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B A SR A e R wiBh e (HETR YRR BORARAT 7R % 3€)
K EERE ML ISR LI 00 4> TR RBMRH & TliapRiEAl I BT T EBE (X B)BF M &

FUS proteinopathy i O#E#kLFEIRES

WEH KL FHEHLY
KA 29, TREEK 0, BARESD, BAIRAC, BEBH T, KLTAE 2, KBEEY,
Kk BB D, BIEME D
VBB KRR - KSR AR 545 07, Q) BUSTER RS E SR B R ZERT « ZENRSIRBATET — 4, 83K
FERHE RIS AR - IR RS, 4)ESIRERE - REM, 5) RALKFEEFIHIMENF, 6) HA
EORHE SR B TIGERT + 2 TR AEM I T — 4, T) BB - MERMIEFHIE

WRES (10 K1 MEE)

LS A MR 2L 5 Rtk ALS (ALS6)., fF A E A KSR (basophilic inclusion body disease: BIBD),
MR A R 7 4 7 A v M AASE (neruonal intermediate filament inclusiosn disease: NIFID)®
#URMIZ 51F % fused in sarcoma (FUS)BHEMEREIZ VT, FAEALFHITRT L7, ALS6 fITI, ®
i . F8iEic. FUS BHEomRMImERE AR (neuronal cytoplasmic inclusions: NCIs)
FOZ ) THIREANE AR (glial cytoplasmic inclusions: GCIs) 75, BIBD &5 & O* NIFID #i T X KR
B3 L OEERE T NCIs 28, Wh biboREHRE L Y bEEBEINI, h b DEBITIE
ORI EM % &+ 5 FUS proteinopathy D —REZEA L TB Y . AEBZBRADOBNOERLRDIATE
FUS O4AL2HEMER O NICT B 2 EREHROBETH D,

ABFRE | B.BFRF

2006 4F, FITEMISASEZENMEIE(FTLD)E L O % HRE S E RSP ZERT THE T 5
wErmRELEALS)IC AT 52X F Btk NIFID 141, BIBD 1 B, ERNOMD A /83—
CHAEOEERRARS L LT TDP-43 2 RIE S 1. iz clz FUS fzFERNBFAESN TS
R ANIBOREEE LA THZ LAALD (Suzuki et al., J Hum Genet, 2010) FALS 1 #l®
Chr o, & BIT, 2009 FEFEME ALS(familial = 3 ERpl & tg L L, 2 @EOH FUS Hilk
ALS: FALS)»—# T 5 ALS6 DREEERT & (Sigma, HPA008784; Bethyl A300-302A)% V>
LCRE S N7 fused in sarcoma (FUS)AS, #%  7=fefefi(b ¥ - EALTF AT 17,
72 FTLD T % atypical FTLD-U. fF3EEEMEE A (R ERE ~DELRE)
A% (basophilic inclusion body disease: BIBD). HIRMOMAFIZHT-->TiE, & M7 A BT
MR PR T 4 T A v MEAKR R ZRIC BT A mEEEICHEC B 2 b e L, #
(neruonal intermediate filament inclusiosn BB IR DA R BB AT OHRTIBRMFHE
disease: NIFID)DH AKIZbEEND Z L 3K MR LTn, MR ERFR SR E LLAT IS HIR 2 72
SPHIBE U7, ARFZETIL, FUS ORNERIHR o TEFIC AW TIE, SR REEA I L 5
<% 7 ALS 3 L O'FTLD filic oW T FUSHitk%E  AfFBROKREZR - 7= LA Lz, BRREHEE
N - SRR LS ROREAT 21T\, TDP-43 12B89° % fRICOVW TR IS ST % EZE B = DR
TRETOMRELET S L EBIT, TORME  EH
FERET D,
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NIFID # X U BIBD #1Tid, AidH - MIEAHER
B, RERE, BMEEIZIAIIC, FUS Bt o skt
KB PNt AL (neuronal cytoplasmic inclusions:
NCIs)»#@ bz (K 1-3), HAKZETHH
faoEOREHIT, KTT3b016RENDD
DETIEFIET. ZREPRBD O, —F.
FALS #iICiZ, SEH, I, F8% lic, FUS
Btk > NCIs 38 L7 Y 7RIl E NE K (glial
cytoplasmic inclusions: GCIs) 23 & HGE® b7z
DKM E OB E LB 20272 (K 4),
NIFID #iTi%, o-A1 % —FF% ¥ B NCIs
X v ¢ FUS 514 NCIs #5232 < \BIBD 5 L O
FALS %l Tl iFE E M5 A& (basophilic
inclusions: Bls) & ¥ & FUS Btk NCIs 0¥15%
Doz, ME—HFEINAMRTFE & T/ NIFID 4
IZOWT, b a IV REEMEE S D Western blot
R 2 51T LTo Rk, VU Vb R+ 5 5 s
AN ROBBEOELLW kxR &S+
BNy IR Eh2ho T,

1. NIFID #lo KB E @ FUS BBk NCI
s (=)
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BERATH D FUS &, E5ME &5 TDP-43
LHEUOWEEZE TS, IHIZ, NTOBEEETFE
BIZX Y ALS ZFIET 5. 2)FTLD TldAdkHmAg
BEALIZ, ALS Tl L 07 Y 7Hlanic
EHRT 5. 3K FHA L LT, ALS, FTLD,
HOARPEE VD 3BINRFET D, 72 L OFBAEH
fEfcE 5, —HHER L LTI, DEFOMRE
HIA Tl TDP-43 13T D AAFIET DA, FUS IX
B EAIRE ICFET D, 2 AREZEA L M
IZ8BWT TDP-43 TN B Kb 523, FUS 138
DYEMEPETTH5HLONLRIZNDLEBDET
XFEIETHD, IHIFEHEESICEREND
TDP-43 (258 BN 5 U U ERL-CWr bS5 o B
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E. &

NIFID, BIBD, Bls #f¥ 5 ALS [ZBW\TIiL,
FUS o#ila N EfEN EER2HRALE(LTHY . I
S OEBIXBOFHEILE A G4 5 FUS
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& FUS LW ) FRloOWEELX AT 2B AE S ALS
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i M A SR AR AL AE D 73 FIR REAR IR & B BLIARRIEAI H IZ B 5 BT 7R R

(RS E

BEil 0 > TDP-43 O H & TDP-43 proteinopathy E#) € 7 WABEL~ DAL

gﬁ)\ 1)
DM EE AR E S RRaEmEFR SRR EEHRBEBIIET — o

A1

WMAEHEE
TR B J OVEHEZR R I ZER R L - N BEIR P O TDP43 % ELISA ER EX AW TEEMICRIETH Z &iC
LY. ALS X FILD-TDP DRRZEIEE RN T 5, RE TDP43 OEREZ ML 5 HERBARRELEZ R
RTBENTENT, KEOBREIZORBBLEEZLNS, Fo, WEEMERBEY VN7 BORY
BHEECEDL > RPBEYE5E X250 ALNITT 5729, TDP-43 proteinopathy £7 /<7 R & ER L7z,

ANFRBK

-JHJI] E fAl 58 ¥ Z & fE (frontotemporal lobar |

degeneration: FILD)/X, #i5A - {5H3E 4R M Aa i %
E . ARE(LRKREBEREZ BT 2R EMER
BORHTH D, MEIICRIET 2 BEE D H Tid,
TN A = —FIZR O THEERE Y, FILD I,
FREBEANIZIE, Pick HE & T3 % vtER ALK
BHRTHEE (FudniF—) &, FUEHars
F Bt E AERHBE T ABEICKEISND Z L0V
binkieolz, BEOHAEDOEEMKS 1713
EVWHEIRHATH -2, 2006 £, £ TAR
DNA-binding protein of 43 kDa (TDP-43) T 5 = & 23
HP L, ZOHAEEZET S FILD O—ERIZ X8
ZEHE AR F25{ LJE (amyotrophic lateral sclerosis: ALS)
CREOERB = —n EBRANT A L HD
NTW=A, ALS OfRE~2—I—DO—>Th HHF
DLEFF UM AEDOEE S /37 & TDP-43
ThdZ ENREFFCHB L, FILD & ALS 23FE—0
FRBERPETHIZLAALNIR-TL,
FILD-TDP B D FEHMMH> & A% L 7o Rkl 5 0
AT OFE R, B L7 TDP43 13V L
BLUOWAILZZITTWAZ ENHBRALTWS, £
7o, ERL72) VBB LR RFIKE AW RE T ey
MZX v RBRESNDER D% — 33, TDP-43 Itk
REG LT L ERMI L, 20 b DORRIT.
TDP-43 © V) VER{LE X UMW A L3R B DR EIBR
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HRABDBMZ M2 OB EMERE & OERIZ R
I B EBEZDNS, 2 C FILD B L OV ALS
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The deposition of amyloid-like filaments in the brain is the
central event in the pathogenesis of neurodegenerative diseases.
Here we report cellular models of intracytoplasmic inclusions of
a-synuclein, generated by introducing nucleation seeds into
SH-SYS5Y cells with a transfection reagent. Upon introduction of
preformed seeds into cells overexpressing a-synuclein, abun-
dant, highly filamentous a-synuclein-positive inclusions, which
are extensively phosphorylated and ubiquitinated and partially
thioflavin-positive, were formed within the cells. SH-SY5Y cells
that formed such inclusions underwent cell death, which was
blocked by small molecular compounds that inhibit 3-sheet for-
mation. Similar seed-dependent aggregation was observed in
cells expressing four-repeat Tau by introducing four-repeat Tau
fibrils but not three-repeat Tau fibrils or e-synuclein fibrils. No
aggregate formation was observed in cells overexpressing three-
repeat Tau upon treatment with four-repeat Tau fibrils. Our
cellular models thus provide evidence of nucleation-dependent
and protein-specific polymerization of intracellular amyloid-
like proteins in cultured cells.

The conversion of certain soluble peptides and proteins into
insoluble filaments or misfolded amyloid proteins is believed to
be the central event in the etiology of a majority of neurodegen-
erative diseases (1—4). Alzheimer disease (AD)? is character-
ized by the deposition of two kinds of filamentous aggregates,
extracellular deposits of B-amyloid plaques composed of amy-
loid B (AB) peptides, and intracellular neurofibrillary lesions
consisting of hyperphosphorylated Tau. In Parkinson disease
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(PD) and dementia with Lewy bodies (DLB), filamentous inclu-
sions consisting of hyperphosphorylated a-synuclein (e-syn)
are accumulated in degenerating neurons (5). The deposition of
prion proteins in synapses and extracellular spaces is the defin-
ing characteristic of Creutzfeldt-Jakob disease and other prion
diseases (3). The identification of genetic defects associated
with early onset AD, familial PD, frontotemporal dementia,
parkinsonism linked to chromosome 17 {caused by Tau muta-
tion and deposition), and familial Creutzfeldt-Jakob disease has
led to the hypothesis that the production and aggregation of
these proteins are central to the development of neurodegen-
eration. Fibrils formed of AB display a prototypical cross-p-
structure characteristic of amyloid (6), as do many other types
of filaments deposited in the extracellular space in systemic or
organ-specific amyloidoses (7), including prion protein depos-
its (8). Filaments assembled from a-syn (9) and from Tau fila-
ments (10) were also shown to possess cross-f-structure, as
were synthetic filaments derived from exon 1 of huntingtin with
51 glutamines (11). It therefore seems appropriate to consider
neurodegenerative disorders developing intracellular deposits
of amyloid-like proteins as brain amyloidosis. The accumula-
tion and propagation of extracellular amyloid proteins are
believed to occur through nucleation-dependent polymeriza-
tion (12, 13), However, it has been difficult to establish the rel-
evance of this process in the in vivo situation because of the lack
of a suitable cell culture model or method to effectively intro-
duce seeds into cells. For example, it has not yet been possible to
generate bona fide fibrous inclusions reminiscent of Lewy bod-
ies as a model of PD by overexpressing a-syn in neurons of
transgenic animals. Here, we describe'a novel method for intro-
ducing amyloid seeds into cultured cells using lipofection, and
we present experimental evidence of seed-dependent polymer-
ization of a-syn, leading to the formation of filamentous pro-
tein deposits and cell death. This was also clearly demonstrated
in cells expressing different Tau isoforms by introducing the
corresponding Tau fibril seeds.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—A phosphorylation-indepen-
dent antibody Syn102 and monoclonal and polyclonal antibod-
ies against a synthetic phosphopeptide of a-syn (Ser(P)'*)
were used as described previously (5). Polyclonal anti-ubiquitin
antibody was obtained from Dako. Polyclonal anti-Tau
Ser(P)**® was obtained from Calbiochem. Monoclonal anti-a-
tubulin and anti-HA clone HA-7 were obtained from Sigma.
Lipofectamine was purchased from Invitrogen. Monoclonal
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anti-Tau T46 was from Zymed Laboratories Inc.. AT100 and
HT?7 antibodies were obtained from Innogenetics.

Preparation of a-Syn Seed, Oligomers, and Tau Fibrils—Hu-
man a-syn cDNA in bacterial expression plasmid pRK172 was
used to produce recombinant protein (14). Wild-type (WT) or
carboxyl-terminally HA-tagged a-syn was expressed in Esche-
richia coli BL21 (DE3) and purified as described (15). To obtain
a-syn fibrils, a-syn (5-10 mg/ml) was incubated at 37 °C for 4
days with continuous shaking. The samples were diluted with 5
volumes of 30 mm Tris-HCI buffer (pH 7.5) and ultracentri-
fuged at 110,000 X gfor 20 min at 25 °C. The pellets were resus-
pended in 30 mm Tris-HCl buffer (pH 7.5) and sonicated twice
for 5 s each. The protein concentration was determined as
described, and this preparation was used as Seed aS. In the case
of a-syn oligomers, a-syn (10 mg/ml) was incubated at 37 °C for
3 days in the presence of 10 mM exifone. After incubation, the
mixture was ultracentrifuged at 110,000 X g for 20 min at 25 °C.
The supernatant was desalted by Sephadex G-25 (Amersham
Biosciences) column chromatography, and eluted fractions
(a-syn oligomers) were analyzed by reversed-phase HPLC,
SDS-PAGE, and immunoblot analysis. Recombinant human
three-repeat Tau isoform with one amino-terminal insert
(3RIN) and four-repeat Tau isoform with one amino-terminal
insert (4R1N) monomer and corresponding fibrils were pre-
pared as described previously (16, 17).

Introduction of Proteins into Cells—Human neuroblastoma
SH-SY5Y cells obtained from ATCC were cultured in DMEM/
F-12 medium with 10% FCS. Cells at ~30-50% confluence in
6-well plates were treated with 200 ul of Opti-MEM containing
2 pg of the seed a-syn WT (Seed aS); HA-tagged a-syn (Seed-
HA); a-syn monomers, oligomers; or Tau 3R1N or 4R 1N fibrils;
and 5 pl of Lipofectamine (LA) for 3 h at 37 °C. The medium
was changed to DMEM/F-12, and culture was continued for
14 h. The cells were collected by treatment with 0.5 ml of 0.25%

trypsin for 10 min at 37 °C, followed by centrifugation (1,800 X

g, 5 min) and washing with PBS, The cellular proteins were
extracted with 100 ul of homogenization buffer containing 50
mm Tris-HC], pH 7.5, 0.15 M NaCl, 5 mm EDTA, and a mixture
of protease inhibitors by sonication. After ultracentrifugation
at 290,000 X g for 20 min at 4 °C, the supernatant was collected
as a Tris-soluble fraction, and the protein concentration was
determined by BCA assay. The pellet was solubilized in 100 ul
of SDS-sample buffer. Both Tris-soluble and insoluble fractions
were analyzed by immunoblotting with appropriate antibodies
as indicated (15, 18).

Cell Culture Model of Seed-dependent Polymerization of
a-Syn or Tau—a-Syn or Tau 3RIN or 4R1IN was transiently
overexpressed in SH-SY5Y cells by transfection of 1 ug of wild-
type human a-syn ¢cDNA in pcDNA3 (pcDNA3-a-syn) or
human Tau cDNA in pcDNA3 (pcDNA3-Tau 3R1N or 4R1N)
with 3 ul of FUGENE6 (Roche Applied Science) in 100 ul of
Opti-MEM, followed by culture for 14 h. Under our experimen-
tal conditions, the efficiency of transfection with pEGFP-C1
vector was 20 —30%. The cells were washed with PBS once, and
then Seed aS, Seed-HA, Seed 3R1N, or Seed 4R1N was intro-
duced with Lipofectamine as described above. The medium was
changed to DMEM/F-12, and culture was continued for ~2-3
days. Cells were harvested in the presence of trypsin to digest
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extracellular cell-associated a-syn fibrils. The cellular proteins
were differentially extracted and immunoblotted with the indi-
cated antibodies, as described (18).

Confocal Microscopy—SH-SY5Y cells on coverslips were
transfected with pcDNA3-a-syn and cultured for 14 h as
described above, and then Seed oS was introduced, and culture
was continued for ~1-2 days. After fixation with 4% paraform-
aldehyde, the cells were stained with appropriate primary and
secondary antibodies as described previously (18). For thiofla-
vin § staining, the cells were incubated with 0.05% thioflavin
S at room temperature for 5 min. Fluorescence was analyzed
with a laser-scanning confocal fluorescence microscope
(LSM5Pascal, Carl Zeiss).

Immunoelectron Microscopy—For electron microscopy, cells
overexpressing a-syn were transfected with Seed aS, cultured
for 2 days, fixed in 0.1 M phosphate buffer containing 4% glut-
araldehyde for 12 h, and then processed and embedded in LR
White resin (London Resin, Reading, UK). Ultrathin sections
were stained with uranyl acetate for investigation. Immunola-
beling of the inclusions was performed by means of an im-
munogold-based postembedding procedure. Sections were
blocked with 10% calf serum, incubated overnight on grids with
anti-Ser(P)'* antibody at a dilution of 1:100, rinsed, then
reacted with secondary antibody conjugated to 10-nm gold par-
ticles (E-Y Laboratories, San Mateo, CA) (1:10), rinsed again
and stained with uranyl acetate.

Immunoelectron microscopic analysis of a-syn or Tau fila-
ments extracted from cells was performed as follows. Cells
overexpressing a-syn or Tau were transfected with Seed aS or
Seed Tau, respectively. After incubation for 3 days, they were
harvested, suspended in 200 p! of 10 mm Tris-HC], pH 7.4, 1
mM EGTA, 10% sucrose, 0.8 M NaCl) and sonicated. The lysates
were centrifuged at 20,400 X g for 20 min at 4 °C. The superna-
tant was recovered, and Sarkosyl was added (final 1%, v/v). The
mixtures were incubated at room temperature for 30 min and
then centrifuged at 113,000 X gfor 20 min. The resulting pellets
were suspended in 30 mum Tris-HC, pH 7.5, placed on collodi-
on-coated 300-mesh copper grids, and stained with the indi-
cated antibodies and 2% (v/v) phosphotungstate. Micrographs
were recorded on a JEOL 1200EX electron microscope.

Cell Death Assay—Cell death assay was performed using a
CytoTox 96 non-radioactive cytotoxicity assay kit (Promega).
TUNEL staining was performed using an in situ cell death
detection kit (Roche Applied Science).

Assay of Proteasome Activity—SH-SY5Y cells transfected
with pcDNA3-a-syn and Seed oS were cultured for 3 days or
treated with 20 um MG132 for 4 h. Cells were harvested, and
cytosolic fraction was prepared as follows. Cells were resus-
pended in 100 ul of phosphate-buffered saline (PBS) and dis-
rupted by sonication, and then insoluble material was removed
by ultracentrifugation at 290,000 X g for 20 min at 4 °C. The
supernatant was assayed for proteasome activity by using a fluo-
rescent peptide substrate, benzyloxycarbonyl-Leu-Leu-Glu-7-
amido-4-methylcoumarin (Peptide Institute, Inc.). 7-Amino-4-
methylcoumarin release was measured fluorometrically
(excitation at 365 nm; emission at 460 nm). In a green fluores-
cent protein (GFP) reporter assay of proteasome activity in liv-

ing cells by confocal laser microscopy, SH-SY5Y cells trans- -
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FIGURE 1. Introduction of seed a-syn into cultured cells with Lipofectamine reagent. A, purified recombi-
nant a-syn (soluble form; 2 ug) and filaments (2 pg) were sonicated and then incubated with LA. The pro-
tein-LA complexes were dispersed in Opti-MEM and added to SH-SY5Y cells. After 14 h of culture, the cells were
collected and sonicated in SDS sample buffer. After boiling, the samples were analyzed by immunoblotting
with a phosphorylation-dependent anti-a-syn Ser(P)'?® (PSer129) (right) or a phosphorylation-independent
antibody, Syn102 (left). Band C, carboxyl-terminally HA-tagged a-syn fibril seeds (Seed-HA) were transduced into
cells by the use of LA. After incubation for 1 day (7d) or 3 days (3d), cells were harvested with or without trypsin, and
proteins were differentially extracted from the cells with Tris-HCI (T5), Triton X-100(7X), and Sarkosyl (Sar), leaving the
pellet (ppt). Immunoblot analyses of lysates using anti-HA and anti-Ser(P)'*® are shown. The immunoreactive band
positive for anti-HA or anti-Ser(P)'2° in the Triton X-100-insoluble fraction was quantified. The results are expressed
as means =+ S.E. (n = 3). D, confocal laser microscopic analysis of cells treated with Seed-HA in the presence of LA.
Cells were transduced with 2 pg of Seed-HA using 5 pl of LA. After a 48-h incubation, cells were fixed and immuno-
stained with anti-Ser(P)'?° (green) and anti-HA (red) and counterstained with TO-PRO-3 (blue).

These cells were analyzed using
a laser-scanning confocal fluores-
cence microscope (LSMS5Pascal,
Carl Zeiss).

Statistical Analysis—The p val-
ues for the description of the sta-
tistical significance of differences
were calculated by means of the
unpaired, two-tailed Student’s ¢
test using GraphPad Prism 4 soft-
ware (GraphPad Software).

RESULTS

Introduction of Seed a-Syn into
Cultured Cells Using Lipofectamine
Reagent—Cellular overexpression
of a-syn by itself does not lead to
fibrillization of a-syn in a form
that resembles Lewy bodies. This
prompted us to examine whether
or not introduction of preformed
aggregation seeds of a-syn (Seed
aS) would elicit fibril formation. To
introduce Seed aS into SH-SY5Y
cells in a non-invasive manner, we
tried several reagents used for trans-
porting proteins or plasmid DNA
into cells and found that LA, a
cationic gene introducer, enables
the introduction of Seed «S into
SH-SY5Y cells. We were not able to
detect any introduced c-syn mono-
mer or fibrils following the simple
addition of protein preparations to
the culture medium, notwithstand-
ing a previous report on this ap-
proach (20). The insoluble a-syn
formed following LA-mediated
Seed oS introduction was detected
as buffer-insoluble a-syn in cell
lysates (Fig. 1A4). The insoluble
a-syn was phosphorylated at Ser'*
upon introduction into cells (Fig.
14), indicating that Seed aS was
incorporated in cells and phosphor-
ylated intracellularly. Cells were
harvested in the presence of trypsin
to digest extracellular cell-associ-
ated a-syn fibrils. The optimal ratio
of LA to Seed aS was about 5 ul to 2
pg of protein in 6-well plates. This
treatment effectively introduced
Seed aS not only into SH-SY5Y cells
but also into several other types of
cells examined, including Chinese

fected with pcDNA3-a-syn (1 ug) and GFP-CL1 (0.3 ug) using  hamster ovary cells and human embryonic kidney 293T cells
FuGENE6 and then transfected with Seed oS were grown on  (data not shown). In sharp contrast, soluble a-syn (either
coverslips for 2 days or treated with 20 um MG132 for 6 h (19).  monomeric or oligomeric forms) was not introduced into the
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