’ Seeded Aggregation of a-Synudein and Tauin Cells :

cells by the same treatment (Figs. 14 and 4), suggesting that the  extracellular a-syn fibrils may induce aggregation of endoge-
LA treatment works exclusively for the Internahzatlon ofinsol- nous a-syn w1thout incorporation. To confirm that the extra-
uble a-syn aggregates. - - cellular a-syn fibril seeds are internalized into cells by LA, we

These results strongly suggest that a-syn fibrils are incorpo- performed the transduct;on of preformed carboxyl-terminally
rated with the aid of LA but do not exclude the possfmhty that HA-tagged o-syn fibril seeds (Seed-HA) instead of non-tagged
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a-syn seeds. As shown in Fig. 1, B and C, time course experi-
ments revealed that Seed-HA was also incorporated into cells in
“the presence of LA and could be detected with both antl-
HA antibody and a phospho-a-syn-specific antibody (antl-

Ser(P)'?°), even 3 days after infection. Confocal microscopic -

analyses also indicated that Seed-HA was phosphorylated at
‘Ser’* intracellularly. All anti- Ser(P)'?*-positive dotlike struc-
tures were also stained with anti-HA, indicating that no endo-
genously phosphorylated a-syn aggregates are pxesent in the
. cells (Fig. 1D and supplemental Fig. S1C). =

. Establishment of a Cell Culture Model for Ni ucleatzon—depen— '

dent Polymerzzatwn of a-Syn—Although introduction of the
seed a-syn into cells was accompanied with phosphorylation,
no further dramatic change was observed Because the level of
endogenous a-syn was relatively low in SH-SY5Y cells, we
introduced non-tagged or HA-tagged seeds into cells tran-
s1ently overexpressing a-syn. After 3 days of culture, immuno-
cytochemistry for a-syn revealed a diffuse (Fig. 2B) or dotlike
(Fig. 2C) pattern of cytoplasmic labeling by anti-Ser(P)**” in

cells transfected with wild-type a-syn without seeds or in non-
overexpressing cells with Seed S, respectively. Surpmsmgly,

however, in cells transfected with both pcDNA3-a-syn and

Seed aS, we observed abundant round inclusions that occupied
the cytoplasm and chsplaced the nucleus, w1th morphology
‘highly reminiscent of cortical-type Lewy bodies observed in
human brain (F1g 2D): The size of the a-syn-positive inclusions
was ~10 um in diameter (Fig: 2D), which is similar to that ofthe
Lewy bodies detected in the brains of patients with dementia
" with Lewy bodies. Similarly, when cells expressing a-syn were
transfected with Seéd-HA, abundant phosphorylated a-syn-
positive cells were also detected (supplemental Fig. S1D).

- We next examined the status of ubiquitin, which is positive in
most types of intracellular filamentous inclusions, including
Lewy bodies, in neurodegenerative disease brains. As shown in
Fig. 2E, we found that almost all intracellular inclusions labeled
with anti-Ser(P)*° were also positive for ubiquitin, as is the case
for Lewy bodies in the cortex of human DLB brain (Fig. 2F).
Furthermore, the juxtanuclear Ser(P)'**-positive, Lewy body-
like inclusions were also positively labeled with thioflavin S, a
fluorescent dye that specifically intercalates within structures
rich in B-pleated sheet conformation (Fig. 2, G and H), indicat-
ing that the inclusions contain 3-sheet-rich filamentous aggre-
gates. Electron microscopic analysis of cells transfected with
both wild-type o-syn and the seeds revealed that the inclusions
are composed of filamentous structures ~10 nm in diameter
that are often covered with granular materials (Fig. 2, / and J).
The filamentous structures were randomly oriented within the

Seeded Aggregation of a—SynucIefn and Tau in Cells

_cytoplasm of these cells, forming a meshwork-like profile, and

were frequently intermingled with mitochondria (Fig. 2, I and
J), being highly reminiscent of human cortical Lewy bodies.
Immunoelectron microscopy showed: that the filaments were
densely decorated with anti-Ser(P)"*® (Fig. 2K), demonstrating
that they were composed of phosphorylated o-syn.

- To biochemically validate this cellular model and to investi-
gate further the molecular mechanisms underlying nucleation-
dependent aggregation within cells, we differentially extracted
‘a-syn from these cells using detergents of various strengths and
analyzed the extracts by immunoblotting with anti-Syn102 and

* -Ser(P)'?? antibodies. The levels of a-syn in the Sarkosyl—solu-

ble and -insoluble fractions (total a-syn and a-syn phosphory-

lated at Ser'?’, respectlvely) were dramatlcally increased in’

cells transfected with both wild-type a-syn and the seeds
(WT + Seed oS in Fig. 3, A and B). To distinguish endogenous
a-syn from exogenous a-syn fibrils, we used LA to transduce
Seed-HA into ¢ells overexpressing a-syn. Immunoblot analyses

 of these cells showed that HA-tagged a-syn with slower mobil-

ity than non-tagged a- syn was detected in the Sarkosyl—msolu—
‘ble pellets as phosphorylated forms. by antl-HA and anti-
' Ser(P)129 antibodies in cells treated with Seed-HA + LA (Fig. 3,
C-E). Interestmgly, in cells expressing a-syn (WT) treated with
Seed-HA + LA, much more abundant non-tagged a-syn was
detected in the Triton X-100- and Sarkosyl-insoluble fractions
as phosphorylated forms with a smaller amount of the HA-a-
syn. We also performed a dose dependence experiment with
Seed-HA in cells expressing a-syn. As shown in supplemental

~ Fig. 82, immunoréactive levels of Triton X-100-insoluble phos-

phorylated a-syn increased in parallel with an increase in the

- amount of Seed-HA. Furthermore, we tested whether Tau pro-

tein fo:ms intracellular aggregates in the presence of a-syn
seeds instead of Tau seeds. We found that Tau was not aggre-
gated with Seed-HA, confirming that intracellular aggregate

- formation of soluble a-syn is specific to and dependent on fibril

seeds of the same protein (supplemental Fig. $3). This nucle-
ation-dependent polymerization of a-syn in cells was greater at
3 days than at 1 day after transduction of the seeds (Fig. 3F).
Negative stain electron microscopic observation of Sarkosyl-
insoluble fractxons of the cells harboring inclusions revealed
anti-Syn102 and Ser(P)!**-positive filaments of ~5-10-nm
width (Fig. 3, G and H) that are highly reminiscent of those
_derived from human a-synucleinopathy brains (21). Such fila-
ments were never detected in the Sarkosyl-insoluble fraction of

“cells solely overexpressing a-syn (data not shown). These

results indicated that the biochemical characteristics of a-syn

~accumulated in cells forming the Lewy body-like inclusions

FIGURE 2. Confocal laser and electron microscopic analyses of a-syn inclusions in plasmid-derived a-syn-expressing cells treated with seed a-syn. .
A-D, confocal laser microscopic analyses of control SH-SY5Y cells transfected with pcDNA3 vector and Lipofectamine alone (A), cells transfected with

pcDNA3-a-syn (WT) (B), cells transduced with the seed a-syn (Seed aS) (C), and cells transfected with both pcDNA3-a-syn and Seed oS (WT + Seed «S) (D),
. immunostained with anti-Ser(P)'?? (green), and counterstained with TO-PRO-3 (blue). The arrows indicate cytoplasmic round inclusions stained with anti-
Ser(P)'2° (PSer129). Scale bars, 20 wm. E-F, comparison of confocal images of cells transfected with both a-syn plasmid and Seed oS (£) and tissue sections from
DLB brains (F) using anti-Ser(P)'?° {green) and anti-ubiquitin antibodies (red). Cytoplasmlc inclusions in transfected cells (arrows) are positive for ubiquitin, like
Lewy bodies (arrowheads) in DLB brains. Scale bars, 20 um. G and H, confocal microscopic images of cells transfected with both pcDNA3-a-syn and Seed aS.
Cells were stained with 0.05% Thioflavin S (green) and anti-Ser(P)'?® antibody (red). The boxed area on the left is shown in the right panel. Scale bars, 20 pm on
the leftand 10 um on the right. /and J, electron microscopicanalyses of cells transfected with both pcDNA3-o-syn and Seed oS. High magnification of the boxed
area in | is shown'in J. An asterisk or arrow indicates a nucleus or mitochondrion, respectxvely Scale bars, 2 pm in | and 200 nm in J. K, immunoelectron
microscopic observation of cells transfected with both pcDNA3-a-syn and Seed aS using a polyclonal antibody against phosphorylated Ser1 2 of a-syn. Scale
bar, 200 nm. ‘
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Seeded Aggregation of a-Synuclein and Tau in Cells

were very similar to those of «-syn .
deposited in the brains of patients A
with a-synucleinopathies, including
PD and DLB. i
" Because the idea has been gaining
ground that transient oligomers,
rather than mature fibrils, are re- . . Ry pe— o ’rs v — TX“Sar - -
sponsible for cytotoxicity, we exam- : N - SRR ;
ined whether - soluble oligomers B Seed ¢S WT ViT+Seed ¢S
could be introduced into cells in the a5l : :
same manner as fibril seeds by
means of LA treatment and whcthc1 v
they could functlon as seeds for
intracellular a-syn aggregate forma- , W L ; £
tion. As shown in Fig: 4, A and B,we ~ - ‘ TS TX Serppt. TS TX Serppt TS TX Ser pat
purified stable a-syn oligomers from . ' :
recombinant o- -syn treated with exi- C «
fone; an mhlbltor of | in vztra a-syn _anfi»Synwz} \ = fii;j;‘cus,
. aggregation, which mf,thought: to ' . '
_ inhibit filament formation of a-syn by
stab:hzmg SDS-resistant soluble oli-
gomers (22,23). Then cells expressing Dami.
a-syn or mock plasmid were treated PSer12g
with a mixture of the oligomer frac-
tion (5 ug) and LA and incubated for3
* days. Immunoblot analyses of Iysates E
of these cells did not detect any SDS- anti-HA
resistant soluble’ oligomeric a-syn,

Sesd oS wT WT+Seed oS

 ant-Syni102

| anti-PSeri2®
20 —
15 — .

#
]
H
£
§
.
|
8

and the levels of phosphorylated : - gt Tres TS T Swem TS cerTE R S
a-syn in the Sarkosy]—soluble and -in- e one WT  SeedHi  SeedHA wWT . WT
soluble fractions showed no. mcrcasc o , AR +la +SeedHA  <SeedHA
(Fig. 4, C and D). On the other hand, e Y LA ‘*U‘
we observed phosphorylated and de- : S P Tuinsolble fmctions. '
 posited a-syn in the Sarkosy -soluble ) &5 200000 '
and’ -1nsoluble fractions in cells Eg 250000 :
58 200000 :
expressing c-syn treated with Seed §3 1s0000 =14
aS (Fig. 4, C and D). These results 2% L room ®3d
showed that SDS-resistant soluble . ; . ’_='§ 50000
oligomer of a-syn could not be intro- - ' ' ' A== -
3 ) ) . A wTo et
_ duced into cultured cells in the same . 7 4552334 +SesdHA
‘manner as monomeric a-syn and/of . ' R
could not functlon as seeds forintra- ) G

cellular a-syn aggregatlon
Mutagenic Analysis of Nucleatzon~
dependent Assembly of a-Syn—
To investigate further the nucle-
ation-dependent polymerization of
a-syn, we analyzed the polymenza-
tion of a-syn mutated or truncated
at various residues or subdomains
that are believed to be crucial for
its aggregation. Overexpression of . . H
A53T familial Parkinson mutant o
" a-syn, which is readily fibrillogenic
in vitro, in the presence of Seed oS
moderately increased the accumu-
lation and phosphorylation of a-syn
in the Sarkosyl-soluble and insolu-
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ble fractions compared with those in cells with wild-type a-syn
expression and Seed oS (Fig. 5, A and B). In contrast, overex-
‘pression of All mutant a-syn, an assembly-incompetent
mutant lacking residues 73— 83, which have been shown to be
essential for fibril formation of a-syn (24), elicited neither de-
position nor phosphorylation of a-syn. We next introduced
a-syn into SH-SY5Y cells expressing S129A mutant a-syn and
observed slightly lower levels of Sarkosyl-insoluble a-syn com-
pared with those in cells with wild-type a-syn expression and

Seed oS. However, the frequency of inclusion bodies observed

in seed-transduced cells expressing S129A was similar to that in
seed-transfected cells expressing wild-type a-syn (data not
shown), suggesting that phosphorylation at Ser'?® is not
required for the nucleation-dependent polymerization of a-syn
within cells. . .
Nucleation-dependent Intracellular Polymerization of o-Syn
Elicits Neurotoxicity and Cell Death—SH-SY5Y cells overex-
pressing 'av-syn‘started to show marked clumping suggestive of
cellular degeneration and death by ~48 h after introduction of
seeds (Fig. 6B). Quantitative analysis of cell death by a lactate
dehydrogenase (LDH) release assay at 72 h after introduction of
Seed oS showed that cells overexpressing wild-type, A30P,
AB3T, or S129A a-syn released ~30% of total LDH from total
el lysate, whereas only ~12% of LDH was released from cells
~ expressing A1l mutant a-syn, which lacks polymerization
ability. In control cells transfected with empty vector or
pcDNA3-a-syn followed by treatment with Lipofectamine
without seeds, only ~7% of LDH was released (Fig. 6C). These
results suggest a close correlation between the seed-dependent
aggregation of a-syn and cell death. However, the dying cells
transfected with fibrillization-competent a-syn and seeds did
not show typical morphological changes of apoptosis (eg
nuclear fragmentation, positive TUNEL staining (supplemental
Fig. S$44), or activation of caspase-3 (supplemental Fig. S45)),
suggesting that they did not undergo typical apoptotic cell
death, despite a previous report that exposure to neuron-de-
rived extracellular a-syn may cause apoptosis (25)..
 Impairment of Proteasome Activity in Cells with Intracellular
Aggregates of a-Syn—Because a-syn is ubiquitinated in the
brains of patients with a-synucleinopathies (26) and inhibition
of ubiquitin-proteasome systems by aggregates of proteins with
expanded polyglutamine tracts has been reported (27), we ana-
lyzed the ubiquitination state of cellular proteins in a-syn
aggregate-forming cells and compared the pattern with that in
cells treated with a proteasome inhibitor, MG132. A Sarkosyl-
_soluble fraction of seed-transduced cells expressing wild-type
a-syn and harboring abundant inclusions showed increased
levels of ubiquitin-positive staining, which was similar in pat-
tern to that observed in cells treated with MG132 (Fig. 6D).

' Seeded Aggregation of a-Synuclein and Tau in Cells

Because this pattern suggested an impairment of the ubiquitin-
proteasome system, we directly analyzed the proteasome activ-
ity of a-syn inclusion-forming cells using a specific fluorescent
peptide substrate, benzyloxycarbonyl-Leu-Leu-Glu-7-amido-
4-methylcoumarin, that emits fluorescence following proteaso-
mal digestion and confirmed that proteasome activity was sig-
nificantly reduced in these cells as well as in cells treated with 20
uM MG132 for 4 h (Fig. 6E). We further examined the suppres-
sion of proteasome activity using CL1, a short degron that has
been reported to be an effective proteasome degradation signal
(28) and whose fusion protein with green fluorescent protein
(GFP-CL1) has been used as a reporter for inhibition of protea-
somal activity by intracellular polyglutamine aggregates (27)

and intracellular a-syn (19). To examine if intracellular o-syn.

inclusions affected proteasomal activity, SH-SY5Y cells were
transfected with both wild-type a-syn and GFP-CL1, followed
by the introduction of Seed aS. Fluorescent signals of GFP were
scarcely detected in control cells transfected with GEP-CL1
alone (Fig. 6F, none) but were markedly increased upon treat-
ment with proteasome inhibitor MG132 (Fig. 6F, MG132), con-
firming that GFP-CL1 was effectively degradedlby proteasome.

Strikingly elevated GFP signals were detected in cells forming

a-syn inclusions (Fig. 6F, WT + Seed aS) compared with those
in control cells (Fig. 6F, none or WT), and GFP-CL1 and depos-
its of phosphorylated a-syn were co-localized within these cells
(arrowheads). These results strongly suggest that proteasome
activity is impaired in cells harboring a-syn inclusions elicited
by the introduction of Seed aS.

Small Molecular Inhibitors of Amyloid Filament Formation
Protect against Cell Death Induced by Seed-dependent a-Syn
Polymerization—We have previously shown that several
classes of small molecular compounds inhibit amyloid filament
formation of a-syn, Tau, and A in vitro (17, 23). These obser-
vations prompted us to test whether these inhibitors exert a

_protective effect against death of SH-SY5Y cells mediated by

the nucleation-dependent polymerization of a-syn. Fig. 74
shows the effects of three polyphenol compounds, exifone, gos-

sypetin, and quercetin, and a rifamycin compound, rifampicin,

added to the culture media at a final concentration of 20 or 60
uM. Remarkably, all of these compounds blocked cell death,
with gossypetin being the most effective. Our previous in vitro
studies elucidated that several polyphenols, including gossype-

“tin and exifone, inhibit a-syn assembly and that SDS-stable,

noncytotoxic soluble a-syn oligomers are formed in their pres-
ence (23), suggesting that such polyphenols may inhibit fila-
ment formation of a-syn by stabilizing soluble, prefibrillar
intermediates. Gossypetin or exiforie might suppress intracel-
lular a-syn aggregate formation by stabilizing such soluble
intermediates in cultured cells as well. Immunoblot analysis

FIGURE 3. Immunoblot and immunoelectron microscopic analyses of intracellular a-syn aggregates in cultured cells. A and B, immunoblot analysis of
a-syn in cells treated with Seed aS alone (Seed &S), pcDNA3-a-syn alone (WT), or both WT and Seed «S (WT + Seed aS). Proteins were differentially extracted
from the cells with Tris-HCI (TS), Triton X-100 (7X), and Sarkosyl (Sar), leaving the pellet (ppt). Blots were probed using anti-a-syn (Syn102) (4) and anti-Ser(P)'?°
(PSer129) (B). C-F,immunoblot analysis of proteins differentially extracted from mock (none) or cells transfected with pcDNA3-a-syn (WT), cells transduced with

.Seed-HA with (Seed-HA + LA) or without LA treatment (Seed-HA — LA), and cells. overexpressing a-syn treated with Seed-HA with (WT + Seed-HA + LA) or
without LA treatment (WT + Seed-HA — LA). Immunoreactivity of phosphorylated a-syn in the Triton X-100-insoluble fraction was quantified using anti-
Ser(P)'?*, and the results are expressed as means * S.E. (n = 3), as shown in F. a.u,, arbitrary unit. G and H, immunoelectron microscopy of a-syn filaments
extracted from transfected cells. SH-SY5Y cells were transfected with both pcDNA3-a-syn and Seed aS. Sarkosyl-insoluble fraction was prepared from the cells,
and the filaments were immunolabeled with anti-Syn102 (G) or Ser(P)'?° (H) antibody. Scale bar, 200 nm. 1d and 3d, 1 and 3 days, respectively.
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corticobasal degeneration, and both
three- and four-repeat Tau isoforms
in AD). It is unknown why distinct
Tau isoforms deposit in different
diseases. Thus, we also tried to
establish a cellular model of intra-
cellular Tau aggregate formation
by transduction of Tau fibril seeds
into cultured cells. First, we con-
firmed that expression of 3RIN or
“4RI1IN by itself induced phospho-
rylation of Ser®¥®, but no aggre-
gated form was detected in deter-
gent-insoluble fractions (Fig. 8 and
supplemental Fig. S5). Next, we
tested whether introduced Tau

- anti
PSeri28

4RIN or 3RIN, respectively)
" detectable by immunoblot analysis

] . - could not detect any band in Triton

+Seed oS

FIGURE 5. Effects of a-syn mutations on mtracellular deposition. Immunoblot analysis of a-syn in cells

transfected with pcDNA3-a-syn alone (WT), Seed oS alone (Seed aS), both WT
non-treated control cells (none). Cells overexpressing familial PD-linked A30P

‘A11 mutant a-syn followed by transfection with Seed oS were also analyzed. Proteins were extracted differ-
- entially with Tris-HCl (T5), Triton-X (7X), and Sarkosyl (Sar), leaving the pellet (ppt), and immunoblotting was
done with anti-Syn102 and Ser(P)'?® (PSer129). The Ser(P)'2*-immunoreactive bands detected in Sarkosyl-

-soluble and -insoluble fractions from each cell type showninAwere quantlf‘e
means -+S.E. (error bars) (n = 3).a,u,, arbxtrary unit.

revealed that the levels of Sarkosyl-insoluble a-syn in cells
transfected with both «-syn and seeds were reduced by treat-

ment with exifone or gossypetin compared with those in

untreated cells (Fig. 7B), supporting the notion that these com-

o . X-100-insoluble fractions of cells
’ treated with Seed Tau 4RIN or

and Seed oS (WT + Seed «S), and
or A53T polymerization-deficient

of these antibodies (data not
shown). It seems likely that the effi-
ciency of introduction of Tau 4RIN
and 3RIN fibrils by LA treatment is
very low, as compared with that of
Seed aS. Then we checked whether

treatment with recombinant Tau fibrils causes intracellular Tau
" aggregate formation in an LA-dependent manner. As shown in

supplemental Fig. S5, LA treatment itself did not cause intracellu-

d (B). The results are expressed as

lar Tau deposition in cells expressing Tau 4RIN without

FIGURE 4. a-Syn oligomers were notintroduced into cultured cells. A and B, a-Syn oligomers were prepared as described under “Experimental Procedures.”

. Oligomeric a-syn protein incubated with (47.8 ug of protein) or without exifone (30 g of protein) was analyzed by reversed-phase HPLC (Aquapore RP-300

column) (A). These samples (0.2 pg of protein of each) were also analyzed by .SDS-PAGE and immunoblotted with anti-Syn102 (B). C and D, cells were
transfected with empty plasmid (none) or pcDNA3-asyn (asyn)and then treated with or without a-syn oligomer (Oligomer S, 5 pg) or fibrils (Seed oS, 2 ug).
After incubation for 3 days, cells were harvested, and immunoblot analyses were performed. Proteins differentially extracted from the cells with Tris-HCI (TS),

Triton X-100 (7X), Sarkosyl (Sar), and the pellet (ppt) were probed using anti-

A VN
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Seed 4R1IN. Recombinant Tau 4RIN monomer in the presence
of LA did not elicit the formation of intracellular Tau aggre-
gates in these cells” On the other hand, when Seed 4R1N was
added to cells expressing Tau 4RIN with LA aggregated and
~ phosphorylated Tau was detected in Sarkosyl -insoluble frac-

_tions by immunoblot analyses of these cell lysates using anti-

HT7 or anti-Ser(P)**® antibody (supplemental Fig. S5 and Fig.
8). In the case of intracellular Tau 3RIN aggregate formation,
the results were similar to those in the experiments using Tau
4R1N described above (data not shown).

Intracellular aggregated four- or three-repeat Tau was also
found to be detected with not only anti-Ser(P)**° but also anti-
AT100 antibody in the Sarkosyl-insoluble fraction (Fig. 8, B and
C). Phosphorylated and deposited Tau was not found in the
Triton X-100-insoluble fraction of Tau-expressing cells with-

~out Tau seed treatment or mock plasmid-expressing cells
treated with Tau seed. In accordance with findings described

earlier in this paper, these results suggested that soluble four- or

three-repeat Tau expressed from the plasmid was accumulated
into intracellular inclusions in the presence of small amounts of
Seed 4R1N or 3RIN.’

We also found that hyperphosphorylated and aggregated
Tau was not detected in three- -repeat Tau-expressing cells
treated with Seed 4R1N (Fig. 8, Band C). On the other hand, the
aggregated form of three-repeat Tau was detected in Triton
X-100-insoluble fractions of three-repeat Tau-expressing cells
treated with Seed 3R1N, and hyperphosphorylation at Ser®*®
and Ser®*?/Thr*'* was observed in fractionated samples of
these cells, whereas no such bands were detected in four-repeat
Tau-expressing cells treated with Seed 3R1N (Fig. 8, B and C).
These results clearly showed that four-repeat Tau fibrils can be

seeds for polymerization of four-repeat Tau, and three-repeat -

Tau fibrils can be seeds for polymerization of three-repeat Tau.
Tau does not polymerize (cross-seed) in the presence of seeds
of a different isoform. Similarly, no Tau aggregation was
detected in Tau-expressing cells treated with a-syn fibril seeds
(supplemental Fig. S3, C and D), and no a-syn aggregation
was detected in a-syn-expressing cells transduced with Tau
fibril seeds (data not shown). Furthermore, we observed anti-
ATI100 and anti-Ser(P)***-positive Tau 4RIN or 3RIN fila-

ments of ~15-nm width by negative stain electron microscopic
analyses of Sarkosyl-insoluble fractions of cells transfected with
both Tau plasmld and the seeds (Fig. 9, A-D).

Seeded Aggregation of a-Synuclein and Tau in Cells

Confocal microscopic analyses also showed that GFP-tagged
Tau4RIN (GFP-Tau 4R1N) is aggregated into round inclusions
in the presence of Seed 4R1N together with LA (Fig. 8E). No
inclusion-like structures were found in cells expressing GFP-

Tau 4R1N (Fig. 8D) or in cells expressing GFP-Tau 4R1N after

treatment with Seed 3R1IN (data not shown). The ratio of the

‘round aggregates to all GFP-positive transfectants was calcu-
lated to be 5.8% = 0.8602 (p = 0.0002 by Student’s ¢ test against
the value of cells expressing GFP-4R1N, # = 5). Significant cell
death was not observed in cells containing intracellular 3R1IN
or 4R1N aggregates* (data not shown). These results strongly
suggest that proteins assemble easily into amyloid fibrils in the
presence of amyloid seeds derived from the same protein but
not a different protein. -

DISCUSSION

Nucleatxon—dependent protem polymerization occurs in
many well characterized physiological processes (e.g. microtu-
bule assembly and actin polymerization). It is also the mecha-
nism of amyloid fibril formation in various pathological condi-
tions and has been confirmed to occur in vitro for a wide variety
of extracellular amyloids, such as A peptides and prion pro-
teins (12, 13) as well as intracellular proteins, such as a-syn and
Tau (29, 30, 42). Both extra- and intracellular amyloids have

been well studied in vitro, but much less is known about the -

mechanisms of assembly in vivo. Here we report a simple and

effective method to introduce polymerization seeds into cells -
using Llpofectamxne, a widely used transfection reagent. This
method enabled us to evaluate the nucleation-dependent

polymerization of a-synuclein and to establish a cellular model
of the neurodegeneration seen in Parkinson disease.
Lipofectamine is a reagent widely used for the transfection of
‘'DNA into eukaryotic cells through the formation of liposomes
of polycationic and neutral lipids in water, based on the princi-
ple of cell fusion. Various methods, including microinjection,
the calcium phosphate method, the DEAE-dextran method,
electroporation, and viral transfer, have been employed to
introduce substances that are not normally incorporated into
_eukaryotic cells under physiological conditions. Microinjection
is versatile but is not efficient in experiments involving large

numbers of cells, and the traumatic damage to cells hampers -
- evaluation of cytotoxi¢ effects. Here, we have successfully

employed lipofection to introduce protein aggregates as seeds

FIGURE 6. Cell death caused by formation of intracellular a-syn inclusions. A and B, phase-contrast microscopy of the control cells (A) and cells transfected
with both pcDNA3-a-syn and Seed aS (B) 3 days after treatment with Seed «S (20X objective). C, the extent of cell death of transfected cells was quantified
using an LDH release assay. Cells transfected with a-syn plasmid alone (WT, A30P, A53T, S129A, or A11) or with both wild-type or several mutants and Seed oS
were incubated, and the cell death assay was performed 3 days thereafter. The results are expressed as means +S.E. (error bars) (n = 5). %, notsignificant; **, p <
0.01; *** p < 0.0005 by Student’s t test against the value of Seed aS. D-F, impairment of proteasome activity caused by mtracellular aggregates of a-syn.
D, immunoblot analysis of proteins sequentially extracted from non-treated cells (none) and cells transfected with wild-type a=syn plasmid alone (WT) or with

both pcDNA3—a-syn and Seed aS (WT + Seed «S) and cells treated with 1 um MG132 for 16 h (MG132) using ants-ubxqumn antibody. An arrow indicates

monomeric ubiquitin. Polyubiquitinated proteins, reflecting impairment of the proteasome activity, are observed in the Sarkosyl-soluble fraction. TS, Tris-
soluble; TX, 1% Triton:X-100-soluble; Sar, 1% Sarkosyl-soluble; ppt, Sarkosyl-insoluble and SDS-soluble. E, peptide. hydrolysis activity of proteasome. Cytosol
_fractions of non-treated control cells (none), cells transfected with wild-type a-syn plasmid alone (W7) or with WT and Seed oS (WT + Seed S), and cells treated
with 20 um MG132 for 4 h (MG132) were prepared and assayed using benzyloxycarbonyl- -Leu-Leu-Glu- 7-am|d04—methylcoumann as a substrate, The results

are expressed asmeans +S.E. (n =13).* p <0.05,*,p < 0.01;*** p< 0.0005 by Student’s ttest against the value of none. F, proteasorne activity in cells having -

intracellular aggregates of a-syn. SH-SY5Y cells transfected with both GFP-CL1 and WT v were treated with Seed oS for 2 days, fixed, and stained with anti-

Ser(P)'?. Inthe staining of cells transfected with wild-type a-syn plasmid alone (WT), anti-Syn102 was used. As a control, untreated or MG132-treated cells were

also stained and analyzed. In untreated control cells, the fluorescence of GFP was poorly detected because GFP-CL1 could be degraded by proteasomein cells.

In cells treated with MG132, fluorescence was markedly increased as compared with that in untreated cells because of the inhibition of proteasome acnv:ty by

. MG132, Co-localized images (arrowheads) with both increased intensities of GFP (green) and the fluorescence of anti-Ser(P)'*® (red) were detected in cells
transfected with both WT and Seed aS (WT+ Seed aS), indicating that the proteasome activity in these cells was inhibited.
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FIGURE 7. Small molecular inhibitors of amyloid filament formation pro-
tect against cell death caused by intracellular a-syn aggregates. A, the
cell death of cells transfected with Seed «5 and with both a-syn plasmid (WT)
and Seed aS in the presence or absence of 20 or 60 umgossypetin, 20 or 60 um
exifone, 60 uM quercetin, or 60 uM rifampicin was quantified by LDH release
assay. The results are expressed as means = S.E. (error bars) (n-= 4). ¥, not
- significant; **, p <'0.05; ***, p < 0.0005 by Student’s t test against the value of
none. B, immunoblot analyses of the Sarkosyl-insoluble fraction prepared
from cells transfected with Seed «S and with both WT and Seed «S-in the
absence or presence of exifone or gossypetin, with anti-Syn102 and anti-
Ser(P)'?® (PSer129) antibodies. Doubly transfected cells were treated with 20

or 60 uM exifone or gossypetin 2 h after transfection of Seed «S and cultured -

for 3 days in the presence of polyphenols. Tubulin-e loadmg controls are also
shown

for amyloid fibril formation (patent pendmg for the United:
States (12/086124), the European Union (06834541.2), and
Japan (2007-549210)). The reason why Lipofectamine could
specifically incorporate Seed aS but not soluble a-syn into cells
is unknown. However, one possibility is that aggregated a-syn
with an ordered filamentous structure was preferentially bound
to Lipofectamine and formed a complex that could be more

34896 JOURNAL OF BIOLOGICAL CHEMISTRY

effectively transported into cells compared with soluble a- syn,
which has a random coil structure. In line with this idea, it has
been reported that yeast prion fibrils can be introduced into
yeast cells (31). Recently, Luk et al. (32) have also reported that
a-syn monomers and fibrils but not oligomers were introduced
into cells by Bioporter, a cationic-liposomal protein transduc-
tion reagent.

We confirmed the incorporation of insoluble a-syn seeds
into cells by detecting phosphorylation of a-syn, as has been
seen in intracellular aggregates of a-syn in various neurodegen-
erative conditions referred to as synucleinopathies. This sug-
gests that Seed «S introduced into cells is a good target for
phosphorylation at Ser'®. In contrast to our results, a recent
report suggested that c-syn fibrils were not phosphorylated
after internalization (32). It is possible that this specific phos-
phorylation represents an active attempt by cells to maintain
the intracellular milieu by sequestering protein species that are
harmful to cells. Notably, the phosphorylation of a-syn was
dramatically increased when Seed &S was introduced into cells

overexpressing soluble «-syn (Fig. 3 and supplémental Figs. -

S1D and S2). The possibility therefore arises that widespread
propagation of hyperphosphorylation of a-syn throughout the
cytoplasm reflects the activation of a certain kinase(s) associ-
ated with conversion of soluble «-syn into the fibrillar form in

" the presence of Seed aS. However, further investigation is

needed to elucidate the importance of phosphorylatnon for pro-
tein aggregation.

The significance of 1ntracellular and extracellular protein
aggregates in neurodegeneration is still a matter of debate. The
present results clearly show that nucleation-dependent poly-
merization of amyloid-like proteins is closely related to neuro-
nal degeneration leading to cell death. According to the seeding
theory, amyloid fibrils grow rapidly, without a time lag, when
seeds are exposed to an amount of amyloidogenic soluble pro-
tein that exceeds the critical concentration. Our experiments
with seed-transfected SH-SY5Y cells overexpressing a-syn
clearly demonstrated that this is the case in the intracellular
environment. We have unequivocally demonstrated that nucle-

~ ation-dependent polymerization of amyloid-like fibrils can

occur inside cells, and the intracellular filament formation elic-
its a variety of cellular reactions, including. hyperphosphoryla-

tion and compromise of the ubiquitin proteasome system. We

also showed that a-syn oligomers were not introduced into
cells by LA and did not function as seeds for a-syn aggregate
formation in cultured cells. It has been speculated that protein
fibrils, not oligomers, are spread or transmltted in recently
reported in vivo models (25, 33). -

Our study also revealed that 1ntracellular protem aggregation
is highly dependent on the species of protein fibril seeds. This
important finding may explain why only certain Tau isoforms
are deposited in several tauopathies, including Pick disease,
progressive supranuclear palsy, and corticobasal degeneration.
In this study, a-syn fibrils were shown to be unable to seed
intracellular Tau aggregation, which is consistent with neuro-
pathological reports that deposited «-syn is not markedly co-
localized with Tau aggregates. Our observations strongly sup-
port a seed-dependent mechanism for the formation of the
intracellular protein aggregates.
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FIGURE 8. Immunoblot analyses of intracellular Tau aggregates. A-C, immunoblot analysis of Tau in cells
" treated with Tau fibrils alone (Seed 3R1N or Seed 4R1N), pcDNA3-Tau alone (3R1N or 4R1N), or both Seed Tau

and pcDNA3-Tau. Tau proteins differentially extracted from the cells with Tris-HCl (TS), Triton X-100 (TX) and |
Sarkosyl (Sar), andthe pellet (ppt) were probed wrth anti-T46 (A), an‘cl-Ser(P)““’G (PS396) (B), and anti- AT1 00 (C)

C . ant-AT100

4R1N + Seed 4R

GFP—tau 4R1N ta u 4RﬂN + Seed 4R1N

FIGURE 9. Cellular models for mtracellular Tau aggregatlon. A-D, immunoelectron microscopy of Tau fila-
ments extracted from transfected cells. SH-SY5Y cells were transfected with both pcDNA3-Tau 3R1N and Seed
"3RIN (A and B) or pcDNA3-Tau 4R1N and Seed 4R1N (C and D). The Sarkosyl-insoluble fraction was prepared
from the cells, and the filaments were immunolabeled with anti-AT100 (A and ) or anti-Ser(P)*°¢ (P5396) (B and
D) antibody. Scale bar, 200.nm. E-G, confocal laser microscopic analyses of SH-SY5Y cells transfected with
' pEGFP empty vector (E), pEGFP-Tau 4R1N (), andcells transfected with both pEGFP-Tau 4R1N and Seed 4R1N
(G), immunostained with an‘n~Ser(P)396 (red), and counterstamed with TO-PRO-3 (blue). Scale bars, 10 um.

Importantly, we showed that seed a-syn or Tau, an insoluble
aggregate prepared from «-syn or Tau filaments, is effectively
incorporated into cells by lipofection. This, in turn, suggests
that high molecular weight protein aggregates or amyloid seeds
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shed from one cell may easily be
propagated to others (e.g. neurons

or glial cells) under pathological -

conditions (e.g alteration in mem-

brane permeability due to aging or

virus infection, impairment of
membrane function as a result of
physical interaction with extracellu-
lar amyloid deposits, or abnormal
membrane depolarization) that fa-
vor mtracellular deposition of pro-

© tein flbrxls

It remains to be clanﬁed whether
the incorporation of amyloid seeds
into neurons or glial éells; as shown
iq this study, also occurs in vivo.

However, some observations in AD

or in transgenic animals support

this possibility; ‘apolipoprotein E

(apoE) is involved in lipoprotein
particle uptake mediated by cell sur-

face receptors, and the E4 allele is-

the strongest genetic risk factor for
AD. The apoE polypeptide has also

been shown to bind AB (34), Tau

(35), and the non-AB component of
Alzheimer disease region of a-syn

ApoE

and recycling of these proteins at a
preclinical stage has been reported

‘in sporadic AD and Down syn- ‘

drome (39). Thus, it is strongly sug-
gested that extracellular amyloid
may be taken up into neurons by
apoE and lipoprotein receptor-re-
latéd protein-mediated endocytosis.

Therefore, intracellular amyloid -
seeds composed of a-syn or Tau.

may also be incorporated into neu-
rons by similar mechanisms when
these seeds are released to the extra-
cellular space after neuronal death.
Itis well established that Tau pro-
tein starts to accumulate in the
entorhinal region and spreads to the
neocortlces, closely correlating with

_the progression of AD (40). Slmllarly, accumulation of phos-
phorylated a-syn has been shown to start in vulnerable regions
. (i.e. limbic cortices) and to spread to the neocortices in PD or
DLB. However, the mechanism of propagation of abnormal

JOURNAL OF BIOLOGICAL CHEMISTRY 34897

(36) and to be localized in amyloid -
‘plaques and neurofibrillary tangles

‘in AD and prion plaques (37) in
- Creutzfeldt-Jakob ~disease.
“and low density lipoprotein recep-
tor-related protein facilitate intra-
‘neuronal AB42 accumulation in
transgenic mice (38). Furthermore,
. activation of both endocytic uptake
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protein deposition remains unknown. This study strongly sup-
ports a seed-dependent mechanism for the formation of the
intracellular protein aggregates. In the context of our propaga-
tion hypothesis, it will be crucial to inhibit not only the produc-
tion of intracellular amyloid seeds but also their spread into the
extracellular space. Vaccination against the intracellular amy-
loid proteins, such as a-syn (41) or Tau may be an effective
approach, together with inhibition of intracellular amyloid fil-
ament formation by small molecular inhibitors, for the therapy
of these diseases.
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Supplementél data
Seeded aggregation and toxicity of a—synuclein and tau: cellular models of neurodegenerative

diseases
Takashi Nonaka, Sayuri T. Watanabe, Takeshi Iwatsubo, Masa’ro Hasegawa |

Supplemental figure legends

Figure S1. Time- eourse observation of cells tranéduced with Seed asS.

(A-B) Electron microscopic analyses of Seed aS used in this study with (B) or wrthout (A)
sonication before use. Scale bars 200 nm. : : , .

‘ © Confocal microscopic images of SH-SYSY cells 1 day and 3 days after treatment wrth
Seed-HA i in the presence or absence of LA. Cells were stained with anti-HA (red), antr-PSer129
(green) and TO-PRO 3 (blue). Scale bars, 50 um ' ‘
(D) Confocal mlcroscoprc images of SH-SY5Y cells transfected with or without pcDNA3 osyn
(WT).1 day and 3 days after treatmént with or without Seed-HA. Cells were stained with
antl-HA (red), anti-PSer129 (green) and TO-PRO-3 (blue) Scale bars, 50 pm.

Figure S2. Intracellular o-syn aggregate formation is dependent on the amount of a.-syn seeds.

Cells were transfected with pcDNA3-asyn (asyn) and then transduced 'Wi'[h‘ different amounts

of Seed-HA. After incubation for 3 days, cells were harvested and immunoblot analyses of tkhe’

lysates was performed. ocQSyn differentially extracted from the cells with Tris-HCI (TS), Triton
X-100 (TX), and Sarkosyl (Sar), and the pellet (ppt), were probed ‘using anti-HA (A) and
anti-PSer129 (B). Immunoreactivity of phosphorylated o-syn in the TX#insoluble fraction was
quantified using anti-PSer129. The results are showrl in (C).

Figure S3. o-Syn fibrils seed intracellular aggregate formation of plasmid-derived a-syn, but
‘not tau. o v

Cells were transfected with empty plasmid (none), pcDNA3-osyn (asyn) or pcDNA3-tau 3RIN
(3RIN) and then treated with Seed-HA. After incubation for 3 days, cells were harvested and
immunoblot ’analyses were performed. Proteins differentially extracted from the cells with
Tris-HCI (TS), Triton X-100 (TX), and Sarkosyl (Sar), and the pellet (ppt), were probed dsing

170
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anti-HA (A), anti-PSer129 (B), anti-T46 (C) and antijPS396 (D).

Figure S4. Apoptosis is not induced in cells harboring intracellular o-syn aggregates;

(A) TUNEL staining of cells treated without (none) or with 1 pM staurosporine (stsp) for 8 hr

and cells transfected with or without pcDNA3-asyn (WT) 3 days after treatment with or without
Seed aS. Cells were stained with TUNEL reagent (green), anti-PSer129 (réd) and TO-PRO-3
(blue). Scale bars, 100 pm.

(B) The measurement of caspase-3 activity in cultured cells. Cells were transfected with empty -

plasmid (none) or ‘pcDNA3-ocsyn (WT) and then treated wifh or without Seed oS. After
incubation for 3 days, cells were harvested and caspase-3 activity in the lysates was measured
using Ac-DEVD-MCA as a substrate. Cell lysate treated with stsp was used as a positive

control.

Fig. S5. Introduction of tau 4R1N monomer and fibril seed by Lipofectamine.

Purified recomb’i'nant tauw '(4R1N monomer;- 2 pg) and filaments (Seed 4RIN, 2 pg) were
sonicated and then incubated with Lipofectamine (LA). The protein-LA compleXes were
dispersed in opti-MEM and a&ded to SH-SYSY Ceﬂs expressing pcDNA3-tau 4R1N. After 48 hr
of culture, the cells were collected in the presence of 0.25% trypsin; and tau proteins ywére
differentially extracted from the cells with Tris-HCI (TS), Triton X-100 (TX) and Sarkosyl (Sar),
and the pellet (ppt), were probed with anti-T46 (upper), anti-HT7 (middle) and anti-PS396

(lower).
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Fig. S2 Nonaka et al
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INTRODUCTION

Abstract

No clear clinical syndrome for argyrophilic grain disease (AGD) has yet been
identified. Previous studies have documented its clinical features, namely,
personality changes characterized by emotional disorder involving aggres-

“sion or ill temper and relatively well-preserved cognitive function, but the

clinical manifestations of delusions and hallucinations as they appear in AGD
have not been thoroughly described. Here, we report on a 72- year-old
Japanese AGD patient who showed psychiatric symptoms, memory impair-
ment and emotional change He percelved and described a person who was
not present and tried to grasp things on the floor though nothing was there.
He also insisted that somebody was watching him and consequently always
kept his curtains closed. These psychiatric symptoms were observed at an
early stage in the patient’s disease course. Serial neuroradiological exami-
nation showed progressive atrophy of the bilateral temporal lobes. The
patient died at 79 years-of-age. Microscopic neuropathological examination
showed transactivation responsive region (TAR)-DNA-binding protein of
43 kDa (TDP-43) positive structures in addition to widespread argyrophilic
grains and coiled bodies. According to recent recommendations for patho-
logical diagnosis, this case corresponds to AGD with limbic TDP-43 pathol-
ogy. This case shows that patients with AGD that is eventually confirmed
through autopsy can present with delusions and hallucinations early in the
course of their disease. The clinical significance of TDP-43 pathology in the -
brains of patients with AGD remains uncertain.

based on the morphological, biochemical and genetic

Argyrophilic grain disease (AGD) was first described
by Braak and Braak in the brains of patients with
adult-onset dementia. AGD is neuropathologically
characterized by the presence of small spindle-
or comma-shaped silver stain-positive structures,
~ so-called argyrophilic grains, in the neuropil in the
limbic area, which includes the hippocampus, the
entorhinal and transentorhinal cortices and the cingu-
late cortex."® Recently, Togo et al. classified AGD as
4-repeat tauopathy, such as progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD),
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analyses.*® Previous studies have documented its
clinical features, namely, personality changes charac-
terized by emotional disorder involving aggression or
ill temper and relatively well-preserved cognitive func-
tion, but the clinical manifestations of delusions and
hallucinations as they appear in AGD have not been
thoroughly described.®” In the present study, we
report the clinical course of an AGD case showing
delusions and hallucinations with serial radiological
examinations. On neuropathological evaluation, in
addition to argyrophilic grains confirmed by modified
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Gallyas-Braak staining, detailed immunostaining
showed transactivation responsive region (TAR)-DNA-
binding protein of 43 kDa (TDP-43) positive struc-
tures. The purpose of the present study was to review
clinical, radiological and pathological features of this
AGD case with TDP-43 immunoreactive pathology,
including double-labeling immunofluorescence for
phosphorylated tau and phosphorylated TDP-43.

CASE REPORT

An elderly 79-year-old man had progressive cognitive
impairment. He had no family history of dementia
or neurclogical disease. His past medical history
included colon cancer, ileus and chronic bronchitis.
While he suffered from colon cancer at 72 years-of-
age, he presented with delirium after operation. After
discharge, he developed memory impairment and fell

frequently. He became restless and irritated in the

evenings, and requested his wife follow his orders.
He perceived and described a person who was not
present and tried to grasp things on the floor though
nothing was there, suggesting hallucinations. He also
insisted that somebody was watching him and con-
sequently always kept his curtains closed. These psy-
chiatric symptoms were observed at an early stage in
‘the patient’s disease course. At 74 years of age his
symptoms were getting worse, and the patient was

admitted to a care unit for dementia in a psychiatric

hospital because of his wife’s severe burden of taking
~ care of him. At admission, his Mini-Mental State
Examination score was 22; orientation of place, 3/5;
serial 7, 3/5; remote memory, 0/3; and repetition, 0/1.
Computed tomography (CT) of his head showed
prominent bilateral inferior ventricle enlargement with
slight asymmetry and mild cortical atrophy (Fig. 1a).
After hospitalization, he wanted to go home with com-
plaints of inappropriate hospitalization and was unco-
" operative with medical staff. He was discharged to a
health services facility for the elderly several times,
but needed to be admitted to a care unit for dementia
again because of troubles with other patients, includ-
ing fighting and stealing. At hospitaiization, he lost his
temper easily and his social interpersonal conduct
declined. When the nurse revealed his stealing to
other patients, he apologized and returned the items
to them, showing preserved insight into his behavior.
He could tell the staff at his bedside his need to
urinate a few months before his death. Subsequent
head CT showed progressive degeneration of tempo-
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Figure 1 Computed tomography scans showing progressive
enlargement of bilateral inferior ventricles. The temporal lobe
showed progressive atrophy, whereas other cortical regions were
relatively preserved in the course of the disease. Scans were taken
{a) 3 years, (b) 5 years, and (c) 8 years (2 months before death) after
the disease onset.

ral lobes, with relative preservation of the other corti-
cal lobes (Fig. 1b,c). Coronal magnetic resonance
imaging (MRI) showed severe temporal. atrophy:
slightly asymmetric and highly marked atrophy in the
anterior mediotemporal lobe 7 months before death
(Fig. 2). He died from pneumonia at 79 years-of-age.
His clinical duration of dementia was approximately
8 years. Written informed consent from his family was
provided before an autopsy was carried out.
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