, which are ubiquitin-posi-
tive cytoplasmic inclusions with dense rounded or irregular
shape found in the anterior horn cells of ALS patients [33].
However, they showed negative or very weak immunoreac-
tivity for ubiquitin. The distribution of TDP-43 positive glial
inclusions was consistent with the degenerating areas includ-
ing the gray matter of the anterior horn, and anterior and lat-
eral funiculi. These glial inclusions were also positive for tau.
Tau-positive glial inclusions have so far been reported in the
hippocampus, amygdala, and frontal and temporal lobes in
ALS and FTLD-MND [43-45]. Taken together, these find-
ings suggest that glial abnormalities associated with the
accumulation of TDP-43 and/or tau may be involved in
the pathological process of ALS and FTLD-MND. Regard-
ing neuronal intranuclear inclusions in the ALS patients,
eosinophilic and ubiquitin-positive neuronal intranuclear
inclusions have been observed in pyramidal neurons of hip-
pocampus and motor cortex, but not in the spinal cord
[46,47]. Because of the failure to detect these glial inclusions
and neuronal intranuclear inclusions by the monoclonal
antibody to TDP-43, the pathological significance of these
structures remains to be investigated further.

Similarly, the significance of the immunoreactivities of
tau-positive structures in other diseases including Pick
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bodies to the polyclonal antibody to TDP-43 is elusive. It is
unlikely that the cross reaction of this antibody to tau takes
place since it did not recognize tau on immunoblot, although
the reactivity of antibody can sometimes differ between in
immunoblot and in immunohistochemistry. The lack of bio-
chemical abnormality of TDP-43 in sarkosyl! insoluble frac-
tion from AD and PiD brains may suggest that the positive
stainings in the sections of these diseases are a nonspecific
or secondary phenomenon. We cannot exclude, however,
the possibility of the involvement of TDP-43 in the forma-
tion of tau-positive structures at present.

Cases of ALS with dementia have been described since
1920s[48]. Recently, accumulating evidences have supported
the close association between ALS and FTD. For nstance,
the incidence of FTD in patients with bulbar onset ALS is
as high as 48% [49]. Conversely, 50% of FTD patients meets
the criteria of definite or probable ALS [50]. The ALS
patients show fronto-temporal pattern of cognitive dysfunc-
tion on neuropsychological testing [51]. The number of
axons in the pyramidal tract is reduced in FTD patients with-
out MND [13]. A number of families have been described in
which different members may develop FTD, FTD with
MND or ALS [20,52,53]. The common occurrence of intra-
cellular TDP-43 accumulations in FTLD-MND-type,
FTLD-MND, and ALS further supports the hypothesis that
these disorders represent a clinicopathological spectrum of a
single disease. It can be proposed that they be newly classified
as a proteinopathy of TDP-43.

Note added in proof

After we submitted this report, similar observations
were reported by Neumann et al. (Science 314 (2006)
130-133).
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Lewy bodies (LBs) are pathological hallmarks of Parkinson
disease (PD) but also occur in Alzheimer disease (AD) and
dementia of LBs. «-Synuclein, the major component of LBs, is
observed in the brain of Down syndrome (DS) patients with AD.
Dyrk1A, adual specificity tyrosine-regulated kinase (Dyrk) fam-
ily member, is the mammalian ortholog of the Drosophila mini-

. - brain (Mnb) gene, essential for normal postembryonic neuro-

genesis. The DyrkIA gene resides in the human chromosome
21q22.2 region, which is associated with DS anomalies, including
mental retardation. In this study, we examined whether DyrklA
interacts with a-synuclein and subsequently affects intracellular
a-synuclein inclusion formation in immortalized hippocampal
neuronal (H19-7) cells. Dyrk1A selectively binds to a-synuclein in
transformed and primary neuronal cells. a-Synuclein overexpres-
sion, followed by basic fibroblast growth factor-induced neuronal
differentiation, resulted in cell death. We observed that accompa-
nying cell death was increased a-synuclein phosphorylation and
intracytoplasmic aggregation. In addition, the transfection of
kinase-inactive Dyrk1A or Dyrk1A small interfering RNA blocked
a-synuclein phosphorylation and aggregate formation. In vitro
kinase assay of anti-Dyrk1A immunocomplexes demonstrated that
Dyrk1A could phosphorylate a-synuclein at Ser-87. Furthermore,
aggregates formed by phos.phorylated a-synuclein have a distinct
morphology and are more neurotoxic compared with aggregates
composed of unmodified wild type a-synuclein. These findings
suggest a-synuclein inclusion formation regulated by Dyrkla,
potentially affecting neuronal cell viability.
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a-Synuclein is a major component of Lewy bodies (LBs)?
found in Parkinson disease (PD), dementia with LB, Alzheimer
disease (AD), and multiple system atropy (1). In these neurode-
generative disorders (collectively referred to as synucleinopathies),
LBs are characterized by fibrillar, cytoplasmic a-synuclein
aggregates within selective populations of neurons and glial
cells (2). a-Synuclein inclusion formation is clearly involved in
the pathogenic process of PD. a-Synuclein was first identified
as a partial fragment in AD amyloid plaques (41), and subse-
quently three missense mutations in the a-synuclein gene were
reported in early onset familial PD of some kindred (3, 4).

Down syndrome (DS) is the most common genetic disorder,
with a frequency of 1 in every 700 - 800 live births, and is caused
by an extra copy of all or part of chromosome 21 (5). In addition
to characteristic physical features, DS individuals have congen-
ital heart defects, gastrointestinal malformations, immune and
endocrine system defects, a high incidence of leukemia, and
early onset of Alzheimer-like dementia. DS individuals also
exhibit mild to severe mental retardation (6 — 8). Efforts to iso-
late the gene(s) responsible for DS mental retardation identified
DyrkiA as a candidate gene (9, 10).

The Drosophila melanogaster minibrain (Mnb) gene encodes a
serine/threonine protein kinase essential in cell proliferation and
neuronal differentiation during postembryonic neurogenesis
(10). Dual specificity tyrosine-regulated kinase-1A (DyrkiA),
the Mnb kinase human homolog, maps to the DS critical region
on chromosome 21. DyrkiA is thought to be responsible for the
DS neurological defects. In DS fetal brains, DyrklA expression
increases 1.5-fold, and transgenic mice overexpressing DyrklA
exhibit neurodevelopmental delays, motor abnormalities, and
cognitive deficits (11, 12).

a-Synuclein post-translational modifications include nitra-
tion, glycosylation, and phosphorylation and are likely to influ-
ence a-synuclein aggregation. Constitutive a-synuclein phos-
phorylation at C-terminal Ser-87 and Ser-129 residues occurs
in neuronal and nonneuronal cell lines (13). a-Synuclein aggre-
gates in brain tissue from individuals with synucleinopathy are
extensively phosphorylated at Ser-129 (14). Furthermore,

*The abbreviations used are: LB, Lewy body; AD, Alzheimer disease; bFGF,
basic fibroblast growth factor; DS, Down syndrome; GST, glutathione
S-transferase; PD, Parkinson disease; HA, hemagglutinin; CREB, CAMP-re-
sponse element-binding protein.
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a-synuclein Ser-129 phosphorylation promotes eosinophilic
fibril formation in vitro and in SH-SY5Y cells (14, 15).
a-Synuclein is a substrate for G protein-coupled receptor
kinases, and the protein-tyrosine kinase Pyk2/RAFTK phos-
phorylates a-synuclein at the Tyr-125 residue in response to
hyperosmotic stress (16, 17). These findings suggest that fila-
mentous protein phosphorylation, including a-synuclein phos-
phorylation, is important in the pathogenesis of neurodegen-
erative disorders.

Interestingly, a-synuclein-positive LBs and neuritic pro-
cesses frequently occur in DS brains with AD phenotypes (18).
In addition, LB formation frequency in DS patient brains with
AD is greater than in sporadic AD cases (19). To study the
molecular mechanisms leading to LB formation in DS patients,
we examined whether Dyrk1A interacts with a-synuclein and
affects cytoplasmic inclusion formation in hippocampal neuro-
progenitor cells. Our data show that Dyrk1A phosphorylates
a-synuclein at the Ser-87 residue. Additionally, DyrklA-medi-
ated a-synuclein phosphorylation facilitates its aggregation.

EXPERIMENTAL PROCEDURES

Materials—Peroxidase-conjugated anti-rabbit and anti-
mouse IgGs were purchased from Zymed Laboratories Inc.
(San Francisco, CA); Dulbecco’s modified Eagle’s medium, fetal
bovine serum, Lipofectamine Plus reagent, and cell culture
reagents were from Invitrogen; glutathione-Sepharose 4B and
Protein A-Sepharose were from Amersham Biosciences; ECL
reagents and [y-**PJATP were from PerkinElmer Life Sci-
ences; anti-a-synuclein IgG was from AbCam; anti-Dyrk1A
antibodies were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA); and anti-phosphoserine/phosphothreonine and
anti-tyrosine antibodies were from Sigma. Anti-phospho-Ser-
129 o-synuclein antibody was developed as described previ-
ously (14). Plasmids encoding HA-tagged Dyrk1A (pSVL-HA-
DyrklA) and its K188R mutant (pSVL-HA-Dyrk1A-K188R)
were kindly provided by W. Becker (Institute of Pharmacology
and Toxicology, RWTH, Aachen, Germany). Wild type
a-synuclein plasmid was provided by R. Jakes (Medical
Research Council Laboratory of Molecular Biology,
Cambridge, UK). FLAG-tagged a-synuclein with a serine to
alanine point mutation (S9A, S42A, S87A, and S129A) cDNAs
were generously provided by C. A. Ross (Johns Hopkins Uni-
versity School of Medicine, Baltimore, MD) and J. L. Benovic
(Thomas Jefferson University, Philadelphia, PA). Bacterially
recombinant a-synuclein proteins were either purchased from
ATGen (Seongnam-si, Gyeonggi-do, Korea) or purified as
described previously (20).

Cell Culture and DNA Transfection—Conditionally immor-
talized hippocampal (H19-7) cell lines were cultured as
described previously (21). The neuroblastoma SH-SY5Y cells
were maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum with penicillin and streptomy-
cin. Rat fetal brain lysates and primary cortical neurons were
prepared as described previously (22). The cells were trans-
fected with Lipofectamine Plus reagent (Invitrogen), according
to the supplier’s instructions. To prepare cell lysates, cells were
rinsed with ice-cold phosphate-buffered saline and solubilized
in lysis buffer (10 mm Tris, pH 7.9, containing 1.0% Nonidet
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P-40, 150 mm NaCl, 1 mm EGTA, 1 mm EDTA, 10% glycerol, 1
mm NagVO,, 1 ug/mlleupeptin, 1 jg/ml aprotinin, 10 mm NaF,
and 0.2 mMm phenylmethylsulfony! fluoride). Cells were scraped,
and supernatants were collected after centrifugation for 10 min
at 14,000 X gat 4 °C. Protein concentrations were determined
using the detergent-compatible protein assay kit (Bio-Rad).

Cell Viability—Cell survival quantitation was performed
using the tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide extraction method, as described
previously (23). Statistical analyses were completed with the aid
of the StatView II program (Abacus Concepts, CA). All data
were analyzed by one-way analysis of variance and preplanned
comparisons with the control were performed by means of
Dunnett’s T-statistic.

Immunoprecipitation and Western Blot Analysis—QOne
microgram of suitable antibodies was incubated with 0.5-1 mg
of cell extracts in cell lysis buffer overnight at 4 °C. Fifty micro-
liters of a 1:1 protein A-Sepharose bead suspension was added
and incubated for 2 h at 4 °C with gentle rotation. Beads were
pelleted and washed extensively with cell lysis buffer. Bound
proteins were dissociated by boiling in SDS-PAGE sample
buffer, and samples were separated on SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane (Millipore).
Membranes were blocked in TBST buffer (20 mm Tris, pH7.6,
137 mm NaCl, 0.05% Tween 20) plus 3% nonfat dry milk for3h
and then incubated overnight at 4 °C in TBST buffer with 3%
nonfat dry milk and the appropriate antibodies. Membranes
were washed several times in TBST and then incubated with
secondary IgG-coupled horseradish peroxidase antibody
{Zymed Laboratories Inc.). After 60 min, the blots were washed
several times with TBST and visualized by ECL.

Immunocytochemistry—Cells were seeded overnight, at 70%
confluence, onto coverslips in 6-well dishes and transfected
with the appropriate plasmids the following day for 24 h. After
washing with phosphate-buffered saline, the cells were fixed
with neutral buffered 4% (w/v) paraformaldehyde and perme-
abilized with 1% bovine serum albumin containing 0.1% Triton
X-100 for 1 h. Cells were incubated at 4 °C for 24 h with the
appropriate primary antibody and diluted in phosphate-buff-
ered saline containing 1% bovine serum albumin. After washing
with phosphate-buffered saline, either rhodamine- or fluores-
cein isothiocyanate-coupled secondary antibodies were added
and incubated for 2 h at room temperature. Fixed cells were
analyzed by confocal or fluorescence microscopy.

Hematoxylin and Eosin Staining—Hematoxylin and eosin
staining were performed according to the manufacturer’s
instructions (Sigma). We counted cells with eosinophilic
inclusions in six different fields, ~1000 cells/experimental
condition.

In Vitro Kinase Assay—Confluent cells were harvested in
lysis buffer. Soluble cell lysate fraction was incubated for 2 h at
4°C with suitable antibodies. After the addition of protein
A-Sepharose beads, the reaction mixture was incubated for
2hat4 °Cand rinsed with lysis and kinase buffers. Immuno-
complex kinase assays were performed by incubating the cell
lysates for 2 h at 30 °C with the substrate in the reaction
buffer (0.2 mm sodium orthovanadate, 2 mm dithiothreitol,
10 mm MgCl,, 2 mCi of [y-**P]ATP, and 20 mm HEPES, pH

JOURNAL OF BIOLOGICAL CHEMISTRY 33251

159

£00z '6 Arenuep uo N3X 0908 NHVOI-NIHSIZS-OLOAMOL 1e Bio oqf mmm woyy papeojumog



L

et

Modulation of a-Synuclein Inclusions via Dyrk1A
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FIGURE 1. Dyrk1A binds to a-synuclein in hippocampal H19-7 cells and
neuroblastoma SH-SY5Y cells. A, H19-7 cell lines were mock-transfected (—)
or transiently transfected with a-synuclein (Syn). After 24 h, immunoprecipi-
tation (IP} was performed with either anti-a-synuclein or anti-Dyrk1A anti-
bodies and subsequently examined by Western blot analysis with anti-
Dyrk1A or anti-a-synuclein antibodies. B-Tubulin expression showed equal
loading. B, a-Synuclein (Syn) or HA-tagged Dyrk1A was transfected separately
or together into SH-SY5Y cells. Immunoprecipitation was performed with
either anti-a-synuclein or anti-HA antibodies, and the immunocomplexes
were analyzed by Western blot analysis with either anti-HA or anti-a-
synuclein antibodies. These results are representative of three independent
experiments,

7.4). After reaction termination, the mixtures were analyzed
by SDS-PAGE, and phosphorylated substrates were visual-
ized by autoradiography.

Protein Aggregation Analysis—a-Synuclein aggregation was
monitored with both turbidity and thioflavin-T binding fluo-
rescence, as described previously (23). Purified a-synuclein
samples were concentrated to 7 mg/ml using Centricon-3 spin
filters (Amicon). After concentration, samples were centri-
fuged for 10 min at 100,000 X g to remove any aggregates that
could have formed during the concentration step. The super-
natants were adjusted to a final concentration of 7 mg/ml using
Tris-buffered saline, 20 mm Tris, pH 7.5, and 0.2 M NaCL. Sam-
ples were dispensed into 1.5 ml of Beckman ultracentrifuge
microtubes and incubated at 37 °C. Atvarious time points, sam-
ples were centrifuged at 100,000 X g for 10 min, and superna-
tants were removed and diluted 10 times with Tris-buffered
saline. These dilutions were analyzed by their absorbance at 280
nm. The remaining incubations were vortexed for 30 s to resus-
pend the pellets. For electron microscopy of a-synuclein aggre-
gates, the samples were prepared as described previously (23).
Samples were sectioned using an ultramicrotome, double-
stained with uranyl acetate and lead citrate, and observed by
transmission electron microscopy (Philips CM-10).
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FIGURE 2. In vivo interaction between Dyrk1A and a-synuclein in rat
brain and primary cortical neurons. Whole brain tissue (A4) or primary
cortical neurons (B) were prepared from rat embryonic 17-day fetus.
Whole cell lysates from rat brain (4) or primary cortical neurons (B) were
immunoprecipitated (/P) with anti-a-synuclein or anti-Dyrk1A antibodies,
followed by immunoblot analysis with anti-Dyrk1A or anti-a-synuclein
antibodies, respectively. As a control, the cell extracts were immunopre-
cipitated with preimmune IgG (igG) or empty protein A-beads (Bead). As
an input control, a-synuclein and Dyrk1A expression was monitored by
Western analysis. C, rat E17 cortical neurons were fixed, permeabilized,
labeled subsequently with either anti-a-synuclein or anti-Dyrk1A anti-
bodies, with fluorescein isothiocyanate- or rhodamine-attached second-
ary antibodies, and with 4’,6-diamidino-2-phenylindole. Immunostained
preparations were examined using confocal microscopy. These results are
representative of three independent experiments.

Construction of DyrkIA siRNA Duplexes and Transfection—
The competitive silencing and noncompetitive control DyrklA
siRNAs were designed as reported by Sitz et al. (24) and pro-
vided by Sigma-Proligo (Boulder, CO). DyrklA siRNA
duplexes were transfected into cells using the Lipofectamine
Plus reagent according to the manufacturer’s instructions.

RESULTS

DyrklA Binds to and Phosphorylates a-Synuclein in H19-7
Cells—We examined whether the a-synuclein and DyrklA
interaction occurs in mammalian neuronal cells, such as in
immortalized hippocampal H19-7 cells. We previously
reported that the endogenous a-synuclein protein levels in
H19-7 cells were undetectable (25, 26). Therefore, we tran-
siently transfected H19-7 cells with a-synuclein cDNA,
immunoprecipitated a-synuclein, and immunoblotted for
DyrklA. Exogenously expressed a-synuclein binds to endoge-
nous DyrklA (Fig. 1A). We confirmed this interaction by
reverse co-immunoprecipitation and detecting the HA-tagged
DyrklA-a-synuclein interaction in the dopaminergic neuro-
blastoma SH-SY5Y cell line (Fig. 1, A and B). These data dem-
onstrate that a-synuclein interacts with Dyrk1A in H19-7 and
SH-SY5Y cells.
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