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AR, BUE, FINEEICEMT TH LU T ORI ONETH L,
Masatsugu Miyara, Yaichiro Kotake, Seigo Sanoh & Shigeru Ohta. Mild

MPP+ exposure impairs autophagic degradation through a novel lysosomal

acidity-independent mechanism. (submitted).
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CMA: chaperon-mediated autophagy

LAMP1: lysosome membrane-associated protein 1
LC3: microtubule-associated protein 1 light chain 3
MPP": 1-methyl-4-phenyl-pyridinium ion

MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PD: Parkinson’s disease

TFEB: transcription factor EB

V-ATPase: vacuolar-type H'-ATPase

mTOR: mammalian target of rapamycin

p62/SQSTMI1: p62/sequestosome-1



BI1E K

/X—F Y 95 (Parkinson’s disease: PD) (&, 7 /LY A <= —J{IZIRW\T 2 F HIZHE
JED@RWHRRAENMER B TH U | ZEppIRIR, BRI, AN, BEVRFrEE z 4 KIE
WeET 2, Fo, WEFRRHME LT, PO BEITFET D R8I iR O BRI
W S ORATARRAIIRIC 31 B L B — /MR L IREI 5 & X7 BEER OERN DO &
oY, E, RAIUEEEO RS IR CABR S IURERICERR SN DN, 20
BB R ORGHEN T 2 OEEIEREIEE 2 S 2T & B2 Hi1D, PD I, 60 m%lh
EAOOR1%BRIET D Ve SNTWVDA, BIFT D RS2 ARSI 20%LL T
272 BN EBREIERDBAL RN Z L IBENRBERIII HICZNEBZ 2 b5,
Fio. mEnbrtEIc by, BERIIAS %R LEINT 5 LTRSS, BIfED PD IRE L
X KRR VMRS DAHERIED ER TH D25, F3 URAIILSE % 1k 6 2 IRAN) S5
BIERERR SN TE LT, BEERREE 2-oTND,

PD DOJFKIL, BIaMEE IBIEIC A IS, BB PD OJREEE 3 < 20 FE
EENTE&bo0Y, 2O X572l Eh (PD BEHEDOK 5%) THY | & ITMFEH
PD TH DI ERMLNTWD, M PD OFAIL, BIFER & EREEEN & OB
RHEAEEHICE DD THLEZEZLNTVDN, ZOFEMIIRIESHATH D,

FNRESNE PD B & X7 ORE K OBERE A TR~ 2 Z & 1T INFEYE PD J8JE A
= A LORPNC B W THEHERFHNY L7225, Bt PD OFEKER T & L THO T
EINTZ - X7 LA IV E—/MEO FEZERER S TH H Y . PD B[R AR
£ D HEECTIFRRE AT DL K OB RIFRBLEIC L > TRWEEMEZ T, £72, a-v X
7 LA REPFEBE T VEIH PD ARIEIR A R T E B L TR Y e X T LA v
ZIRD & T D H N OBEREIL, M PD BIEICB N T H HEEREEI A R L
TWbaREEREZEZ 6D Y,

—J5, B R OREMRAEL, NS X B SO R E IC ko Th B & i
ENDAREMENEZ HND, 2EXTF - T TV —LARIE, 2T U ESMO
HENE LT F Ak N AR T 0T T Y — N THfRT DN 2 v
XY BRREED 1 D TH D, -V X7 LA VRV TRE SN TE WL D008 s
P PD JRKEAS FPEM D 5 B, Parkin XL OV UCH-L1 1%, TN X F U HRBEEER &
VB X FUNKSREERE E L TOBREL A L TWDH, £7/o, 2 EFF T L E—/ME



DR Ch D, ZOLIRIMAIE, 2 8XF -7 a7 7 Y —LhROREN PD
RIEICBEEG LTV D ATREtEZ 7R LT D, FEERIZ, Parkin OB PD B2 KT
EXF UBBIEENME T L CRY BB Y RV EOEEME OBEL S 32 &R
RIS TND

—J, 2EXF T uTT Y —LREEBIT, A= TV BIRRF N
BRI E R LD ZERH LN TE Y, A= b7 7 V—X
HEEHE GMEEND Y YV Y — A% 0 LI KBRS ch by 2 F
~TaTT Y= AR THETEIRNE X7 BRSO E 2 52 T T Ml N B & 0 iR
THIEMTED A7 7 o—lk.~/ut— | 77V — 704 —hFT7 70—,
xS VA ENYEA— R 7 7 ¥ — (chaperon-mediated autophagy: CMA) (Z X5l S 415 73,
—ENCA— R T 7 U= LM EENA DI~/ u A — N T 7 V=D L ThDH, v et
— ;77 V—IZBWT, MREANEOIIE T REERIC Lo TRRlich, A— 773y

— L LTI D T HE R G
EE2ERT D, TDHK, 4 — W—\

) Lysosomal Lysosome
77 aV—AF. VY — hydrolase
AE@ALTH—RY VY @. 3
NI U — AW ({ :'l' JB ’%%
LRy YV il \U» A
IROTFRIESRIZ £ - TR Isolation Autophagosome Autolysosome
membrane

ﬁ%%émé(mgnoi7

nA—r7 7 U—F A= b

77 AV = AEREET MEAKRS A Y Y — MCEEREE SN D, CMA T,

heat-shock cognate 70 (Hsc70) (Z & > T KFERQ FlAI & Ff-2 & o /X7 E DR R I FER =

#U. lysosomal-associated membrane protein type 2A (LAMP2A) % /I L CiE#RAYIZ -
LIZEPND,

VTR IR R A— b 7 7 U= R~ U ADIREE VIR B O Z 87 B EEHRARE
R 5 ARG SE K MR PR BRRIEIR 2R 4 2 E L NS D (A= T 7 ¥
—HEEERE L PD &4 LT DR A L OSSR R STz 0, Eiz, IR
FrfiA— b7 7 V= KRB~ U ABRRY 2 0x% F ALy T EOBRERER 2R
e, AR FUNIT e T T Y= LT TRA— N7 7 U—OHE LT HEERE
T L AREMEDS R S A, RN R A — 7 7 U= KRB~ U ZADHNICB W TR D il
D0 N BEERL AR TF UBETH D 2 EARE SN TVD, BLELD, PD I

Fig. 1. Schematic diagram of autophagy.



B2 EXF UGBt R HBEEROERIT, 22X TF -7 TV —L%0R
WORBRLT, A= 77 V—RFICL o THE| S INSAREENB XL N5, Bl
EE TIZ, BEELROMERE PD 7 L& W% < OBFFEIZ L - T, PD BIEICH T
HA— KT 7 =D RERESNTE Y,

BN BEREROEREEDH O NIZR Y D25 5, p62/sequestosome-1
(p62/SQSTMI1) 1L, A — K7 7 UV —IZHHAD F > /X7 E Th % microtubule-associated
protein 1 light chain 3 (LC3) & OfEEZIT LT A — N7 7 U—FrRITR SN D X v
NWNIETHDH, £7o. N RN & o X7 EEHEMIZEE G- % PBl & MR 4 fEik 2
G ATNWDTZDEWEENEZ A L TEBY ., PD IZBIT 5 % /7 EEER O
HHZ L HREINTND, AA— b7 7 V—RBIZK > THELT 25 % )7 HEERIX
p62/SQSTMI1 #Z[RIFFICRIB S D LR SN < 725 2 & KDY LC3 Az KiE &
72 p62/SQSTMI ZEF{A % JBL S 7= Ml Tld, & v 80 HEEER DT b b
Z B p62/SQSTMI [THEEMRTERICIH W CTEE 2 ZE 2R L TW\WD 2 RS
TWo, EHIZ, p62/SQSTMI I C RIFMIAF(ET D2 X F UG HE S LC3 LD
FEEEI LT, R 28X TF ALy T EZEBIRICA— b7 7 D—RKICHET 5
BHERT T RZ—2 NI ETHLHIEBHOMNIR>T&E 7z, LEDOFA LY PD
IRBTLDZ N ERERT, MENCERLELaEXTTF L Z R BN
p62/SQSTM1 %/ L CHREEMREZ R L7 b O TH D AREL L B2 b b,

EEME PD BTV E & BT, #EEHE PD 7L PD BFZEICERR L CT& 72, KX 7oth
%% PD 7L O T8 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) i
MR CTH 5 1-methyl-4-phenylpyridinium ion
(MPP") > (Fig.2) #MWTERLEN % PD EF /L
AR, RS AR AL DFER 72 A T = X L iR
HIZBW TR BIAS ANSLNTWSD, MPTP (26K
FRFALE DERI AR L@ AR TH Y . & M
L CPDERIER A 5| Z L 292 & 39 T Sk ¢ 5, MPTP 1L
WA BAFT 2 1@ L CIMNIZ A Y | 77V 7 il © monoamine oxidase type B (MAO-B) 1T &
> T b &4, 1-methyl-4-phenyl-5,6-dihydropyridinium (MPDP) & 720 | FEREZZEAYIC
MPPIZEH &N D, MPPIE, KX 0 b T U RAR—F —% I L CRIIYIC /8 4
XU D A E L BAARTFIC S by R U TSR S MR EEE AR T 2 RET 5,
Z ORER, ATP BOR/OIEMERFEOEAZ G E R Z L, R8I UL 2 5] & i

Fig. 2. Structure of MPP*.



T EBEZLNRTWS, L, 2 har RUTHERSEESR T EIX MPPIC L > T
FlERZ SID RN UIISEIC LB TR WD & 2R 2 MG b FEET L 2 &
Mo, ZOMDRA T = XL FEL TWDLEEXLND, ED1HDELTH— T 7Y
—BENEZILZ D, BUEETIZ, ZOET/VIEBT LA — b7 7 I3V — LOFEREPIE
TN—TI Lo THESNTODER O BB S TOWAEKE, A— 773V —
DARARSE ' E T3 A — T 7 2 — AR YYD 2 D25y 23T D (Table 1),
IRHOWMENS, MPP' A — b7 7 DI KT TR, BB
Ko TERRDARENREZ X DD,

Result Exposure condition Cell Reference

Increased 2.5mM MPP* for24 h SH-SY5Y 1
autophagosome synthesis

20 uM MPP* for 16 h Cortical neuron 2
Decreased 250 uM MPP* for24 h BE-M17 3
autophagosome degradation

50 uM MPP* for 36 h MN9D 4

1 mM MPP*for 36 h SH-SY5Y 4

1: Zhu et al. (2007) J. Pathol. 170, 75-89. 2: Wong ef al. (2011) Nat. Cell Biol. 13, 568-579. 3: Dehay ef al. (2010} J. Neurosci. 30, 12535-
12544 4:Limetal (2011) Autophagy 7, 50-60.

Table 1. Different effects of MPP* on the autophagic process depending on exposure
condition and/or cell type.

MPP il 7 /L & T, MPTP v U ZET VB LIRS TR Y . &5 HED
BIe DRk & I T N~ U AERUFIESHENL S LTV D (Table 2), 73K, MPTP <= 7 A
T VE, AMEEITHEAMER I L > TERES, 206 0ET ME, BIRETIE R
XX UARERINSE K OV N 7 B RS TR 2 BR < R4 e PD ORI A BT 5 2 &
DG SNTND ), —J, MPTP 1B~ 7 AET AERIGIE b k2 I S, 2h
B OET VL ARRME KX AR

s model MPTP administration protocol
KOS o7 BREROERZ B TE
B ENHEIN T X 2020 acute 20 mg/kg/2 h, 4times in a day
BEfFE O E TiL, MPPIlaET /L% ] sub-acute 30 mg/kg/day for 5 days
WA — 77 U—EDIZ E A ETX. 24 chronic 25 mg/kg/3.5 day for 5 weeks

250 b id/k
B LN LT B 2 M 2L % R % (+ 260 mg probenecidikg)

72 DI E TR E MPPIZ L 5 7p #2551 Table 2. Administration protocols for MPTP
. mouse models.
ZHWTWD (Table 1), £72. T




B2 5 Ma%E HWT MPP 34— b7 7 U= RIFTHEE R LT DA (Table 1),
MPP" DS M T & > TRE S B2 BIREITTHETH 5 PD OFREAEEET D &
IR MPP % FV /= PD £ 7 VAT, PD FIEICR T 54— b7 7 U—FERERE A B
=X NEMRATHI-OOL Y BNET VLD Z ENI SN D, £ 2T ARFZETIL,
b MEREEEAME SH-SYSY MfdiZ s\ T, AR E MPPT (10 & UF 200 uM MPP, 48 [kt
[FIRER) NA— F 7 7 U—ICRIETREZ LT 5 &3, ®IRE MPPT (2.5 KO}
5mM MPP', 24 BfHIIRER) ([CK 24— 7 7 O—BFE LITHRRD AN =X LOFFE%
Hfs L7,
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B2E KEBE MPPFHR/—F Y URET VIO ER
B S

SH-SY5Y #fIZIB T, EiREE MPP™ (500 yM~5 mM) (2 & Bk~ e dgtE g% <
WEINTWDHOO, KIRE MPPIC L 23 MIRIZ LA EMES N TR, KET

IZ. IR E MPPEE¥E PD B 7 /UM 2 /ERL- 5 72912, SH-SYSY AfaIZIKEE MPP”
(0.1~200 uM) % 48 IFMHIREE L., £, Ml AEFRICKITTZEARHn L7,
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2 (KRS MPP Y SH-SYSY HIIA D ALERIC KI5

IR E MPP 2SI AR A7 3R 1 RAF T 5288 % WST-11EIZ X 0 3FAl L 7= K £ MPP I,
BEEERFCHEEZ S 2 L, 0.5 pM LLEOREIZCB W TIIAEENRD bl

(Fig. 3A), ZOFERICHESE | KBE MPP A — b7 7 UV —IC RIFTHEE T
%128 DIEFESAT % 10 uM (viability: 80% =+ 2% of control) }2 OY 200 uM MPP*  (viability:
58% =+ 2% of control) 48 WFfAIBRERICPRE L7z, F7=, 10 LTV 200 uM MPP* 1%, IR#FE%
24 BEELINIZ I W CRITAAETTFRICEEZ KISR0 o 7203, 48 Bl b A B e Hiflast
5| X Z L7z (Fig. 3B), Z DOfEHRIT. WST-1 ik & 72 5 JFERIZ H-DS0 /= calcein-AM
EEAOCTHEBNSGLN (Fig.30), S HIZ, 10 M MPP % 8 HIHIRET 5 &, #
DD 2 HRENZBWCTHIBAETFHRIL 80.0% + 6.8% of control IZfK FL.6 HHZH 8 HHIC
BT HMAEIEITIR 4 (ZEIT L7z (from 61.8% + 10.4% to 56.8% + 7.6% of control; Fig.
3D),

A
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Figure 3. Effect of low MPP" concentrations on the viability of SH-SY5Y cells.

(A) SH-SYS5Y cells were exposed to low concentrations (0.1-200 uM) of MPP" for 48 h, and
cell viability was measured using WST-1 assay. Data expressed as mean percent (£SD) of
control of three independent experiments. ***P < (0.001 vs. control. (B and C) SH-SYS5Y cells
were exposed to 10 and 200 uM MPP”, and cell viability was measured using WST-1 assay (B)
and calcein-AM assay (C) at several time points (6, 12, 24, and 48 h). Data expressed as mean
percent (£SD) of control of three independent experiments. **P < 0.01 and ***P < 0.001 vs.
control (48 h). (D) SH-SYSY cells were exposed to 10 uM MPP" and cell viability measured
using WST-1 assay at several time points (2, 4, 6, and 8 d). Data expressed as mean percent

(£SD) of control of three independent experiments. ***P < 0.001 vs. control.
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FHI3HE T

ARBEOFER IV | KIEE MPPT (10 28200 pM) 1%, FEHRETIEOMINIE 2 5| & i
T EMNRSNT, —JF. WIRE MPPT (25 KNS5 mM) 1E, BEfFO®E & REE, 24
REE LANIZ 40%~80% £ THIIAE AR AKX T S 872 (eg & 5 =, Fig. 10B, 0 mM

trehalose treatment groups, and Fig. 12B, 0 uM rapamycin treatment groups) ,

14



HWI3E KEERVEERE MPPRF— k77 O—ICRITTRE

B S

ARETIH, £7. F2HITHBN T, (RREKXOERE MPP' 34— F 7 7 V—IZKIF
TBE A — N7 7 Y —h~—H—% /37 E microtubule-associated protein 1 light
chain 3 (LC3)-Il DI BL/ &7 — o J O N R TE A FBHE 1 U CRfAfi L 72 277, LC3 1X Ak
%, VAT A 7 a7 7 —1 autophagy-related 4 |Z X > THEHHIZ C Kimx UlFr 4, #
JERILC3 Th D LC3-TICEHR SN D ), 4 — 7 7 U— DRIz EB T, LC3-TIE,
WAT 7 FoNTL ) —=NT I EAREL, A—F7 7 3V —AEAMTH D
LC3-IN IS5 2,

F— 77 A= LOEINE, A — T 7 TV — LAEFREE IS o 8B 5
NERLTNDEZEXDBIND, BUEE TIZ, TOMEZXHT 5 H5EE L TN 200
F— " T 7 VO—=T Ty I AT A BN ST D D, REE 3HITIE, 2OF D
5. F7, LC3-I ¥ —> A4 —"—T v&A (Fig. 4) #17-7=, SH-SYSY #HAIZ 10 &
Y200 M MPP' % 48 BEHRTE L 7=, WA STV 5 H1E NI - TRE D 4 BefH
IZFB VT 400 nM bafilomycin A; % Jf HIEEE L 7=, bafilomycin A, |&. vacuolar-type
H'-ATPase (V-ATPase) FrRAJFHERTHY |V VY — 2O LEZHET L Z L1k o
T, A= 77 AV =20 emilT 5, L, MPP3A— 7 7 2V —LDAN%E
e LT\ 2354, bafilomycin A, 12X > CTA— b7 7 Y — ANMRITERICE S
TWH DT, bafilomycin A, fF7E FIZEBWT, LC3-I1 # /X7 BHRBUL S HIZHIINT %
ZEMNTREEND P (Fig. 4A), — . MPP I3 A — k7 7 = — L D4R Z4NH] LT
WG, 97T bafilomycin A 12X > TA— N7 7 3V — A5 RIT5ERIZHE SN T
WAHDT, LC3-II ORICELITRD a2 ERFHEENS % (Fig 4B),

AREEE AE Tl AKIRE K OEIEE MPP 34— k7 7 U — @RI E p62/SQSTMI*
D DRI RINETHEERRD Z LI E > T, LC3-I 4 — 2 A — =T v A OfER
Ze F T L7z,
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Bafilomycin A,

A. Increased autophagosome synthesis

MPP* Bafilomycin A,

LC3-1l protein expression level will be increased.

B. Decreased autophagosome degradation

Bafilomycin A,

MPP*
LC3-1l protein expression level will be unchanged.

Fig. 4. Schematic diagram of LC3-ll turnover assay.
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2 REBEMPP NA— T 7 A —bh~w— I — X X LC3 DRB R
— 2 KOS PN JREN KT R

10 & TX 200 uM MPP" % % L7 HERRIC 31T 5 LC3-I1 ¥ RV BRBLEE U = AKX
70y MEIZTEAE L7z, LC3-IT 5B &L, 10 & T 200 uM MPP' 48 IR FE 2 L > T,
ZIEIL, 2.6+ 1.0-fold X T 4.9 + 2.1-fold of control [ZH#4N L T 7= (Fig. 5Aand B), %
7o, AEREAEAEERORER & FERIC, MR & b, BREEH 24 R LINICHB W CIL LC3-IT #
VR R BT E T X2 7= (Fig. SAand B), LC3-11 & > /X 7 R HL O BN
fEAE, 10 upM BL FOREIZBWTHRO b7z (Fig. 5CandD), A— h 7 7 IV — A
OHIMNE, S b Ye sk 2 Fv 7z LC3 Btk Ny MR oina iR+ 5 =
Ik TEBIZHHE L7z, 10 XY 200 uM MPP' 2B L7-#IIC BT, IBEEKTE
172 LC3 Btk K~ b BB vz (Fig. SE), LA EOFER IV | KEE MPPIX
HIRFEA G| & L Z S B W & [FREIIC R W C A — 7 7 Y — A OEEE S & 2
TZEDRHLMNTR ST,

A

6h 12h 24h 48h

— - - —— LC3A
[ C3-ll
I--—-———ﬁ p-actin

Cont. 10 200 Cont. 10 200 Cont. 10 200 Cont. 10 200 (M)

MPP* MPP* MPP* MPP+

8

7
Sz 6
%% 5 = Control
29 4 10 uM MPP+
=35 2 T = 200 .M MPP+
G 2
—

;

0

6 12 24 48 h)
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LC3H
- — — .| LC3-Il
'-———d B-actin

Cont. 0.1 05 1 5 10 50 100 200 (M)

MPP+ for 48 h

O

LC3-Il expression
(Fold increase)
%]

Cont. 0.1 0.5 1 & 10 50 100 200 (uM)

MPP+for48 h

MPP+ for 48 h

Control 10 uM 200 uM

EE

Figure 5. Effect of mild MPP" exposure on the number of autophagosomes in SH-SY5Y cells.

LC3

LC3 & DAPI

(A) SH-SYS5Y cells were exposed to 10 and 200 uM MPP" and lysed in TNE buffer containing
1% Nonidet P-40 detergent at several time points (6, 12, 24, and 48 h). Equal amounts of
protein from each cell lysate were separated by SDS-PAGE and LC3 protein was detected by

18



western blot. B-Actin was used as the gel-loading control. (B) The band intensities of LC3-II
and B-actin were quantified by densitometric analysis. Data expressed as mean fold increase in
LC3-II/B-actin ratio (=SD) relative to corresponding controls of seven independent experiments.
*P < 0.05 and ***P < 0.001 vs. control (48 h). (C) SH-SYS5Y cells were exposed to low
concentrations (0.1-200 pM) of MPP" for 48 h, lysed in TNE buffer containing 1% Nonidet
P-40, and prepared for western blot analysis as described in (A). (D) Band intensities of LC3-II
and P-actin quantified by densitometric analysis and expressed as in (B) except data are from
four independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. (E)
SH-SYSY cells were exposed to 10 and 200 pM MPP" for 48 h and LC3 protein
immunostaining patterns (red) evaluated. Nuclei were counterstained with DAPI (blue). Scale

bar represents 20 um.
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3 EN ARPEEE L ONE R EE MPPTY LC3-11 & — o A — N — 1 R F T 4

10 2 TF 200 uM MPP' X, bafilomycin A, FEAF/E FIZFUNT LC3-11 & > /37 B3 BLE D
iz gl & # 2 L7223, bafilomycin Ay fA7E FIZB W TIIEOBMA G S Z S 2o
7= (Fig. 6A, detergent-soluble LC3-II, and Fig. 6B) , &£ 7-.2.5 X T'5 mM MPP" |4, bafilomycin
A FEFEETIZBWT LC3-II # o A7 BRBLEOWMAZ S & Z L7z (Fig. 6C,
detergent-soluble fraction, and Fig. 6D) . bafilomycin A, /77E FIZHB W T2 DEE D X
72 (from 19.1 + 3.5-fold of control in bafilomycin A; alone to 18.1 = 5.3-fold of control at 2.5
mM MPP" and to 10.4 + 3.0-fold of control at 5 mM MPP"; Fig. 6C, detergent-soluble fraction,
and Fig. 6D) ., ZOFEE LY. EIEE MPPIL, 4 — F 7 7 IV — A0 ENc Nz &
WA — 7 7 V—OlEZGISE I LTV SRR E 2 5D,

bafilomycin A, {F7E FIZEBWCRENZER LA — b7 7 3V — A0 FmiEtER (1%
Nonidet P-40) REPERNZZAL L7z FIREME Z2 M5~ % 72812, 1% Nonidet P-40 AL
INNCHIT D LC3-I1 & o /87 R B B 2 R Al U 7=, (U B e OV 2 FE MPP I bafilomycin
Al FAETIZBWTAREENE LC3-L & "7 BRBEREOHEMZGI SR I LT ahoic

(Fig. 6A, detergent-insoluble fraction, and Fig. 6E and Fig. 6C, detergent-insoluble fraction,
and Fig. 6F) ,

MPP BRI DO D 4 BEIC 1 D LC3-11 # — > A —/3—% | bafilomycin A, 77/E
TIZBIT 25 LC3-I1 /3 RIRFE & bafilomycin A, FE/FAE FIZH1T D LC3-II /N REEE & D
EERMT S Z LIk o TR L7z Y, LC3-I1 # — > A —/3—[%, 10 uM MPP|Z &
T 0.8 £ 0.1% of control |ZJ#/> L, 200 uM MPP"|Z X - THEEICHE I N TV (Fig
6G) o —J. 2.5 XO'5 mM MPP'IC X% LC3-11 # — U A — S —DMiilzh Rix, #4506
TdH > 72 (0.9 +0.2-fold of control at 2.5 mM and 0.4 + 0.1-fold of control at 5 mM; Fig. 6H) ,
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Figure 6. Effect of mild and acute MPP" exposure on LC3-II turnover in SH-SY5Y cells. (A)
SH-SYSY cells were exposed to 10 and 200 uM MPP" for 48 h with or without 400 nM
bafilomycin A; for the last 4 h of culture and lysed in TNE buffer containing 1% Nonidet P-40
to obtain the detergent-soluble fraction. The remaining pellets were further lysed in TNE buffer
containing 2% SDS to obtain the detergent-insoluble fraction. Equal amounts of protein from
each cell lysate sample were separated by SDS-PAGE and LC3 protein detected by western blot
analysis. The same volumes of corresponding detergent-soluble and - insoluble samples were
loaded. B-Actin was used as the loading control. (B) The band intensities of 1% Nonidet
P-40-soluble LC3-II and B-actin quantified by densitometric analysis. Data expressed as mean
fold increase in LC3-II/B-actin ratio (+SD) compared with control (0 nM bafilomycin A,) for
four independent experiments. *P < 0.05 vs. control (0 nM bafilomycin A;). (C) SH-SYS5Y cells
were exposed to 2.5 and 5 mM MPP" for 24 h with or without 400 nM bafilomycin A, for the
last 4 h of culture and detergent-solube and -insoluble fractions prepared for western blots as
described. (D) The band intensities of 1% Nonidet P-40-soluble LC3-II and B-actin quantified
by densitometric analysis. Data expressed as mean fold increase in LC3-II/B-actin ratio (£SD)
compared with control (0 nM bafilomycin A;) for three independent experiments. **P < 0.01
and ***P < 0.001 vs. control (0 nM bafilomycin A;). "P < 0.01 vs. control (400 nM
bafilomycin A;). (E) The band intensities of 1% Nonidet P-40-insoluble LC3-II and fB-actin
quantified by densitometric analysis. Data expressed as in (B) for four independent experiments.
*P < 0.05 vs. control (0 nM bafilomycin A;). (F) The band intensities of 1% Nonidet
P-40-insoluble LC3-II and B-actin quantified by densitometric analysis and expressed as in (D)

for three independent experiments. *P < 0.05 vs. control (0 nM bafilomycin A;). (G) LC3-1I
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turnover during the last 4 h of culture calculated by subtracting the band intensities of 1%
Nonidet P-40-solube LC3-II in bafilomycin A;-untreated groups from that of the corresponding
bafilomycin A;-treated groups. Data expressed as mean fold increase (+SD) compared with
control for four independent experiments. ***P < 0.001 vs. control. (H) LC3-II turnover during
the last 4 h of culture calculated as described (G) and expressed as the mean fold increase (£SD)

compared with control for three independent experiments. **P < 0.01 vs. control.
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Figure 7. Effect of mild and acute MPP" exposure on degradation of p62/SQSTM1 in
SH-SYS5Y cells.
(A) SH-SY5Y cells were exposed to 10 and 200 uM MPP' and the detergent-solube and

-insoluble fractions prepared as described for western blot analysis. f-Actin was used as the
loading control. (B) The band intensities of 1% Nonidet P-40-soluble p62/SQSTM1 and B-actin
quantified by densitometric analysis. Data expressed as mean fold increase of
p62/SQSTM1/B-actin ratio (+SD) compared with control for 10 independent experiments. (C)
The band intensities of 1% Nonidet P-40-insoluble LC3-II and p-actin quantified by
densitometric analysis and expressed as mean fold increase of p62/SQSTM1/B-actin ratio (+SD)
compared with control for 10 independent experiments. *P < 0.05 and ***P < 0.001 vs. control.
(D) SH-SYS5Y cells were exposed to 2.5 and 5 mM MPP" for 24 h and detergent-solube and
-insoluble lysates prepared for western blot analysis as described. B-Actin was used as the

loading control. (E) The band intensities of 1% Nonidet P-40-soluble p62/SQSTM1 and B-actin
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quantified by densitometric analysis and expressed as mean fold increase in
p62/SQSTM1/B-actin ratio (=SD) compared with control for three independent experiments. (F)
The band intensities of 1% Nonidet P-40-insoluble p62/SQSTMI1 and B-actin quantified by
densitometric analysis and expressed as mean fold increase in p62/SQSTM1/B-actin ratio (+SD)

compared with control for three independent experiments. *P < 0.05 vs. control.
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WIZHRT B AMREMN B 2 Db, ZHICBE L TIEE 6 |ICTERZ21To 72,

LC3-ll protein expression p62/SQSTM1 protein expression
model
(exposure time) dose
bafilomycin (-) bafilomycin (+)  detergent-soluble  detergent-insoluble

mild model 1O HM ” I I 7

(48h) 200 uM 4 - - t
acute model 25mM 7 - 7~ 7~

(24h) 5 mM b ™ ” 2

Table 3. Effect of low- and high-dose MPP* on autophagic flux.

28



WAz EEELROEEE MPPTRY VY —ASREICRITTES

F1H S

U YY) — DIKG REESR 1S, A — b 7 7 2 — LD RV THE RS &2 R
LTV 0, FERKIT, U Y Y — AWK IERER OIEIEIT, U Y Y — LRI
FLTEY * bafilomycin A,. chloroquine, ammonium chloride 72 &'V V) — A
EEANT, A— b7 7 TV —LOFEZEHT 2 0, Eio, JEE VY Y — LR
PD BIEICBWCEHERANTRT THDLZ ENRBINTETBY P MPPIZL 5
F— R 77 T — LB IHENC S U Y Y — ANEERTEE O T AR S L T2 ATREMEAS
ZEZbhd, £ T, AEE 2 HiTlX, MPP'AYY VY — AN LF T ELY T
PeA N T AT ~—J1—"Té % LysoTracker Red DND-99 ik A FIW TRl L 7=, F7-.
MPP" 23U VY — WNEEIIKETEELD Y Y —LEZ /87 B lysosome
membrane-associated protein 1 (LAMP1) (254 2 Sl F e K - TR L 7= 79,

—J5. UV — LI iERESE OIEPEIL. leupeptin, pepstatin A, E64d 72 XD XK 9
2V VY — ANERMEEE IR LRV A D= R A > THIEERS ™, hF T
D%, PD L DBMRNRIESNTND U Y Y —LNT ARTG XU a7 7 —ED—>
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R ATIROF v b &2 VTRl L7z,
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(Fig. 8C) , —J7. 2.5 KO85 mM MPP 1%, BREE 24 BB WCY YV Y — LB ED
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Figure 8. Effect of mild and acute MPP" exposure on lysosomal acidity and density in
SH-SYSY cells.

(A) SH-SYS5Y cells were exposed to 10 and 200 uM MPP", and lysosomal acidity was evaluated
using LysoTracker Red DND-99 at several time points (6, 12, 24, and 48 h). Bafilomycin A,
(100 nM) was used as a positive control for lysosomal alkalization. Scale bar represents 20 pum.
(B) SH-SYS5Y cells were exposed to 2.5 and 5 mM MPP", and lysosomal acidity was evaluated
using LysoTracker Red DND-99 at several time points (6, 12, and 24 h). Bafilomycin A; (100
nM) was used as a positive control for lysosomal alkalization. Scale bar represents 20 pm. (C)
SH-SYSY cells were exposed to 10 and 200 uM MPP" for 48 h, and lysosomal density was
evaluated using immunocytochemical staining of LAMP1 (red). Nuclei counterstained by DAPI
(blue). Scale bar represents 20 um. (D) SH-SY5Y cells were exposed to 2.5 and 5 mM MPP" for
24 h, and lysosomal density was evaluated using immunocytochemical staining for LAMPI

(red). Nuclei counterstained using DAPI (blue). Scale bar represents 20 pm.
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Figure 9. Effect of mild MPP" exposure on cathepsin D activity in SH-SY5Y cells. (A)
SH-SYSY cells were exposed to 10 and 200 pM MPP" for 48 h and cathepsin D activity
measured using an assay kit. Pepstatin A (0.02 uM) was used to confirm the accuracy of this
assay. Data expressed as mean percent (+SD) of control for three independent experiments. **P
< 0.01 and ***P < 0.001 vs. control. (B) Extract from control cells including intact cathepsin D
was incubated with several concentrations of MPP™ (1, 10, 100, and 1,000 uM) and cathepsin D
activity measured as described. Pepstatin A was used to confirm the accuracy of this assay. Data
expressed as mean percent (£SD) of control for three independent experiments. *P < 0.05 and

***P < (0.001 vs. control.
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WK REER T D AT 7 DIGHDIR T 2SI &R Le, F/o, REBIIR A
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RADBHEA D =X LG L TWAHREENREZ X 6D, —J., ®iEE MPPIL,
LysoTracker Red DND-99 [tV VY — LD & ¥z, ZORERIZ. VY Y —2H
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model - . . .
(exposure time) dose Lysosomal acidity Lysosomal density cathepsin D activity
mild model 1O HM I I ™
(48h) 200 uM - - ~
acute model 25mM ) ~ -
(24h) 5 mM " N —

Table 4. Effect of low- and high-dose MPP* on lysosomal function.
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Figure 10. Effect of trehalose on mild and acute MPP" exposure-induced cell death and
accumulation of autophagosomes in SH-SYS5Y cells. (A) SH-SYSY cells were exposed to 10
and 200 pM MPP" for 48 h with or without 1 h trehalose pretreatment (1-100 mM) and cell
viability measured using WST-1 assay. Data expressed as mean percent (=SD) of control (0 mM
trehalose) for three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
control (0 mM trehalose). (B) SH-SY5Y cells were exposed to 2.5 and 5 mM MPP" for 24 h
with or without 1 h trehalose pretreatment (1-100 mM) and cell viability measured using
WST-1 assay. Data expressed as mean percent (+SD) of control (0 mM trehalose) for three
independent experiments. **P < 0.01 and ***P < 0.001 vs. control (0 mM trehalose). P < 0.05
vs. 2.5 mM MPP" for 24 h (0 mM trehalose). (C) SH-SY5Y cells were exposed to 10 and 200
uM MPP" for 48 h with or without 1 h trehalose pretreatment (100 mM), lysed in TNE buffer
containing 1% Nonidet P-40, separated by SDS-PAGE, and LC3 protein detected by western
blot analysis. f-Actin was used as a loading control. (D) The band intensities of LC3-II and
B-actin were quantified by densitometric analysis and expressed as mean fold increase in
LC3-II/B-actin ratio (=SD) compared with control (0 mM trehalose) for three independent
experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control (0 mM trehalose). TP < 0.05
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vs. 200 uM MPP" for 48 h (0 mM trehalose). (E) SH-SY5Y cells were exposed to 2.5 and 5 mM
MPP" for 24 h with or without 1 h trehalose pretreatment (100 mM) and examined by western
blot as described in (C). (F) The band intensities of LC3-II and [B-actin quantified by
densitometric analysis and expressed as mean fold increase in LC3-II/B-actin ratio (xSD)
compared with control (0 mM trehalose) for three independent experiments. **P < 0.01 vs.
control (0 mM trehalose). /P < 0.01 vs. 5 mM MPP" for 24 h (0 mM trehalose).
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Figure 11. Effect of trehalose on mild and acute MPP" exposure-induced accumulation of
p62/SQSTMI1 in SH-SYS5Y cells. (A) SH-SYS5Y cells were exposed to 10 and 200 pM MPP" for
48 h with or without 1 h trehalose pretreatment (100 mM) and prepared for western blot
detection of p62/SQSTMI1 protein as described. (B) The band intensities of 1% Nonidet
P-40-soluble p62/SQSTM1 and B-actin quantified by densitometric analysis and expressed as
mean fold increase in p62/SQSTMI1/B-actin ratio (+SD) compared with control (0 mM
trehalose) for four independent experiments. (C) The band intensities of 1% Nonidet
P-40-insoluble p62/SQSTM1 and B-actin quantified by densitometric analysis and expressed as
mean fold increase in p62/SQSTMI/B-actin ratio (+SD) compared with control (0 mM
trehalose) for four independent experiments. **P < 0.01 vs. control. 'P < 0.05 vs. 200 uM MPP"
for 48 h (0 mM trehalose). (D) SH-SY5Y cells were exposed to 2.5 and 5 mM MPP" for 24 h
with or without 1 h trehalose pretreatment (100 mM) and prepared for western blot analysis of
detergent-soluble and -insoluble fractions as described. (E) The band intensities of 1% Nonidet
P-40-soluble p62/SQSTM1 and B-actin quantified by densitometric analysis and expressed as
mean fold increase in p62/SQSTMI1/B-actin ratio (+SD) compared with control (0 mM
trehalose) for three independent experiments. *P < 0.05 and ***P < 0.001 vs. control. TP <
0.01 vs. 5 mM MPP" for 24 h (0 mM trehalose). (F) The band intensities of 1% Nonidet
P-40-insoluble p62/SQSTMI1 and B-actin quantified by densitometric analysis and expressed as
mean fold increase of p62/SQSTMI1/B-actin ratio (£SD) compared with control (0 mM
trehalose) for three independent experiments. ***P < 0.001 vs. control. T"'P < 0.001 vs. 5 mM

MPP" for 24 h (0 mM trehalose).
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TR A Ut 2.5 KOV 5 mM MPP B HEAE & it L 7= (Fig. 12B)
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Figure 12. Effect of rapamycin on mild and acute MPP" exposure-induced cell death and
accumulation of autophagosomes in SH-SYSY cells. (A) SH-SYSY cells were exposed to 10
and 200 uM MPP" for 48 h with or without 1 h rapamycin pretreatment (0.1-10 pM), and cell
viability was measured using WST-1 assay. Data expressed as mean percent (+SD) of control (0
UM rapamycin) for three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
control (0 uM rapamycin). "P < 0.05 and "'P < 0.01 vs. 10 uM MPP" for 48 h (0 uM rapamycin).
Hp <0.01 vs. 200 uM MPP" for 48 h (0 uM rapamycin). (B) SH-SY5Y cells were exposed to
2.5 and 5 mM MPP" for 24 h with or without 1 h rapamycin pretreatment (0.1-10 uM), and cell
viability measured using WST-1 assay. Data expressed as mean percent (=SD) of control (0 uM
rapamycin) for three independent experiments. *P < 0.05 and ***P < 0.001 vs. control (0 uM
rapamycin). ""P < 0.01 vs. 2.5 mM MPP" for 24 h (0 uM rapamycin). *P < 0.05 and *P < 0.01
vs. 5 mM MPP" for 24 h (0 pM rapamycin). (C) SH-SY5Y cells were exposed to 10 and 200
uM MPP" for 48 h with or without 1 h rapamycin pretreatment (1 pM) and the detergent-soluble

fraction prepared for western blot detection of LC3 protein as described. (D) The band
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intensities of LC3-II and B-actin were quantified by densitometric analysis and expressed as
mean fold increase in LC3-II/B-actin ratio (+SD) compared with control (0 pM rapamycin) for
three independent experiments. ***P < 0.001 vs. control (0 uM rapamycin). ""P < 0.01 vs. 200
uM MPP" for 48 h (0 uM rapamycin). (E) SH-SY5Y cells were exposed to 2.5 and 5 mM MPP"
for 24 h with or without 1 h rapamycin pretreatment (10 pM) and prepared for western blot
detection of LC3 as described. (F) The band intensities of LC3-II and B-actin quantified by
densitometric analysis and expressed as mean fold increase in LC3-II/B-actin ratio (xSD)
compared with control (0 uM rapamycin) for three independent experiments. ***P < 0.001 vs.

control (0 uM rapamycin). ""P < 0.001 vs. 5 mM MPP" for 24 h (0 uM rapamycin).
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FEEL RO Z M L7= (from 1.5 + 0.6-fold to 0.6 + 0.2-fold of control in the 1% Nonidet
P-40-soluble fraction and from 3.1 + 0.5-fold to 1.2 + 0.5-fold of control in the insoluble
fraction; Fig. 13D-F) , L7>L, 10 uM 7 /3% A /1%, 2.5 mM MPP 357 1% Nonidet P-40
AIYEME M OREEPE p62/SQSMT1 & 78 7 B3 BB O 8B4 RIF & /-7 (Fig.
13D-F) .
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Figure 13. Effect of rapamycin on mild and acute MPP" exposure-induced accumulation of
p62/SQSTMI1 in SH-SYS5Y cells. (A) SH-SYS5Y cells were exposed to 10 and 200 uM MPP" for
48 h with or without 1 h rapamycin pretreatment (I pM) and detergent-soluble and -insoluble
fractions of p62/SQSTMI1 protein prepared for western blot analysis as described. (B) The band
intensities of 1% Nonidet P-40-soluble p62/SQSTM1 and B-actin quantified by densitometric
analysis and expressed as mean fold increase in p62/SQSTMI1/B-actin ratio (£SD) compared
with control (0 uM rapamycin) for three independent experiments. (C) The band intensities of
1% Nonidet P-40-insoluble p62/SQSTM1 and B-actin quantified by densitometric analysis and
expressed as mean fold increase in p62/SQSTM1/B-actin ratio (=SD) compared with control (0
uM rapamycin) for three independent experiments. **P < 0.01 vs. control (0 uM rapamycin).
P < 0.05 vs. 200 uM MPP" for 48 h (0 uM rapamycin). (D) SH-SY5Y cells were exposed to
2.5 and 5 mM MPP" for 24 h with or without 1 h rapamycin pretreatment (10 pM) and
detergent-solube and -insoluble p62/SQSTMI1 protein fractions prepared for western blot
analysis as described. (E) The band intensities of 1% Nonidet P-40-soluble p62/SQSTM1 and
B-actin quantified by densitometric analysis and expressed as mean fold increase in
p62/SQSTM1/B-actin ratio (+SD) compared with control (0 uM rapamycin) for three
independent experiments. (F) The band intensities of 1% Nonidet P-40-insoluble p62/SQSTM1
and PB-actin quantified by densitometric analysis and expressed as mean fold increase in
p62/SQSTM1/B-actin ratio (£SD) compared with control (0 uM rapamycin) for three
independent experiments. *P < 0.05 and ***P < 0.001 vs. control (0 pM rapamycin). "'P <
0.001 vs. 5 mM MPP" for 24 h (0 uM rapamycin).
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TR~ A VE, Ay b — UIC BT, LC3-IL & >R 7 R BLE O K O
JaAFROBMES I EEHI Lz, 202 &b, FvA U F, A= 77TV — A
AREEER A RIS U Y Y — DGR A RE L TRV | B O RREICE Z 5
UY=L A=V DAI A RE LT mTREME DS RIE STz, 72, T/3v A1 VU,
200 pM 721 T2 < 10 pM MPP &R A — b 7 7 U —HEREIR T R OSIIRsEIC % L CTH 3D
BRAERLIZZ &S (Fig. 12A,C,and D and 13A-C) \ A— 77 V—7 7 v 7 ZKTF
ORREICERR Y VY —MERRAUGETE D 2 EWRB SN, —FH, F/3vA v
1%, 5 mM MPP 3558 S i ML) Al K OVRYEME p62/SQSTMI & o /X 7 B FE % i L
7= (Fig. 13D-F) , F/3vA 0%, LC3 X 2 )7 OB bz L GRIEIC A —
K77 IV —DERERET D Z ERFEINTND Polcxt L, hLone—2 1%, &
— N7 7 U—BEER T OBREREZ N L TA— N7 7 Y — AN RET S ATEE
PEARIBE LT D 86789 - ft 5T TR~ A N L DA — b T 7 T — AR
EERIZ, bLre—2 X0 b RVMERTH L AREMENEZ DD, T34 VU,
F—=h 77 U—NIEFITHEIE L TW5 L& 2 b5 miRE MPPIEZE B O#IHIZ B
T, p62/SQSTMI X L /R E Doy Rz L CW D AIREMERE 2 b b, LovL, T8
~A U 2.5 mM MPPEEYE p62/SQSTM1 4 o 37 B &R A WETE - =BT
B RIZB W TR TH 5 (Fig. 13D-F)

AFFIETIE, MPP' DIEBESRIFIZ L - TA— 7 7 U—HEHEIR F D A 1 = X A ITE N
MWD EEWHOLMI LIz, Eo, KIEE MPP' Y Y Y — ANERME IR L 72\ HT
HOAN=ZA LI Lo TH— T 7 V=% HETDHZ L 2R L, Flno5ny VY
— A A=V PD RIEA T = X LOIREIC S D AR E R Lz, BIEM SN TN D
BHRn) Y Y — NAEASRRENE THDL L —AROT R~ A L, KRE
MPP #FA— ~ 7 7 ¥ —HEBEIR T K O SE ISk U TR IS R CTh o 72 b D 0D
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ZOMRIZF-Z D E LI DT> 72 (Figs. 10-13) , 72, o7 v— 7O
ZFECBNT S 26 O(LEWH MPP REFHINSEIZ ) L TR Z RS 0 2 & 3l &
TV D 2, MRV BOBRARMIEFRIEBRICB N T, A — 7 7 U—HED{bIX
BRI IBIRERIE D— 2 TH 5 TV K 0 BIRMD O IR ) LA OBIR B LETH B
FolclBbinsg, DLEXY | RIRE MPPE53E PD E7 L#lfdIL, PDRIEICHKITDH Y VY
Y — DEREAR N OFEM R A U = X LT A — F 7 7 U — o fRRE R OB S 2
WCTHRRY — e 2 ERHIREEND (Table 5)

Investigate the mechanisms of lysosomal dysfunction in PD

Low-dose ' PD-like
v M | Slow cell death

Autophagy
impairment

Development of novel autophagic degradation enhancers

Table 5. Strategy for future development.
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Chemicals
MPP® iodide (D048) and D-(+)-trehalose dihydrate (T9531) were purchased from
Sigma-Aldrich, bafilomycin A; (BVT-0252) from Bioviotica, and rapamycin (R-5000) from LC

laboratories.

Cell culture

The human neuroblastoma cell line SH-SY5Y (American Type Culture Collection ATCC,
CRL-2266) was cultured in DMEM (Nissui, 05919) supplemented with 5% FBS (Biosera,
FB-1061), 5% horse serum (Gibco, 16050-122), 0.58 mg/mL L-glutamine (Sigma-Aldrich,
G8540), 2 mg/mL NaHCO; (Kanto Chemical, 37116-00), 100 units/mL penicillin (Meiji Seika
Pharma), and 100 pg/mL streptomycin (Meiji Seika Pharma) at 37°C in a humidified 5% CO,
incubator, as previously described. "> Cell culture medium was changed every 2 days, and
cells were passaged when they reached approximately 80% confluence. Cells were seeded at a
density of 5.30 x 10* cells/176 pL/cm” and incubated overnight at 37°C in a humidified 5% CO,

incubator. The cell culture medium was changed just before MPP" exposure in all experiments.

Long-term MPP" exposure

Long-term MPP" exposure was performed according to previously described methods ™7
with minor modifications. Briefly, SH-SY5Y cells were seeded in 9-cm dishes (Thermo
Scientific, 150350), incubated overnight at 37°C in a humidified 5% CO, incubator, and
exposed to 10 uM MPP”. Cells were passaged while maintaining the cell density ratio of 10 uM
MPP"-exposed cells to control cells and incubated in fresh cell culture medium containing 10
uM MPP" every 48 h. For cell viability measurements, cells were seeded in a 96-well

microplate (BD Biosciences, 353072) with fresh cell culture medium containing 10 pM MPP"
and incubated for 48 h at 37°C in a humidified 5% CO, incubator.
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Cell viability assay
Cell viability was evaluated by the water-soluble tetrazolium salt (WST)-1 assay, which is
based on the cleavage of WST-1 to formazan by mitochondrial dehydrogenase in viable cells,

279 with minor modifications. SH-SY5Y cells were

according to previously described methods
seeded in a 96-well microplate, incubated overnight at 37°C in a humidified 5% CO, incubator,
and exposed to several concentrations of MPP" for different time periods. After MPP" exposure,
the cell culture medium was replaced by WST-1 reagent [5 mM
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazorium, monosodium salt
(WST-1, Dojindo, W201) and 0.2 mM I-methoxy-5-methylphenazinium methyl sulfate
(Dojindo, M003) in PBS without calcium and magnesium (PBS(—)) containing 8 g/L. NaCl
(Wako, 191-01665), 0.2 g/ KCl (Nacalai Tesque, 28538-75), 2.88 mg/L Na,HPO, 12H,0
(Nacalai Tesque, 31722-45), and 0.2 g/L. KH,PO,4 (Nacalai Tesque, 28721-55)] diluted 1:12 in
cell culture medium. After incubation for 2 h at 37°C in a humidified 5% CO, incubator, the
absorbance of the converted dye was measured at 415 nm using a microplate spectrophotometer
(Thermo Scientific, MultiSkan Go).

Cell viability was also evaluated by calcein-acetoxymethyl (AM) assay, which is based on
the cleavage of calcein-AM to calcein by cytosolic esterases in viable cells. The manufacturer’s
protocol was adapted to a 96-well microplate format to enable high-throughput analysis.
SH-SYS5Y cells were seeded in a 96-well black microplate (PerkinElmer, 6005660), incubated
overnight, and exposed to 10 or 200 uM MPP" for different time periods. After MPP" exposure,
cells were washed with PBS(—), incubated with 2 uM calcein-AM (Dojindo, C396) in PBS(-)
for 15 min at 37°C in a humidified 5% CO, incubator, and the fluorescence of converted dye
measured at Ex’Em = 490/515 nm using a multimode plate reader (PerkinElmer, EnSpire).
Measurement height was optimized, and fluorescence intensities from 100 point/well were

averaged at each well.

Protein extraction and western blotting
Protein extraction and western blot analysis were performed according to previously

72,73,75-77)

described methods with minor modifications. SH-SYS5Y cells were seeded in 6-cm

dishes (Thermo Scientific, 150288), and incubated overnight at 37°C in a humidified 5% CO,

incubator. Cells were exposed to MPP" as indicated, washed with PBS(—), scraped off the dishes,
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and suspended in PBS(—). Cell suspensions were centrifuged at 10,000 rpm for 5 min at 4°C,
and the pellets lysed in 100 pL TNE buffer containing 1% Nonidet P-40 [20 mM Tris (Nacalai
Tesque, 35434-05) hydrochloride (Tris-HCL, pH 7.4), 150 mM NaCl, 2 mM EDTA (Nacalai
Tesque, 15105-35), 1% Nonidet P-40 (Nacalai Tesque, 23640-94), 50 mM NaF (Sigma-Aldrich,
450022), 1 mM Na;VO, (Wako, 198-09752), and 1% protease inhibitor cocktail (Nacalai
Tesque, 25955-11)]. Cell lysates were sonicated on ice, rotated for 20 min at 4°C, and
centrifuged at 13,500 rpm for 15 min. The supernatants were collected as 1% Nonidet
P-40-soluble fractions. The pellets were further lysed in 50 pL TNE buffer containing 2% SDS
[20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2% SDS (Nacalai Tesque, 31607-65),
50 mM NaF, 1 mM Na;VO,, and 1% protease inhibitor cocktail], sonicated on ice, rotated for
20 min at room temperature (RT), and collected as 1% Nonidet P-40-insoluble fractions.
Subsequently, 1% Nonidet P-40-soluble and -insoluble cell lysates were mixed with 1/5 volume
of 5 x SDS sample buffer [250 mM Tris-HCI, pH 6.8, 0.01% Bromophenol blue (Nacalai
Chemicals, 05808), 50% glycerol (Nacalai Tesque, 17045-65), 10% SDS, and 12.5%
2-mercaptoethanol (Nacalai Tesque, 21938-82)], respectively, and heated at 99°C for 5 min.
Total protein in 1% Nonidet P-40-soluble cell lysates was quantified using a bicinchoninic acid
Protein Assay Kit (Thermo Fisher Scientific, 23227). Equivalent amounts of total protein (5—15
ug) from each sample were separated by SDS-PAGE and blotted onto PVDF membranes
(Bio-Rad, 162-0177). For experiments measuring both 1% Nonidet P-40-soluble and -insoluble
fractions from the same culture, equal volumes of sample were loaded per lane. Membranes
were blocked with 5% skim milk (Morinaga Milk) in TBS (10 mM Tris-HCI, pH 7.6, 150 mM
NaCl) plus 0.1% polyoxyethylene sorbitan monolaurate (Tween 20, Nacalai Tesque, 35624-15)
(TBST) for 1 h at RT. Membranes were probed with rabbit anti-LC3 antibody (1:4,000, MBL,
PMO036), mouse anti-p62/SQSTM1 antibody (1:4,000, MBL, M162-3), or mouse anti-B-actin
antibody (1:20,000, Sigma-Aldrich, A5441) diluted in 5% skim milk for 1 h at RT or overnight
at 4°C. Membranes were washed three times with TBST and incubated with HRP-conjugated
goat anti-rabbit IgG antibody (1:8,000, Sigma-Aldrich, A9169) or HRP-conjugated anti-mouse
IgG antibody (1:8,000 or 1:40,000, Sigma-Aldrich, A9044) for 1 h at RT. Immunolabeled
membranes were washed three times with TBST and incubated with Chemi-Lumi One L
(Nacalai Tesque, 07880-70) or Chemi-Lumi One Ultra (Nacalai Tesque, 11644-40).

Chemiluminesence signals were detected using a luminescent image analyzer (GE Healthcare,
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ImageQuant LAS 4000), and band intensities quantified by densitometric analysis using

ImageQuant TL software (GE Healthcare).

Immunocytochemistry

Immunocytochemical staining was performed according to previously described methods
™ with minor modifications. SH-SY5Y cells were seeded in poly-D-lysine-coated four-well
chamber slides (BD Biosciences, 354577) and incubated overnight at 37°C in a humidified 5%
CO, incubator. Cells were exposed to MPP" as indicated, washed with PBS(-), and fixed with
4% paraformaldehyde (Wako, 162-16065) in PBS(—) for 15 min at 37°C. Fixed cells were
washed with PBS(—), permeabilized with 100 pg/mL digitonin (Wako, 043-21376) in PBS(-)
for 15 min at RT, blocked with 3% BSA (Nakalai Tesque, 01863-48) in PBS(—) containing
0.1 % Tween 20 (PBST) for 30 min, and incubated with a rabbit anti-LC3 antibody (1:800,
MBL, PM036) or rabbit anti-LAMP1 antibody (1:200, Cell Signaling, 9091) diluted in 1% BSA
in PBST overnight at 4°C. Labeled cells were then washed three times with PBST, incubated
with Alexa Fluor 555-conjugated goat anti-rabbit IgG (1:800, Life Technologies, A31629)
diluted in PBST with 1% BSA for 1 h at RT in the dark, washed three times with PBST,
incubated with 600 nM DAPI (Life Technologies, D1306) in PBS(—) for 5 min at RT in the dark,
washed two times in PBS(-), and mounted in Prolong Diamond antifade reagent (Life
Technologies, P36961). After incubation overnight, slides were observed under a confocal laser
scanning microscope (Carl Zeiss, LSM5 PASCAL). Images were processed using ZEN 2012
software (Carl Zeiss, black edition), and whole image contrast adjusted using ImageJ software

(NTH).

LysoTracker Red DND-99 staining

LysoTracker Red DND-99 staining was performed according to the manufacturer’s
instructions. SH-SYS5Y cells were seeded in advanced tissue culture-treated four-chamber
CELLview 3.5-cm glass-bottom dishes (Greiner Bio-One, 627975) and incubated overnight at
37°C in a humidified 5% CO, incubator. Cells were exposed to MPP’, washed with
DMEM/nutrient mixture F-12 Ham without phenol red (DMEM/F12, Sigma-Aldrich, D6434),
and incubated with 200 nM LysoTracker Red DND-99 (Life Technologies, L7528) in
DMEM/F12 for 30 min at 37°C in a humidified 5% CO, incubator. Labeled cells were washed
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with DMEM/F12, placed in DMEM/F12, and observed under confocal laser scanning
microscope. Images were processed using ZEN 2012 software and whole image contrast

adjusted using Image].

Cathepsin D activity assay

Cathepsin D activity was measured using the SensoLyte 520 Cathepsin D Assay Kit
(AnaSpec, AS-72170) according to the manufacturer’s instructions. The assay is based on the
increase in fluorescence intensity when the FRET substrate is cleaved by active cathepsin D.
SH-SYSY cells were seeded in 6-cm dishes, incubated overnight at 37°C in a humidified 5%
CO, incubator, and exposed to 10 or 200 uM MPP" for 48 h. Cells were scraped off the dishes,
suspended in PBS(—), and centrifuged at 500 x g for 5 min. Pellets were lysed in 50 pL assay
buffer containing DTT [IM DTT (Component F) diluted 1:200 in assay buffer (Component D)].
Cell suspensions were rotated for 10 min at 4°C, and centrifuged at 2,500 % g for 10 min. The
supernatants were used as cell extracts. Total protein in cell extract samples was quantified
using the Bradford Assay (Bio-Rad, 500-0006), and 0.25 pg/50 uL of protein from each sample
diluted in assay buffer containing DTT was added to a nonbinding surface (NBS)-treated
96-well black microplate (Corning, 3650). When evaluating the direct effect of MPP" on
cathepsin D activity, 0.25 pg/40 uL of control cell extract was directly exposed to 10 uL of
MPP" (1-1,000 uM) and added to an NBS-treated 96-well black microplate. The plate was
preincubated for 10 min at 37°C, and 50 pL of cathepsin D substrate solution [cathepsin D
substrate (Component A) diluted 1:100 in assay buffer containing DTT] was added to each well.
The plate was shaken gently for 30 s, and fluorescence intensity was measured at Ex/Em = 490
nm/520 nm at 5-min intervals for 90 min at 37°C using a multimode plate reader (PerkinElmer,
EnSpire). Fluorescence intensity at 30 min (when linearity was obtained) was defined as the

activity of cathepsin D.

Statistics

Data are expressed as mean + SD from at least three independent experiments. Significant
differences between multiple independent groups were determined by one-way analysis of
variance followed by Newman—Keuls post hoc test using Mini-StatMate software (Atoms). A

value of P < 0.05 was considered statistically significant.
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