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5 HAAEFCBIAEBEIAZOKREE (F5E)

ADESBIRE
) B AEAERIEHE GELCOURTM,
BEIATYD— Czprings TN pposEmichhotn.
#LOBFRFEREH)
PARK16 rs047211 0.50 1.30 13.0
rs 11931532 0.42 1.24 0.1
rs 11931074 0.58 1.37 17.6
r$1994000 0.08 1.3 3.0
Tau 15303152 1.00 1.30 23.0
A
cBA RecNcil 0.0018 7.21 (GBAPION HEDERE
LA EAHE.4.6)

ANOVAZHEE (A LDV AIPRARAERIC 2P o750, M%DBEINRD POHEE) 2RT,
SNPIZF v AIFEWASALO Y A 72 F5EIZE . GBAZ & Drare variantld Z D TH %,

R Lz, BRERIC L) EREAEEE
ZHPDEG| &I TEMETI, TOSNPZ&E
LT, MEHEPDOBEBEIAS Lao/zl i
BREW, 20X BRI, PDEEZ T,
EAOERBICHLTS, HTIEEHLEDLN
%2, |

PARKI164BIRICIL, 30 DBEFIHELET S
2, BREREWBEEBTDI S, NUCKSIH,
BEbEhEREGETFCHLEELL (H
1a) o NUCKSIZ, V) YBALERAL % 5 &%
YN TH B, MERICBIT AR,
KAMTHY, FizRPDREDNNAY =4 ©H
T HREMESD 59,

BSTIZ, MIBEMNCa>EF R b DCax Il 2
FRTEYA 7Y v 7ADP) R~ A DR =
fliEs 2BETH Y, KERBEINTNS,
Fo83 VARBFEDCax A b L A Z R & ¢,
BRI, T O IIPEROPDRRERD L 132
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CHRZEBEEFTDHY, ERFICEODNT,
FRELDERETEDL LI AIZGWASDH
AREH D

BHIBET AN ORIV —TDCGWAS
75, HLA-DRPLE DRI & DREIHE &
niz (P=19 X 107", PDITIIDRILERE
Moz rzor7s)y7rEEENRE I L,
NSAIDSZEZICPDO ) A 7 R &E 5
ZeblddYy, PDEREOBBRERLTE
0 BEBRER 0,

3. EHADCWAS

BHEN—=F VI VRIZBWTI, &67%
HERERMFE L LTRRO 52D V-7
BENLEFNHILIIT o TW2GWASE & bH
TA YN ZIT (BHERES333, x$HR12019),
BELRSNPE & b IZEET053, HHRI007TTH
BEBTIT, 7/ 574 NEBKEP <5X




102 B A2BIETE2HERD 6 EOMIZ,
ACMSD, STK39, LAMP3, SYTI11, CCDC62%D 5
18 % F5E L7210, |

GWASIZ & o TEH R OERBRSHRETF I
FREENZDDD, Fhb3ERERESED
—WLPHBETELEWI LS5 (missing
heritability), SNP& L Cid, 2Dk 5 FEH
WEROFREZHPOROTY ) T4 F
ATBHeHTVEIVELORZHEREFER
FETDHIEITORZLTEY, (42 #478
DGWAS] &L EbNnTw b,

HHYIZ

BEOLBIOED B/~ % 2V U ROER
BZEBEFLLCE, « VX271V A4 Y,
GBA, 4 B®DPARK16, BST1, LRRK27%: &L
NICHEZLEIN2 0L VOB HEKRTH
D, SHRDOGWASH b & b 7% A &EF DR,
TP IRBEENAT 2L L FIDLD
BRERBF EFEEINE (H2), INbH4kE
fir (1q32, 4p15, 4q22, 12q12) @, AOY R %
HFE5E (ALIZ0) A7 FHEANERIC 2
272h, % DBEINEDL POIE) BRT
B, ENENI3%, 8%, 18%, 3% & RiEDL b,
SNPiZ A v AHIZEW2SAO Y 2 7 581
B\, GBAZ & Drare variantid F DM TH Y,
ELLHEETHSL (R) 2,

L2 LBIEDSNP F v 712 L 5GWAST
i, TUVEEOEWD DRFERATETDH
D (FEEINTWARVY), rare variantid 78 2
ENTLEHY) TV vHFy7TFv—, Xki
Ry =2 — kb xV—0)—7
IYADATONTEY, HFE&hb,
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ZH D R—F Y vRZE—FHRHDN S

THIEEDREET

MAEN—F > VRO FRERF

ECETEHEINED

O

&0 &I

2X—F vy U5 (PD) i, BERMICIE, EE, &
EfE, EE), LERSTEEL EME L, RIE,
HEMERRER DS T S RRIEEREET 2
WRERRBRTHS. DHEEIICIZ 16 A LD
BEVHEET LY, SBREOBEHIIIENES
7% B BEREMATEENTYS, —EILEEE
Th b, BEDOH 5% ZMBEHETHY, &%
TIIEY PD 09 FREREICOWT, BHEE
Mo TRBRFITMZ, RED I Y 7 XD
BOTHET 5.

MFEM PD FZEFBIGHEETH 20

FEBIRIIZ RS 8 (90% BLL) OIS PD @
BRI, BEESTRAHTH AL, Mws Lo

* T Toda (B%) @ A KEEARERE SRR EAR .

BOBBNOFERRF (BT L HEHERS

%5) LREZEROMAARICI NV BET ALK
FERERREBEEZONTWVAS, Fg 1 lIRT X
ICEBEERNEEEZEROBMASHELBZ 2
CERRRETAHLEEZONRTVS (Fig. 1). EEE
HAERTALE0H 2 EORLE, QBREOR
10% WCRBENREIASND, @ BEORKIC
BUI2EREO—HMEMAOEREIIN T 5 M
(A8)12 6.7(7 4 X7 ¥ FO#E), © —IHRA
BT OB B (55%) B AETA R THO—3
R(18%) DF 3 THolz, L) TEDLRE
EhTwna,

—7, PD EFID 90% YV B IMEERETDH 5
A, 5~10% BFREE(EO—HiEx ¥ Tz
W RIET 5. A ¥ FVEENE PD KR OEHEHF
WaEnrb, 6 020X Y FIVEEE PD ERE:E
Fla-2x2L+A>, /Y—F>, LRRK2 BIZF
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TR ZDORINR—F VY VESR—RBEBHHN SETREEOREET

| FeE
RIE kR ’

FIEDRE L

-YRILAY
LRRK2 &

PD, 7VYNA =3, ¥R EREREELIEILACORRIE, BROEE
EREBBOREERORAROBHL, HAMERBL L ERBETLEE25
NCVa. AV FVRERERMSNC, common variant & LC a-3 X2 Lo >,
PARK16, BST1, LRRK2, %7, HLA-DR ® SNP 7%, ¥ 7> rare variant & LTod—

Ve RBEFVEETHS.

ZE)VBHLPICEN. SRHETIC LY —/MED
FEBRESTHDa->X2 L1 DIED, 7
U777 —bARICHERT 2BEETFOV—F >,
UCH-LI), S a ¥ FYTIHERT 2EET
(PINK1, DJ-1), BALZ b L RICBIRT 2 BIEF
DJ-D R EFREERTVS., WEMEPD, A
TVEEWEPD &b, —HEBORIER H =X 2
PHEELTRREZZ N, 253D ICL
TIZENM PD ORBHBHEISEA TV LY,

X2 FIVEEYE PARK BIEF OIS PD KEE
IKBITZIEMNEQ

1) PARKI, PARK4(a-> X2 L4 >)IZDWwn
T—1997 SFIZ PARKI (@ -2 X2 L 1 > ) BI5F
PRZESNI=DEEY YT, K42 PARK EizF
DRIEFSEL &, FDIFE A EDPMEM PD O
BAAZXRNCHDERTBEATH S LA
L72(Table 1, Fig.2)P. do& b4 252 hHik
Po7zDiX, PARKI BIZFEW -V X714 v
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EHAS, XV FIVEENE PD, MFEME PD WHD
VE—/MEDEERSThHo e VI RETH
B, a-YRX 74 A FIVEENEPD, 5
% PD ORBICHBLAESTTHLIEICLY,

a-V X7 LA YEROBITE, MFEWE PD 0F
TVIZHRBEEZOND., TIJVBERL DD
-V X7 VA ik in vitro TEALIMEET S
CEVHMOENTEY, HFEMg-YX I LA VB
B VB = b2 2 CRBMTERL
TWABZ EFHE SN TWAEY, F7-, PARKL 75,
BEMa-V X714 %8t 1.6~2.0Mb D=
EERTHo I LFRESH, EHa-v X2
LA ¥ ® mRNA, EAFBEL VAN Es
FEIVWT2 B 2 L ASRENT.

B, a-V 27 LA YEREIZERCETEE
B E{K (monomer) & LTHAEL, BEOHES L
LV, Br0ERTESL, ~Efl, BEd
LEETMOPOMBEHEEEZ DT EELON
TWh, LT, MBFATE, a-¥ X721 40D
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Table 1. #MFEM PD OBFICEIZIERRHALEIETVZ

Y IR ER C T EEE (MPTP, rotenone &) (3= b0y RU Fidgsaias
= MOV RUZKBECBERT DBETHRAY FIVEGRRZRTAR (PINK1, DJ-1715&)

JO7 7YV —LEREICRRT DEBLF AV FIVBGRRECTRAE(/ (—F>, UCH-L115E)

J—2Y URERER C T8RS (MPTP, rotenone, 6-OHDA &) DIEFBIE T I U—S

XVTIVBGRRRTHOND 7 S/ BERZ D DOERERDREE(BE
AXVFIEGHEOER a-2X I~ BLFERRRC, B - BLEFRREUNVALE

= ROV RUTHEEERE | BE(CS OV RUTHSEERT
057 — BEEEET
_______________ PD EIETILTCIOT Y —LSERET
BL A SR BETEEA MUAT—H—0EH]
JHIVESE
______________________________ AV FIVBERRRRETO 12 D1 FBEZ SURBSME{ER
a-IRT A VERE LE—IMEDERDE a-V T A
EEME., BYTTILT, HAREH SRR

VASRVZ 1} 222 L E—iME

Fig. 2. fM3tE PD RIEEF & PARK BIETF

EEMREEESND L) &, ERUSOERHEV
T, BIEICWR25EEZ 5N TWAEY, ZORIC
Fa-v X7 VA VAN - TV VRN
BTEEL, MRERLREITIENRESNT
‘,;54)_

2) PARK2 (»¥—F ), PARK9(ATP13A2)
DWW T—IFEM PD OFRETIE, LY —/MEHiL
CXF UHETHRES, BTH—1bT77V-0%
ERAONDL, LVIHIREPHL. DL,
EHDHEERE T 5 PARK Bz FOHFEEIC X
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BE ZTbhbhw/\—F>Y kLS

D, 7u77V—2%, =+ 77 V-%DEH
D IEFERE OBike A PD ORRBICEHZT 2 L v R
D 72T H 7z (Table 1, Fig. 2)%9. PARK2 (7$—
FU)EBAOBEEICOWTCIE, 2V EF Y - SFuF
TV AREHMRCIBWT, £ FF
ZRESHD E3LCFF YN —ETHD &
BHLPICEN, 28X F V) H—Fix T
TV—AZE )G REZITEREEAGICLY
FUEVW) HER DT ABETHY, 28T
Y TRTT V= ARDWHEIT & o TERESHH L
NAERE (TRbOLN—F VORI ER/T S
ZE THRBEERFIERILTVwEEELLNT
Vo, ZONR—FUVORERL T EERBEND
5, BEOFEBIIENTH BhEHRMBE TN,

PARK9(ATPI3A2) \H:E4ES R E N, #ITHEL
BEWEHERREL? 2T 52 LEAMBYTH
%. JRHEETF X lysosomal type 5 P-type ATPase
LIHEN, F—= P77 V—RDOY VYV —AKBE
TAHEHAE I FT5. BEREEVEEENYR
7YY=V EY, ATPI3A2 Sa-Y X7 L4
YOMBEEHNHIRTE LTRES D, 4%
BIZTHY, VYV —2DOBEAREPREETVS
LEZLNS.

3) PARK6 (PINK1), PARK7 (DJ-1), PARKS
(LRRE2) 12D \WT—F 72, BB emE TN
CEWE PD €5 V) OFRBEEM - AL RIFA 5
o, MEFTOI Fav FY 7EBIET B2
LA — A — DWIMAPHRE E T /2. PARK6
(PINKI), PARK7(DJ-1)i%, Tt O zHE
THEHE I~ N5 (Tablel, Fig.2)?. 4
N—3% v & PARK6 (PINKI) %R LT3 b a v
FUTDOF—=+77V—=(I v 77 V) 0BE%
H) ZEFHELPIZER, BREND 2 LARRET
LEBEIMIVFY 7ORENTERL D E
25N 5% PARK7 DJERIZ DJ-1 BETH Y,
IPIVFYTIRBTLABRILER 235 ko3
VRSt & DBRINER S 5. F7- PARKS i
BREABEECERZET2300OFRCRET
HY, BEREZEHIZ LRRK2 £\ £ F—¥Th Y,

762 PI%k Vol. 107 No. 5(2011)

RHRZED SETHREDREET

REBAERIF F—VCEROTTEL b -T2k
P, T0) VEBLEEN PD IZBWTEERE
eI LEZONL, YXZ VLA VICHT 5 F
F—BEEIER SN TV RENTIE R,

HEZDRITO

PD DFER%EF| XR8P L LT, MPTP(1-
methyl-4-phenyl-1,2,3,6- tetrahydropyridine), o
7/ ¥ (rotenone), 6-OHDA 7z &#SH1 5N TH
D, SNOEDIERBE»S D, HELPERT L
ENFTED., ThODWMBEEDH b, HHEEMIC
bIMFEME PD LEUT AR 2R T DS, MPTP
& rotenone T@ 5. MPTP 3 E DS BHEBEOE
EWTHY, WATMPP &2 FXI VT
AR=F =% AL TRNI VHRICED A F R,
IANVF—EEORTHLI Ma v ) 7TEFE
ZARD Complex I #ETAZ LI XY, M4
JBFEED LT LV Z L2 h o T 3 (Table
1. AD MPTP R/ =% vV =X AT, L
E—/MEBROBH A RS HE STV S, 7,
rotenone 1X, BEO—FETHY, BYWEFTLTF
NI VR L HAREREEA SN S, BESS
PD OEBREF TH 5 & v ) EE MR OIS )
HBHZEPLBEREINT WS, rotenone d I +
3 FY7 Complex I DHEERHERTHS. F
72, WEROEWY, FEBRICBNT, 71—
FIVANZELTBEA P LAZBITZE DA
5T % (Table 1).

ERLGRERFO

INbzE LT, WFEMEPD OMREICN
HEFLLT, @3 ba vy Py 7THERECE
D, HBEBANTAVY-BEMETT 2, ©BHS
B (T T TV 2R, -7 7 V—R%
EVBRRETICE ), A EERE 2 X/
LEHRPEE - T, MilaEk2 b0, @BLx
MU A GEHERRYE | reactive oxygen spieces
(ROS)) pHifadEM % b0, 2 ENE F S s
THELTWBZE, 2LT@a-YR7 LAY
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5 S
MFSD4 ELK4 SLC45A3 NUCKST _SLO41A1 LC26A9 SNCA_ MMRN MGC48628
RAB7L1 FLJ32569
12 @ rs947211 16 1119310748 p=7.35%x10""
o p=152x10712 “1 ®
& ey 12 1 : »o k4
£ 8 o & ERTE : ° A
;; © < $ : 4 50
Q'e 8 A d.e 8 QOQO o o
_g’ 4 AA AAGA —8’ 6 R -
' 8 "ogd ° R @ e § °
2 o @ (=] Q) @ 00 o o
® 2 o0 Q
o o o o ) <) %@
0 & 98" %o 00 00 © ° e 0 :bo «ow%'o Co 08 2w oo

g0.8

204.0

80.7 911 93 915

Chromosome 4 position (Mb)

N N

a. PARK16(1g32) b, a~->XoL 1>

(4g22)
F@S.EKAPD%%ZMI@W,%ﬁHﬂﬂﬁﬁ@f/AU%Fﬁ@ﬁﬁibﬁﬁéhk49®PD§
EFEEDOHER

TD3E 20 E o FEOERTH o7, L@ RFFCHVEEZRL, AAEFTOHEFERENL
LD PARKIG L&V 7. $72B 0 0 2 O, ERafBEEREE A —-F v Y 2 XA 20RRBETF -2 X7 L1 >
(b) ¥ LRRE2 % & tSEEASHE S Nz, Milid-logP, &b b RT3 LHEDTE. [zik 10) & Y 5]

BHBPINLORKHHVIIHORKICES LT
WAHIEIZOWTIE, HENERIEV. DI
ZWFEOBMS2EDTAHEDHBRBMOREE
B - BB OB LN TS (Table 1), Z
NoOBEIEROBGERPREEROZED
HET, FAPN, HEVIIEWIHE LD - T,
MM PD OBRBEER L T LBEEDLZA
#z 5hTw5 (Fig. 2).

4 J 17 A R EEBH (Genomewide Associa-
tion Study : GWAS) Ic & 2 HFsiE PD B &
BEFOREO

Z 210 EEIMEME PD 0REBRRTEEETFO
BRA2BE LS OMEFRINTELD, 7
WINAI—JRIZBIT B ApoBd ZHID & 9 72 HE
FIRREY R 2 2 B0 5 EBER TR H 72D HER
ENTWEhol. 7 274 FEBNKE(P<5X
107 %W THERIDIEZE, a->X7LbA1>
D 3' FEFMF4EIH SNP (Gasser b, EEHLIHE)
& T— 3 = FEEF GBA @ rare variant D 2 D

DBIZFDATH o 7.

bivhbhid, KEEOBERERE, 56 1 1E
@ SNP ###, L7241 V3 F Haps50 7 LV 4 % H
W, GWAS 247\, PD FREICE DL B 2 DOHF L
VWiE{ETFEE PARKI6, BSTI %% L7z (Fig. 3a).
¥ 72, EReAEEEENE PD ORREET a -
%2 LA >, LRRK2 D% PD ~OH5 %
SERA L 7- (Fig.3b). HA® PD ®© GWAS fifs8%
FoTwizZVv—7RRL, a-2X27L0 1
> « PARKI6 - LRRK2 & 2 N8 D PD V)
A7 THY, #v -BSTI D) A7 LEORE
NEBFRENTHAILERLRD,

F -5 PD ORI, FRAAEEEENE
PD OEREETFIFBCEBRL TSI LZRL
7o, BRZRICL Y ERaFEEREE PD 251
X TERETFD, £OSNP 2@ELT, MEHE
PD DBEY AT L o722 L ZEKREN. T4
bbb, a-¥ X2 14>, LRRK2 "HB5¥ 5 RE
REAS, MEMEEEDH PD EEOBEREOREE
T EERLTWA. —F, WMNEDREIC
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KE ZTbhbh/t—F2Y UKL

< 2o, TN~ —IE, BTEESER S
EZEDOFERREME LTHMShTEY, PD il
MREEERE L OXBEORERKOFEL bRE

LTw30,

PARKI6 $HI8IC1E, 3 D DBIZEFHIHELET 525,
FERBWVEERNTD S, NUCKSI 25, ok d
ENERRERETFTHHE#E 27 (Fig. 3a).
NUCKS1 %, JV VBbHNE2ECHERTH 5
2, MRSRICBI BB, RMTHY, HHin
. PD REERREEZ BT 2 WM SH 5. BSTI 13,
MIBBA Ca®* Brii 5 D Ca® MM 2 HRT 294
7 v 27 ADP V) R— 2 DR & i+ 2 BEE T
HY, RERBENTVS F/83 VHIBIFED Ca?t
A MVAF RS, EIREY, S hb i35k
DPDREBHP ORI o HELEEFTH
D, IERFICLEDbNT, FHREDORFAETE
%L Z B2 GWAS DIRAT D 3.

SHIEEREHN T V— 7D GWAS 205, HLA-
DR BUR DB & DBELHE S 7=, PD T
WX DRIPUEBED I 7 027 7 (3R) 2% s h
BT L, AT T4 FHLLIESE (NSAIDs) 1335201
WPDDIJAZZRLEREIEREDRD D,
PD L RIEDBREZRL TH Y BBRENDY,

PD & -2 xiREENHZE (rare variant) Q

VEN=VADERBHRLEREOZT YA
T—V 2R RN PD BEDFSE W &b,

PD Tl GBA (glucocerebrosidase, 1q21)ZR DA

TURREZEPEEBICZ VI EPHE IR, '
RREMENE E bbb hOERR SV — 7
X, GBA BIZFOE 11 7V V2D ES
PD B# 534 N, 544 NV ¥ —r v A LTl
EEFNEDOFEZ AN, 11 BEORBREESRE
BPFZEE NIz, ~AFaTHOREZIZPD B
53¢ AH 50 A (9.4%), #HE 544 AH 2 A
(0.37%)Td Y, PD & GBAZERIIHEEL T
Wiz (p= 6.9x107%, F v X 28.0)12,
SHIZEMRTOREN, 75V AN, F b
HNVAN, BENZ EFHY 10,000 AD BE T EER
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RHPZED SETHEEDRELT

DATEIITEY, EOANEIZTD GBA BiEF
RUAZ L )Rty i3 5 TH B, GBA
ERIEELZPDYAIEFTHY, SNPIZL 5
Common Disease-Common Variants i i & £ 7%

Y, Common Disease-Multiple Rare Variant 1% 3%
X230 THs. Thbhb, HEEZEWISRE
D effect size BSRE W, RV AT L BH0
BEHREBAHTH 225, B BREBET TR L,
GBA ZROBEANMBE~NORBI L LI LD
HEEEINTWAS, ‘

PD, 7Y N4 T, ¥R S
LIZE AL ORBIE, EHOREER L EROB
FEEHDFEARDBAIDS, HOLMETZBLIzL &
BETHEEZLNTWSE, TNFTHRTELE
I a->X2L+A>% LRRK2 DERTZFN 1
DT CRMEICEIE LT 545, W&EE T
EAEFELZVOTRAKRDIEZ L Tk,
T— 3 2 RBETF 7% £ D rare variant [THEED
H3ELON10% UTOBRBIZLISTiEE S
R\N7ZOIRIZIR. —J5 SNP &, ZREEDF v
RIENINZ LA EDBEICKTIIF 2720, &
ARDIBIZIE. WFNRLBETH 5 (Fig. 1).

PRXILAVTIA VRO

TRENRE2 2B ENI2\WAS, Braak St a-3
X7 VA Y DERBME L EFIO PD K TREMIC
B L, COEREOREEMIT T TR, T
POBEY, RACETLUCE, FRICRY, &
RS KBEEIC W5 L W RB 2B L,
Braak IRt & L CTE&ZTH 5.

—77, PD QR B E L CHBIEO PRREM
MBS ZBEL 10 EY ERBL-BERN L HmES
IR LA2L A, BAREZLEBRESAL
MBIV MR bW, Fha-
A7 VA Y2 BRIT ML <7 X OBH
Ma % KR 2 invitro BERR, a-¥Y X7V 4
RREBTHLINS VAV 2oy T ADOBE IR
ML 2 BHES % in vivo EERIZC, WTFhoBaic
HbBEMBOMBEIC a-v X7 LA v OBRERD
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anUv IR By—*hk

prion rods

a-synuclein fibrils

PrP amyloid plaques “

L -/N$

FHOEEER>BEECES (N - AENREECERTa-YXI7L1203

AT A—=ITF 1 LT HHERE?

Fig.4. PD QYR LAY FUAVEFIL

BHRENLIE, a-Y X7 VA VBT Py A
b= A& o CTEHRRICID A B 2 EATR
BN ThHDOMBI, a-v X7 VL VHNEE
AR BRI T 2R E R L T 5.
FTLEE, MBERADa-Y X2 VA U,
OB BENLEE L, ZOBREADORI R
T AsZE, a-v X7 L4 Y EAEORBEMNE
VRAARIELTZY FH A b— Y ZAHEEDORK
FEAZED, Y ARDROBHES 2 & %2 o 7219,

a-VEA7 VAL Ty F vERE LR,
a7 ABELL Y- MEEREY IS L
o, LEPDEoPFTRY—MELIza-¥
ROV VW Y—F o TRETRKT AL L
I, MM S TGEROMEZICELY AT
N, 7t VREABROBF CTREVSERT L L
W9, PDOTSY A VEFLRREBEINLTVS
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Article history: Mutations in PTEN-induced putative kmase? {PINKT) cause a recessive form of Parkinson's disease (PD). PINK1
‘éﬁc?“’gdlggAJme 2(2)2)?0 is associated -with mitochondrial quahty control and its partial knock-down induces mitochondrial
evise ugust - dysfi including decreased by d nd
Accepted 25 August 2010 ysfunction incl g decreased membrane potential and increased vulnerability against mitochondrial

toxins, but the exact function of PINK1: in. mitochondria has not been investigated using cells with null
expression of PINK1. Here, we show thatloss of PINK1 caused mitochondrial dysfunction. In PINK1-deficient
(PINK1~/~) mouse embryonic fibroblasts (MEFs), mitochondrial membrane potential and cellular ATP levels
were decreased compared with those in littermate wild-type MEFs. However, mitochondrial proton leak,
which reduces membrane potential in the absence of ATP synthesis, was not altered by loss of PINK1. Instead,
activity of the respiratory chain, which produces the membrane potential by oxidizing substrates using
oxygen, declined. H,0, production rate by | PlNKl ~/~ mitochondria was lower than PINK1*/* mitochondria as
a consequence of decreased oxygen consmnptxon rate, while the proportion (H;0, production rate per
oxygen consumption rate) was higher.: These results suggest that mitochondrial dysfunctions in PD

Available online 15 September 2010

Keywords:

Parkinson's disease
Mitochondria

PINK1

Parkin

Membrane potential
Oxidative phosphorylation
Modular kinetic analysis
Proton leak

Reactive oxygen species

pathogenesis are caused not by proton leak, but by respiratory chain defects.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is a neurodegenerative disease character-
ized by loss of dopaminergic neurons in the substantia nigra.
Mitochondrial dysfunction has been proposed as a major factor in the
pathogenesis of sporadic and familial PD (Abou-Sleiman et al., 2006). In
particular, the identification of mutations in PTEN-induced putative
kinase 1 (PINK1) has strongly implicated mitochondrial dysfunction
owing to its loss of function in the pathogenesis of PD (Valente et al,,
2004). PINK1 contains an N-terminal mitochondrial targeting sequence
(MTS) and a serine/threonine kinase domain (Valente et al., 2004).
PINK1 kinase activity is crucial for mitochondrial maintenance via TRAP

Abbreviations: Ay, mitochondrial membrane potential; FCCP, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone; MEFs, mouse embryonic fibroblasts; PD, Parkin-
son's disease; PINK1, PTEN-induced putative kinase 1; ROS, reactive oxygen species;
TMRM, tetramethylrhodamine methyl ester; TPMP, triphenylmethylphosphonium.
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Available online on ScienceDirect (www.sciencedirect.com).
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phosphorylation (Pridgeon et al., 2007). Loss of PINK1 function induces
increased-vulnerability to various stresses (Exner et al., 2007; Haque et
al.,, 2008; Pridgéon et al,, 2007; Wood-Kaczmar et al,, 2008). However,
silencing of PINK1 has only been partial and only one study has been
performed to assess mitochondrial functions in steady and artificial
states with complete ablation of PINK1 expression (Gautier et al., 2008).
Several studies have shown that PINK1 acts upstream of parkin in -
the same genetic pathway (Clark et al., 2006; Park et al., 2006) and co-
overexpres'sed PINK1 and parkin both co-localized to mitochondria
(Kim et al., :2008). Overexpression of PINK1 promotes mitochondrial
fission (Yang et al, 2008). Fission followed by selective fusion
segregates. (_jysfunctxonal' mitochondria and permits their removal by’
autophagy /(Twig et al, 2008). PINK1 loss-of-function decreases
mitochondrial membrane potential (Chu, 2010) and the PINK1-
parkin pathway is associated with mitochondrial elimination in
cultured, cells treated with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which causes mitochon-
drial depolarization (Geisler et al, 2010; Kawajiri et al, 2010;
Matsuda, etal., 2010; Narendra et al., 2008, 2010; Vives-Bauza et al,,
2010). However, the exact mechanism underlying the mitochondrial
depolarization induced by PINK1 defects leading to mitochondrial
autophagy has not been examined in detail.
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Here, we describe a detailed characterization of mitochondria in
PINK1-deficient cells, We show that PINK1 deficiency causes a
decrease in mitochondrial membrane potential, which is not due to
proton leak, but to respiratory chain defects.

Materials and methods

PINK1 knock-out mouse embryonic fibroblasts (MEFs)

PINK1 knock-out MEFs were prepared and cultured as described
previously (Matsuda et al,, 201 0). Mouse embryonic fibroblasts
(MEFs). were derived from E12.5 embryos containing littermate 4
mice of each genotype. Embryos were mechanically dispersed by
repeated passage through a P1000 pipette tip and plated with MEF
media containing DME, 10% FCS, 1x nonessential amino acids, 1 mM
L-glutamine, penicillin/streptomycin (invitrogen). The 2 cell line, an
ecotropic retrovirus packaging cell line, was maintained in Dulbecco's

modified Eagle medium (DMEM, Sigma) with 5% fetal bovine serum

and 50 pg/ml kanamicin. Transfection of the Y2 cells with pMESVTS
plasmids containing an SV40 large T antigen was performed by
lipofection method according to the manual provided by the
manufacturer (GIBCO BRL). Five micrograms of the plasmids was
used for each transfection. Transfectants were selected by G418 at the
concentration of 0.5 mg/ml, and 10 clonal cell lines were established.
The highest titer of 5x 10% cfu/ml was obtained for the conditioned
medium of a cell line designated y2SVTS1. 108 MEFs were plated onto
a10-cm culture dish and kept at 33 °C for 48 hours, T,{len medium was
replaced with 2 ml supplemented with polybrene-supplemented
medium cenditioned by the 2SVTS1 cells at confluency for 3 days.
Infection was continued for 3 hours, and the medium was replaced
with a fresh one. The infected MEFs were cultured at 33 °C until
immortalized cells were obtained.

We confirmed that the differences we detected in this study were
due to the PINK1 deficiency, not to artificial effects by immortaliza-
tion, by measuring cellular respiration rates of not immortalized MEFs
from other littermates (Supplemental figure). The respiration rates of
not immortalized MEFs were slightly slower than those of immortal-
ized MEFs, but the differences between PINK1*+/* and ~/~ MEFs were
consistent (Fig. 2A). :

Cell growth

Cells were seeded in 12-well plates at density of 3~6x 103 cells/well
and incubated in DMEM high glucose medium (4.5 g/l glucose and
1 mM sodium pyruvate) supplemented with 10% fetal bovine serum.
Aftera day, the medium was replaced with DMEM glucose-free medium
supplemented with 1 g/l galactose, 1 mM sodium pyruvate and 10%
fetal bovine serum (DMEM galactose medium) at 37 °C in an incubator
with a humidified atmosphere of 5% CO,. Cells were trypsinized and live
cells were assessed by trypan blue dye exclusion.

Mitochondrial morphological changes

Cells were seeded in 6-well plates at 2.0 x 10°/well and incubated
in DMEM high glucose medium (4.5 g/l glucose and 1 mM sodium
pyruvate) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. After a day, the medium was replaced with
DMEM glucose-free medium supplemented with 1 g/l galactose,
1 mM sodium pyruvate and 10% fetal bovine serum (DMEM galactose
medium) at 37 °C in an incubator with a humidified atmosphere of 5%
CO>. 24 hours later, cells were fixed and immunostained with anti-
Tom20 antibody to visualize mitochondria according to a protocol as
previously described (Kawajiri et al., 2010). All images were obtained
using an Axioplan 2 imaging microscope (Carl Zeiss, Oberkochen,
Germany).
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Cellular ATP levels

Intracellular ATP levels were determined by a cellular ATP assay kit
(TOYO B-Net, Tokyo, Japan) according to the manufacturer's instruc-
tions using a Lumat LB9507 luminometer (Berthold Technology, Bad
Wildbad, Germany).

‘ B
[

Membrdrie potential

Fluore;sgénce images were recorded using a multi-dimensional
imaging";'yv'prkstation (AS MDW, Leica Microsystems, Wetzlar,
Germany_f); with a climate chamber maintained at 37 °C. Fluorescence
was quantified with a CCD camera (CoolSnap HQ, Roper Scientific,
Princetox}.: NJ) using a 20x objective. Cells were stained for 1 hour
with a non-quenching concentration (20 nM) of tetramethylrhoda-
mine mgfhyl‘ ester (TMRM) in a 96-well plate. The cell-permeable
cationic dyé TMRM accumulates in mitochondria according to the
Nernst equation. Nuclei were stained with 250 nM Hoechst 34580.
Mitochondrial TMRM fluorescence was integrated in a 40-um
diameter circular area around the nucleus, and the minimum
fluorescence in this area was subtracted as background fluorescence.

. 8
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Cell respiration was measured at 37 °C using the Oxygen Meter
Model 781. and the Mitocell MT200 _closed respiratory chamber
(Strathkelyin Instruments, North Lanarkshire, United Kingdom). Cells
were cultured in DMEM with 4.5 g/1 of glucose supplemented with
10% FBS. Cells were then trypsinized and resuspended in Leibovitz's
L-15 medium (Invitrogen) at density of 8.0x 10° cells/ml. The oxygen
respiration rate was measured under each of the following three
conditions: basal rate (no additions); State 4 (no ATP synthesis) [after
addition of 1 pg/ml oligomycin (Sigma)}, uncoupled [after addition of
3 UM FCCP:(carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
Sigma)] using Strathkelvin 949 Oxygen System. After sequential
measurements, the endogenous respiration rate was determined by
adding 1 iM rotenone + 2 uM myxothiazol.

]
H

Mitochoridn’al respiration and membrane potential

Mitochondria were prepared from cultured MEFs as previously
described (Amo and Brand, 2007). Mitochondrial oXygen consump-
tion with 5 InM succinate as a respiratory substrate was measured at
37°C using a Clark electrode (Rank Brothers, Cambridge, United
Kingdom) calibrated with air-saturated respiration buffer comprising
0.115M 'KCI, 10 mM KH,PO,, 3 mM HEPES (pH 7.2), 2 mM MgCl,,
1mM EG,TA and 0.3% (w/v) defatted BSA, assumed to contain
406 nmol atomic oxygen/ml (Reynafarje et al., 1985). Mitochondrial
membrane “potential (Ag) was measured simultaneously with
respiratdryfactivity using an electrode sensitive to the lipophilic
cation TPMP* (triphenylmethylphosphonium) (Brand, 1995). Mito-
chondria, were incubated at 0.5 mg/ml in the presence of 80 ng/ml
nigericin'(to collapse the pH gradient so that the proton motive force
was expressed exclusively as Ay) and 2 UM rotenone (to inhibit
complex 1), The TPMP*-sensitive electrode was calibrated with
sequential ,additions of TPMP* up to 2 M, then 5mM succinate
was added:to initiate respiration. Experiments were terminated with
2 M FCCP; iallowing correction for any small baseline drift. Ags was
calculated from the distribution of TPMP™ across the mitochondrial
inner membrane using a binding correction factor of 0.35 mg
protein/pil‘. 'Respiratory rates with 4 mM pyruvate+ 1 mM malate as
a substrate in State 3 (with 0.25 mM ADP) and State 4 (with 1 pg/ml
oligomycinj were determined using the Oxygen Meter Model 781 and
the Mitocell MT200 closed respiratory chamber (Strathkelvin
Instrume_rflts).
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Modular kinetic analysis

To investigate differences in oxidative phosphorylation caused by
PINK1 knock-out, we applied a systems approach, namely modular
kinetic analysis (Amo and Brand, 2007; Brand, 1990). This analyzes the
kinetics of the whole of oxidative phosphorylation divided into three
modules connected by their common substrate or product, Ay The
modules are (i) the reactions that produce Ay, consisting of the substrate
translocases, dehydrogenasesand other enzymes and the components of
the respiratory chain, called ‘substrate oxidation’; (ii) the reactions that
consume Ay and synthesize, export and dephosphorylate ATP, consisting
of ATP synthase, the phosphate and adenine nucleotide translocases and
any ATPases that may be present, called the ‘phosphorylating system’;
and (iii) the reactions that consume Ays without ATP synthesis, called the
‘proton leak’ (Brand, 1990). The analysis reports changes anywhere
within oxidative phosphorylation that are functionally important but is
unresponsive to changes that have no functional consequences.
Comparison of the kinetic responses of each of the three modules to Ay
obtained using mitochondria isolated from PINK1+/* and PINK1~/~
MEFs would reveal any effects of PINK1 on the kinetics of oxidative
phosphorylation. Oxygen consumption and Ay were measured simulta-
neously using mitochondria incubated with 80 ng/ml nigericin and 4 uM
rotenone, Respiration was initiated by 5 mM succinate. The kinetic
behavior of a ‘Ay-producer’ can be established by specific modulation of a
Ag-consumer and the kinetics of a consumer can be established by
specific modulation of a Ay~producer (Brand, 1998). To measure the
kinetic response of proton leak to Ay, the State 4 (non-phosphorylating)
respiration of mitochondria in the presence of oligomycin (0.8 pg/ml; to
prevent any residual ATP synthesis), which was used solely to drive the
proton leak, was titrated with malonate (up to 8 mM). In a similar way,
State 4 respiration was titrated by FCCP (up to 1 pM) for measurement of
the kinetic response of substrate oxidation to Ay. State 3 (maximal rate of
ATP synthesis) was obtained by addition of excess ADP (1 mM). Titration
of State 3 respiration with malonate (up to 1.1 mM) allowed measure-
ment of the kinetics of the Ay-consumers (the sum of the phosphory-
lating system and proton leak). The coupling efficiencies of oxidative
phosphorylation were calculated from the kinetic curves as the
percentage of mitochondrial respiration rate.at a given Ay that was
used for ATP synthesis and was therefore inhibited by oligomycin. Note
that any slip reactions will appear as proton leak in this analysis (Brand et
al, 1994).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of H,0, generation rate, determined fluorometrically by measure-
ment of oxidation of Amplex Red to fluorescent resorufin coupled to
the enzymatic reduction of H,0, by horseradish peroxidase using a
spectrofluorometer RF-5300PC (Shimadzu, Kyoto, Japan). The H,0,
generation rate was measured in non-phosphorylating conditions
(==State 4) using either pyruvate/malate or succinate as respiratory
substrates. Mitochondria were incubated at 0.1 mg/ml in respiration
buffer. All incubations also contained 5pM Amplex Red, 2 U/ml
horseradish peroxidase and 8 U/ml superoxide dismutase. The
reaction was initiated by addition of 5mM succinate or 4 mM
pyruvate+1mM malonate and the increase in fluorescence was
followed at excitation and emission wavelengths of 560 and 590 nm,
respectively. Appropriate correction for background signals and
standard curves generated using known amounts of H,0, were used
to calculate the rate of H;0, production in nmol/min/mg mitochon-
drial protein. The percentage free radical leak, which is a measure of
the number of electrons that produce superoxide (and subsequently
H.0,) compared with the total number of electrons which pass
thorough the respiratory chain, was calculated as the rate of H,0,
production divided by the rate of O, consumption (Barja et al,, 1994).
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Statistics‘

Values are presented as means-+ SEM except Fig. 2D, in which
error bars indicate SD. The significance of differences between means
was assessed by the unpaired Student's t-test using Microsoft Excel; P
values<0 05 were taken to be significant.

Results i 'A
Cell gTOWth and mltochondnal morphology

In general cultured cells gain their energy mostly from glycolysis.
Therefore, cells deficient in respiratory function can grow in normal
mediuri, although possibly at a slower rate, relymg predominantly on
glycolysxs (Hofhaus et al, 1996). Actually, p° cells, which lack
mltochondrlal DNA completely, can grow producing energy exclu-
sively through glycolysis (King and Attardi, 1989). On the other hand,
galactose metabolxsm via glycolysis is much slower than glucose
metabollsm (Reitzer et al,, 1979). Therefore, cells in galactose medium
are forced to oxidize pyruvate through the mitochondrial respiratory
chain for eglergy required for growth. Consequently, cells with defects
in their rpltochondnal respiratory chains show growth impairments
in galactose medium. To evaluate this phenomenon is also observed in
our cells,,we examined growth retardation by addition of mitochon-
drial complex 1 inhibitor, rotenone (Fig. 1A). In glucose medium,
10 nM rotenone had only a slight effect on the growth of PINK1 o
MEFs and' slower growth was observed even in the presence of
100 nM rbtenone. However, in the galactose medium, 10 nM rotenone
significanitly inhibited the growth of PINK1+/* MEFs and 100 nM
roteone completely arrested the growth. Therefore, we could confirm
that the growth impairment of our cells in the galactose medmm was
due to mltochondrlal respiratory chain defects.

PINKT acts upstream of parkin, regulating mitochondrial integrity
and function; therefore, loss of PINK1 is considered to affect
mitochoridrial functions. To assess the mitochondrial functions of
PINK1~/~ MEFs, growth capability in a medium in which galactose
replaced glucose was examined. As shown in Fig. 1B, PINK1~/~ MEFs
appeared to show clear growth impairments in the galactose medium,
whereas PINK1#/* MEFs grew slightly slower than in the glucose
medium.! §

No differences of mitochondrial morphology between PINK17/+
and ~/7 MEFs in the glucose medium were detected (Fig. 1C),
consxstent with the previous report (Matsuda et al., 2010). However,
in the galactose medium, mitochondria of the PINK1 —/~ MEFs were
more fragmented compared to the PINK™/* MEFs (Fig. 1C). This is
consmtent.'wlth previous reports, which found mitochondrial mor-
phological bhanges were more pronounced when PINK1 knock-down
Hela cells Were grown in low-glucose medium (Exner et al., 2007)
and human PINK1 homozygous mutant fibroblast in galactose
medium : (Grunewald et al, 2009). In these cells, mitochondrial
morphologlcal changes were associated with the mitochondrial
functlonel'xmpalrment

Assessmeénts of mitochondrial functions at the cellular level

Becaffse'; PINK1~/~ MEFs showed severe growth impairments in
the galae;t}o'se medium, the mitochondrial functions of these cells were
assessed ;at the cellular level. First, cellular respiration rates were’
measuréd i(Fig. 2A). The basal respiration rate was significantly
reduced in’ PINK1~/~ cells compared with that in PINK1*/* cells
(11. 13:l:b7l versus 14.36+1.01 nmol O/min/10° cells; p<0.05;
n=>5 int ependent experiments), consistent with previous reports
using pantlal knock-down of PINK1 expression (Gandhi et al., 2009;
Liu et al.,-2009). Oligomycin inhibits ATP synthase, resulting in non-
phosphorylating respiration. FCCP uncouples oxidative phosphoryla-
tion, leadinig to maximum respiration rates. In both conditions, the
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Fig. 1. (A) Growth retardation of PINK1*/+ MEFs by mitochondrial complex I inhibitor, rotenone in glucose or galactose medium. Closed circles with solid line, 0 nM rotenone; open

triangles with dashed line, 1 nM rotenone;

closed diamonds with solid line, 10 nM rotenone; open ci,i'q:le,s‘ with-dashed line, 100 nM rotenone;

closed triangles with solid line,

1000 nM rotenone. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan Pl}ie dye exclusion. (B) Growth curves of PINK1+/+ and ~/~ MEFs. Closed
symbols (glucose), growth curve for cells grown in DMEM containing 4.5 g/l glucose and 1 mM sodium pyruvate; open symbols (galactose), growth curve for cells grown in DMEM
lacking glucose and containing instead 1.0 g/l galactose and 1 mM sodium pyruvate, Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye

exclusion. (C) Mitochondrial morphology of PINK1+/+ and ~/—
with anti-Tom20 antibody to visualize mitochondria. Scale bar, 20 T

PINK1~/~ cells respired significantly slower than the PINK1+/* cells
(1.76 +£0.13 versus 2.954:0.27 (p<0.01; n=>5 independent experi-
ments) and 16.44+1.80 versus 23.5041.18 nmol O/min/10° cells
(p<0.05; n=>5 independent experiments), respectively).
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MEFs. After incubating cells with the glucdséior galactose medium for 24 hours, cells were fixed and immunostained
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The main function of mitochondria is ATP synthesis via oxidative
phosphorylation. ATP levels under basal conditions were significantly
reduced in-PINK1™/~ MEFs (Fig. 2B), as reported previously for
dissociated PINK1™/~ mouse neurons (Gispert et al, 2009) and PINK1
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Fig. 2. Mitochondrial functions assessed at the cellular level. Open bars, PINK1+/+ MEFs; -
respiration rate was measured at density of 8.0x 10° cells/ml under each of the followin.
1 pg/ml oligomycin], uncoupled [after addition of 3 HM FCCP]. After sequential measure;

myxothiazol. Error bars indicate SEM (n=5 independent experiments). (B)

Cellular ATP levels. Data were hormalized based on cell
level in PINK1*/* cells. Error bars indicate SEM (n=4 independent experiments). (C) Live cell images:of BINK1*/+ and ~/—

closed bars, PINK1~/~ MEFs. (A) Cell respiration rate of PINK1+/+ and =/~ MEFs. The oxygen
g three conditions: basal rate (no additions); State 4 (no ATP synthesis) [after addition of
ments, the endogerious respiration rate was determined by adding 1 pM rotenone +2 pM
3 numbers and expressed as the percentage of the

MEFs with TMRM fluorescence. (D) Mitochondrial

membrane potential evaluated by live cell imaging of TMRM fluorescence. Left panel, the distribution of TMRM fluorescence from 3537 PIINK1*/* and 2566 PINK1~/— cells from 12

wells per cell type; right panel, the average value of TMRM fluorescence per cell. Error bars indicate SD, *P<0.05;

siRNA knock-down PC12 cells (Liu et al, 2009). Mitochondrial
membrane potential was also measured by live cell imaging of TMRM
fluorescence. Typical images were shown in Fig. 2C. The histogram
shows the distribution of TMRM fluorescence from 3537 PINK1*/+ cells
and 2566 PINK1~/~ cells from 12 wells per cell type and the bar graph
indicates the mean-£SD of TMRM fluorescence per cell (Fig. 2D).
According to the Nernst equation, the ratio of TMRM fluorescence would
translate into, on average, 6.88 mV lower mitochondrial membrane
potential in the PINK1™/~ cells if the plasma membrane potentials were
not different between PINK1%/* and ~/~ cells. Mitochondrial mem-
brane potential decrease was also showed previously in PINK1 knock-
down Hela cells (Exner et al, 2007) and in stable PINK1 knock-down
neuroblastoma cell lines (Sandebring et al, 2009).

Assessments of mitochondrial functions using isolated mitochondria

To further analyze mitochondrial functions, we measured the
kinetics of oxidative phosphorylation using isolated mitochondria
from PINK1*/* and /= MEFs. Fig. 3 shows the kinetics of the three
modules of oxidative phosphorylation using succinate as a respira-
tory substrate (complex Il-linked respiration). Fig. 3A shows the
kinetic response of.substrate oxidation to its product, Ayr. The

**P<0.01; ***P<0.001.

substrate fox‘"jdation kinetic curve for PINK1™/~ cells was clearly
shifted lower compared with that for PINK1+/* cells, indicating that
the loss of PINK1 caused mitochondrial respiratory chain defects.
Fig. 3B shows the kinetic response of proton leak to its driving force,
Ay, and Fig. 3C shows the kinetic response of the ATP phosphory-
lating pathway to its driving force, Ay. Both kinetic curves for
PINK1+/* fan:d ~/= MEFs (open and closed symbols, respectively)
were overl}aﬁping, implying that there were no significant differ-
ences in thpég modules.

We also independently measured the mitochondrial oxygen
consumption rate using pyruvate/malate as a respiratory substrate
instead of Succinate to check complex 1. Modular kinetic analysis
using pyrufv‘ate/malate is technically difficult -for the following
reasons: (1) the oxygen consumption rate with pyruvate/malate is
much slower than succinate respiration; and (2) there are no
competiti\iéfinhibitors of complex I-linked respiration, such as
malonate for succinate respiration. As shown in Fig. 4A, the
respiration ffates in State 3 and 4 with pyruvate/malate of isolated
mitochondria from PINK17™/~ cells (closed symbols) were signifi-
cantly slower’than those of PINK1%/* cells (open symbols), as in the

* case of succinate respiration (Fig. 4B; data derived from the kinetic
curves in Fig. 3). :
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Fig. 3. Modular kinetic analysis of oxidative phosphorylation in mitochondria isolated
from PINK1™/* and ~/~ MEFs. Modular kinetic analysis of the Kinetic responses to
membrane potential, As, of respiration driving (A) substrate oxidation (A titrated
with uncoupler, FCCP, starting in State 4), (B) proton leak (A titrated with malonate,
starting in State 4) and (C) the phosphorylating system, calculated by subtracting
respiration driving proton leak from respiration driving the Ays-consumers Ay titrated
with malonate starting in State 3; not shown) at each Ay Open symbols, PINK1+/+
MEFs; closed symbols, PINK1™/~ MEFs. Error bars indicate SEM (n=4 independent
mitochondrial preparations).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of the H,0, generation rate. Mechanisms of mitochondrial ROS
production were well described elsewhere (Fig. 1 of Lambert et al.,
2010). Pyruvate and malate generate NADH, which induced forward
electron transport and generate ROS mainly from complex I and IIL
For pyruvate/malate respiration, the basal H,O, generation rate
{(measured in the absence of respiratory chain inhibitors) was not
different between PINK1%/* and ~/~ mitochondria (Fig. 4C). The
addition of antimycin A and further addition of rotenone, which
inhibited forward electron transport at complex Il and ], respectively,

enhanced Hzoz generation. During succinate respiration in the
absence of resplratory chain inhibitors, ROS are generated mainly
from the qmmne binding site of complex I due to reverse electron flow
from coenzyme Q to complex 1. For succinate respiration, H,0,
generation; rate in the absence of reparatory chain inhibitors was
higher in.PINK1+/* mitochondria than in PINK1—/— mitochondria,
but the d]fference was not significant (Fig. 4D). The addition of
rotenone, which blocks reverse electron flow from coenzyme Q to
complex I, attenuated H,0, generation.

Figs. 4 ¢ and D show a tendency for PINK1*+/ + mitochondria to
generate more ROS than PINK1~/~ mitochondria. However, their
respiration: rates were remarkably different (Figs. 4A and B).
Therefore, jwe calculated the percentage free radical leak, which is

- the fraction of molecules of O, consumed that give rise to H,0, release

by mitochondria (free radical leak) during either pyruvate/malate or
succinate State 4 respiration (Figs. 4E and F). For pyruvate/malate
resplratlon mltochondna isolated from PINK1~/~ cells had higher
proportion; of Hz0, generation than PINK1%/* mitochondria. During
succinate respxranon without respiratory inhibitors, PINK1™/~ mito-
chondria had :also higher proportion of free radical leak mainly from
complex I due to reverse electron flow from coenzyme Q to complex 1.
Because the. drfferences disappeared with addition of rotenone, which
inhibit reverse electron flow, ROS generation enhanced by loss of
PINK1 was; mostly from complex I.

R
Discussion : .

We produced an in vitro model of Parkinson's disease, immortal-
ized PINKY, ./~ MEFs. Previously, impairment of mitochondrial
respiration was observed in the brains of PINK1~/~ mice (Gautier et
al,, 2008). PINK1~/~ MEEs clearly showed a phenotype of mitochon-
drial dysfunctions, which is consistent with PD pathogenesis. This
phenotypeiwas apparent in a cell growth experiment using medium
containing galactose instead of glucose (Fig. 1B). Mitochondrial
fragmentation was observed when PINK17~/~ MEFs grew in the
galactose: medium (Fig. 1C), which was consistent with previous
reports (Exner et al,, 2007; Griinewald et al., 2009). Our results have
unveiled that the PINK1 —- MEF line could be a potential PD model,
presenting ;growth retardation due to decreased mitochondrial
respiration ’aé'tivity Thus, the PINK1™/~ MEFs are a useful tool for
evaluating the role of PINKl in mitochondrial dysfunction and
relevant to PD.

In PINKI'/‘ MEFs, mitochondrial membrane potential was de-
creased compared with that in littermate wild-type MEFs (Figs. 2C and
D), as reported previously for PINK1 knock-down Hela cells (Exner et
al, 2007) ‘and stable PINK1 knock-down neuroblastoma cell lines
(Sandebring et al, 2009). This is a key event during elimination of
mitochondria: Mitochondrial fission followed by selective fusion
segregates: da’maged mitochondria, which decreases their membrane
potential, and permits their removal by autophagy (Twig et al,, 2008).
The PINK1-parkin pathway is thought to have a crucial role in this
mitochondrialelimination mechanism (Geisler et al,, 2010; Kawajiri et
al,, 2010; Matsuda et al., 2010; Narendra et al,, 2008, 2010; Vives-Bauza
et al, 2010) ‘To clarify what caused the decrease in mitochondrial
membrane: petential, we performed a modular kinetic analysis using
isolated mitochondria (Fig. 3). This analyzes the kinetics of the whole of
oxidative phosphorylation divided into three modules connected by
their common substrate or product, mitochondrial membrane potential
(AY). The modules are include one A¢s-producer (substrate oxidation)
and two Ay-consumers (phosphorylating system and proton leak)
(Brand, "1990). To decrease Ay, the Ay-producer should be down-
regulated andyor Ays-consumers should be up-regulated. As cellular ATP
levels were decreased compared with those in littermate wild-type
MEFs (Fig. 12B), it is unlikely that the phosphorylating system is
up-regulatéd.’ Indeed, the kinetics of the phosphorylation module
were not altered (Fig. 3C). The other Ay~consumer, proton leak,
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which partially dissipates the membrane potential without ATP
synthesis, was also not changed (Fig. 3B). Therefore, the decrease in
membrane potential caused by loss of PINK1 is likely to have been
caused only by lower activity of the Ay-producer, substrate oxidation
(Fig. 3A). This is the first report showing that mitochondrial membrane
potential decrease caused by loss of PINK1, which is the key event for the
following mitochondrial elimination, was not due to proton leak, but to
respiratory chain defects. We used only succinate (a complex II-linked
substrate} as a respiratory substrate in the modular kinetic analysis for
technical reasons. However, complex I-linked respiration (pyruvate/
malate) was also decreased in PINK1~/~ MEFs like succinate respiration
(Fig. 4A).

The mitochondrial respiration rates in State 4 were decreased in
PINK1~/~ MEFs, and consequently, the proportions of free radical
leak were significantly higher in PINK1~/~ MEFs than in PINK1+/+

rite

.-4E and F). Because the differences disappeared with
addition pf.;'qotenone (complex I inhibitor, which inhibits reverse
electron flow from coenzyme Q to complex I), ROS generation
enhanced by loss of PINK1 was mostly from complex L. These results
are partia:lly,j consistent with those in previous reports, suggesting
that MPTP, and rotenone induce neuronal cell death by inhibiting
complex; I; 'a{ctivity, leading to a PD-like phenotype (Dauer and
Przedborski; 2003; Jackson-Lewis and Przedborski, 2007; Troja-
nowski, 2003). )

In this study, we developed an in vitro PD model, the PINK1~/~ MEF
line, and established the experimental conditions for cell growth to
detect mitbchondrial dysfunction. This is the first report showing that
complete :ablation of PINK1 causes a decrease in mitochondrial
membrané potential, which is not due to proton leak, but to respiratory
chain defects.

MEFs (Figs..
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Supplementary materials related to this article can be found online
at doi:10.1016/j.nbd.2010.08.027.
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ABSTRACT

Background: We describe the four decades follow-up
of 14 parkin patients belonging to two large eight-gener-
ation-long in-bred Muslim-Arab kindreds.

Results: All patients had a single base-pair of adenine
deletion at nucleotide 202 of exon 2 (202A) of the parkin
gene (all homozygous, one heterozygous). Parkinson’s
disease onset age was 17-68 years. Special features
were intractable axial symptoms (Jow back pain, scoliosis,
camptocormia, antecollis), postural tremor, and preserved
cognition. .

Conclusions: The 202A deletion of the parkin gene
causes early-onset Parkinson's disease with marked
levodopa/STN-DBS-resistant axial features. Postural
tremor and preserved cognition, even after 40 years of
disease, were also evident. © 2011 Movement Disorder
Society

Key Words: Parkinson’s disease; genetics; Parkin;
CARKZ: follow-up

Introduction

Mutations in the parkin gene (6925.2-6q27, MIM
602544) are the most common cause of monogenic
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202A DELETION IN THE parkin GENE

autosomal recessive Parkinson’s disease (PD).’”* The
phenotype includes early onset of classic PD symptoms,
but may vary with respect to additional atypical fea-
tures.>™ Exonic deletions or multiplications and trun-
cating or missense mutations have been described.*®
No reports point to ethnic clusters of specific parkin
mutations. We describe four-decades follow-up of 14

parkin patients belonging to two large in-bred Muslim-
Arab kindreds.

Methods

PD patients of Arabic-origin with age of disease onset
< 50 years were recruited from the Sheba Medical Cen-
ter Movement Disorders Clinic. The Institutional
Review Board approved the use of human subjects for
this study. All patients and family members signed
informed consent for participating in the study.

Participants were examined by a movement disorders
specialist at 2-12 months intervals. Asymptomatic fam-
ily members were examined once at the time of DNA
collection. DNA was extracted from blood leukocytes.
All exons of the parkin gene were screened for dele-
tions, insertions, or point mutations by direct sequenc-
ing of the PCR products, sequenced on both strands as
previously described.?

Results

Thirteen of 14 PD patients and 15 family members
consented to genetic testing. Patient characteristics are
summarized in Table 1 (10 men, 4 women; mean age
52 * 10 years; range 35-73 years).

In all 13 patients, the same parkin mutation was found:
a single base-pair deletion of adenine at nucleotide 202 of
exon 2 (202A), causing an out-frame mutation with an
early-stop codon (12 homozygous, 1 heterozygous) and
one patient was not genotyped. The mutant parkin lacks a
part of the Ubl domain and the entire region of the RING
box, suggesting loss of activity of E3.

Phenotype and Clinical Course

All patients belong to two large Muslim-Arab in-
bred hamulas (kindreds). Each hamula can trace their
ancestry to a few founders about eight generations ago.
Family A traced back five generations and divided into
three branches shown as Aa, Ab, and Ac Family B
traced back eight generations.

Mean age * SD at PD onset was 31 = 15 years
(range 17-68) and disease duration 21 = 13 (median
19, range 1-41 years) (Table 1). The first patient
(B-VII-22) was seen in our clinic in 1963, aged 27
years. She complained of “bent trunk” and slowing
since the age of 23. Her first cousin (B-VII-25) was
examined in 1989, aged 19 years due to scolisois and
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Table 1. Demographic characteristics and motor features of Parkinson’s disease (PD) patients with the parkin 202A
deletion
Parkin 202A Age of PD H&Y Presenting Rest Post. Gait Post

Patient No. deletion Gender Age onset duratisn  stage sign tremor Rig. Asym Brad. Inst. dist. tremor
Aa-lI-3 HOM M 58 17 41 3 Hand tremor + + + + + + +
Aa-lI-8 HOM M 50 15 35 4 Leg dystonia + + -+ + + + +
Aa-l-10 HOM F 48 47 1 2 Leg fremor + + + +
Aa-I-11 HOM M 47 30 17 3 Leg tremor + + + + + -+ +
Ab-IV-14 NG M 73 68 5 3 Slow gait + + + + + +
Ab-V-7 HOM F 47 18 29 3 Hand tremor + + + + -+ +
Ac-IV-5 HOM F 35 17 18 4 Hand tremor + + + + + + +
B-Vil-8 HOM M 62 35 27 4 Leg tremor + + + + +
B-vii-10 HOM M 59 28 31 4 Hand tremor + + + -+ + + +
B-Vii-13 HOM M 48 37 12 3 Leg tremor + + + + +
B-Vil-17 HOM M 44 30 14 3 Hand tremor + + + + +
B-Vil-22 HOM F 63 23 40 3 Camptocormia + + + + + + +
B-Vli-25 HOM M 39 19 20 3 Hand tremor + + + + + +
Aa-l-6 HET M 55 49 ] 2 Hand fremor + + +
Mean=SD 2113

5210 31x15

HET, heterozygous; HOM, homozygous; NG, not genotyped; Rig, rigidity; Asym, asymmetry; Brad, bradykinesia; Post Inst, postural instability; Dist,

disturbance; Post, postural.

bradykinesia. The diagnosis of juvenile-onset PD was
made in both.

The presenting symptom was hand tremor (n = 6),
leg tremor (n = 4), foot dystonia (n = 1), camptocor-
mia (o = 1), and gait disturbances (n = 1). Bradykine-
sia and rigidity were present in all patients and rest
tremor in all but one. Eleven had postural hand
tremor, three limb dystonia (two at PD omset) and
three reported sleep benefit (Table 1).

Atypical motor features included prominent levo-
dopa-resistant axial symptoms (n = 10): recurrent falls
at onset (n = 1), gait disturbances at onset (n = 1),
scoliosis (n = 1), camptocormia (progressive to fixed
90° trunk flexion, n = 2), antecollis (n = 1), lower
back pain (LBP) (n = 8) (Table 2). Camptocormia and

antecollis 5 years after onset were observed in a hetero-
zygous carrier with an intermediate PD phenotype
(onset 49 years) and very slow disease progression.
Pain was a predominant symptom (painful dystonia
= 2, LBP = 8). Two patients manifested autonomic
dysfuntion with complaints of constipation (Table 1).
None of the patients developed significant cognitive
impairment or dementia during follow-up of up to 40
years (median 19 years). Seven patients had depressive
symptoms but none develeoped hallucinosis or psychosis.

Response to Treatment and Progression

Levodopa response was excellent for appendicular
signs but only minor for axial signs. All patients devel-

Table 2. Nonmotor/atypical features and therapy-related features of Parkinson’s disease (PD) patients with the parkin

202A deletion

Cognitive  Sleep  Autonomic Additional Response to  Wearing Levodopa induced UPDRS Il DBS (Yr after
Patient No. Psych. decline  benefit features axial features levodopa off dyskinesia (on/off) PD onset)
Aa-I-3 - + + + 52
Aa-ll-8 DEP - -+ + + -+ 20/27 -+ (30)
Aa-i-10 - + constip LBP NA NA NA 17/NA
Aa-i-11 - + 46
Ab-lV-14 - constip + + 38/41
Ab-V-7 DEP - + LBP + + + 14
Ac-lV-5 DEP - + + + 48/61 + (14)
B-VII-8 DEP - LBP + + + 16/22
B-vil-10 DEP - LBP + -+ + 37/64 + (26)
B-ViI-13 DEP - LBP + + 4/20
B-VII-17 - LBP + + 20/30
B-Vil-22 DEP - Camptocormia, LBP + + + 37/48
B-Vil-25 - Scoliosis, LBP + + + 16/28
Aa-lI-6 - Antecollis, Camptocormia NA NA NA NA

DEP, depression; constip, constipation; LBP, Lower back pain; NA, not applicable.
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