NHPOPMAILIUA 3A:

HaumenoBanue Ha 3a60/151BaHeTo

lOBenunana INapkunconosa Gonect (PARK2; PARK6; PARKYT; PARK23; PARK 12; PARK
3; PARK 10; PARK 13; PARKY5)

Onpene.ﬂemle Ha 3a00/1IBaHETO

FOBennnna [apkunconosa Gonect e opma Ha [lapkuuconosara Gonect, xapakTepusupalua
€€ C Bb3pacT Ha Hayano Mexay 21 u 45 roaunu. [Ipe1OMHHAHTHO B HA4aNOTO Ce Pa3BUBAT
PHTHIHOCT M GONE3HEHM KpaMMM, MOCAEABAHM OT TPEMOpP, OPAAMKUHE3Ms, JUCTOHMS,
HapyLICHHUs B NIOXOJKATa C MajaHus U pyru HEMOTOPHH CUMNTOMM. 32 moseueTo Gopmu Ha
3a00/15BAHETO € XapaKTepHa ChILO GaBHa MPOrpecys Ha 3a60MIBAHETO U U3PA3eH OTFOBOP Ha
AONaMUHEPTHYHA Teparnus.

Yerupuundpen koa ua 3a6onsBanero no MKB-10 (ako TakbB e HaaHYeH)

G20

Koa na 3a6oasBanero no Orpha code

ORPHA2828

Enunaemuosioruunn sannu 3a 3aGonssanero B PenyGianka bnarapus

[peanonara ce 1-5/ 10 000, cboTBETCTBAILIO HA TOBA B OCTAHANNTE CTPAHH B EBponeiicku
ChIO3

B T.4. HayyHH nyGIMKALMH OT NOCJEAHHUTE TeT FOJHHH H NPHIIOKEHA
oubiuorpageka cnpaska

1. Milanov I, Kmetska K, Karakolev B, Nedialkov E. Prevalence of Parkinson's disease
in Bulgaria. Neuroepidemiology. 2001;20(3):212-4.

2. Farlow J., Pankratz ND, Wojcieszek J., Foroud T. Parkinson Disease Overview
GeneReviews” Last Update: February 27, 2014.

Enungemuonoruunu nannu 3a 3aGonsisanero B EBponeiickns cbio3

1-5 /10 000; Pasnpoctpanenuero na lOsenunna IMapkuucoHoBa Gonect B Epporneiickus
Cbio3 ce oveHsBa Ha 1/8,000-1/5,000 (5-10 % ot Bcuuku nauuenTu ¢ I16). Mbixkete ca ro-
3acernatu ot sxenure (1.7:1). Habmonapa ce, ue xeHuTe pa3BuBar 3a00J1IBAHETO CPEHO
0KO0J10 2 TOAMHH NO-KBCHO OT MBKETE.

B T.4. Hayunn nyGiMKanMK OT NOC/EHUTE IET FOAHHU U NPHJIOKEHA
oubsinorpadeka cnpaBka

1. Wang, Y., Clark, L. N, Louis, E. D., Mejia-Santana, H., Harris, J., Cote, L. J.,
Waters, C., Andrews, H., Ford, B., Frucht, S., Fahn, S., Ottman, R., Rabinowitz, D.,
Marder, K. Risk of Parkinson disease in carriers of parkin mutations: estimation
using the kin-cohort method. Arch. Neurol. 65: 467-474, 2008.

2. Farlow J., Pankratz ND, Wojcieszek J., Foroud T. Parkinson Disease Overview
GeneReviews® Last Update: February 27, 2014,

Ouenka Ha CHLOTBETCTBHETO Ha 3a00J5IBaHETO ¢ )_Ie(l)l/lHl/llll/lﬂTa 3a psAjaKoO 3aboJ1sBaHe




cbraacHo § 1, T. 42 oT 1ONbLAHHTEIHHTE pa3snopeatu Ha 3aKOHa 3a 3APABETO

3abonsiBaneTo € ¢ pasnpocTpanenue A0 5/ 10 000 ayum ot Hacenenueto Ha EBponeiickns
ChHIO3.

KpuTepuu 3a AHArHOCTHIHMPaHE HA 3260/19BAHETO

Jnmarnoctrumpane Ha 3a6onsiBaHero (nedunuLns Ha ciyyait):

[Ipusnauure u cumnromurte Ha 3abosssanero: FOeenmnna IlapkuHcoHoBa Goect e ¢
Bb3pacT Ha Hadano Mexay 21 u 45 roauuun. IpefoMMHAHTHO B HAualOTO c€ pa3BMBAT
PUrHAHOCT ¥ OONE3HEHW KpamIM, MOCJeABAHH OT TPEMOp, OpaAWKMHE3Us, HApYIUEHHS B
noxoJKara ¢ najauus. B cpaenenue ¢ xnacuueckara I1b ce HabmogaBa HHCBK pUCK 3a
pa3BuUTHE Ha majaHus v GPUH3HHr EHOMEHH, HO MO-BUCOK PUCK 3a AMCTOHHMS, MOTOPHH
aykryauuu u nesogona unayuupanu Auckuresnu. INpu TlapkuHcoHOBa GonecT ¢ paHHO
Havano ce ¢bobiana 3a npeobnajaBaHe HA HEMOTOPHMTE CMMIITOMH BKJIOUMTEHO anaTus,
FCHEpA/IU3HPaHa TPEBOXKHOCT, NAaHWUYECKH 3abonsBaHus, couuanHa (obus, aenpecus,
NCHX03a (XaNlOUMHALMK), T[OBEJCHYECKH HApPYLIEHHs (arMTHPAHOCT U 3aboJsBaHus
CBBP3aHM C KOHTpOJIAa Ha HMIYJCHBHOCTTA), JEMEHLMS W KOTCHWTHBHHM HapyLI€HMs B
CpaBHEHHME C KjacHueckaTa criopaauyHa ¢opma Ha 3abonsBaHeto. XeHuTe € Mo-BepOSTHO
Aa C€ NpPEeACTAaBAT C TPEMOP WJIM 1a Pa3BUAT anaTusi, TPEBOXKHOCT, AENPECHst UK JIEBO0MNA-
MHIYUMpaHU AUCKMHe3uH. [lo cblums HauMH HenekyBaHHMTe nauueHTH ¢ [lapkMHCOHOBa
GosecT ¢ paHHO Hayalo ce NPEeACTAaBAT MHOIO MO-4ECTO ¢ KPamiM M AUCTOHHA 11033 B
CpaBHEHHME € MO-BB3pacTHUTE nauueHTd ¢ I1b. Tunuunu uepru Ha PARK2 ca muypHa
$ayxTyauumute ¢ noaobpeHue ciiell CbH, AMCTOHMSA HA CTBNANO, XHNeppedIeKCHA 1 PaHHH
N€BOJIONA-UHIYIIHPAHU TUCKUHE3HM.

Ernonorusta u narorenesara: Tounara erwonorus Ha [lapkuHcoHoBa GonecT ¢ paHHO
Hauano € Bce oule HeusscHeHa. Cumnromure Ha [lapknHcoHOBa GonecT ¢ paHHO Hayano ce
CMATAT J1a ca B pe3yJITAaT Ha JiereHepauus Ha A0Na-npoAyLHUpaL|UTe HEBPOHH Ha CYOCTaHLIMS
HHMIpa B pe3ynrar Ha uHheKuno3Ho 3aboBaHe, hapMaKkoTepanus UM reHETHYHH (BaKTOpH.
Myraunn B PARK2 (6q25.2-q27), PARK6 (PINK1, myrauus B xpomosoma 1p36.12) u
PARKY (1p36.23) renute ca BpBieUeHH B HAKOMU Cilyyau Ha [lapkuHCOHOBa 6OECT C PaHHO
Hayano. Shimura u konerm (2001) npeanonarar, uwe alpha-synuclein u parkin
B3aUMOJieHcTBaT (YHKUMOHaNHO, a uMeHo ue parkin ubiquitinates alpha-synuclein
HOpMajJHO U Y€ TO3U MpOUEC € MPOMEHEH MpH aBTO30MHO-peniecuBHata I1B. Shimura u
koneru (2001) uaeHTMPHLMPAT IPOTEHHOB KOMIJIEKC B HOPMAJTHUS YOBELIKH MO3BK, KOITO
BktouBa parkin karo E3 ubiquitin ligase, UBCH7 (xarto Toii e cBbp3an ¢ E2 ubiquitin-
conjugating ensum) u eaHa Hosa 22-kD rmokosunatha dopma Ha alpha-synuclein (alpha-
Sp22) kato cy6erpar. O6paTHO Ha HopMasiHusa parkin, Npu aBTO30MHO-peLiecUBHUTE GOPMH
Ha [1b MyTtupanuar parkin He ycnsiea ja ce Bbpxe ¢ alpha-Sp22. Shimura u xoneru (2001)
3akmouasar 4e alpha-Sp22 e cyberpara 3a parkin ubiquitin ligase akTHBHOCT NpH HOpMAHHU
ycloBus W 4e 3arybara Ha parkin (yHKUMATa NpUUYMHABA NATOJOTMYHO HATPYNBAHE Ha
alpha-Sp22. Mortiboys u koneru (2008) ycraHossiar, ue pubpo6racture ot I1b nauueHTy ¢
OuanenHu mytaunu Ha PARK?2 reHa umar 3Ha4MTeNHO HaMaleH MUTOXOHAPEaIeH KOMIIEKC
[ aktuBHOCT 1 AT® npoaykuus B cpaBHeHHe ¢ KOHTpoau. OUOPOONACTHTE HA MALMEHTUTE
NnokKasBar CbLWO MpPoMAHa B MOp(ONOruATa, KOETO BKJIIOYBA [MO-TOJIIMa CTENEH Ha
MHUTOXOHIpHATHO  Pa3KJIOHSBAHE, KAaKTO W yBeJMYEHAa  YYBCTBUTEIHOCT  KbM
MHUTOXOHAPHAJIHU TOKCHHHU.
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AJ]FOpHTMﬂ 3a THATHOCTHIIHPAHE HA 3abonsiBaHETO

AJroputmu 3a MarHocTyiMpase Ha 3a6onsBadero: ChriacHo Haumonanen koncencyc 3a
JAMarHoCTUKa v neuenue Ha [lapkuHcoHoBara 6oJecT.

AHamHe3aTa: XapakTepHO 3a KJIMHMUYHHTE H35BM HAJIMYMETO Ha TpeMop ce Hab/wojaBa B
85% ot nauuentute ¢ [lapkMHcoHoBa 60JeCT € paHHO Hayalo, paHHaTa Bb3PacT HAa Hayaslo
Ha 3abonaBaHero, (pamunHata aHamuesa [Ib ¥ 1006pus OTroBop Ha AONMAMUHEPrHYHA
Tepanus.

HudepenunanHara auarHosa Ha 3a60/1sBaHETO: ATUMMYEH IOBEHUJIEH MNapKUHCOHH3BM,
[TapkunconoBa GosecT ¢ kbcHO Hauano; HacneacrBen eceHumanen Tpemop, Goject Ha
Wilson, 6onecr Ha Gaucher Tun 3, Pantothenate kinase-acouunpana, roBeHHIHA OOJECT Ha
XBHTUHITOH U N€3WH Ha 0a3aJIHU FaHTJIUK.

JlabopaTopHu, 00pasHu W xwuctonoruunu uscneasanus: PET/SPECT wuscienBanusita
NOKa3BaT HaMaJIcHO HATpyNBaHE Ha AONMAaMUHOBHUTE TPAHCMOPTEPH B 0a3zajHUTE TaHTJIMH.
@uHanHaTa 1MarHo3a ce Nnoctaes Ha OaszaTta Ha HAJMUMETO Ha Teila Ha lewy B MO3bKa NpH
ayroncus. Ohsawa u koneru (2005) npennonarar, ye peaykuusta Ha SNAP amnnutyara
npu IIb nauuentr mon 60 roauHu 6u Morna aa e unaukatop 3a PARK2 myraumu, kato
3aKJI04aBar, Y€ CEH30pHaTa aKCOHAJIHA HEBPOMNAaTHs € 4ecTa uepTa Ha 3a00JI1BaHeTo.




F'eHeTHYHM U3CJCABAHUA M MEJAMKO-TEHETUYHO KOHCvyaTHpaHe: B mnoBeuero ciay4dyau

[lapkuHcoHoBaTa Gonect ¢ paHHO Hauaso e criopaandHa. Ipu Bce ToBa ce HaGIOAABAT M
Gamunuu ciayyan ¢ mytaumu B PARK2 (XOM0O3UroTHa uiiu KOMOMHMpaHa XEeTEepO3WIOoTHA
MyTauus B parkin resa Ha xpomosoma 6q26), PARK6 (PINK 1), PARK7 (XoM0O3UroTHa uju
KOMOHHHpaHa xeTepo3urotHa mytaums Ha DJ1 rew mHa xpomosoma 1p36) n PARK23
(XoMO3MroTHa unuM KOMOMHMpaHa XeTeposuroTHa mytauus Ha VPS13C ren 15q22), npu
KOUTO €€ npeanoara aBTO30MHO-PELECHBHO yHacaeaaBaHe, kakto 1 PARK 12 (cebp3an ¢
X xpomosomara), PARK 3 (xpomosoma 2p13), PARK 10 (xpomo3zoma 1p32), PARK 13
(xereposurotHa mytauus Ha HTRA2 ren na xpomosoma 2pl3), PARKS (xerepo3uroTtHa
myTauus Ha UCHL1 ren Ha xpomozoma 4p13) .
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AJITOPUTMH 3a JiedeHHe Ha 3200/ 11BaHeTO
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AﬂFOpPlTMI/l 3a npocJjicAssBaHe HA 3a060JI9BaHETO
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MOTOpHH iyKTyaumu. [1o-01o kauecTBO Ha KMBOT ce OTOENA3BA B PE3YJITAT HA COLHATHH
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AJ]FOpHTMﬂ 3a pexaﬁn.ﬂnTaunﬂ Ha 3200/1IBAaHETO

Anroputmi 3a pexabunutanus Ha 3abonseaHeto: CobriacHo Haumonanen KoHceHCyc 3a
AMATHOCTHKA W jeuveHue Ha IlapkuHcoHoBaTa GojecT M HalMoHaneH KOHCEHCYC 3a paHHa
AWarHOCTHKA M JleueHue Ha 00JiecTTa Ha AnuxaiMep U aApyru GOpMHU Ha AEMEHIIHS.

B T.4. HayynH nyGJHKaLHH OT NOCIETHUTE NET FOJUHH H NPHIOKEHA
onbanorpadcka cnpaska

1. Haumowanen koHceHcyc 3a auarHoctuka u nedeHue Ha IlapkmHcoHoBarta Gonecr,
JBuratennu 3aboassauus, 2013, 10, 1.

2. Hauuonanen KoHCEHCyC 3a paHHa JMAarHOCTHKAa M JiedeHMe Ha 0ojecTra Ha
AnuxaiiMep u apyru ¢opmu Ha aeMeHuus, anpui 2015,

HeoOxogqumu  pefiHocTH 3a npodmirakruka Ha 3aboisiBaHeTo (aKo TaKHBa ca
TPHJIOKHMH)

JleHHOCTH 3a mpodunakTuka Ha 3aboassaHero: ChbriacHo HaumoHaneH KoHCEHCyc 3a
AWarHoCTHKa W Jeyenne Ha IlapkuncoHoBarta Gonect ¥ HauunonaneH KoHceHCYC 3a paHHa
AWAarHOCTHKA U JieyeHue Ha bonecTTa Ha AnuxaiiMep U Apyru GOpPMH Ha JAEMEHIMS.

B T.4. Hay4HH nyGIHKANHK OT NOC/IEHHTE ET FOAHHH H PHJIOXKEHA
O6ubauorpadceka cnpaska

. HauMonanen KOHCEHCyC 3a AMarHocTuka W JieueHue Ha [lapkuncoHopaTa Gonect,
HBurarennu 3abonssanus, 2013, 10, 1.

2. HauuonaneH KOHCEHCYC 3a paHHa /[MarHOCTMKAa W JieueHue Ha OonecTra Ha
AnuxaimMep u apyru ¢opmu Ha geMeHLus, anpui 2015,

IIpenaoxenns 3a opraHu3alUsi HA MeIMIMHCKOTO O0C/Ay)XKBaHE HAa NMALHEHTHTE H 3a
¢uHAHCHpaHe HA CHOTBETHHTE JefiHOCTH, chOOpa3eHH ¢ jJelicTBamaTa B CTpaHaTa
HOPMAaTHBHA ypenba

Cu3naBanero Ha HauyoHaneH excnepTeH 1eHThp ,,Peku HEBPOAEreHEpPaTHBHHU
3a00/19BaHus, MPOTUYALLH C KOTHUTUBHH, NOBEJEHYECKM U MOTOPHH HapylueHus” 3a
JMarHOCTHKA, JICHCHHUE U NPOCIEAABAHE U peXaOUIUTALNS BKJIIFOYUTEHO U HA MALIUEHTH C
TOBa 3a00J1BaHMs 110], PKOBOJICTBOTO Ha uJ.kop.npod.a-p JI. Tpaiikos, AMH (HalMOHANEH
eKCTIEPT ¢ Ha-roJIsAM ONMT M NPHHOC 3a JMArHOCTUKATA U JICUSHUETO Ha Te3u 3a00siBaHus ).

Onucanue Ha ONNTA ¢ KOHKPETHH NMANHEHTH ChC CHLOTBETHOTO PAAKO 3a00ABaHe (aKo
HMa TaKbB)
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OnuTbT Ha KaHAMAATCTBAUIMA EKCMIEPTeH LEHTBP MOJ PBLKOBOACTBOTO HA Y. KOP.
npo¢.Tpaiikos 3a navarHosa ¥ JiedeHHe Ha peaku 3a00NABaHMA, NPOTHYALLM C
NapKUHCOHU3BM C U 6€3 KOrHUTUBHU Hapyluenus, natupa ot 2001 rofMHa cbe Ch3IaBaHETO
Ha UCHTBD 3a JMAarHo3a W JICYCHHE HA HEBPOJEreHepaTHBHU 3a00JIsBaHHsA, MPOTHYALLM C
ACMCHUMS W JOTBJIHUTETHO HA UCHTbpP 3a AMarHosa W JieuyeHue Ha [lapkuHconoBa Gonecr.
OT aBAPKH roaMHM TO3M LEHTBP € pedepUpad LEHTbP 3a 3a60MBaHMSA, MPOTHYALH ©
NApKMHCOHW3BM C M 0€3 KOMHMTHBHM HApyIIEHHs, 0COOCHO 3a KOMIIEKCHH, PEAKH M
HaC/IEACTBEHU ciy4au. [lpes roavHuTe BClEACTBHE HA HATPyNaHWUA ONMUT M TPYA, KAKTO H
3HauMTeNieH OpOH Ha NMauMeHTH ¢ Te3M pelku 3abolsBaHus, pedepupaHd KbM LIEHTHpA ca
OCBIICCTBEHU HAKOJKO aucepraurd B obGnactra: 1. KoOrHutvBHM HapylweHus npu
[lapkuHconosa GonecT (3alMTeHa AucepTauus 3a AOKTOP N0 MeAMLMHA OT n-p Mapus
Merposa, 2010 r., prkoBoauTen: ur.-kop. npod. Jivuezap Tpaiikos), 2. JIOHTHTYAMHAIHO
Npocies BaHE HA KOTHUTUBHUTE HapyweHus npu [lapkuHconoBa Gosect (3aluTeHa
AucepTaums 3a JOKTOp 1Mo MeauiHa ot a-p Ssop XKenes, 2012 r., pbKoBOAUTEN: YJI.-KOP.
npo¢. Jivuesap TpaiikoB) u 3. KnuHHKO-reHeTMUHM KOpeJalluu MPU HEBPOIereHepaTHBHHU
3a00/1BaHMs, NPOTHYALM C MNAapKUHCOHM3bM (3aUIMTEHA JWCEpTalMs 3a JOKTOp MO
MeauuMHa oT A-p Paaka [lasnoa, 2013 r., pwkoBomuten: un.-kop. npod. Jlbuesap
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3a00IABaHKS, NIPOTHYALM C MAPKMHCOHW3BM C M 0€3 KOTHUTHBEH AeDULMT ¢ MOAPOGHO
(heHOTHIIHM3MpPaHE HA BCEKH €MH CJIy4ail, KOETO JaBa Bb3MOXKHOCT 3a J06bp MOHUTOPUHT Ha
MAUHUCHTUTE, KaKTO M M3CJICJOBATE/ICKM aHAIU3 BbPXY XapaKTEPUCTHUKATa Ha OTAEIHHUTE
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BKJTIOYHTEIHO AOMBIHUTEIHU W3CIEABAHUS, KOUTO ca HYXXHM 3a audepeHumanHa Juarsosa
Ha aTHMUYHW/PaHHW/HAC/IECTBEHN Clly4aH, BK/IOYBAIM M3CJEABAHUA 3a OHOMAapKepH,
HEBPOU300passiBalllM U FEeHETHUHH (HAKTOPH.

[lpu 16 Obarapcku nauMeHTH e reHeTHuHo BepuduuupaH IOBeHunHa [TapkuHcoHOBa
Gonect. OcBeH Tesn clyyad, HALIMAT LEHTBP MMa KOXOPTA OT 52 GBArapcKM MAaLMEHTH C
KOBeHunHa [lapkunconosa 6oiecT, NP1 KOMTO HE € YCTAHOBEH FEHETHUHUS 1e(heKT.
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ARTICLE

Loss of VPS13C Function in Autosomal-Recessive
Parkinsonism Causes Mitochondrial Dysfunction and
Increases PINK1/Parkin-Dependent Mitophagy
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(PDG), and the International Parkinson’s Disease Genomics Consortium (IPDGC)

Autosomal-recessive early-onset parkinsonism is clinically and genetically heterogeneous. The genetic causes of approximately 50% of
autosomal-recessive early-onset forms of Parkinson disease (PD) remain to be elucidated. Homozygozity mapping and exome
sequencing in 62 isolated individuals with early-onset parkinsonism and confirmed consanguinity followed by data mining in the
exomes of 1,348 PD-affected individuals identified, in three isolated subjects, homozygous or compound heterozygous truncating
mutations in vacuolar protein sorting 13C (VPS13C). VPS13C mutations are associated with a distinct form of early-onset parkinsonism
characterized by rapid and severe disease progression and early cognitive decline; the pathological features were striking and reminiscent
of diffuse Lewy body disease. In cell models, VPS13C partly localized to the outer membrane of mitochondria. Silencing of VPS13C was
associated with lower mitochondrial membrane potential, mitochondrial fragmentation, increased respiration rates, exacerbated
PINK1/Parkin-dependent mitophagy, and transcriptional upregulation of PARK2 in response to mitochondrial damage. This work sug-
gests that loss of function of VPS13C is a cause of autosomal-recessive early-onset parkinsonism with a distinctive phenotype of rapid
and severe progression.

Introduction

Parkinson disease (PD |[MIM: 168600]) is a motor syn-
drome with variable combinations of akinesia, rigidity,
and rest tremor responding to levodopa. It is caused by
degeneration of the dopaminergic neurons in the sub-
stantia nigra pars compacta and is associated with Lewy
bodies, intraneuronal inclusions enriched in a-synuclein.
In recent years, our understanding of the pathophysiolog-
ical mechanisms underlying molecular defects in familial
forms of PD has greatly advanced. Three genes have been

conclusively associated with autosomal-dominant (AD)
forms of PD (SNCA [MIM: 163890}, LRRK2 |MIM:
609007], and VPS35 [MIM: 601501]) and eight genes
(PARK2 [MIM: 602544], PINKI [MIM: 608309], DJ-1
[MIM: 602533], ATP13A2 [MIM: 610513], FBXO7 [MIM:
605648|, PLA2G6 [MIM: 603604], SYNJ1 IMIM: 604297,
and DNAJC6 [MIM: 608375]) with early-onset (EO) auto-
somal-recessive (AR) forms.” EO AR parkinsonism is clini-
cally and genetically heterogeneous: mutations in PARKZ,
PINK1, and Dj-1 cause phenotypes similar to idiopathic
PD with good and prolonged response to dopaminergic
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therapy. Other EO AR PD-associated genes cause more
severe disease, a poor response to levodopa, and additional
clinical signs, such as dystonia and cognitive impairment. '
Mutations in PARK2 and PINKI are the most common
cause of EO AR PD, accounting for ~50% and 4% of familial
cases in Europe, respectively.”* A significant proportion of
cases remain genetically unexplained.

EO AR PD is linked to mitochondrial dysfunction.
The mitochondrial kinase PINK1 and the E3 ubiquitin-
protein ligase Parkin cooperate in mitochondrial quality
control.” They promote the removal of dysfunctional
mitochondria in a process termed mitophagy that might
also involve FBXO7.*" In addition, they play a role in a ve-
sicular trafficking pathway targeting damaged mitochon-
drial components to the lysosome.® To identify additional
PD-associated genes involved in AR EO parkinsonism, we
performed homozygosity mapping and exome sequencing
in consanguineous PD families and isolated individuals
and used data mining in the exomes of 1,348 unrelated
PD-affected individuals. Five truncating mutations in
vacuolar protein sorting 13C (VPS13C [MIM: 608879]) were
identified in three unrelated PD-affected isolated indi-
viduals. We provide evidence that depletion of VPS13C ex-
acerbates mitochondrial vulnerability to stress.

Subjects and Methods

Participants

Gene Discovery Cohort

We selected nine PD-affected families (with two or more affected
siblings) and 43 unrelated isolated individuals according to the
following criteria: (1) diagnosed by neurologists according to the
UK Parkinson'’s Disease Society Brain Bank (PDSBB) clinical diag-
nostic criteria” and onset <55 years in at least one affected family
member; (2) with no mutations in known PD-associated genes;
and (3) with confirmed consanguinity (inbreeding coefficient
F#0 computed with the FEstim program®). Sixteen families or iso-
lated subjects were European, 16 North African, 19 Turkish, and 1
Lebanese. A total of 66 PD-affected individuals (23 family members
and 43 isolated subjects) and 39 unaffected relatives were included
for the genome-wide screen study. 62 affected and 10 unaffected in-
dividuals were subsequently selected for whole-exome sequencing.
Validation Cohort

Exome data were obtained from a series of 1,348 additional PD-
affected individuals (99% unrelated, 99% of European ancestry,
60% males, mean age at onset 41.7 + 11.0 years), including 249
French PD-affected probands (57% males, age at onset < 40 years,
50 individuals with atypical forms of parkinsonism) recruited by
the French network for the study of PD genetics (PDG) and 530
matched control subjects (95% of European ancestry, 65% males,
mean age at examination: 45.1 = 10.7 years) from the Interna-
tional Parkinson Disease Genomics Consortium (IPDGC).

100 Turkish control subjects without family history of PD (43%
males; mean age at examination, 60.4 = 13.9 years) served to
check for the absence of the identified variant in family A, which
originated from Turkey.

A flow diagram detailing the selection criteria of PD-affected
individuals and control subjects and the different experimental
steps of the study is provided (Figure 51).

Study Approval

Informed consent was obtained from all participants, and the ge-
netic studies were approved by local ethics committees (INSERM,
CCPPRB du Groupe Hospitalier Pitié-Salpétriére, Paris, France).

Neuropathological Assessment

The autopsy of the affected individual II-1 in family B (figure 1)
was performed approximately 36 hr post mortem. Brain tissues
were fixed for 6 weeks in 10% buffered formalin, extensively
sampled, and processed as previously described.” Immunohis-
tochemistry was performed by a Ventana Benchmark automate.
We used hematoxylin-eosin staining for histopathology. For
immunochemistry, the antibodies used were: anti-Tau (in-house
AD2,'" 1 ng/mL), anti-B-amyloid (4G8, 1:1,000, Sigma), anti-
a-synuclein (LB509, 1:500, Abcam), anti-ubiquitin (1:1,000,
Dako), anti-TDP-43 (1:500, Protein Tech), and anti-glial fibrillary
acid protein (GFAP, 1:20,000, Dako). The degree of neuronal
loss and the frequency of a-synuclein-immunoreactive and
other inclusions were determined semiquantitatively by visual
inspection, in comparison to brains of three age-matched con-
trols (two males and one female) from the Lille Neurobank
collection.

Molecular Studies

Whole-Genome Homozygosity Linkage Mapping

Genome-wide screens were performed on all available affected
(n = 66) and unaffected (n = 39) individuals from the gene
discovery cohort using the Illumina HumanCytoSNP-12 v2.1
DNA Analysis BeadChip microarrays that contain ~300,000
SNPs and ~1,300 markers of common copy-number variations
(CNVs). Homozygosity tracks (>2 Mb) were visualized with
the Homozygosity Detector module and CNV with the Ilu-
mina cnvPartition module. The inbreeding coefficients F were
computed with the FEstim program.” Samples from individuals
with confirmed consanguinity (F#0) were subjected to exome
sequencing.

Whole-Exome Sequencing

Exons from 62 affected (19 relatives and 43 isolated individuals)
and 10 unaffected family members from the gene discovery cohort
and all the 1,348 affected and 530 control individuals from the
validation cohort were captured using different exome enrich-
ment kits from fragmented genomic DNA and sequenced as indi-
cated in fable $i. 10-fold mean sequencing depth was achieved in
96.4% and 88.8% of baited regions in PD-affected individuals and
control subjects, respectively, and 30-fold mean sequencing depth
was achieved across ~75% of targeted regions.

Human reference sequence UCSC hgl19 was used for sequence
alignment and variant calling with the Burrows-Wheeler
Aligner’’ and the Genome Analysis Toolkit.'* PCR duplicates
were removed prior to variant calling using Picard software. Vari-
ants were annotated with ANNOVAR software!* (exomes from
validation cohort) or SnpEff and SnpSift programs (exomes from
gene discovery cohort). Data were analyzed with Ingenuity
Variant Analysis (IVA) TM software from Ingenuity System. Effects
on mRNA splicing by putative splice variants (£S5 base pairs
around splice junctions according to 1VA threshold) were analyzed
with Splice Site Finder, MaxEntScan, NNsplice, Genesplicer, and
Human Splicing Finder,"* ' all included in Alamut v.3 software.
The human VPS13C protein and its closest homologs were aligned
with Alamut v.3 software, computed by Ensembl, and aligned with
MUSCLE.
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Figure 1. Identification of VPS13C Mutations

(A) Pedigrees of families with VPS13C mutations. Black symbols represent individuals with PD, open symbols, those unaffected. Arrows
point to probands who underwent whole-exome sequencing. Abbreviations are as follows: AE, age at examination; AD, age at death;

AQ, age at onset.

(B) Schematic representation of VPS13C and its variations. VPS13C spans 208 kb and contains 86 exons encoding a 3,753-amino
acid protein with a chorein domain at its N terminus, a DUF1162 domain of unknown function, and a putative autophagy-related
domain. The five variations found in the three probands are indicated. Numbers above the gene identify the exons containing
VP$13C variations. Alternative splicing a and b represent skipping of exons 647 and of exon 82, respectively. Transcripts 1A, GenBank:
NM_017684.4: splicing a + b; 2A, GenBank: NM_020821.2: splicing b; 1B, GenBank: NM_018080.3: ends at exon 82; 2B, GenBank:

NM_001018088.2: splicing a and ends at exon 82.

An in-house pipeline crossed the output data from IVA and
Homozygosity Mapping to filter and identify the variants of
interest (Figure §2). These variants were visualized with the Broad
Institute Integrative Genomics Viewer (IGV) and verified by bidi-
rectional Sanger sequencing using primers designed with Primer3
(1able 52) on an ABI 3730 automated sequencer (Life Technolo-
gies). Sanger sequencing confirmed the absence of mutations in
origin-matched controls and determined the genetic status of
unaffected relatives. Mutation nomenclature follows Human
Genome Variation Society (HGVS) recommendations: the longest
VPS13C transcript 2A ¢DNA nucleotides (“c.”) are numbered
from the adenine of the first ATG translation initiation codon as
nucleotide +1 (reference sequence GenBank: NM_020821.2).

Splicing Defect Analysis by RT-PCR

Keratinocytes from affected individual V-2 in family A or
peripheral blood lymphocytes from affected individual II-1 in
family C (Figure 1) were used for splicing defects analyses.
Hair follicles were plucked under sterile conditions and cultured
in flasks coated with MG (1:10, Corning). Keratinocytes were
grown on 20 mg/mL collagen IV (Sigma-Aldrich)-coated dishes
containing Epilife medium with the HKGS supplement (Life
Technologies). Total RNA extraction was carried out with
the RNeasy Kit (QIAGEN), according to the manufacture’s
manual. RNA (250 ng) was reverse transcribed into cDNA using
iScript reverse transcription supermix (Bio-Rad). Primers are
listed in Jabie 52. RT-PCR products were Sanger sequenced

502 The American Journal of Human Genetics 98, 500-513, March 3, 2016



directly or after sub-cloning into the pJET1.2/blunt vector
(Thermo Scientific).

Studies in Mammalian Cells

Mammalian Expression Vectors, siRNAs, Cell Culture, and Transfection
COS-7 and HEK293T cells were grown in Dulbecco’s Modified
Eagle Medium + Glutamax (Life Technologies) supplemented
with 10% goat serum (Life Technologies) and 1% penicillin-strep-
tomycin (Life Technologies). Cells were plated, at 80% conflu-
ence, on glass coverslips (Thermo Scientific) in 24-well cell plates
for immunofluorescence, 6-well plates for qPCR, 10-cm Petri
dishes for subcellular fractionation by differential centrifugation
and for the mitochondrion isolation kit, or 75-cm? flasks for
continuous sucrose gradient and Percoll gradient purification.
Cells were co-transfected with siRNAs (15 to 30 nM) and expres-
sion vectors using Lipofectamine 2000 (Life Technologies), in an
antibiotic-free medium, according to the manufacturer’s instruc-
tions. The siRNA used were: Hs_VPS13C_S and Hs_VPS13C_6
(siVPS13C, QIAGEN); PINK1 stealth siRNAs (siPINK1, Invitrogen);
and AllStars negative control siRNA (siControl, QIAGEN).
Their efficacy was controlled by quantitative real-time RT-PCR
(Figure 5F). The expression vectors were: pcDNA3-HA-PARK2,
pcDNA3-HA-PINK1, pcDNA3-HA, " and pEGFP-C1 (Life Technol-
ogies). Where indicated, the cells were incubated with 10 uM
CCCP (Sigma).

Subcellular Fractionation, Trypsin Digestion Assay, and Western Blot
Analyses

For sucrose density gradient, confluent HEK293T cells from five
75-cm? flasks were harvested and disrupted with a Dounce homog-
enizer (80 manual strokes) in 10 mM Tris-HCI buffer (pH 7.6)
containing 10% w/v sucrose, 10 mM ethylenediaminetetraacetic
acid (EDTA), 0.5 mM dithiothreitol (DTT), supplemented with
protease and phosphatase inhibitors (0.2 mM sodium orthovana-
date, 4 mg/mL sodium fluoride, 5.4 mg/mL B-glycerophosphate,
and Complete cocktail 1X - 11836145001, Roche). After three
centrifugations at 600 x g for 5 min to remove cell debris, the
cell lysate was layered on a 20%-60% linear sucrose gradient in
Tris-HC1 (pH 7.6) containing 10 mM EDTA, as previously
described.'” After 18 hr of centrifugation at 100,000 x g, succes-
sive 0.8 mL fractions were collected. Proteins were precipitated
on ice with 10% trichloroacetic acid, pelleted by centrifugation
at 13,000 x g for 45 min, and resuspended in 100 pL of loading
buffer (Tris 60 mM [pH 6.8], SDS 4%, B-mercaptoethanol 5%,
glycerol, and bromophenol blue).

Total protein fractions were obtained from cells lysed in 210 mM
mannitol, 70 mM sucrose, 5 mM Tris (pH 7.4), 0.2 mM EGTA,
0.1 mM EDTA, 0.5 mM DTT, 0.1% BSA, and protease and phos-
phatase inhibitors after centrifugation at 600 X g for 5 min
at room temperature. Mitochondrion-enriched fractions were
obtained by differential centrifugation (HEK293T) or magnetic
isolation (COS-7) and digested with trypsin (Sigma), as previously
described.'”*"

For isolation of pure mitochondria, cells were lysed in 250 mM
mannitol, 5 mM HEPES (pH 7.4), 5 mM EGTA with protease, and
phosphatase inhibitors and the crude mitochondrial fraction was
layered on top of a 30% Percoll gradient, as previously described.””
Protein concentrations were determined with Bio-Rad protein
assays (Bio-Rad, 500-0006), based on the Bradford method. Sam-
ples were boiled in protein sample buffer, resolved by SDS-PAGE,
transferred onto a nitrocellulose membrane (Protran, Whatman),
and analyzed by Western blotting with selected primary and

secondary antibodies (Tabl: $3). Membranes were incubated
with enhanced chemiluminescence substrate (Pierce); chemi-
luminescent and fluorescent signals were revealed on film (ECL,
Amersham Hyperfilm) or captured with Odyssey Imaging (Li-
COR) systems and quantified with TmageJ software (NTH). Total
or cytoplasmic fractions were normalized to a-tubulin, mitochon-
drial fractions to PMPCB. Three to six independent fractionation
experiments were quantified.

Analysis of Mitochondrial Respiration

Cellular oxygen consumption was measured via high-resolu-
tion respirometry (OROBOROS Oxygraph-2K) in a temperature-
regulated chamber at 37°C. Oxygen consumption was measured
in intact COS-7 cells at a density of 2.5 x 10° cells in 2 mL
of respiration assay medium (1x DMEM, GlutaMAX, GIBCO)
containing 4.5 g/L D-glucose and 4 mM L-glutamine, by sequen-
tial additions of 1 pg/mL oligomycin, 2.5 uM CCCP, and 5 uM
rotenone/10 pM antimycin A. We determined the following
mitochondrial parameters: basal oxygen consumption (= basal
cellular respiration — non-mitochondrial respiration), proton
leak (= oligomycin-inhibited respiration — non-mitochondrial
respiration), maximal respiratory capacity (= maximal un-
coupled respiration — non-mitochondrial respiration), reserve
respiratory capacity (= maximal uncoupled respiration — basal
respiration), and non-mitochondrial respiration (rotenone/anti-
mycin A-inhibited respiration). Cells were then lysed to quantify
the protein content using the Bradford reagent, which was used
to normalize the oxygen consumption data. The results were
expressed in pmol of O,/s/mg of total protein.

Immunostaining, A¥ mt, Respiration, Mitochondrial Morphology, and
Parkin-Dependent Mitophagy

Immunocytochemical stainings were performed as described
previously with the antibodies and dilution conditions indicated
in Tsbie 53. Changes in AWmt were evaluated with the poten-
tiometric dye tetramethylrhodamine methyl ester (TMRM) as
described.’” Mitochondrial morphology was analyzed on
COS-7 cells immunostained for the Beta subunit of the mito-
chondrial processing peptidase (PMPCB) using an image-process-
ing algorithm and two descriptive parameters to assess mito-
chondrial length and branching: aspect ratio, calculated as the
ratio between major and minor axes of each mitochondrial ob-
ject, representing its length; and form factor, calculated as perim-
eter’/(4m X area), representing a combined evaluation of the
length and degree of branching of the mitochondrial
network.”* " For Parkin-dependent mitophagy, cells were immu-
nostained for PMPCB or the outer mitochondrial membrane
protein TOMM20 and quantified as described.’’ Images were ac-
quired with an Olympus FV-1000 confocal microscope (x60 oil
immersion objective, NA 1.35) and analyzed with Image} anal-
ysis software (NIH).

Quantitative Real-Time RT-PCR

To demonstrate the efficiency of the siRNA-mediated silencing of
endogenous VPS13C in HEK293T cells, total RNA was isolated
from cells transfected with control or VPS13C or PINKI siRNA
using the RNeasy plus Mini Kit (QIAGEN) and QlAshredder
(QIAGEN). RNA from each sample (500 ng) was reverse transcribed
into cDNA using iScript reverse transcription supermix (Bio-Rad).
Real-time PCR was performed with the LightCycler 480 System
(Roche Applied Science) and SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad). Results were analyzed with LightCycler 480
sw 1.5 quantification Software (Roche Applied Science). Beta-actin
(ACTB) was used as the reference gene for normalization. Primers
are listed in Tabie 52.

The American Journai of Human Genetics 98, 500-513, March 3, 2016 503



Statistical Analysis

Statistical significance was established at p < 0.05 and determined
with an unpaired t test in Pigures 4A (Aspect Ratio) and $6A;
matched t test in ¥igures 4C, SB, and 5D; Mann-Whitney-
Wilcoxon test in Figure A (Form Factor); one-way ANOVA in Fig-
ures 6 and $5; or two-way ANOVA in Figures B, SE, and SF

Results

Truncating Mutations in VPS13C Cause AR
Parkinsonism
Genome-wide screens in an initial series of 66 affected and
39 unaffected subjects using DNA microarrays identified a
mean of 16.3 regions of homozygosity > 2 Mb on the 22
autosomes of each consanguineous individual (gene dis-
covery cohort). No rare deleterious large genomic rear-
rangements were detected. Exomes were subsequently
sequenced in the 62 affected individuals with confirmed
consanguinity (inbreeding coefficient F#0) and 10 unaf-
fected family members to identify homozygous variants
which: (1) in priority, would disrupt the protein function
(frameshifts, stop codons, or splicing variants); (2) were
rare (minor allele frequency |MAF] < 1%) in dbSNP137,
the National Heart Lung and Blood Institute (NHBLI),
Exome Sequencing Project (ESP) database, and the 1000
Genomes Project; (3) were shared by affected siblings
when available; (4) were heterozygous in parents and/or
heterozygous or wild-type in unaffected siblings when
available; (5) fell within homozygous intervals; and (6)
were absent in the homozygous state from DNA of 530
controls. We identified rare or undescribed homozygous
truncating variants within 32 genes, each found in a single
affected individual with consanguinity that fulfilled all
these prioritization criteria (table S4). We screened these
candidate genes for additional homozygous or compound
heterozygous mutations in a validation cohort. VPS13C
(also known as KIAA1421; GenBank: NM_020821.2) on
chr15q22 was mutated in a consanguineous Turkish
PD-affected individual (V-2 in family A) from the gene dis-
covery cohort and in two additional French PD-affected
isolated individuals (IL.1 in family B and II.1 in family C)
from the validation cohort (Figure 1A). In addition, we
identified a total of 80 rare (MAF < 1% in public databases)
single heterozygous mostly nonsynonymous variants in
VPS13C from the validation cohort, including 14 present
in at least one of the 530 European control subjects ({abie
$5). No additional homozygous or compound heterozy-
gous variants were found in the 31 other candidate genes.
The affected individual V-2 in family A harbored a
homozygous splice-site mutation ¢.8445+2T>G, intron
61 in VPS13C confirmed by Sanger sequencing; eight
unaffected relatives, including the mother, had hetero-
zygous ¢.8445+2T>G mutations or wild-type sequences
(Mgures 1A and S3A). Affected individuals in families
B and C were compound heterozygotes (Figures 1A,
$3B, and S3C): the affected individual 1I-1 in family
B with ¢.[806_807insCAGA[;| 9568G>T], p.|Arg269Serfs*

14];|Glu3190*] variants; the affected individual II-1 in
family C with ¢.[4165G>C];[4777delC], p.|Gly1389Arg];
|GIn1593Lysfs*7} variants. Direct sequencing of VPS13C
in the three unaffected siblings (II-2, II-3, and 1I-4) in fam-
ily B and the unaffected mother (I-1) in family C showed
that they all carried heterozygous mutations or wild-type
alleles (Figures 1A and S$3), indicating that all variations
were located on different alleles. The five VP§13C variants
were absent from dbSNP137, 1000 Genomes Project, EVS
(Table $6A), Exome Aggregation Consortium (ExAC) data-
bases (Table $6B), and our European control exomes,
except for the missense p.Gly1389Arg variant found on
one control chromosome. In addition, the ¢.8445+42T>G
mutation was absent from 200 Turkish control chromo-
somes. No disruptive bi-allelic variants were found in our
530 control subjects; one disruptive homozygous variant
(rs199602573) was found in the EVS database and ExAC
populations (1/6,246 and 2/61,547, respectively), indi-
cating that VPS13C homozygous disruptive variants are
extremely rare in non-PD-affected populations (Tables 56
and §7).

The ¢.4165G>C and c.8445+2T>G mutations were
predicted in silico to modify donor splice sites, one base
upstream and two bases downstream, respectively, of splice
junctions (Figure S4A). Reverse-transcription PCR analysis
of potential splicing defects confirmed the predictions
(Figure S4B). RNA from the homozygous individual of
family A showed at least three shorter transcripts, lacking
up to 231 nucleotides at the end of the exon 61. In the sub-
ject with the heterozygous variant, shorter transcripts were
barely visible, probably due to a high instability of these
aberrant RNAs. In family C, the longer transcript was
found in the subject with the heterozygous variant, con-
taining 14 additional nucleotides from intron 37.

VPS13C contains 86 exons spanning a 208-kb genomic
region and has two main transcript variants, 1A (GenBank:
NM_017684.4) and 2A (GenBank: NM_020821.2) (Fig-
ure 1B). Although the transcript 1A, lacking exons 6 and 7
and encoding a 3,710-amino acid protein, is expressed in
most tissues, including brain and peripheral blood cells,
the longest transcript 2A encodes a brain-specific 3,753-
amino acid protein.?* Two additional isoforms with un-
characterized expression pattern are reported in Ensembl
(GenBank: NM_018080.3 and NM_001018088.2) and lack
the last four exons. All the isoforms contain the splice site
variants found in families A and C. VPS13C contains a
chorein domain at its N terminus, a DUF1162 domain of
unknown function, and a putative autophagy-related
domain (Figure 1B). Except for the c.8445+2T>G variant,
which is located in the DUF1162 domain, none of the
variants were found in the predicted domains.

Clinical and Pathological Characteristics of Affected
Individuals Harboring VPS13C Mutations

The three affected individuals harboring VPS13C muta-
tions had early disease onset (25 to <46 years) and typical
parkinsonism (akineto-rigid syndrome, rest tremot, good
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Table 1.

Clinical Characteristics of Affected Individuals Harboring VP573C Mutations

V-2 from Family A

i1-1 from Family B

11-1 from Family C

Origin Turkish French French
Consanguinity yes no no
Gender female male female
Age at onset (years) <46 33 25

Symptoms at onset

depression; asymetric akineto rigid
syndrome; no dystonia

asymetric akineto rigid syndrome
and rest tremor; limb dystonia

asymetric akineto rigid syndrome;
limb dystonia

Response to levodopa

yes, partial

yes, at early stage

yes, at early stage (evaluated at 75%
initially)

Complications with treatment

no motor fluctuation nor dyskinesia

fluctuation and dyskinesia, 1CD,
somnolence

no motor fluctuation nor dyskinesia

Evolution

severe with early cognitive

decline with spatial disorientation
(MMSE 21), slurred speech and
hallucinations at the age of 51; axial
symptoms (postural instability, FOG,
and falls) and dysautonomia with
urinary incontinence at the age

of 54; bedridden, unable to speak,
apathetic, confused, cachexic with
dysphagia at the age of 58

severe with early cognitive decline
(MMSE 18 at the age of 40); axial
symptoms (FOG at the age of 35,
falls at the age of 39); dysautonomia
(at the age of 35); bedridden at the
age of 43, death at the age of 49 of
aspiration pneumonia

severe with early cognitive decline,
slurred speech before the age of 39;
severe axial symptoms at early
stage; bedridden at the age of 31;
gastrostomia at the age of 37.
Subject’s father died at 52 of a
pancreatic cancer

Atypical symptoms associated

brisk tendon reflexes on the lower
limbs but no pyramidal syndrome

Cerebral MRI

motor neuron signs with pyramidal
syndrome and limb atrophy at late
stage

asymmetric atrophy in frontal,

motor neuron signs with spastic
tetraplegia

normal (performed at early stage)

normal (performed at early stage)

parietal, and temporal areas at the
expense of the left side

Abbreviations are as follows: ICD, impulse control disorder; MMSE, mini-mental state examination; FOG, freezing of gait.

levodopa response). Disease progression, however, was
particularly severe, with early cognitive decline, loss of
response to treatment, axial symptoms, and dysautono-
mia. Affected subjects were bedridden within 15 years of
clinical onset. Pyramidal signs and motor deficits were
observed in two affected individuals. Brain MRI was
normal early in the disease, and then bilateral atrophy
was observed in the frontal, parietal, and temporal lobes
(Table 1). Post-mortem examination of the brain of
the affected individual II-1 in family B, who died at age
49 of aspiration pneumonia, showed mild frontal
atrophy, including the primary motor area (Figures 2A-
2C). The pathology resembled diffuse Lewy body disease.
Alpha-synuclein and ubiquitin positive-Lewy bodies were
observed in the brainstem, limbic system, hippocampus,
and all cortical associative areas, including the parieto-
occipital region (Mgures 2D-2F, Table $8). Tau-immunore-
active neurofibrillary tangles and neurites were seen in
the brainstem, hippocampus, and primary motor cortex
(Figure 2G, tabie 58). There were no glial-, a-synuclein-,
AB-, or TDP-43-immunoreactive inclusions.

Loss of VPS13C Function Affects Mitochondrial
Morphology, Transmembrane Potential, and
Respiration

To investigate the function of VPS13C, we explored its
subcellular distribution in human HEK293T by sucrose

gradient fractionation (Figure 3A). VPS13C was enriched
in the low-density fractions 1 and 2 containing the early
endosomal marker EEA1 and most of the cytosolic protein
Parkin. VPS13C was also found in higher-density fractions
containing membrane and soluble markers of the Golgi
apparatus (GOLGA2), the ER (Calnexin, BiP), and mito-
chondria (TOMM70, PMPCB, PINK1). Here, it was most
abundant in fractions 8-10, containing the greatest pro-
portion of TOMM70 and PMPCB. The mitochondrial
localization of VPS13C was confirmed in mitochondrion-
enriched fractions and pure mitochondria from HEK293T
and COS-7 cells (Figures 3B and 3C). Limited trypsin
digestion of mitochondrion-enriched fractions caused
concomitant loss of VPS13C and the outer mitochondrial
membrane receptor TOMM70 under conditions preserving
the outer mitochondrial membrane channel TOMM40
and mitochondrial matrix enzyme PMPCB, indicating
that VPS13C is located on the mitochondrial surface
(Figure 3Q).

We then investigated the impact of loss of VPSI3C
function on mitochondrial morphology, transmembrane
potential, and respiration, reported to be affected in
models of PINKI or PARK2 deficiency.”** The siRNA-
mediated silencing of VPS13C in COS-7 cells reduced
VPS13C mRNA levels to no more than 25% of the control
condition (Figure S6) and was associated with perinu-
clear redistribution of mitochondria and mitochondrial
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Figure 2. Neuropathology in the Proband of Family B with ¢.[806_807insCAGA];[9568G>T] VPS13C Mutations Shows Abundant

a-Synucleinopathy

(A~C) Macroscopic appearance of the left hemisphere (fixed): lateral view (A); medial view (B); coronal section at the level of the cerebral

peduncle (C).

(D and E) Lewy bodies in pigmented neurons in the substantia nigra (D, arrow, hematoxylin-eosin [HE] staining) and the parietal

neocortex (E, arrowhead, HE staining).

(F) Representative image of a-synuclein immunoreactivity in the frontal cortex showing abundant Lewy bodies and neurites.
(G) Tau-immunoreactive neurofibrillary tangles in the primary motor cortex.

Scale bars for microscopic images represent 50 um.

fragmentation, as confirmed by quantitative image analysis
(Figure 4A). Evaluation of the mitochondrial transmem-
brane potential (A®mt) with the potentiometric dye tetra-
methylrhodamine methyl ester (TMRM) revealed a sig-
nificant decrease in the mean fluorescence intensity of
mitochondria in cells depleted of VPS13C (Figure 4B). The
AWmt decrease was accompanied by an increase in maximal
respiration rates and respiratory reserve, as assessed by high-
resolution respirometry in intact cells (¥igure 4C). Similar
results were obtained in HEK293T cells (data not shown).

Loss of VPS$13C Function Exacerbates PINK1/Parkin-
Dependent Responses to Mitochondrial

Depolarization

We further investigated the relationship between VPS§13C
and PINK1 and PARK2, both at the transcript and protein
levels, with respect to their well-characterized response
to mitochondrial damage. PINK1 accumulates on mito-
chondria and recruits Parkin to initiate mitophagy in
response to mitochondrial dysfunction.” Mitochondrial
depolarization, triggered by the protonophore CCCP,
partially redistributed VPS13C from mitochondria to the
cytoplasm without significantly changing VPSI3C tran-
script levels (Figures 5A, 5B, and SF, left); under these condi-
tions, PINK1 accumulated on mitochondria, as expected.’
VPS13C silencing did not affect PINK1 levels under basal
conditions, but it exacerbated CCCP-induced mitochon-

drial accumulation of PINK1 without impacting PINKI
mRNA abundance (Figures 5C, 5D, and SF, middle). More-
over, VPS13Csilencing enhanced mitochondrial transloca-
tion of Parkin triggered by CCCP (Figures 5C and SE). It also
upregulated Parkin protein abundance in the cytosol
without affecting PARK2 transcript levels at 3 hr of CCCP
treatment (Figures SE and SE right). PARK2 expression
increases in response to mitochondrial damage caused by
mitochondrial toxins, including CCCP.***” Here, PARK2
transcript levels tended to be higher at 48 hr of CCCP treat-
ment (Figure SF right). This response was significantly
enhanced after silencing of VPS13C or PINK1, suggesting
greater mitochondrial damage. PINK1 silencing was also
associated with downregulation of VPS13C transcript levels
under basal conditions (Figure SF, left), an effect that was
reversed by PINK1 overproduction (Figure 55), indicating
the existence of multiple regulatory loops between
VPS13C, PARK2, and PINKI1. Consistent with the above
described effects on PINK1 and Parkin, VPS13C silencing
exacerbated PINK1/Parkin-mediated mitophagy triggered
by CCCP in COS-7 cells, a model that we previously vali-
dated for the study of this process (Figures 6 and $6).'"**

Discussion

This study establishes VPS13C mutations as a monogenic
cause of EO AR parkinsonism. Homozygous or compound
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heterozygous truncating mutations in three PD-affected
individuals, absent from or present in the heterozygous
state in available unaffected family members and in a
very large number of control subjects, strongly support
the pathogenicity of VPS13C in EO parkinsonism. We
identified three affected individuals harboring VPS13C
mutations and could not perform co-segregation analyses,
due to the lack of additional affected relatives in the cor-
responding families. However, the affected individuals
shared a specific, rare, and extremely distinctive pheno-
type consisting of EO parkinsonism with very rapid
progression and dementia, which argues strongly for the
pathogenicity of VPS13C mutations. The initial pheno-
type, EO parkinsonism and a good response to levodopa
treatment, is similar to that of PD-affected individuals
with PARK2, PINK1, or DJ-1 mutations. However, the
affected individuals rapidly became bedridden because of
the worsening of motor dysfunction and loss of response
to treatment. Dysautonomia and pyramidal signs were
observed in two affected individuals, also distinguishing
the phenotype from the classical, slowly progressive EQ
PD. The presence of numerous a-synuclein and ubiqui-
tin-positive-Lewy bodies in the brainstem, limbic system,
and many cortical areas was reminiscent of diffuse Lewy
body disease, consistent with a motor phenotype associ-
ated with dementia. a-synuclein Lewy bodies are absent
in most PD-affected individuals with PARK2 mutations,”®
but were observed in the single autopsy case subject with
PINKI mutations reported.™ Tau-immunoreactive neurofi-
brillary tangles and neurites were also observed in case
subjects with PARK2 mutations.”™ These features define
VPS13C-associated EO parkinsonism as a clinical, patho-
logical, and genetic entity belonging to the group of
synucleinopathies. In addition, our study also provides

membrane channel TOMM40 and the
matrix marker PMPCB are preserved.

31 potential candidate genes harboring disruptive homo-
zygous mutations in a single PD-affected individual. How-
ever, genetic replication and functional validation are still
needed to confirm their relevance to PD.

Alterations in other members of the VPS13 family cause
AR neurodegenerative disorders: VPS13A (MIM: 605978)
(CHAC [MIM: 200150}) is mutated in chorea-acanthocyto-
sis characterized by progressive neurodegeneration and red
cell acanthocytosis, “* and VPS13B (MIM: 607817) (COH1
[MIM: 216550]) is mutated in Cohen syndrome character-
ized by psychomotor retardation, microencephaly, and eye
abnormalities.*’ VPS134, VPS13B, and VPS13C are also
mutated in gastric and colorectal cancers with unstable
microsatellites.”*

VPS13C belongs to a family of large VPS13 proteins
(VPS13A-D) similar to yeast Vps13p.™ Like yeast Vps,
mammalian vacuolar sorting proteins are crucial for
vesicular transport.** Initial studies linked yeast VPS13
orthologs to the delivery of proteins to the vacuole,
the mammalian lysosome equivalent.** Mutations in
VPS35, encoding a core component of the retromer
complex regulating endosomal protein sorting, are impli-
cated in AD late-onset PD.***® VPS35 is also involved
in protein trafficking from mitochondria to peroxi-
somes through mitochondria-derived vesicles.”” PINK1
and Parkin play a role in this transport route, which
delivers damaged mitochondrial cargo directly to lyso-
somes in response to mitochondrial stress.” However,
the machinery regulating cargo selection and sorting
into vesicles remains to be identified. VPS13C might be
involved in this process. Such a mechanism would be
consistent with its mitochondrial localization and the
observed relocation to the cytosol in response to mito-
chondrial damage.

The American journal of Human Genetics 98, 500-513, March 3, 2016 507



A B

PMPCB a-Tubulin 1 siControl ccep

= = SiVPS13C *
§ 3-3 11
& = 1Y
58
3 § g ) i [}1 Fkk
£ £g %0 M
S B 23 %
& [ % &
1S . ... "
0 1 2 3 4 5 & 7
Tima (min)
C Ofigomycin CCCP. Rotenone Antimycin A
o EEERIRR
Fan N,
< B = 20 siControf e -
@ g9 — sVPS13C ; :
% £ E 15 ~
’ ie y
x © 10 7
R B = :
e e i :
Q i . :
o' L i
0 7 14 21 27 34
Aspect Ratio Form Factor Time {min}
£33 siControl
10 100 » 2 304 e s\VPS13C
S g i ,
£ Z 28
3 ot # o 204
> > %0 E
§ B ge
b b 22101
RN e, TR, % 4 %
q’éq/ «9{?0 %g,@ tP{?O ‘%,,.s:‘s/ '66;)’99 0\5‘0:4}’6 o%s\%‘b
O,) G‘%o/ 0@0

Figure 4. VPS13C Silencing Impacts Mitochondrial Morphology, Transmembrane Potential, and Respiration

(A) Representative immunofluorescence staining illustrating mitochondrial perinuclear redistribution and fragmentation in COS-7 cells
silenced for VPS13C (siVPS$13C, 30 nM) compared to cells treated with control siRNA (siControl, 30 nM): green, mitochondrial matrix
marker PMPCB; red, a-Tubulin. VPSI13C silencing reduced VPSI13C mRNA levels to no more than 25% of the control condition
(see Figure $6). Scale bars represent 10 pm. Quantification of aspect ratio and form factor (see Subjects and Methods, Koopman
et al.*’, and Buhlman et al.””) shows reduced mitochondrial network complexity in siVPS13C-treated cells (means + SEM; **p <
0.01; ***p < 0.001, of n = 88 or 86 cells scored per condition).

(B) Analysis of the relative TMRM fluorescence of mitochondria in COS-7 cells transfected as in (A), illustrating the decrease in AWmt in
cells depleted for VPS13C. n = 40 cells per condition from one experiment representative of three carried out. ***p < 0.001.

(C) Oxygen consumption rates in intact COS-7 cells transfected with siControl or siVPS13C. The top panel shows the oxygen flux
corrected for instrumental background from one representative experiment. The graph in the bottom panel displays the respiration
rates. Absence of VPS13C is associated with increased maximal respiration (= maximal uncoupled respiration under CCCP — non-
mitochondrial respiration in the presence of the mitochondrial complex I and Iil inhibitors, rotenone, and antimycin A) and reserve
capacity (= maximal uncoupled respiration — basal respiration before the addition of the complex V inhibitor oligomycin). Means =+
SEM; *p < 0.05, of six independent experiments.

Several other observations in mammalian cells suggest
that, like PINK1 and Parkin, VPS13C plays a role in
mitochondrial maintenance. VPS13C depletion led to
reduction of A¥mt and mitochondrial fragmentation in
cell lines. Moreover, it enhanced maximal respiration rates,
suggesting compensatory adaptation aimed at preserving
AWmt levels. In neuronal cells, which produce ATP mainly
through mitochondrial oxidative phosphorylation and
are unable to switch to glycolysis under acute mitochon-
drial stress, such changes might in the long term exacer-
bate generation of reactive oxygen species and trigger
irreversible mitochondrial damage.*® ™ VPS13C depletion
also upregulated PINK1/Parkin-dependent mitophagy,
and, similarly to PINK1 depletion, it enhanced the previ-

ously reported transcriptional upregulation of Parkin in
response to toxin-induced mitochondrial dysfunction.
Overall, these data suggest that loss of VPS13C function
increases mitochondrial vulnerability to stress and thereby
activates PINK1/Parkin-dependent mitochondrial quality
control pathways. Based on the inverse relationship be-
tween VPS13C and PINK1 protein levels on the mitochon-
drial surface, we cannot exclude that VPS13C also acts as a
negative regulator of PINK1.

Mitochondrial function is ensured by a series of intercon-
nected finely orchestrated pathways, activated in response
to different degrees of mitochondrial dysfunction.*’ Exces-
sive mitophagy has been associated with a-synuclein-
dependent neurodegeneration.”’ Further work is required
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Figure 5. Loss of VPS13C Function Enhances Mitochondrial Accumulation of PINK1, Recruitment of Parkin, and PARK2 Upregulation
in Response to CCCP

(A and B) Western blot (A) and corresponding VPS13C protein levels (B) (normalized to a-Tubulin or PMPCB) in cytosolic (C), mitochon-
drion-enriched (M), and total (T) cell fractions from HEK293T cells treated or not with CCCP (10 pM, 3 hr). VPS13C levels decreased
significantly in mitochondria after CCCP treatment, but tended to increase in cytosol (means = SEM; *p < 0.05, of six independent
fractionation experiments).

(C-E) Western blot (C) and corresponding normalized protein levels (D, E) in cytosolic and mitochondrion-enriched fractions from
HEK293T transfected with 30 nM of control siRNA (siControl) or siRNA targeting VPS13C (siVPS13C).

(D) CCCP treatment resulted in accumulation of PINK1 (endogenous) in mitochondrion-enriched fractions (M) after treatment with
siControl (-) and, more significantly, with siVPS13C (+).

(E) Accumulation of Parkin (endogenous) on depolarized mitochondria was also strongly enhanced in cells treated with siVPS13C. In
addition, Parkin levels were upregulated in the cytosolic (C) fractions, particularly in untreated cells (means + SEM; *p < 0.05 of
four independent fractionation experiments).

(F) Quantitative real-time RT-PCR showing relative mRNA levels, normalized to a-actin (ACTB), in HEK293T cells treated with control
siRNA (siControl), or siRNA targeting VPS13C (siVPS13C) or PINKI (siPINK1), under basal conditions or after CCCP treatment. Note
the more than 30% decrease in VPS13C mRNA levels after PINKI silencing under basal conditions, but not after CCCP treatment
(left). Note also that VPS13C and PINK! silencing enhance the upregulation of PARK2 mRNA at 48 hr of CCCP treatment (right);
means = SEM of three to nine replicates per condition from two independent experiments (**p < 0.01; ***p < 0.001 compared to
siControl within each condition of CCCP treatment; ###p < 0.001 between the indicated conditions of CCCP treatments).

to clarify the role of VPS13C in mitochondrial maintenance  VPS13C in vesicular trafficking. A more general involvement
and dissect its possible relation to PINK1/Parkin-dependent  in endosomal-tysosomal trafficking, possibly counteracting
pathways. a-synuclein pathology as recently reported for VPS35,*2

Enrichment of VPS13C in cell fractions containing the might explain the diffuse a-synuclein pathology and
early endosomal marker EEA1 suggests broader roles for rapid progression to dementia in individuals with VPS13C
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Figure 6.

Ceils without mitochondrial staining (%)

Loss of VPS13C Function Exacerbates PINK1/Parkin-Dependent Mitophagy

(A) Immunofluorescence staining of a representative experiment illustrating PINK1/Parkin-dependent mitophagy in COS-7 cells
overproducing Parkin and silenced for VPS13C or PINK1 (20 nM siRNA) after CCCP treatment (10 uM for 48 hr): red, Parkin; green,
mitochondrial matrix marker PMPCB. Open arrows indicate loss of mitochondrial networks; white arrows show preserved networks.
Scale bars represent 10 um.

(B) Quantification of mitophagy in the conditions described in (A), expressed as the proportion of COS-7 cells without PMPCB (black
bars) or TOMM2O0 (gray bars) staining; the siVPS13C treatment increased and siPINK1 decreased the proportion. In the absence of exog-
enous Parkin (—Parkin; cells overproducing the control protein EGFP) or CCCP (not shown), all the cells harbored normal mitochondrial
PMPCB staining, whether or not VPS$13C was silenced (means = SEM; *p < 0.05, **p < 0.01 of 3 independent experiments; 100 cells
scored per condition).

(C) Proportion of COS-7 cells without PMPCB staining after transfection with half-doses (10 nM) of each siRNA and 48 hr of CCCP treat-
ment. The mitophagy-promoting effect of VPS13C depletion was abolished by concomitant silencing of PINKI (means + SEM; *p < 0.05

of 3 independent experiments; 100 cells scored per condition).

mutations. Such a mechanism would potentially represent
a unifying link with cellular pathways involved in AD PD.

In summary, we describe truncating mutations in
VPS13C associated with EO parkinsonism with rapid
progression and widely distributed Lewy bodies. A meta-
analysis of PD genome-wide association studies recently
identified a susceptibility allele ~250 kb from VPS13C but
not associated with either CpG methylation or mRNA
expression,*’ suggesting that VPS13C can either cause a
monogenic form of EO parkinsonism or confer genetic
susceptibility to PD. Although we are confident that our
work strongly implicates VPS13C mutations in PD, further
genetic studies in other populations are needed to confirm
their pathogenicity. The development of animal models in
which VPS13C is stably inactivated will help dissect the
mechanisms by which loss of VPS13C function affects
the survival of dopaminergic neurons.
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Abstract

Objective—To estimate the risk of Parkinson's disease in individuals with mutations in the
Parkin gene.

Design—We assessed point mutations and exon deletions and duplications in the Parkin gene in
247 PD probands with age at onset <50 and 104 control probands enrolled in the Genetic
Epidemiology of PD study. For each first-degree relative, a consensus diagnosis of PD was
established. The probability that each relative carried a mutation was estimated from the proband's
Parkin carrier status using Mendelian principles and the relationship of the relative to the

proband .

Results—Parkin mutations were identified in 25 PD probands (10.1%), 72% of whom were
heterozygotes. One Parkin homozygote reported 2 siblings with PD. The cumulative incidence of
PD to age 65 in carrier relatives (age-specific penetrance) was estimated to be 7.0% (95% CI:
0.4-71.9%) compared to 1.7% (95% ClI: 0.8-3.4%) in non-carrier relatives of cases (p=0.59) and
1.1% (95% CI: 0.3-3.4%). in relatives of controls ( compared to non-carriers p=0.52).

Conclusions—The cumulative risk of PD to age 65 in a non-carrier relative of a case with AAQ
<50 is not significantly greater than the general population risk among controls. Age specific
penetrance among Parkin carriers, in particular heterozygotes, deserves further study.

Correspondence to: Karen Marder MD MPH 630 W 168Ih St., Unit 16 New York New York 10032.
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Introduction

Methods
Subjects

Mutations in the Parkin gene (PARK2)!" 2 are associated primarily with early-onset
Parkinson's disease (EOPD). defined as age at onset (AAO) ranging from <45 to <5537, but
have also been described in PD cases with an AAO over 70 years 7-10. [n PD cases with
AAO <45 with a mode of inheritance consistent with autosomal recessive transmission, the
frequency of Parkin mutations may be as high as 49%3 while in cases without a family
history of PD the range is 15-18%.% © AAO is inversely correlated with the frequency of
Parkin mutations in both familial® and sporadic® cases.

Several studies have compared the AAO of PD in heterozygous, compound heterozygous,
and homozygous Parkin mutation carriers 3710 and found that heterozygous cases, both
familial and sporadic. have older AAQ. Heterozygous Parkin mutation carriers are more
frequently reported among sporadic than familial cases’.

Information on the risk of PD in individuals who carry Parkin mutations in either the
homozygous, compound heterozygous, or heterozygous state (or penetrance) is essential for
genetic counseling. The penetrance of Parkin mutations has only been reported for isolated
families”. Most of the previous study designs sampled PD cases based on family history of
PD. which would bias penetrance estimates upwards!!* 12, To obtain an unbiased estimate of
risk, a population-based random sample would be desirable, but Parkin mutations are so rare
in the population that such a sample would have to be extremely large to obtain sufficient
precision in penetrance estimates.

To obtain unbiased estimates of the risk of PD in Parkin carriers despite the low population
frequency of Parkin mutations 13, we used a kin-cohort study design!!* 12 applied to
participants in the Genetic Epidemiology of Parkinson's Disease (GEPD) study'4. The kin-
cohort design is highly efficient for estimating penetrance, because the relatives” mutation
status is not required for the analyses, thus reducing costs for genetic analysis!>.

Details of the GEPD study have been previously described !4 16: 17 Cases were ascertained
based on AAO of motor signs £50 (EOPD) or >50 (LOPD). In this study we included all
247 PD cases with AAO <50. All cases were recruited from the Center for Parkinson's
Disease and Other Movement Disorders at Columbia University (CPD), and EOPD cases
were oversampled!4. One hundred and five controls were randomly selected from 412
controls in the GEPD study for complete sequencing of the Parkin gene.!® The majority of
the controls were recruited by random digit dialing, with frequency matching by age,
gender, ethnicity and area code/exchange. An additional sample of 40 controls of Hispanic
descent. 11 African American (AA) controls and 170 Caucasian controls participating in
GEPD were used to examine Parkin variants that have not been previously described. All
PD cases and control probands were seen in-person and underwent an identical evaluation'®
that included a medical history, Unified Parkinson's Disease Rating Scale (UPDRS)!? and
videotape assessment.

Arch Neurol. Author manuscript; available in PMC 2010 March 11.
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Diagnosis of PD in Relatives

Information on the family history of PD in first-degree relatives was obtained by
administering a reliable, validated interview to each case, control, and first-degree relative.
For relatives who were deceased or otherwise unavailable for interview, the history was
obtained by interviewing the most knowledgeable informant!®. An algorithm was created to
generate a final diagnosis for PD in each first-degree relative based on the family history
interview and the direct interview with the relative. For relatives diagnosed with PD, a level
of certainty was assigned as definite, probable, possible, uncertain, and unlikely. For first-
degree relatives who met criteria for uncertain, possible, probable or definite PD, we tried to
obtain additional information in the form of an examination, medical records, or an
independent interview by a neurologist. A best estimate diagnosis of PD was assigned for
each relative 4. Family history information including age at onset of PD was available for
1330 relatives of 224 PD cases and 638 relatives of 103 controls included in the penetrance
analysis. The Institutional Review Board at the College of Physicians and Surgeons,
Columbia University approved this study.

Criteria for Inclusion of Mutation Carriers—All sequence variants identified in cases
and controls were genotyped in ethnically matched controls. Sequence variants observed in
controls but at a frequency of <1% were classified as rare variants. The remaining variants
were classified as mutations and included in the analysis based on three criteria: 1) The
mutation is absent in controls 2) The mutation is recurrent , has been reported in PD cases
(unrelated) in more than one study, or the mutation changes an amino acid that is
evolutionarily conserved and which is predicted to effect protein function 3) The mutation is
located in the coding region and predicted to change the amino acid sequence.

Molecular Genetic Analysis of Probands

Mutation screening was performed in 247 cases and 105 controls to detect point mutations
and exon deletions and duplications in the Parkin gene. In a previous study. we sequenced
all Parkin exons and screened for exon deletions and duplications by semi-quantitative
multiplex PCR in 101 cases and 105 controls!®. One control was subsequently found to have
a putative splice variant IVS6-14 C>G, that has not been reported in cases or controls. We
consider this a rare variant and not a mutation and have excluded it from the analysis. In this
study we report data on an additional 146 PD cases from the GEPD study who were
screened for Parkin mutations by denaturing high performance liquid chromatography
(DHPLC) (WAVE Transgenomic). which has 100% sensitivity and specificity. Primers and
DHPLC conditions used for analysis of the Parkin gene have been described previously20.
Amplicons were either directly sequenced (n=126) or analyzed using a Parkin genotyping
array (n=20)2! in DNA samples with abnormal elution profiles. The genotyping array has
excellent sensitivity and specificity for detection of sequence variants when compared to the
gold standard of sequencing®!. The primers used for PCR amplification of Parkin exons
1-12 and intron-exon boundaries and sequencing have been described previously?2. Cycle
sequencing was performed on the purified PCR product as per the manufacturer's
instructions (BigDye. Applied Biosystems). Products were analyzed on an ABI3700 genetic
analyzer. Chromatograms were viewed using Sequencher (Genecodes) and sequence
variants determined. All sequence variants identified in cases and controls were confirmed
by analysis in a separate PCR followed by bi-directional sequencing. To identify genomic
deletions and exon rearrangements in Parkin. semi-quantitative multiplex PCR was
performed as previously described!8.

In addition to screening for mutations in Parkin, we genotyped five LRRK2 mutations
(G2019S. L1114L. 11122V, R1441C and Y1699C) in 247 cases and 104 controls. Results of

Arch Neurol. Author manuscript; available in PMC 2010 March 11.
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the analysis of LRRK2 in all participants in the GEPD study, including both early and late
onset PD cases. and all controls have been reported. >3

Statistical methods

Results

Demographic and clinical characteristics were compared between cases and controls and
between mutation carriers and non-carriers. Fisher's exact test for categorical characteristics
and Student's t-test for continuous characteristics were used to assess statistical significance.
The penetrance of Parkin mutations was estimated using the kin-cohort'! method. In this
method. the genotypes of the relatives are first estimated using Mendelian principles and the
relationship of the relatives to the proband. Then the observed disease occurrence in the
relatives is evaluated in relation to these estimated genotypes. This method assumes that,
although the PD case probands were sampled through their AAO, thereby increasing the
proportion of carriers among cases and their first-degree relatives, the relatives of these PD
cases are representative of randomly chosen individuals with certain genotypes. Hence
familial influences on the relatives’ PD risk other than the Parkin genotype are assumed to
be negligible.

First. we computed the probability that each relative carries a mutation. Second. we used the
kin-cohort method to estimate genotype-specific disease rates. using the consensus
diagnoses of PD in the first-degree relatives!® 7. Third, we used Kaplan-Meier survival
analysis to compute the cumulative risk of PD in the first-degree relatives of control
probands. Kaplan-Meier analysis cannot be directly applied to estimate genotype-specific
cumulative incidence in the relatives of cases because the carrier status in these relatives is
unknown; however the kin-cohort method allows calculation of cumulative incidence
through a method similar to Kaplan-Meier analysis. Confidence intervals for the penetrance
and the cumulative incidence were computed using log-log transformation to ensure the
lower limits of the confidence intervals were positive 24.

Demographic and Clinical Characteristics of the Case and Control Probands

Demographic and clinical characteristics of the cases and controls are shown in Table 1. The
mean AAO of the 247 cases was 41.8 years (SD: 6.8), mean disease duration was 10.7 (SD:
7.6) years, and the total motor score (UPDRS Part 111) was 20.3 (SD: 12.8). Nineteen (8.5%)
of the 224 cases on whom family history information was available had a diagnosis of PD in
a first-degree relative.

Frequency of Parkin Mutations in Cases and Controls

Twenty-five (10.1%) of the 247 cases had a Parkin mutation; five (20%) were homozygous,
two (8%) were compound heterozygotes and eighteen (72%) were heterozygous (Table 2).
Twenty two of the mutations have been previously described in other studies 2+ 2! 22 Three
new mutations were identified that have not been previously published and were not
detected in any of our control samples (Is0298Leu, Asp18Asn, and Prol53Arg). Eleven
different point mutations (c.81G>T, Gly319Gly. Arg42Pro, Arg275Trp, Met192Leu,
Cys253Tyr, Asp280Asn, [s0298Leu, Arg366Gln, Aspl8Asn, Prol153Arg) and four different
exon rearrangements were identified (Exon 5 del, Exon 3-4del, Exon 3 40bp del and Exon 2
del) (Table 2). Point mutations included nine missense mutations (Argd2Pro, Arg275Trp,
Met192Leu. Cys253Tyr, Asp280Asn, [s0298Leu, Arg366Gln, Aspl8Asn, Prol53Arg), one
synonymous substitution (Gly319Gly), and a non-coding 5°UTR mutation (c.§1G>T). Exon
deletions were found in four different exons (exons 2, 3, 4 and 5). 40 percent (10/25) of the
variants identified in cases were found in exons encoding functional domains including the
ubiquitin domain (Exon 2) and RING1 domain (Exon 7). Six cases carried the Exon 3 40bp

Arch Neurol. Author manuscript; available in PMC 2010 March 11.
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deletion, five cases carried Arg275Trp and two carried Argd2Pro. We previously reported
that the synonymous substitution, Leu261Leu, is a variant rather than a disease associated
mutation and thus have not included carriers of Leu261Leu in our estimates?3. Among the
25 carriers, three (12%) had AAO <20 (2/3 heterozygotes); four (16%) had AAO 21-30 (3/4
heterozygotes); six (24%) had AAO 31-40 (5/6 heterozgygotes); and twelve (48%) had
AAO 41-50 (8/12 heterozgyotes). Among all 247 EOPD case probands, carriers represented
75% (3/4) of those with AAO<20, 36% (4/11) of those with AAO 21-30, 8% (6/73) of those
with AAO 31-40. and 8% (12/159) of those with AAO 41-50.

Clinical Characteristics of Case Probands With and Without Parkin Mutations

Demographic and clinical features of the 25 mutation carriers and 222 non-carriers are
shown in Table 3. The AAO of PD was significantly younger in carriers (36.5 = 10.3) than
in non-carriers (42.4 + 6.1) (p=0.01), but did not differ between heterozygotes compared to
compound heterozygotes and homozygotes combined. Other comparisons of ¢clinical
features were not significant.

jduosnuepy Jouiny Y-HIN -+

The clinical characteristics of first-degree relatives stratified by the probands’ mutation
status are presented in Table 4. Information on the family history of PD in first-degree
relatives was available for 23/25 carriers and 201/218 non-carriers. One of 23 carrier
probands (4.4%) had a family history of PD. This proband is homozygous for an 40 bp
deletion in exon 3 and had two affected siblings (AAO 26, 30).

Penetrance Estimates of Parkin Mutations

The probability of a relative being a carrier, whether or not he/she was actually diagnosed
with PD, stratified by the proband's carrier status is presented in Table 5. In the calculation,
the population frequency of Parkin mutations, p, was assumed to be 0.03% {Lucking, 2000
#1168; Oliveira. 2003 #2;. We have run a sensitivity analysis by taking p to be 2.8% (the
upper limit of the 95% exact contidence interval of the mutation frequency estimated from
the controls) and the results did not change, suggesting that the estimates are robust to
misspecification to the population frequency of Parkirn mutations.

The expected genotype distribution in the relatives and the prevalence of a history of PD in
relatives predicted to be carriers or noncarriers are shown in Table 6. To obtain these
prevalence estimates, we first computed the probability that each of the relatives was a
carrier based on the observed carrier status in the probands (see Table 1) and then combined
the information on the predicted genotypes in the relatives with the observed PD diagnoses
in the relatives. There were 93 relatives expected to be carriers (homozygotes or
heterozygotes), among whom 2 had PD (Table 6). Therefore, the prevalence of a history of
PD in carrier relatives was estimated at 2/93 [2.2% (CI: 0.3%, 7.6%)]. Among relatives
expected to be noncarriers (N=1237), 19 had PD (Table 6); thus the prevalence of a history
of PD in noncarrier relatives was estimated as 1.7% (0.9-2.4%). These two prevalence
estimates did not differ significantly.

© JduosNUBI OUINY Ye-HIN

The cumulative incidence of PD in 1330 relatives of case probands (without regard to carrier
status) was estimated to be 1.7% (95% CI: 0.9-3.3%) to age 65, and 5.9% (95% CI:
3.7-9.3%) to age 80. Estimates of the cumulative risk of PD in Parkin carriers and non-
carriers and the cumulative risk of PD in 647 relatives of controls are presented in table 7.
Among relatives expected to be carriers, the cumulative incidence of PD was 7.0% to age 65
and remained so up to age 80. Among relatives expected to be noncarriers, the cumulative
incidence was 1.7% to age 65 and 6.1% to age 80. The ratio of the cumulative incidence to
age 80 for carriers versus non-carriers was 1.1 (95% CI: 0.07-18.8). Estimates of risk in
carriers and noncarriers did not differ significantly with our sample size. The cumulative

Arch Neurol. Author manuscript; available in PMC 2010 March 11,
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incidence in relatives of controls was similar to that in relatives expected to be noncarriers
(1.1% to age 65 and 4.1% to age 80).

We have reported that LRRK2 mutations may be responsible for familial aggregation in
both EOPD and LOPD in the GEPD study {Clark, 2006 #12300}. To separate out the effect
of the LRRK2 G2019S mutation (the only observed LRRK2 mutation in the cases), we
repeated our analyses using 214 case probands who did not carry a LRRK2 mutation.
However, we can not we can not exclude the possibility that they carry “other’ mutations in
the LRRK2 gene as we did not completely sequence the LRRK?2 gene but only genotyped 5
previously reported LRRK2 mutations. There were 1274 relatives included in the analysis.
Since these relatives were family members of probands who did not carry any of the five
previously identified LRRK2 mutations, it is unlikely they carry any of these mutations. The
cumulative incidence to age 80 for relatives expected to be non-carriers of either LRRK2
mutations or Parkin mutations was 5.9%. compared to 6.1% for relatives expected to be
noncarriers of Parkin mutations. The cumulative incidence of PD to age 80 in non-Parkin,
non-LRRK2 carrier relatives was not significantly different from controls.

Discussion

Limitations

Using the kin-cohort method, we have shown that the cumulative risk to age 65 in a relative
of an EOPD case who is not estimated to carry a Parkin mutation is not significantly greater
than the general population risk among controls. We estimated a cumulative risk of PD in
carriers of Parkin mutations (age-specific penetrance) of 7.0% (95% CI: 0.4-71.9%) up to
age 80. We were unable to examine risk of PD among heterozygotes separately. Parkin
heterozgyosity may not be sufficient for the development of PD. A recent paper suggested
that Parkin variants were equally common in cases and controls in predominantly non-
coding regions??.

The sampling scheme of our study, in which probands were ascertained without regard to
their family history of PD. differs markedly from that in other studies that included only
families with multiple atfected individuals. As noted in the context of estimating the
penetrance of mutations in BRCA and BRCA2, penetrance estimates are inflated when
based on samples selected though family history 2 13, and hence we believe our estimates
are more representative of those in the general population than are those derived from
familial samples. While the confidence intervals are extremely wide, the observed low
frequency of PD in first-degree relatives of Parkin mutation carriers, 72% of whom are
heterozygotes, may be a reflection of the low penetrance in carriers.

The frequency of Parkin mutations was 10.1% (95% CI: 8.0-16.4%) in 247 cases with AAO
< 50. which is within the range of other seties with primarily sporadic cases (15-18%)5, or
population-based series (9%)26. The mean AAO of our case sample was 41.6 years, and
48% of the cases had AAO between 40 and 50. The frequency of Parkin mutations has been
reported to decrease with increasing age-at-onset® ©. While the age-specific frequencies of
carriers are similar to other reported series®, the high percentage of older cases in this study
may explain why we report a frequency at the lower end of the spectrum.

There are three important limitations in this study. Most importantly, the number of relatives
of probands who are estimated to carry Parkin mutations is limited, which results in
cumulative risk estimates with wide confidence intervals. We have limited our study to only
those who participated in the GEPD study for whom we have accurate information on vital
status, a necessary criterion for the kin-cohort method. In addition, onty 105 controls were
completely sequenced for the Parkin gene, which may explain our inability to detect

Arch Neurol. Author manuscript; available in PMC 2010 March 11.
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differences between relatives of PD probands and relatives of control probands. The sample
size required for a typical kin-cohort study is usually large, due to the low population
prevalence of the mutation being studied. Second, the diagnosis in the relatives was a best
estimate diagnosis. We have previously reported high sensitivity (95.5%) and specificity
(96.2%) of our family history questionnaire based on examination of 141 relatives. Third.
we did not have actual genotype data on relatives. We used the kin-cohort method to
estimate penetrance in the absence of these data.

Some relatives may have been too young to manifest PD. Our sampling plan was to include
all probands with AAO <50 regardless of their family history of PD and AAQ in the
relatives. The relatives of these probands are likely to be younger than the relatives of
randomly selected PD patients. In a study of affected sibling pairs, the mean AAO of
heterozygous Parkin carriers was reported to be 49.6.19 Forty-nine percent of the relatives in
our sample were younger than 49.6 (Table 4). Our estimates of the prevalence of a history of
PD in the relatives do not account for this young age distribution, and thus underestimate
prevalence of PD according to Parkin genotype in the general population. We accounted for
the younger age distribution by computing age-specific cumulative incidence of PD
according to genotype.

One assumption required for the kin-cohort analyses to be valid is that risk of PD in relatives
within the same family is independent, given the proband's Parkin genotype. The presence
of other genetic and environmental risk factors that aggregate in the families may violate
this assumption and bias the penetrance estimation'> 27, Due to the possibility of additional
unspecified familial risk factors in the relatives of early-onset PD probands, penetrance
estimates obtained from our sample can be applied to the population of relatives of the early-
onset PD probands but not to the entire population.

We are currently recruiting a larger multi-center sample of early-onset cases and examining
and obtaining DNA in relatives of carrier probands. We hope to use this new sample to
refine our estimates of penetrance in heterozygous, homozygous, and compound
heterozygous carriers.
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Table 1

Demographic Characteristics of Case and Control Probands

Total (n=351)

Cases (n=247)

Controls (n=104)

Significance Cases vs. Controls

% male (n) 59.7 (209) 61.1 (151) 55.8 (58) 0.40
Age (years) (sd) 54.9(10.2) 52.5(9.0) 60.8 (10.5) <0.001
% White (n) 84.3 (296) 81.0 (200) 92.3(96)

% African-American (n) 2.3(8) 20(5) 29(3)

% Hispanic (n) 8.0(28) 10.1 (25) 29(3)

% Other (n) 5.4(19) 6.9(17) 1.9(2) 0.02
Years Education (sd) 15.5(3.2) 15.5(3.3) 15.5(2.9) 0.97
% with Parkin variants (n) 7.1(25) 10.1(25) 0.0 (0) <0.001
% with family history of PD*(m) | 7729 8.5(19/224) 5.8 (6/103) 0.50

*
Family history was available for 328 probands (224 cases and 103 controls)
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Table 3
Characteristics of Case Probands With and Without Parkin Mutations

Mutation (n=25) | No mutation (n=222) | p value
Current age (sd) 47.2(9.9) 53.1(87) 0.008
Age onset (sd) 36.5(10.3) 424 (6.1) 0.01
% male (n) 40.0 (10) 63.5(141) 0.03
% Ethnicity: White (n) 64.0(16) 82.3(184)
African-American (n) 0.0 (0) 23(5)
Hispanic (n) 28.0(7) 8.1(18) 0.03
Other (n) 8.0(2) 6.8(15)
Years education (sd) 14.1(3.8) 15.6 (3.3) 0.06
Duration PD (yrs)(sd) 10.6 (7.5) 10.7 (7.7) 0.96
Total motor score (UPDRS I11)(sd) 22.1(15.8) 20.1(12.2) 0.57
Total modified mini mental state (mMMS) (sd) | 52.3(5.3) 53.7(4.6) 0.24
% Family history PD in first-degree relative” 44(1/23) 8.9(187201) 072
% Bradykinesia 88.0(22) 82.9(184) 0.78
% Rest tremor 80.0 (20) 78.2 (172/220) 1.00
% Rigidity 96.0 (24) 98.7 (219) 0.35
% Postural instability 44.0(11) 45.0 (99/220) 1.00
% Asymmetry 96.0 (24) 88.5(192/217) 0.49
% on L dopa 70.8 (17/24) 70.2 (153/218) 1.00
% Improve L dopa 95.0 (19/20) 97.4 (150/154) 0.46
%On-off 51.7(15) 53.6(113/211) 1.00
Hoehn and Yahr (sd) 2.3(0.9) 2.1(0.9) 0.32
% First symptomf: rest tremor (n) 4011 48.9 (108) 0.68
% First symptom: gait (n) 0.0 4.5(10) 0.60
% First symptom: rigidity (n) 8.0(2) 9.5(21) 1.00
% First symptom: bradykinesia (n) 4.0(1) 4.1(9) 1.00
% First symptom: motor (n) 4.0(1) 1.8(4) 0.42
% First symptom: poor balance (n) 4.0(1) 0.5(1) 0.19
% First symptom: pain (n) 8.0(2) 1.8 (4) 0.12

N
Family history was available for 224 case probands.

t ) . . .
First symptom information was available for 221 out of 222 non-carriers.
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Probability of a relative being a carrier stratified by the proband's mutation status”

Relatives of homozygous or compound heterozygous probands

Probability of the relative being a
homozygous carrier

Probability of the relative being a
heterozygous carrier

Probability of the relative being a
non-carrier

Parent P 1-p 0
Sibling | v*22p 1) 2% P71 14" (1-py
Offspring | 7 1-p 0

Relatives of heterozygous probands

Probability of the relative being a
homozygous carrier

Probability of the relative being a
heterozygous carrier

Probability of the relative being a non-
carrier

Parent 1/2*[7 1/2 1/2*(]_,,)
Sibling 174" +p) 12%-p p 1 4% (p3p +2)
Offspring 172 *[7 12 12 *( 1-p)

Relatives of non-carrier probands

Probability of the relative being a
homozygous carrier

Probability of the relative being a
heterozygous carrier

Probability of the relative being a non-
carrier

Parent

0

14 1-p
Sibling | 1,4%2 12(-p*+2p) 1/4%(p2-ap+4)
Offspring | 0 P 1-p

¥
pis the population frequency of the mutation.
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Table7
Estimated cumulative incidence of PD in Parkin carrier relatives, non-carrier relatives, and relatives of
controls
Age Parkin Carrier (Homozygotes and heterozygotes) | Non-carrier Relatives (95% CI) | Relatives of Controls (95% CI)
Relatives (95% CI)
5 3.7%
| - 25 0 0
= — (1.1.84.0%)
%"W& 35 7.0%
. 0 0
?g ~ - (0.4.71.9%)
b 7.0% 0.2% 0.2%
@ 45
= - (0.4,71.9%) (0.1, 1.0%) (0.03-1.7%)
‘ S 7.0% 0.4 02%
5
- (0.4,71.9% (0.1, 1.4%) (0.03, 1.7%)
7.0% 11 0.6%
60
- (0.4,71.9%) (0.5,2.5%) (0.1, 2.5%)
65 7.0% 1.7% 1.1%
- (0.4,71.9%) (0.8, 3.4%) (0.3, 3.4%)
o 7.0% 3.3% 1.1%
7
- (0.4,71.9%) (1.9,5.7%) (0.3, 3.4%)
s 7.0% 4.6% 2.8%
7
- (0.4,71.9%) (2.7,7.5%) (1.1,7.2%)
7.0% 6.1% 4.1%
80
(0.4,71.9%) (3.8,9.8%) (1.7, 9.8%)
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ARKINSON DISEASE (PD) 1S A NEU-
rodegenerative disease that af-
fects more than a half-million
people in the United States.!
The economic, social, and emotional
burden of PD will increase as the popu-
lation ages. Controversy has sur-
rounded the etiology of PD, with evi-
dence suggesting that both genetic and
environmental factors influence dis-

See also pp 2245 and 2324.

©2001 American Medical Association. All rights reserved.
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Context The relative contribution of genes vs environment in idiopathic Parkinson
disease (PD) is controversial. Although genetic studies have identified 2 genes in which
mutations cause rare single-gene variants of PD and observational studies have sug-
gested a genetic component, twin studies have suggested that little genetic contribu-
tion exists in the common forms of PD.

Objective To identify genetic risk factors for idiopathic PD.

Design, Setting, and Participants Genetic linkage study conducted 1995-2000
in which a complete genomic screen (n=344 markers) was performed in 174 families
with multiple individuals diagnosed as having idiopathic PD, identified through pro-
bands in 13 clinic populations in the continental United States and Australia. A total of
870 family members were studied: 378 diagnosed as having PD, 379 unaffected by
PD, and 113 with unclear status.

Main Outcome Measures Logarithm of odds (lod) scores generated from para-
metric and nonparametric genetic linkage analysis.

Results Two-point parametric maximum parametric lod score (MLOD) and multi-
point nonparametric lod score (LOD) linkage analysis detected significant evidence
for linkage to 5 distinct chromosomal regions: chromosome 6 in the parkin gene
(MLOD=5.07; LOD=5.47) in families with at least 1 individual with PD onset at younger
than 40 years, chromosomes 17q (MLOD=2.28; LOD=2.62), 8p (MLOD=2.01;
LOD=2.22), and 5q (MLOD=2.39; LOD=1.50) overall and in families with late-
onset PD, and chromosome 9q (MLOD=1.52; LOD=2.59) in families with both
levodopa-responsive and levodopa-nonresponsive patients.

Conclusions Our data suggest that the parkin gene is important in early-onset PD
and that multiple genetic factors may be important in the development of idiopathic
late-onset PD.

JAMA. 2001;286:2239-2244

www.jama.com

ease risk. Familial aggregation of PD has
been observed for decades.? Data from
family studies, including a recent large
study from Iceland,® have shown that the
sibling recurrence risk ratio ranges from
2 to 10, suggesting that a genetic com-
ponent to PD exists. However, twin stud-
ies*® have produced conflicting results
about the genetic contributions, sug-
gesting that little if any genetic contri-
bution exists in the development of PD.

Previous efforts to identify genetic
risk factors for PD have focused pri-

marily on rare, simple autosomal domi-
nant and recessive forms of the dis-
ease. Mutations in the a-synuclein gene,
located on chromosome 4q, have been
shown to be rare causes of autosomal
dominant, early-onset PD.” Mutations
in the parkin gene, located on chromo-
some 6q, have been reported in fami-

Author Affiliations are listed at the end of this article.
Corresponding Author and Reprints: Margaret A. Peri-
cak-Vance, PhD, Center for Human Genetics, Box
3445, Duke University Medical Center, Durham, NC
27710 (e-mail: mpv@chg.mc.duke.edu).

(Reprinted) JAMA, November 14, 2001—Vol 286, No. 18 2239



GENOMIC SCREEN IN PARKINSON DISEASE

lies with rare autosomal recessive ju-
venile parkinsonism and autosomal
recessive early-onset PD.?® Linkage of
several large families with autosomal
dominant PD to chromosome 2 has
been reported,'® but a disease-causing
gene remains to be identified. Collec-
tively, these studies have demon-
strated genetic effects only for rare
single-gene variants of PD. To exam-
ine the broader issue of genetic effects
in idiopathic PD, we performed a com-
plete genomic screen for linkage analy-
sis in 174 families with PD containing
at least 1 atfected relative pair.

METHODS
Family Data

In 1995-2000, we coordinated a 13-
center effort selecting multiplex (=2 in-
dividuals diagnosed as having PD) fami-
lies for genetic studies of PD. History
of PD was documented for each fam-
ily by conducting a standard inter-
view with the proband or a knowl-
edgable family informant. Diagnostic
and exclusion criteria, based on previ-
ously published diagnostic criteria for
PD,'""!3 were adopted by all participat-
ing clinicians before beginning selec-
tion of families.

All participants were examined be-
fore enrollment in the study by a board-
certified neurologist or a physician as-
sistant trained in neurologic disease and
supervised by a neurologist. Partici-
pants were classified as affected, un-
clear, or unaffected based on neuro-
logic examination findings and clinical
history. Affected individuals had at least
2 cardinal signs of PD (eg, rest tremor,
bradykinesia, and rigidity) and no atypi-
cal clinical features or other causes of
parkinsonism. Individuals with un-
clear status had only 1 sign of PD, a his-
tory of atypical clinical features, or both.
Unaffected individuals had no signs of
PD. Excluded from participation were
individuals with a history of encepha-
litis, neuroleptic therapy within the year
before diagnosis, evidence of normal
pressure hydrocephalus, or a clinical
course with unusual features sugges-
tive of atypical or secondary parkin-
sonism.

2240 JAMA, November 14, 2001—Vol 286, No. 18 (Reprinted)

Downloaded From: http://jamanetwork.com/ on 11/21/2016

Age at onset of PD was self-reported
and defined as the age at which the af-
fected individual could first recall notic-
ing one of the primary signs of PD. Be-
cause a positive response to levodopa
therapy was considered supportive of a
diagnosis of idiopathic PD, physician and
patient observations of whether symp-
toms of PD were significantly improved
by levodopa therapy were used to clas-
sify individuals as responsive or nonre-
sponsive to levodopa.'2" Individuals for
whom levodopa was of uncertain ben-
efit or who never received levodopa
therapy were classified as having un-
known levodopa response. Within-
family variation in response to le-
vodopa was considered a marker of
potential phenotypic and thus geno-
typic heterogeneity.

To ensure diagnostic consistency
across sites, clinical data for all partici-
pants were reviewed by a clinical ad-
judication board, which consisted of a
board-certified neurologist with fellow-
ship training in movement disorders
(B.L.S.), a dually board-certified neu-
rologist and medical geneticist (J.M.V.),
and a certified physician assistant
(J.M.S.). Forms with missing data or
data inconsistent with the diagnosis as-
signed to the individual were referred
back to the collaborating site for clari-
fication. All participants gave written
informed consent before venipunc-
ture and data collection according to
protocols approved by each center’s in-
stitutional review board.

DNA Analysis

Genomic DNA was extracted from
whole blood using the Puregene sys-
tem (Gentra Systems, Minneapolis,
Minn). Analysis was performed on 344
microsatellite markers with an aver-
age spacing of 10 cM (centimorgans).
Genotyping was performed by the
FAAST method.'* All samples in the
laboratory were identified only by a se-
quential 6-digit identification num-
ber, which was given to the sample
when it was received in the DNA-
Bank. No names or family relation-
ships were provided to any laboratory
technician.

Systematic genotyping errors were
minimized using a system of quality
control checks with duplicated samples.
For each 96-well polymerase chain re-
action plate, 2 standard samples from
Centre d’Etude du Polymorphisme Hu-
main (Paris, France) families were in-
cluded and 6 samples were duplicated
either on that plate or another plate in
the screen. Laboratory technicians not
involved in the determination of geno-
types performed the placement of these
duplicated quality control samples.
Thus, the laboratory technicians who
read the genotypes were blinded to the
location of the matching partner for
each quality control sample to avoid
bias in interpretation of results. Statis-
tical analysts used automated com-
puter scripts to check each set of geno-
types submitted by the technician for
mismatches between the duplicated
samples; mismatches are indicative of
potential genotype reading errors, mis-
loading of samples, and sample mix-
ups. These mismatches were then sent
as one of a large group of surrounding
genotypes for rechecking. Thus, the
technician had no knowledge of the ac-
tual genotype in question. As an addi-
tional quality control measure, poten-
tial pedigree errors were checked using
the program RELPAIR," which infers
likely relationships between pairs of
relatives using identical by descent-
sharing estimates from a set of micro-
satellite markers.

Statistical Analysis

Data analysis used a multianalytical ap-
proach consisting of both parametric
lod score and nonparametric affected
relative pair methods. Maximum para-
metric lod scores (MLODs) for each
marker were calculated using the
VITESSE and HOMOG program pack-
ages.lﬁ‘”

The MLOD is the lod score maxi-
mized over the 2 genetic models tested,
allowing for genetic heterogeneity.
Dominant and recessive low-pen-
etrance {(affecteds-only) models were
considered. Only individuals with a
clear diagnosis of PD were considered
affected in these analyses. Estimates of
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prevalence of PD range from 0.3% in
individuals 40 years or older to 2.5%
in individuals 70 years or older.' Based
on these prevalence estimates and al-
lowing for age-dependent or incom-
plete penetrance, disease allele frequen-
cies of 0.001 for the dominant model
and 0.20 for the recessive model were
used. Marker allele frequencies were
generated from more than 150 unre-
lated white individuals.

Multipoint nonparametric lod scores
(LODs) were calculated using GENE-
HUNTER-PLUS.' Sex-averaged inter-
marker distances from the Marshfield
Center for Medical Genetics, Marsh-
field, Wis, genetic linkage maps (http://
www.marshfieldclinic.org/research
/genetics/map_markers/maps
/indexmapframes.html) were used in
these analyses. In contrast to nonpara-
metric linkage approaches that con-
sider allele sharing in pairs of affected
siblings,' GENEHUNTER-PLUS con-
siders allele sharing across pairs of af-
fected relatives (or all affected rela-
tives in a family) in moderately sized
pedigrees. We selected this program be-
cause of the additional power contrib-
uted to the sample by the 75 affected
relative pairs that would be excluded
by an affected sibpair analysis. Be-
cause of computational constraints on
pedigree size, 27 unaffected individu-
als from 12 families were omitted from
this analysis.

Because of the potential genetic het-
erogeneity in this sample, a priori we
stratified the data set into 3 subsets. The
early-onset PD subset included 18 fami-
lies with at least 1 member with early-
onset PD (<40 years™) (range, 12-66
years). The levodopa-nonresponsive
subset included 9 families with late-
onset PD that contained at least 1 af-
fected individual who was determined
to be nonresponsive to levodopa
therapy. The late-onset idiopathic PD
subset contained 147 families with late-
onset PD.

Traditionally in linkage analysis (par-
ticularly of mendelian traits), a LOD of
more than 3 (corresponding to 1000:1
odds in favor of linkage) is considered
strong evidence for linkage. However,
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Table. Regions Generating 2-Point MLODs and Multipoint LODs Greater Than 1.5*

2-Point MLOD Multipoint LOD

Peak f 1T ]

Chromosome Set Marker MLOD Location,cMt Peak LOD Location, cMt
3q LDNR  D352460 1.62 135 1.54 134
5q Overall D55816 2.39 139 1.50 139
6q EOPD  DB6S305 5.07 166 5.47 166
8p Overall D8S520 2.01 21 2.22 27
LOPD  D8S520 1.92 21 1.69 27
9q LDNR  D8S301 1.52 66 2.59 140
17q Overall D175921 1.92 36 2.02 56
LOPD  D1751293 2.28 56 2.62 56

*MLOD indicates maximum parametric lod score; LOD, nonparametric lod score; LDNR, levodopa nonresponsive;
EOPD, early-onset Parkinson disease; and LOPD, late-onset Parkinson disease.
TLocation is presented in centimorgans (cM) from the p telomere, based on the Marshfield Clinic sex-averaged maps.

such a threshold is likely too stringent
for initial efforts to find complex dis-
ease genes; using a lower threshold
(suchas a LOD of >1) in an initial ge-
nomic screen may help ensure that
genes with modest effects are not
missed.*! Recent genomic screens have
used reduced thresholds for declaring
results “interesting” for further
study.*** In this study, only regions
generating both MLODs and LODs of
more than 1.5 were classified as hav-
ing interesting results. Although this ap-
proach may increase the number of
false-positive results that are sub-
jected to more detailed examination, it
decreases the more serious possibility
of missing a true genetic effect.

RESULTS

All individuals potentially informative
for linkage were considered for selec-
tion in each family, and all family mem-
bers sampled at the time of the study
were included in this analysis. The fami-
lies contained an average of 2.3 af-
fected individuals and an average of 1.5
affected relative pairs per family. Al-
though most affected relative pairs were
affected sibpairs (185/260), there were
75 other affected relative pairs (19 avun-
cular, 51 cousin, and 3 parent-child
pairs) in the data set, indicating that
families were often multigenerational in
structure and that the study was not lim-
ited to affected sibpairs.

All families studied were white and in-
cluded 870 individuals (an average of 5
per family). Of these individuals, 378

(43%) were diagnosed as having PD, 379
(44%) were unaffected, and 113 (13%)
had unclear status. In affected individu-
als, the mean (SD) age at onset of PD was
59.9 (12.6) years (range, 12-90 years),
and the mean (SD) age at examination
was 69.9 (10.2) years (range, 33-90
years). Mean (SD) age at examination in
unaffected individuals was 67.1 (12.9)
years (range, 31-96 years), and mean
(SD) age at examination in those with
unclear PD status was 72.1 (11.6) years
(range, 49-90 years). Mean age at onset
in the families with early-onset PD was
39.7 years (range, 12-66 years), whereas
mean age at onset in the families with
late-onset PD was 62.7 years (range,
40-90 years). The 2 age-of-onset groups
were similar with respect to average fam-
ily size and structure.

Analysis of the clinical parameters of
the collected data set did not differ sig-
nificantly from the patient data col-
lected for other studies in which the fo-
cus was on the enrollment of patients
with PD for clinical trials.** Genetic re-
gions generating both MLODs and
LOD:s of greater than 1.5 are listed in
the TABLE. Markers on chromosomes
5q, 8p, and 17q generated interesting
2-point and multipoint lod scores
(MLODs and LODs of more than 1.5)
in the overall sample of 174 families
(FIGURE 1). The strongest evidence for
linkage in the overall data set was on
chromosome 8p (MLOD=2.01 at
D8S520; LOD=2.22). Other regions
with interesting 2-point and multi-
point results were 5q (MLOD=2.39

(Reprinted) JAMA, November 14, 2001—Vol 286, No. 18 2241
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at D55816; L.OD=1.5) and 17q
(MLOD=1.92atD175921;LOD=2.02).

FIGURE 2 presents the 2-point MLOD
results for the data stratified by age at
onset and levodopa response. In the
subset of 18 families with early-onset
PD, a significant MLOD was obtained
at D65305, located in intron 7 of the
parkin gene (MLOD=5.07). Muldi-

point analysis confirmed these find-
ings, resulting in a LOD of 5.47. No
other regions of the genome gener-
ated both MLODs and LODs >1.5 in
the early-onset subset.

The strongest linkage result ob-
tained in the subset containing 147
families with late-onset idiopathic PD
was on 17q (MLOD=2.28at D1751293;

Figure 1. Two-Point Maximum Parametric Lod Scores (MLODs) for the Overall Data Set

(n=174)
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Figure 2. Two-Point Maximum Parametric Lod Scores (MLODs) Stratified by Age at Onset

of PD and Levodopa Response
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LOD=2.62). A second region of inter-
est was located on 8p (MLOD=1.92 at
D85520; LOD=1.69).

The 9 levodopa-nonresponsive fami-
lies produced novel results on chro-
mosome 9q (MLOD=1.52 at D9S301;
LOD=2.59). An additional region of in-
terest was detected on 3q (MLOD=1.62
at D352460, LOD=1.54).

COMMENT

The results of this study, to our knowl-
edge the largest complete genomic
screen in idiopathic PD, suggest that ge-
netic factors are involved in the etiol-
ogy of both early- and late-onset PD.
These results are in contrast to find-
ings of the twin study by Tanner and
colleagues.® In that study of 161 twin
pairs, the authors found similar con-
cordance rates in identical (15.5%) and
fraternal (11.1%) twin pairs and con-
cluded that there was no role for ge-
netics in late-onset PD. However, the
authors acknowledged that there were
limitations to the twin study design,*
including sample size and time to fol-
low-up.” Our results suggest that these
concerns are warranted.

Analysis of 18 families with at least
1 early-onset PD case resulted in strong
evidence for linkage to D6S305, which
is located in intron 7 of the parkin gene.
Parkin was originally described as the
gene responsible for only autosomal re-
cessive juvenile parkinsonism® and later
was implicated in other autosomal re-
cessive, early-onset PD.® The 18 fami-
lies with early-onset PD were pheno-
typically similar to the overall data set,
with the only notable difference being
earlier age at onset of PD symptoms in
at least 1 individual. The 18 families
with early-onset PD did not have a rec-
ognizable mode of inheritance, con-
tained a wide range of ages at onset
(12-66 years), and were a mixture of af-
fected sibpairs and other affected rela-
tive pairs in multiple generations.

Through examination of the parkin
gene in these 174 families and an ad-
ditional 134 multiplex and singleton
families, we discovered parkin muta-
tions in 11 early-onset and 7 late-
onset idiopathic PD families.”® These

©2001 American Medical Association. All rights rescrved.



linkage and mutation results indicate
that parkin is an important genetic fac-
tor in PD and mutations are more preva-
lent than previously reported. Parkin
mutations were not identified in 10
families with early-onset PD included
in the genomic screen, indicating that
additional loci underlying early-onset
PD may exist.

In the 147 families with late-onset
PD, the strongest overall evidence for
linkage was on chromosome 17q at
marker D1751293, which is about 8 cM
from the tau gene. The tau gene en-
codes a microtubule-associated pro-
tein that is expressed in the brain and
forms paired helical filaments found in
Alzheimer disease and other neurode-
generative disorders.”” Mutations in the
tau gene cause frontotemporal demen-
tia with parkinsonism (FTDP),*® and a
haplotype of single nucleotide poly-
morphisms (SNPs) in the gene has been
associated with progressive supra-
nuclear palsy (PSP).¥

The strict clinical criteria developed
for use in this study ensured that these
families have idiopathic PD and not
atypical forms of parkinsonism. For
example, to exclude potential cases of
PSP from the sample, individuals with
PD had to have asymmetrical motor
symptoms at onset, no postural insta-
bility with falls early in the disease
course, and no supranuclear down- or
lateral-gaze palsy. Subjects with poten-
tial FTDP were excluded from the PD
affected group by requiring the absence
of dementia at onset and the presence
of asymmetrical onset of motor symp-
toms. Cognitive status testing was not
performed during the initial clinical
examinations in these families, and
therefore we cannot determine if link-
age to this region is associated with
development of dementia later in the
disease. These data are being collected
during follow-up evaluations of these
families and will be examined in future
studies. Therefore, the evidence for link-
age of late-onset PD to chromosome 17q
suggests a possible genetic link between
FTIDP, PSP, and idiopathic PD. We
examined intragenic SNPs in tau for
association with PD and found that a
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haplotype of 4 SNPs in the tau gene is
significantly associated with increased
risk of developing PD.*® Association of
PD with a haplotype of tau and evi-
dence for linkage to that region of chro-
mosome 17q suggest that tau or a gene
in linkage disequilibrium with tau is a
genetic risk factor for PD.
Stratification by levodopa response
identified additional regions of inter-
est. In particular, multipoint LODs on
chromosome 9q were stronger in these
9 families compared with the other
families with late-onset idiopathic PD.
Each family included both levodopa-
responsive and nonresponsive mem-
bers, indicating that variable response
to levodopa within the family might be
part of the phenotype associated with
a susceptibility locus in this region. This
region of 9q contains the torsinA gene,
deletions in which are responsible for
causing idiopathic torsion dystonia, an-
other movement disorder that is not re-
sponsive to levodopa therapy.’' These
data suggest a potential etiologic con-
nection between dystonia and non—
levodopa-responsive parkinsonism.
Family-based genetic linkage stud-
ies are frequently used as initial at-
tempts to identify susceptibility genes
in complex diseases. This study de-
sign requires a selected sample of fami-
lies with multiple related individuals di-
agnosed as having the disease. Only
10% to 20% of individuals with PD re-
port a family history of the disease, and
only a subset have a living relative with
PD. Because of this ascertainment
scheme, these multiplex families may
not be representative of all cases of PD.
Therefore, the results of this study may
not apply to all PD cases and cannot be
used to calculate the relative contribu-
tion of each gene to the overall risk of
PD. However, we found no significant
differences in the clinical presentation
of patients in this data set and those seen
in a general PD clinic population.**
Once susceptibility genes underlying
each of these regions of linkage are
identified, investigations of population-
based random samples will be neces-
sary to determine the contribution of
each to the overall risk of idiopathic PD.

These results provide strong evi-
dence that the parkin gene is influen-
tial in the development of early-onset
PD, that several genes may influence
the development of late-onset PD, and
that age at onset and levodopa
response pattern may be useful dis-
criminators for genetic etiology. Like
many complex traits, it is likely that
PD is caused by an interaction of
genetic and environmental risk fac-
tors, in which specific genetic tem-
plates are more susceptible to the
influences of environmental expo-
sures. Further studies to identify the
molecular pathways affected by the
responsible genes will provide valu-
able insight into this complex etiology
and potential treatment for PD.
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Parkinson disease (PD) is a common neurodegenerative disorder characterized by bradykinesia, resting tremor,
muscular rigidity, and postural instability, as well as by a clinically significant response to treatment with levodopa.
Mutations in the a-synuclein gene have been found to result in autosomal dominant PD, and mutations in the
parkin gene produce autosomal recessive juvenile-onset PD. We have studied 203 sibling pairs with PD who were
evaluated by a rigorous neurological assessment based on (a) inclusion criteria consisting of clinical features highly
associated with autopsy-confirmed PD and (b) exclusion criteria highly associated with other, non-PD pathological
diagnoses. Families with positive LOD scores for a marker in an intron of the parkin gene were prioritized for
parkin-gene testing, and mutations in the parkin gene were identified in 22 families. To reduce genetic heterogeneity,
these families were not included in subsequent genome-screen analysis. Thus, a total of 160 multiplex families
without evidence of a parkin mutation were used in multipoint nonparametric linkage analysis to identify PD-
susceptibility genes. Two models of PD affection status were considered: model | included only those individuals
with a more stringent diagnosis of verified PD (96 sibling pairs from 90 families), whereas model II included all
examined individuals as affected, regardless of their final diagnostic classification (170 sibling pairs from 160
families). Under model I, the highest LOD scores were observed on chromosome X (LOD score 2.1) and on
chromosome 2 (LOD score 1.9). Analyses performed with all available sibling pairs (model II) found even greater
evidence of linkage to chromosome X (LOD score 2.7) and to chromosome 2 (LOD score 2.5). Evidence of linkage
was also found to chromosomes 4, 5, and 13 (LOD scores >1.5). Our findings are consistent with those of other

linkage studies that have reported linkage to chromosomes S and X.

Introduction

Parkinson disease (PD [MIM 168600]) is a common
neurodegenerative disorder affecting >1% of 55-year-
old individuals and >3% of those >73 years of age (de
Rijk et al. 1997). It is characterized by bradykinesia,
resting tremor, muscular rigidity, and postural instability,
as well as by a clinically significant response to treatment
with levodopa (Gasser 2001). The pathology of PD in-
volves the degeneration of brain dopaminergic path-
ways, mostly in the substantia nigra but also in other
regions of the brain, and the presence of Lewy bodies
in the substantia nigra (Gibb and Lees 1989; Fearnley
and Lees 1991).

To better understand the role of genetics in PD, many
investigators have initiated studies to estimate familial
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aggregation of PD in first- and/or second-degree rela-
tives of patients with PD. Studies around the world have
provided evidence that genetic risk factors are involved
in the pathogenesis of the idiopathic form of PD. Es-
timates of the relative risk to first-degree relatives of an
affected individual range from 2.7 (Kuopio et al. 2001)
to 3.5 (Payami et al. 1994) in the United States and are
2.9 in Finland {Autere et al. 2000), 6.7 in Iceland (Svein-
bjornsdottir et al. 2000), 7.7 in France {Preux et al.
2000), 3.2 in three centers within Europe (Elbaz et al.
1999), 5.0 in Canada (Uitti et al. 1997), 13.4 in Italy
(De Michele et al. 1995), and 7.1 in Germany (Vieregge
et al. 1994).

Several families with Mendelian segregation of PD
have been reported. At present, four genes implicated
in autosomal dominant forms of parkinsonism have
been identified or localized. The alpha-synuclein gene
was identified by studying a large Italian kindred in
which PD was pathologically confirmed (Polymeropou-
los et al. 1997). The same alpha-synuclein mutation,
G209A, observed in the Italian kindred was later found
in three Greek families, most of which can trace their
ancestry to a very small geographical area on the Pelo-
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ponnisos in southern Greece (Polymeropoulos et al.
1997). Alpha-synuclein mutations in eight additional
individuals from six different families from central and
southwestern Greece have been reported more recently
(Bostantjopoulou et al. 2001). In view of the close his-
torical ties to southern Italy, these mutation results sug-
gest the presence of a founder effect (Gasser 2001). Sub-
sequently, another mutation, G88C, in the gene was
identified in a German family with autosomal PD (Kru-
ger et al. 1998). But, since no other mutations in alpha-
synuclein have been identified in the large number of
patients with sporadic or familial PD that have been
screened (Chan et al. 1998; Farrer et al. 1998; Vaughan
et al. 1998; Pastor et al. 2001), alpha-synuclein is most
likely not a major risk factor in familial PD. A mutation,
lle93Met, in the ubiquitin carboxy-terminal hydrolase-
L1 gene was identified in two individuals with PD who
were members of a German pedigree (Leroy et al. 1998).
The PARK3 locus on chromosome 2p13 has been linked
in a subset of families with German ancestry (Gasser et
al. 1998), although the responsible gene has not yet been
identified. Last, the PARK4 locus on chromosome 4p14-
16.3 has been linked in a four-generation pedigree (Far-
rer et al. 1999). Despite these promising findings, ped-
igrees with autosomal dominant PD are rare and seem
to represent only a small number of families with PD
(The French Parkinson’s Disease Genetics Study Group
1998).

Autosomal recessive juvenile parkinsonism (ARJP
[MIM 600116]) is a distinct clinical and genetic entity
within familial PD. It is characterized by typical PD
features and an early (<40 years) age at onset, slow
progression of the disease, sustained response to levo-
dopa, early levodopa-induced complications (fluctua-
tions and dyskinesias) that are often severe, hyperre-
flexia, and mild dystonia, mainly in the feet (Yamamura
et al. 1973; Ishikawa and Tsuji 1996). Among the genes
implicated in familial PD, the largest number of mu-
tations have been found in the parkin gene (Kitada et
al. 1998), and mutations in this gene might account for
PD in as many as 50% of familial patients with AR]JP
(Liicking et al. 2000). Two other loci have been impli-
cated in autosomal recessive early-onset parkinsonism:
PARK®6 has been localized on chromosome 1p35-36 in
a single Italian family (Valente et al. 2001), and PARK7
has been mapped to chromosome 1p37 in a consan-
guineous pedigree from a genetically isolated popula-
tion in the southwestern region of the Netherlands (van
Duijn et al. 2001).

There is clear evidence of a single Mendelian gene in
a minority of families with PD. However, evidence of
a genetic contribution to more typical, late-onset PD
has not been universal. A report of a low concordance
rate of PD in a sample of World War II veteran twins
has been interpreted to imply that the role of genes in
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PD susceptibility is minimal. Further analyses of these
data suggest greater twin concordance among twins
with early-onset PD (Tanner et al. 1999). A major lim-
itation of most twin studies is that they are usually cross-
sectional in nature. In the case of PD, in which the age
at onset is quite variable, a cross-sectional study may
fail to identify concordant twin pairs with widely dif-
fering ages at onset. In one instance, the age at onset
of PD in a pair of MZ twins differed by 20 years (Dick-
son et al. 2001). Functional imaging of the brain has
suggested that some apparently normal cotwins actually
have decreased function of the nigrostriatal dopami-
nergic system and may be presymptomatic, implying
that the concordance rates for both MZ and DZ twins
may be higher than previously estimated (Burn et al.
1992; Piccini et al. 1997).

The purpose of the present study was to identify genes
contributing to PD susceptibility, particularly among
families with more typical, later-onset PD. Since, to
date, mutations in parkin are the most common inher-
ited defect identified in PD, our initial efforts were fo-
cused on identifying those families likely to have parkin
mutations, so that they could be further screened and
eliminated from the genome-screen analyses. OQur in-
tention was to reduce the genetic heterogeneity in our
sample and, thereby, to increase our power to detect
non-parkin PD-susceptibility genes. Our study provides
evidence of PD-susceptibility loci in several chromo-
somal regions.

Subjects and Methods

Subjects

Families consisting of at least one pair of living sib-
lings diagnosed with PD were recruited through 60 Par-
kinson Study Group (PSG) sites located throughout
North America. The sample was primarily white (94 %),
although Hispanics (6%) also participated. All study
participants completed a uniform clinical evaluation that
consisted of parts Il and III of the Unified Parkinson
Disease Rating Scale (Lang and Fahn 1989). A diag-
nostic checklist also was completed by a PSG movement-
disorder specialist, with inclusion criteria consisting of
clinical features highly associated with autopsy-con-
firmed PD and with exclusion criteria highly associated
with other, non-PD pathological diagnoses (see the Ap-
pendix) (Hughes et al. 19924, 1992b). Responses on the
diagnostic checklist were then used to classify study sub-
jects as having verified PD (285 subjects) or nonverified
PD (99 subjects). Peripheral blood was obtained from
all individuals after appropriate written informed con-
sent approved by each individual institution’s institu-
tional review board was completed. DNA was prepared
by standard methods (Madisen et al. 1987).
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Table 1

Demographics of Sample

Am. |. Hum. Genet. 71:124-135, 2002

No. oF MEAN + SD AGFE AT ONSET
MobEl Families Pairs % MALE (years)
I (183 subjects) 90 96 60 62.3 £ 9.7 (range 32-83)
I (3235 subjects) 160 170 61 62.8 £ 10.7 (range 18-83)

One of the advantages of our study is the use of the
diagnostic checklist for the classification of disease
status. The inclusion criteria, consisting of clinical fea-
tures highly associated with autopsy-confirmed PD, in
conjunction with the exclusion criteria, consisting of
clinical features highly associated with other, non-PD
pathological diagnoses, provide the stringent diagnostic
criteria essential for the successful identification of PD-
susceptibility genes. The high interrater and intersite re-
liability of the diagnostic instrument provided further
reassurance that error in diagnosis was kept at a mini-
mum (Siemers et al. 1998).

parkin Screening

A marker (D6S305) in intron 7 of the parkin gene
was genotyped in all study subjects. Families with pos-
itive LOD scores at this marker, under an autosomal
recessive model of disease inheritance (n = 68), and
families with an affected family member with an age at
onset of <45 years (n = 21) were screened for parkin
mutations, by both direct-sequencing and fluorescent-
dosage analysis (Nichols et al., in press). Twenty differ-
ent parkin mutations were identified in 22 of the 74
families analyzed. Genetic analyses were performed with
and without the families with a parkin mutation.

Genotyping

A genome screen was completed by use of 400 dinu-
cleotide markers, from the ABI Prism Linkage Mapping
Set (Applied Biosystems), that had an average hetero-
zygosity of 79% and an average intermarker spacing of
8.6 cM. The average information content for the 23 chro-
mosomes was 0.65 when estimated every 1 ¢cM and was
0.71 when estimated at a marker (Mapmaker/Sibs; Krug-
lyak and Lander 1995). In brief, 30 ng of genomic DNA
was PCR amplified by use of each marker, in a 10-pl
reaction. After PCR, the PCR products were pooled by
use of equal amounts of each PCR. One microliter of this
multiplexed mix was added to 10 ul of formamide con-
taining the GENESCAN-400HD ROX size standard (Ap-
plied Biosystems). Genotypes were determined by an ABI
3700 DNA Analyzer (Applied Biosystems) and GENE-
SCAN 3.5, GENOTYPER 3.6, and GENEMAPPER 1.1
software.

All genotypic data were evaluated for Mendelian in-
heritance of marker alleles, by the program Pedcheck

{O’Connell and Weeks 1998). The marker genotypic
data were used to verify the full-sibling relationships
among the subjects, by the computer program RELA-
TIVE (Goring and Ott 1997). Three half-sibling pairs
were eliminated from further analyses, because the shar-
ing of marker alleles identical by descent was signifi-
cantly lower than that which would be expected for full
siblings.

Statistical Analysis

A total of 160 families (# = 325 individuals) who had
no evidence of a parkin mutation and who had two or
more affected siblings were available for genetic anal-
yses. Of the two models of affection considered for this
sample, model I included only those individuals with a
more stringent diagnosis of verified PD (n = 96 sibling
pairs, from 90 families), whereas model II included all
examined individuals as affected, regardless of their final
diagnostic classification (n = 170 sibling pairs, from
160 families). The majority of families consisted of a
single pair of affected siblings. Under model I, there were
87 families with a single affected sibling pair and 3 fam-
ilies with three affected siblings. Under the broader dis-
ease definition employed in model II, there were 155
families with two affected siblings and 5 families with
three affected siblings. The average age at onset of PD
did not differ significantly (P = .47) between the sample
employed in the model I analyses and the sample of
individuals included in the more inclusive model I def-
inition. The characteristics of the study population are
listed in table 1.

Multipoint nonparametric linkage analysis was per-
formed for both models of affection status, by the max-
imum-likelihood method implemented in the computer
program Mapmaker/SIBS (Kruglyak and Lander 1995).
Analysis was performed both with dominance variance
fixed at zero and with dominance variance free to vary.
Analyses were performed by employing all possible sib-
ling pairs from families of size greater than two.

For completeness, genomewide linkage analyses also
were performed with the entire collected sample, includ-
ing those families with a known parkin mutation (n =
182 families). In addition, to identify any potential loci
acting epistatically with the parkin gene, a genomewide
linkage analysis also was performed in a sample limited
to the 22 families with a known parkin mutation.
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Results

Results of the genome screen of the families with par-
kin mutations were reviewed (n = 160 families), and
chromosomal regions with LOD scores >1.5 were iden-
tified for further evaluation (figs. 1 and 2 and table 2).
Information content, both at linked markers and in the
linked intermarker regions, was comparable to that ob-
served in the full genome. When only PD sibling pairs
meeting the stricter PD diagnostic criteria were includ-
ed in the analyses (model I), three chromosomal re-
gions had LOD scores >1.5 (fig. 1). The highest LOD
scores were observed on chromosome X (LOD score
2.1), near marker DXS1001 (fig. 3), and on chromosome
2 (LOD score 1.9), near marker D25206 (fig. 4). Three
markers in this 21-cM region on chromosome X (i.e.,
markers DXS1106, DXS58055, and DXS1001) yielded
LOD scores >1.5. Subsequent analyses suggested that
the majority of the evidence of linkage to this region is
derived from 35 brother-brother pairs (LOD score 1.8).
Analyses of the 17 sister-sister pairs produced a maxi-
mum LOD score of 0.9 in this region of Xq. Linkage
analyses employing the mixed-sex sibships (z = 44 sib
pairs) yielded a maximum LOD score of 0.3. In addition,
a LOD score of 1.6 was found for chromosome 5, near
marker D55471.

Analyses were also performed with all available sibling
pairs (model II). With this larger sample of sibling pairs,
LOD scores >1.5 were observed for chromosomes 2, 4,
13, and X (table 2 and fig. 2). The maximum LOD score
obtained for the entire genome screen was for chromo-
some X (LOD score 2.7), near marker DXS1106 (fig. 3).
Three markers in this 23-cM region (i.e., markers
DXS1106, DXS8055, and DXS1001) yielded LOD
scores >1.5. Subsequent analyses suggest that the major-
ity of the evidence of linkage to this region is derived
from 66 brother-brother pairs (LOD score 1.9). Analyses
of the 29 sister-sister pairs produced a maximum LOD
score of 0.65 for this region of Xq. Linkage analyses
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employing the mixed-sex sibships {(z = 75 sib pairs)
yielded a maximum LOD score of 0.24.

The maximum LOD score for chromosome 2, when
the broader disease definition (model II) was used, was
2.5. Similar to what was seen in the model I analyses,
the maximum LOD score for chromosome 2 was near
marker D25206 (fig. 4). Three markers in this region of
chromosome 2, spanning 24 cM, produced LOD scores
=1.5 (i.e., D25396, D2S206, and D2S338). Thus, the
two chromosomes with the highest LOD scores under
the more restrictive model I diagnosis also had the highest
LOD scores under the broader disease definition.

Two additional chromosomal regions had LOD
scores above our initial threshold of 1.5. A maximum
LOD score of 1.6 was found for chromosome 4, near
marker D451597, and a maximum LOD score of 1.5
was found for chromosome 13, near marker D13S171.

Linkage analyses also were performed in the entire
collected sample (n = 182 families), including the 22
families with an identified parkin mutation (table 2). For
chromosomes 4, 5, and X, both the LOD score under
both model I and that under model II were lower than
those for the analyses performed without families with
parkin mutations. For chromosome 13, the complete
sample had a higher LOD score under model II only
(LOD score 2.1 vs. LOD score 1.5). Analyses performed
with the entire sample did identify one additional chro-
mosomal region, on chromosome 10 (LOD score 1.6),
that met our initial linkage threshold. Interestingly, for
chromosome 2, the entire sample produced a substan-
tially higher LOD score under model I (LOD score 3.1
vs. LOD score 1.9). To further examine the potential role
of a PD-susceptibility locus on chromosome 2, as well
as potential epistatic interactions between parkin and
other loci, a genome screen was performed with only the
22 families with parkin mutations (fig. 5). In this small
subset of the data, there was no evidence of a PD-sus-
ceptibility gene on chromosome 2; however, there was
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Figure 1 Multipoint LOD-score graph summarizing results of genome screen of chromosomes 1-22 and X, under the narrower, model

I definition of PD diagnosis.
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some evidence of linkage to chromosomes 8 (LOD score
1.6), 12 (LOD score 2.0), and 19 (LOD score 1.7).

Discussion

Three other studies are currently ongoing that seek to
identify PD-susceptibility genes. The GenePD study, an-
alyzing data from 113 sibling pairs, has reported LOD
scores of 0.9-1.3 for chromosomes 1, 9, 10, and 15
{DeStefano et al. 2001). A second study, analyzing 174
extended pedigrees, including 378 affected individuals,
has reported LOD scores of 1.5-2.5 for chromosomes
5, 8,9, 14, 17, and X in families with late-onset PD
{Scott et al. 2001). The deCODE study in Iceland has
reported a LOD score of 4.9 on chromosome 1, as well
as evidence of linkage to chromosomes 5, 7, 13, 14, and
X (Hicks et al. 2001).

We have completed a genome screen in a large sam-
ple of 170 sibling pairs with PD that were ascertained
from 160 families. Unlike previous PD-linkage stud-
ies, ours has attempted to reduce genetic heterogeneity
by screening all families by use of a marker in the parkin
gene, to identify families likely to have parkin muta-
tions. This has allowed us to identify 22 families with
parkin mutations who were then removed from sub-
sequent genome-screen analyses. Linkage analyses per-
formed with and without the families with parkin mu-
tations suggest that most of the LOD scores that we
have reported increased with the removal of the families
with known parkin mutations (table 2).

In this study, the strongest evidence of linkage was
reported for chromosome X. Evidence of linkage was
observed both under the more restrictive (model I) and
under the broader (model II) disease definitions. The
maximum LOD score in each analysis was at a different
marker; however, these markers are only 13 ¢M apart
and likely represent the same underlying susceptibility
gene. It is interesting that, in our sample, most of the
evidence of linkage to this region on chromosome X
came from the brother-brother pairs. It is intriguing to
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Table 2
Regions with LOD Scores =1.5

LOD Score
With Families

Without Families

with parkin with parkin
Murations Mutations
PosiTiON?
CHROMOSOME (cM) Model I Model I Model I Model II
2 236 3.1 2.5 1.9 2.5
4 160 1.1 1.4 14 1.6
5 128 1.3 7 1.6 S
10 68 .6 1.6 6 1.3
13 13-22 1.2 2.1 1.3 1.5
X 105-122 1.4 2.5 2.1 2.7

* Based on the sex-averaged genetic maps from the Center for Med-
ical Genetics, Marshfield Medical Research Foundation.

speculate that this linkage to chromosome X might ex-
plain the slightly higher incidence of PD among males
(Tanner et al. 1992).

Two other PD studies appear to report linkage to this
same region of Xq21-25 (Hicks et al. 2001; Scott et al.
2001). Unfortunately, few details were provided, in either
study, regarding the markers near the maximum LOD
score. Also, neither study reported whether the evidence
of linkage was limited to a sample subset consisting of
brother pairs, as is the case in our study. Thus, it is dif-
ficult to verify whether the results from these other studies
might represent converging lines of evidence supporting
the presence of a PD-susceptibility gene on chromosome
X.

Interestingly, X-linked dystonia parkinsonism (XDP),
which has been reported at high incidence in Panay, The
Philippines, has been linked to Xq13.1 (Lee et al. 2001).
It is an adult-onset, highly penetrant, X-linked disorder
that primarily afflicts men (male:female ratio 123:1). It
is a severe, progressive disorder with onset typically oc-
curring, with dystonic movements, during the 3rd or 4th
decade. Approximately a decade after disease onset, the
dystonia typically coexists or is replaced by parkinson-
ism. Neuropathology reveals pronounced atrophy of the
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Figure 2 Multipoint LOD-score graph summarizing results of genome screen of chromosomes 1-22 and X, under the broader, model 11

definition of PD diagnosis.
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Figure 3 Multipoint LOD-score graph of chromosome X, under

models I (dashed line) and 11 (solid line).

caudate and putamen, mostly in the cases with long-
standing illness (Lee et al. 2001). The gene has been
mapped to an <350-kb region in the DXS$7117-DXS559
region (Nemeth et al. 1999), <20 cM from the region
identified in our study. Our linkage finding may seem to
be too far from the XDP linkage to represent the same
gene. However, when, in our entire sample (n = 182
families), we review the data for chromosome 6, we find
that the maximum LOD score (LOD score 1.1) occurs
~25 ¢M proximal to the actual location of the parkin
gene. This is the case even when a marker is genotyped
in exon 7 of the parkin gene. Thus, we believe that the
XDP gene remains a possible positional candidate gene.

We have used complementary methods of analysis to
ensure maximum power to detect loci contributing to
PD susceptibility. Holmans (1993) has shown that anal-
ysis of affected-sib-pair data under the assumption of
dominance variance, when Holmans’s “possible trian-
gle” is applied, appears to allow for a more sensitive
test for putative genes acting in a recessive fashion than
does analysis when dominance variance is fixed at zero.
Several studies have reported higher estimates of relative
risk for PD among siblings of affected individuals, com-
pared with the risk of PD among the parents or offspring
of affected individuals (Autere et al. 2000; Sveinbjorns-
dottir et al. 2000), suggesting evidence of at least some
recessively acting PD-susceptibility genes. This would
appear to be supported both by the recessively acting
genes already implicated, such as parkin, and by the
recent linkage findings on chromosome 1 (Vallente et
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al. 2001; van Duijn et al. 2001). We also have observed
empirical data suggesting that LOD scores at a reces-
sively acting locus increase when dominance variance
is free to vary. Before the families with parkin mutations
were removed, the LOD score for the parkin locus in
the entire sample increased from 0.6 to 1.1 when dom-
inance variance was free to vary; likewise, when the
sample was limited to only the 22 families with parkin
mutations, the LOD score increased from 5.0 to 7.6
(fig. 5).

In our study, the linkage findings for chromosome 2q
are consistent with a recessively acting susceptibility lo-
cus. Allowing the dominance variance to vary increased
the LOD score from 1.2 to 1.9 under model I and from
2.1 to 2.5 under model II. The linkage finding in this
region was supported by three markers, all with LOD
scores >1.5. None of the other three genomewide link-
age studies (DeStefano et al. 2001; Hicks et al. 2001;
Scott et al. 2001) have reported any evidence of linkage
to chromosome 2.

The linkage to chromosome 4q32 was supported by
four markers with a LOD score >1.0. In addition, an-
other region, ~70 ¢cM away, at 4q21, had a maximum
LOD score of 1.1. None of the other three studies have
reported linkage to either region {DeStefano et al. 2001;
Hicks et al. 2001; Scott et al. 2001). The strongest can-
didate gene in this region is alpha-synuclein, which is
near marker D4S1534 in the 4921 region. Although
only a few families with mutations in the alpha-synu-
clein gene have been identified (Chan et al. 1998; Farrer
et al. 1998; Vaughan et al. 1998; Pastor et al. 2001),
several recent studies have reported an association be-
tween PD and haplotypes in the promoter region of the
alpha-synuclein gene (Kruger et al. 1999; Farrer et al.
2001b).

The evidence of linkage to chromosome 5923 is sup-
ported by four markers with a LOD score >1.0. Similar
to the linkage finding on chromosome 2, the results of
analyses performed on chromosome 5, under model I,
suggest that this locus also may be a recessively acting
susceptibility locus; the maximum LOD score increased
from 0.9 to 1.6 when linkage analyses were performed
with dominance variance allowed to vary. Unlike the
other linkage findings reported in this study, for this re-
gion there is a large disparity between the maximum
LOD score under model T and that under model II. The
higher LOD scores under mode} I may provide insight
with regard to the putative gene’s mode of action. “Par-
kinsonism” is a term referring to all clinical states char-
acterized by tremor, muscle rigidity, and slowed move-
ment (termed “bradykinesia”) (Koller and Hubble 1992)
and includes secondary forms of parkinsonism, such as
those resulting from drug exposure and stroke. PD is the
most common form of parkinsonism. We anticipate that
model I includes some subjects with parkinsonism but



130

LOD score

Am. J. Hum. Genet. 71:124-135, 2002

A% LY Rahss en
] VO NGy MM © M N
MOt M =M NG OO N NN
Uy W VY VY vy v v v
OO N O NN N o8
DODO 000 OO0 OO DO

Figure 4

without PD. Perhaps the 523 locus is a PD-specific sus-
ceptibility locus, whereas most of the other loci mapped
in this study may confer more-general parkinsonism sus-
ceptibility. Alternatively, the same genes may be contrib-
uting to both model I and model II; however, analyses
performed with the broader disease model (i.e., model
1) may result in higher LOD scores simply because the
sample size is greater, as is the power to detect genetic
effects.

Two other studies have reported linkage to 5q23
(Hicks et al. 2001; Scott et al. 2001). Scott et al. re-
ported a multipoint LOD score of 1.5 for marker
D5S5816, which is <10 ¢M from marker D55471, where
the maximum LOD score was found. Within this cy-
togenetic band is a gene that is an excellent potential
candidate, the synphilin-1 gene (SNCAIP). Normal par-
kin ubiquitinates synphilin-1 as well as the glycosylated
form of alpha-synuclein. It is proposed that, without
proper ubiquitination, these molecules do not properly
degrade and that the accumulation of these proteins
thus becomes toxic. Notably, all three of these proteins
are present in the intracytoplasmic inclusions called
“Lewy bodies” (Chung et al. 2001). No mutations in
SNCAIP have been discovered in a small sample of pa-
tients with PD who have been screened in other studies
(Bandopadhyay et al. 2001; Farrer et al. 2001a).

Linkage near the centromere of chromosome 13 is sup-
ported by two markers with LOD scores >1.0. Hicks et
al. (2001) have reported linkage near this region, al-
though the exact position and magnitude of their link-

D25396
bD2s206
D2s338
bD2s125

Multipoint-LOD-score graph of chromosome 2, under model I (dashed line) and 11 (solid line)

age finding has not been reported. One attractive can-
didate gene in this region is the copper-transporting
P-type ATPase gene (ATP7B), which, if mutated, results
in the autosomal recessive disorder Wilson disease. Cox
etal. (1972) referred to the two “typical” forms of Wilson
disease as being the “Slavic” type and the “juvenile” type,
with the latter being a differential diagnosis considered
for patients presenting with early-onset parkinsonism.
The Slavic type has a late age at onset and is predomi-
nantly a neurologic disease that, like PD, affects the basal
ganglia and can manifest tremor, dysarthria, poor motor
coordination, and dementia. Approximately 1% of the
general population are thought to be carriers of Wilson
disease (Riordan and Williams 2001). These individuals
typically do not have any clinical sequelae; however, they
do have problems with copper metabolism. This is sig-
nificant, because copper concentration in the cerebro-
spinal fluid has been reported at significantly increased
levels in patients with idiopathic PD, compared with that
in control subjects (Pall et al. 1987). Furthermore, al-
pha-synuclein has been shown to undergo self-oligomer-
ization in the presence of copper(ll) (Paik et al. 2000;
Kim et al. 2001; Uversky et al. 2001), which may lead
to the protein aggregation and neurodegeneration found
in both PD and Alzheimer disease.

Similar to studies of other complex genetic disorders,
previous genetic studies of PD have reported several link-
age findings that were not replicated in our study. Most
notable is the linkage to chromosome 1, reported by
Hicks et al. (2001), in a sample of 117 affected individ-
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Figure 5 Multipoint LOD-score graph summarizing results of genome screen of chromosomes 1-22 and X, for the 22 families with parkin
mutations.

uals from the genetically isolated population of Iceland.
In that study, the result for chromosome 1 was the most
significant linkage result, with a LOD score of 4.9. How-
ever, we found no evidence of linkage to this region (LOD
score <0.6, both under model I and under model II).
Importantly, no evidence of linkage near the centromere
of chromosome 1 was reported in the two other ge-
nomewide studies of PD. It is therefore possible that a
PD-susceptibility gene on chromosome 1 is present at
high frequency only in the Icelandic population.

The study by Scott et al. (2001) found the most sig-
nificant linkage on chromosome 17, near the tau gene.
The strength of this linkage finding was increased when
analyses were limited to a subset of families in which
at least one individual in the kindred was not responsive
to levodopa treatment. Since a positive response to this
dopamine precursor is very common among individuals
with PD, Scott et al. considered this potential pheno-
typic heterogeneity to be indicative of genotypic het-
erogeneity. The most notable improvements to LOD
scores were for chromosomes 3, 9, and 17. Exploratory
analyses were performed in our sample of only nine
families, containing 11 sibling pairs, in which at least
one member of the family was not responsive to levo-
dopa. In this very small data set as well, as in analyses
performed with either model T or model II, we found
no evidence of linkage to tax (LOD scores 0.2, 0.0, and
0.0, respectively). Unlike our study of a sample pri-
marily comprising sibling pairs, the study by Scott et
al. (2001) included many extended pedigrees. Thus, it
is possible that some of the families in that study are
segregating a mutation in fau, which might produce an
autosomal dominant pattern of PD inheritance.

In our sample of 170 affected sibling pairs, we have
identified two chromosomal regions with particularly
strong evidence of linkage. The findings for chromo-
somes 2 and X suggest the presence of loci that con-
tribute to PD susceptibility, both in our analysis em-
ploying a narrow disease definition and in our analysis
employing a more broader disease classification. These

findings may suggest loci contributing to parkinsonism
susceptibility—rather than simply to PD susceptibility
per se. Importantly, our study has provided additional
evidence of linkage, in an independent sample, to chro-
mosomes 5 and X. We are continuing to recruit families
with multiple living members diagnosed with PD, to
replicate the results found for chromosomal regions
identified in these analyses. An important advantage of
our study is the identification and removal, prior to the
genome-screen analyses, of families with parkin muta-
tions. This has reduced genetic heterogeneity in our
sample and, in most instances, has increased the LOD
score for linked chromosomal regions.
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Inclusion and Exclusion Criteria

Inclusion Criteria

Age at onset >20 years
Bradykinesia

Clinician’s overall impression that the subject has PD is >50%

At least one of the following;
Muscular rigidity
Rest tremor
Postural instability

At least two of the following:
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Persistent asymmetry of signs
Progressive disorder

Rest tremor

>50% Levodopa response
Levodopa-induced chorea
Levadopa response for =35 years
Clinical course of =10 years

Exclusion Criteria

Unexplained upper motor-neuron signs
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History of repeated strokes with stepwise progression of parkinsonian features

History of encephalitis
History of oculogyric crisis

Clinical features/course suggesting Alzheimer disease or other dementia distinct from PD

Cortical sensory deficits or apraxia

Parkinsonism likely due to antidopaminergic drug use
Sustained remission of parkinsonian symptoms
Strictly unilateral features after 3 years

Supranuclear gaze palsy with down gaze <50% of normal

Cerebellar signs

Symptomatic orthostatic hypotension early in the course of the disease

Failure to respond to large dosage of levodopa

Brain imaging (by computed tomography or magnetic-resonance imaging) reveals presence of structural lesion(s)

likely causing or contributing to parkinsonism

Electronic-Database Information

Accession numbers and URLs for data presented herein are
as follows:

Center for Medical Genetics, Marshfield Medical Research
Foundation, http://research.marshfieldclinic.org/genetics/
Online Mendelian Inheritance in Man (OMIM), http://fwww
.ncbinlm.nih.gov/Ominy (for PD [MIM 168600] and ARJP

[MIM 600116])
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