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AEVWUDFW
SeYeUaO SUiRU VWXdieV haYe SURSRVed Whe iQYROYePeQW Rf YaUiRXV bUaiQ UegiRQV aQd ceOO
W\SeV iQ PaUNiQVRQ'V diVeaVe (PD) SaWhRORg\. HeUe, Ze SeUfRUPed VQRNA-VeT RQ Whe
SUefURQWaO cRUWe[ aQd aQWeUiRU ciQgXOaWe UegiRQV fURP SRVW-PRUWeP cRQWURO aQd PD bUaiQ
WiVVXe. We fRXQd a VigQificaQW aVVRciaWiRQ Rf ROigRdeQdURc\WeV (ODCV) aQd
ROigRdeQdURc\We SUecXUVRU ceOOV (OPCV) ZiWh PD-OiQNed UiVN ORci aQd UeSRUW VeYeUaO
d\VUegXOaWed geQeV aQd SaWhZa\V, iQcOXdiQg UegXOaWiRQ Rf WaX-SURWeiQ NiQaVe acWiYiW\,
UegXOaWiRQ Rf iQcOXViRQ bRd\ aVVePbO\ aQd SURWeiQ SURceVViQg iQYROYed iQ SURWeiQ
WaUgeWiQg WR PiWRchRQdUia. IQ aQ iQdeSeQdeQW PD cRhRUW ZiWh cOiQicaO PeaVXUeV (681
caVeV aQd 549 cRQWUROV), SRO\geQic UiVN VcRUeV deUiYed fURP Whe d\VUegXOaWed geQeV
VigQificaQWO\ SUedicWed MRQWUeaO CRgQiWiYe AVVeVVPeQW (MRCA)-, aQd BecN DeSUeVViRQ
IQYeQWRU\-II (BDI-II)-VcRUeV bXW QRW PRWRU iPSaiUPeQW (UPDRS-III). We e[WeQded RXU
aQaO\ViV Rf cOiQicaO RXWcRPe SUedicWiRQ b\ iQcRUSRUaWiQg WhUee VeSaUaWe daWaVeWV WhaW
ZeUe SUeYiRXVO\ SXbOiVhed b\ diffeUeQW OabRUaWRUieV. IQ Whe fiUVW daWaVeW fURP Whe aQWeUiRU
ciQgXOaWe cRUWe[, Ze ideQWified a cRUUeOaWiRQ beWZeeQ ODCV aQd BDI-II. IQ Whe VecRQd
daWaVeW RbWaiQed fURP Whe VXbVWaQWia QigUa (SN), OPCV diVSOa\ed QRWabOe SUedicWiYe
abiOiW\ fRU UPDRS-III. IQ Whe WhiUd daWaVeW fURP Whe SN UegiRQ, a diVWiQcW VXbW\Se Rf
OPCV, OabeOed OPC_ADM, e[hibiWed SUedicWiYe abiOiW\ fRU UPDRS-III. IQWUigXiQgO\, Whe
OPC_ADM cOXVWeU aOVR dePRQVWUaWed a VigQificaQW iQcUeaVe iQ PD VaPSOeV. TheVe
UeVXOWV VXggeVW WhaW b\ e[SaQdiQg RXU fRcXV WR gOiaO ceOOV, Ze caQ XQcRYeU
UegiRQ-VSecific PROecXOaU SaWhZa\V aVVRciaWed ZiWh PD V\PSWRPV.

KH\ZRUGV: PaUNiQVRQ'V diVeaVe, ROigRdeQdURc\WeV, ROigRdeQdURc\We SUecXUVRU ceOOV,
VQRNA-VeT, SRO\geQic UiVN VcRUeV, PD V\PSWRPV
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PaUNiQVRQ'V diVeaVe (PD) iV Whe VecRQd PRVW cRPPRQ QeXURdegeQeUaWiYe diVRUdeU. IW iV
chaUacWeUi]ed b\ Whe SaWhRORgic aggUegaWiRQ Rf aOSha-V\QXcOeiQ aQd iWV SaWhRORg\ iV
NQRZQ WR SURgUeVV iQ a SUedicWabOe VSaWiRWePSRUaO PaQQeU. The VSUead Rf Whe diVeaVe
SaWhRORg\ cRPPeQceV iQ Whe ROfacWRU\ bXOb aQd Whe ORZeU bUaiQVWeP aQd PRYeV WhURXgh
Whe VXbVWaQWia QigUa SaUV cRPSacWa (SN) iQ Whe PidbUaiQ, eYeQWXaOO\ UeachiQg Whe PeVR-
aQd QeRcRUWicaO aUeaV1,2. PD aUiVeV fURP a cRPSOe[ iQWeUSOa\ Rf YaUiRXV facWRUV, VXch aV
agiQg, geQeWic SUediVSRViWiRQ, aQd eQYiURQPeQWaO facWRUV. WhiOe Whe caXVe Rf PD iV
XQNQRZQ iQ PRVW caVeV, VSecific PXWaWiRQV iQ geQeV VXch aV /55K2 aQd GBA1 haYe
beeQ ideQWified WR VigQificaQWO\ iQcUeaVe Whe UiVN Rf deYeORSiQg Whe diVeaVe, aOWhRXgh
OiNeO\ b\ affecWiQg diffeUeQW PROecXOaU SaWhZa\V. ThiV Pa\ be RQe UeaVRQ Zh\ Whe iPSacW
Rf /55K2 aQd GBA1 PXWaWiRQV RQ cOiQicaO SUeVeQWaWiRQV Pa\ diffeU3. IQ UeceQW decadeV,
WUaQVcUiSWRPe SURfiOiQg haV ePeUged aV a SUeePiQeQW PeWhRdRORg\ fRU e[SORUiQg hXPaQ
SaWhRORgieV aW Whe PROecXOaU aQd ceOOXOaU OeYeO. IQ PD, aOSha-V\QXcOeiQ SaWhRORg\ haV
beeQ VhRZQ WR be aVVRciaWed ZiWh Whe WUaQVcUiSWiRQaO SURgUaPV Rf YaUiRXV bUaiQ ceOO
W\SeV, iQcOXdiQg QeXURQV aQd gOiaO ceOOV4. FXUWheUPRUe, aOWhRXgh Whe degeQeUaWiRQ Rf
dRSaPiQeUgic QeXURQV (DA) iQ PD SUiPaUiO\ RccXUV iQ Whe SN UegiRQ, LeZ\ bRdieV caQ
fRUP iQ RWheU bUaiQ UegiRQV, VXch aV Whe OiPbic V\VWeP aQd Whe SUefURQWaO cRUWe[5.
MRUeRYeU, WheUe haV beeQ QR iQYeVWigaWiRQ iQWR Whe UeOaWiYe iPSacWV Rf /55K2 aQd GBA1
UiVN geQRW\SeV RQ WUaQVcUiSWiRQaO SURgUaPV acURVV VeYeUaO bUaiQ UegiRQV Rf PD SaWieQWV.

IQ WhiV VWXd\, Ze SeUfRUPed ViQgOe-QXcOeXV RNA-VeTXeQciQg (VQRNA-VeT) RQ Whe
SUefURQWaO cRUWe[ (PFC) aQd aQWeUiRU ciQgXOaWe (ACC) bUaiQ UegiRQV fURP Whe VaPe
iQdiYidXaOV (2 /55K2 PD, 2 GBA1 PD aQd 2 HeaOWh\ CRQWUROV) WR ideQWif\ QeXURQaO aQd
QRQ-QeXURQaO ceOO-W\Se diffeUeQceV (FigXUe 1A aQd TabOe S1). AfWeU daWa cOeaQiQg aQd
TXaOiW\ cRQWURO (Vee MeWhRdV), 88,876 high-TXaOiW\ ViQgOe QXcOei ZeUe UeWaiQed. The
cOXVWeUiQg Rf WheVe high-TXaOiW\ QXcOei ideQWified 13 cOXVWeUV cRYeUiQg PajRU ceOO W\SeV iQ
Whe bUaiQ, i.e. e[ciWaWRU\ QeXURQV (E[N), iQhibiWRU\ QeXURQV (IQN), ROigRdeQdURc\WeV
(ODCV), ROigRdeQdURc\We SUecXUVRU ceOOV (OPCV), PicURgOia (MG), aVWURc\WeV (AVWUR) aQd
YaVcXOaU ceOOV (VaV) (FigXUe 1B). WhiOe a50% Rf Whe WRWaO QXcOei ZeUe aQQRWaWed aV
ODCV, RQO\ 4.3% aQd 0.5% Rf QXcOei accRXQWed fRU OPCV aQd VaV ceOOV, UeVSecWiYeO\
(FigXUe 1C). OQ aYeUage, Ze RbWaiQed 7406 high-TXaOiW\ QXcOei SeU VaPSOe UaQgiQg fURP
3.6% WR 16.5% Rf Whe WRWaO QXcOei (FigXUe 1C aQd TabOe S2). WhiOe Whe SeUceQWage Rf
each ceOO W\Se YaUied acURVV Whe VaPSOeV, QR VigQificaQW diffeUeQceV (Vee MeWhRdV) iQ
ceOO W\Se SURSRUWiRQV ZeUe RbVeUYed beWZeeQ bUaiQ UegiRQV RU PXWaWiRQ gURXSV (FigXUe
1D-E aQd TabOe S2). The cOXVWeUV ZeUe aQQRWaWed baVed RQ Whe e[SUeVViRQ Rf
ZeOO-NQRZQ ceOO-W\Se PaUNeUV (FigXUe 1F aQd TabOe S3). The WRS 5 PaUNeUV Rf each ceOO
W\Se cOXVWeU aUe VhRZQ iQ FigXUe 1G.

IQWegUaWiRQ Rf VQRNA-VeT daWa, Zhich iQcOXdeV aOO e[SUeVVed geQeV, ZiWh PD
geQRPe-Zide aVVRciaWiRQ VWXdieV (GWAS)6 VhRZed Whe VWURQgeVW aVVRciaWiRQ Rf ODCV
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aQd OPCV ZiWh PD-OiQNed UiVN ORci (FigXUe 2A aQd TabOe S4). Ne[W, Ze SeUfRUPed
diffeUeQWiaO e[SUeVViRQ geQe aQaO\ViV WR ideQWif\ d\VUegXOaWed geQeV beWZeeQ PD aQd
cRQWUROV iQ ODCV aQd OPCV. WhiOe 1040 aQd 543 geQeV ZeUe diffeUeQWiaOO\ e[SUeVVed
beWZeeQ GBA1 aQd cRQWURO VaPSOeV iQ ODCV aQd OPCV, UeVSecWiYeO\, RQO\ 278 geQeV
iQ ODCV aQd 108 geQeV iQ OPCV ZeUe diffeUeQWiaOO\ e[SUeVVed beWZeeQ /55K2 aQd
cRQWURO VaPSOeV (FigXUe 2B aQd TabOe S5). UViQg aOO Whe DEGV, MAGMA iQdicaWed WhaW
OPCV had Whe higheVW aVVRciaWiRQ ZiWh PD-OiQNed UiVN ORci (FigXUe 2C aQd TabOe S6).
The PRVW SURPiQeQW MAGMA aVVRciaWiRQ ZaV RbVeUYed aPRQg DEGV iQ OPCV ZheQ
cRPSaUiQg LRRK2 YV HC, aOigQiQg ZiWh eaUOieU fiQdiQgV iQdicaWiQg higheVW /55K2
e[SUeVViRQ iQ OPCV7. EQUiched biRORgicaO SURceVVeV iQ XS-UegXOaWed DEGV (FigXUe 2D
aQd TabOe S7) e[hibiWed QegaWiYe UegXOaWiRQ Rf iQcOXViRQ bRd\ aVVePbO\ (iQ
GBA1/CRQWURO ODCV), UegXOaWiRQ Rf PicURWXbXOe QXcOeaWiRQ (iQ /55K2/CRQWURO ODCV),
SRViWiYe UegXOaWiRQ Rf WaX-SURWeiQ NiQaVe acWiYiW\ (iQ GBA1/CRQWURO OPCV) aQd UegXOaWiRQ
Rf SURWeiQ SRO\PeUi]aWiRQ (iQ /55K2/CRQWURO OPCV). OQ Whe RWheU haQd, eQUiched
biRORgicaO SURceVVeV iQ dRZQ-UegXOaWed DEGV e[hibiWed SURWeiQ SURceVViQg iQYROYed iQ
SURWeiQ WaUgeWiQg WR PiWRchRQdUia (iQ GBA1/CRQWURO ODCV), UegXOaWiRQ Rf SRWaVViXP iRQ
WUaQVSRUW (iQ LRRK2/CRQWURO ODCV), PRdXOaWiRQ Rf chePicaO V\QaSWic WUaQVPiVViRQ (iQ
GBA1/CRQWURO OPCV) aQd chROeVWeURO biRV\QWheWic SURceVV (iQ /55K2/CRQWURO OPCV).

Ne[W, Ze SeUfRUPed SRO\geQic SUedicWiRQ iQ aQ iQdeSeQdeQW PD cRhRUW fURP TXebiQgeQ
(681 caVeV aQd 549 cRQWUROV), Zhich haV a XQiTXeO\ Uich aQd deWaiOed VeW Rf PD cOiQicaO
PeaVXUeV. PRO\geQic RiVN ScRUeV (PRS) ZeUe caOcXOaWed XViQg Whe GWAS VXPPaU\
VWaWiVWicV fRU PD e[cOXdiQg Whe daWa fURP RXU TXebiQgeQ cRhRUW (Vee MeWhRdV). We
cRPSXWed fRXU diffeUeQW PRS deUiYed fURP fRXU geQe OiVWV RbWaiQed WhURXgh RXU aQaO\ViV
Rf diffeUeQWiaO e[SUeVViRQ iQ ODCV aQd OPCV (TabOe S8). AOO Whe VcRUeV VigQificaQWO\
SUedicWed caVe-cRQWURO VWaWXV (TabOe S8). SXbVeTXeQWO\, Ze cRQdXcWed SUedicWiRQ Rf PD
PeaVXUeV aPRQg SaWieQWV. We fRcXVed RQ UQified PaUNiQVRQ DiVeaVe RaWiQg ScaOe-III
(UPDRS-III), MRQWUeaO CRgQiWiYe AVVeVVPeQW (MRCA) aQd BecN DeSUeVViRQ IQYeQWRU\-II
(BDI-II) aPRQg PD SaWieQWV (1 UaQgeV fURP 379 WR 514). SigQificaQW aVVRciaWiRQV ZeUe
RbVeUYed beWZeeQ GBA1_OPC_DEG VcRUe ZiWh MRCA, LRRK2_ODC_DEG aQd
LRRK2_OPC_DEG VcRUeV ZiWh BDI-II. HRZeYeU, iW iV QRWeZRUWh\ WhaW QRQe Rf Whe VcRUeV
ZeUe abOe WR SUedicW PRWRU e[aPiQaWiRQ PeaVXUeV i.e. UPDRS-III (TabOe 1).

IQ RUdeU WR cRQfiUP aQd bURadeQ RXU fiQdiQgV be\RQd cRUWicaO UegiRQV, Ze XWiOi]ed WhUee
diVWiQcW ViQgOe-ceOO daWaVeWV fRU SUedicWiQg PD PeaVXUeV XViQg PRS deUiYed fURP DEGV
iQ ODCV aQd OPCV8±10 (TabOe S9). UViQg a daWaVeW fURP Whe fiUVW VWXd\ fRcXViQg RQ Whe
ACC UegiRQ8, Ze XQcRYeUed aQ aVVRciaWiRQ beWZeeQ ODC DEGV aQd BDI-II (FigXUe 3A
aQd TabOe S10). IQ Whe VecRQd VWXd\ ceQWeUed RQ Whe SN UegiRQ9, Ze diVcRYeUed a
VXbVWaQWiaO aVVRciaWiRQ beWZeeQ Whe OPC DEGV aQd UPDRS-III (FigXUe 3B aQd TabOe
S10), iQdicaWiQg a SRWeQWiaO VSecificiW\ WR diffeUeQW bUaiQ UegiRQV. TR fXUWheU XQcRYeU Whe
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aVVRciaWiRQ Rf PD PeaVXUeV aQd VXbW\SeV Rf OPCV aQd ODCV, Ze XVed VQRNA-VeT
geQeUaWed b\ KaPaWh aQd cROOeagXeV10, SURYidiQg ZeOO-defiQed VXbW\SeV ZiWhiQ Whe SN
UegiRQ. AV a SRViWiYe cRQWURO, Ze fiUVW XVed DEGV fURP a highO\ YXOQeUabOe DA QeXURQaO
VXbSRSXOaWiRQ, PaUNed b\ SOX6_AGTR1. IQdeed, aV e[SecWed Whe PRS deUiYed fURP
DEGV iQ SOX6_AGTR1, ZeUe VigQificaQWO\ aVVRciaWed ZiWh aOO WhUee PD PeaVXUeV i.e.
UPDRS-III, MRCA aQd BDI-II (FigXUe 3C aQd TabOe S10). IQWUigXiQgO\, beVideV
SOX6_AGTR1, Ze fRXQd a VWURQg cRUUeOaWiRQ Rf Whe OPC_ADM VXbW\Se ZiWh UPDRS-III
(FigXUe 3C aQd TabOe S10). IQ addiWiRQ, BDI-II ZaV aVVRciaWed ZiWh Whe OPC_ADM,
OPC_HOXD3 aQd ODC_ENPP6_EMILIN VXbW\SeV. IW'V cUXciaO WR highOighW WhaW Whe
OPC_ADM SRSXOaWiRQ VhRZed a QRWabOe iQcUeaVe iQ PD VaPSOeV (figXUe 3 Rf KaPaWh HW
DO., 2022). EQUiched biRORgicaO SURceVVeV iQ OPC_ADM DEGV e[hibiWed diVWiQcW WeUPV
OiNe UegXOaWiRQ Rf P\eOiQaWiRQ aQd gOiaO ceOO diffeUeQWiaWiRQ ZheUeaV OPC_HOXD3
e[hibiWed WeUPV OiNe UegXOaWiRQ Rf UeceSWRU-PediaWed eQdRc\WRViV, QeXURbOaVW
SUROifeUaWiRQ aQd eQeUg\ UeVeUYe PeWabROic SURceVV (FigXUe 3D aQd TabOe S11).
ODC_ENPP6_EMILIN diVSOa\ed WeUPV UeOaWed WR XQfROded SURWeiQ aQd
chaSeURQe-PediaWed SURWeiQ cRPSOe[ aVVePbO\ (FigXUe 3D aQd TabOe S11). SiPiOaU
SURceVVeV haYe UeceQWO\ beeQ fRXQd WR be eQUiched iQ PD-aVVRciaWed
ROigRdeQdURc\WeV11, VXggeVWiQg WhaW ROigRdeQdURc\WeV aUe affecWed b\ SURWeiQ fROdiQg
VWUeVV iQ PD.

TR VXPPaUi]e, iQ WhiV VhRUW UeSRUW, Ze fRXQd a VigQificaQW aVVRciaWiRQ Rf PD GWAS UiVN
ORci iQ ODC aQd OPC e[SUeVVed geQeV ZiWhiQ PD GWAS UiVN ORci aQd UeYeaOed VeYeUaO
d\VUegXOaWed geQeV aQd SaWhZa\V, iQcOXdiQg UegXOaWiRQ Rf WaX-SURWeiQ NiQaVe acWiYiW\,
UegXOaWiRQ Rf iQcOXViRQ bRd\ aVVePbO\ aQd SURWeiQ SURceVViQg iQYROYed iQ SURWeiQ
WaUgeWiQg WR PiWRchRQdUia. AccXPXOaWiQg eYideQce SRiQWV RXW WhaW ROigRdeQdURc\WeV
aQd/RU SUecXUVRU ceOOV aOVR SURYide VXSSRUW WR QeXURQV Yia PechaQiVPV be\RQd Whe
iQVXOaWiQg fXQcWiRQ Rf P\eOiQ12±14. TheUefRUe, iW iV WePSWiQg WR VSecXOaWe WhaW Whe
abQRUPaOO\ UegXOaWed SaWhZa\V, Zhich e[WeQd be\RQd P\eOiQaWiRQ, VXch aV WhRVe
iQYROYed iQ PeWabROic VXSSRUW WR QeXURQV, Pa\ cRQWUibXWe WR Whe SaWhRORg\ Rf PD. HeUe,
Ze ZRXOd aOVR addUeVV ceUWaiQ OiPiWaWiRQV Rf RXU VWXd\. We UecRgQi]e WhaW Whe VaPSOe
Vi]eV Rf Whe QeZO\ geQeUaWed daWa iQ WhiV VWXd\ aUe cRPSaUaWiYeO\ VPaOO. TheUefRUe, Ze
XWiOi]ed WhUee diVWiQcW ViQgOe-ceOO daWaVeWV fURP SUeYiRXVO\ SXbOiVhed VWXdieV WR YaOidaWe
RXU fiQdiQgV. HRZeYeU, iW iV cUXciaO WR highOighW WhaW QRW aOO daWaVeWV e[hibiW XQifRUP
diVWUibXWiRQ iQ WeUPV Rf age, geQdeU, aQd PXWaWiRQV. AddiWiRQaOO\, Ze aUe cXUUeQWO\
e[SaQdiQg RXU TXebiQgeQ cRhRUW WR eQhaQce Whe SUedicWiYe SRZeU Rf cOiQicaO RXWcRPeV.
IQ Whe fXWXUe, iW ZiOO be eVVeQWiaO WR iQWegUaWe aQd UeSOicaWe Whe UeVXOWV iQ a OaUgeU cRhRUW
chaUacWeUi]ed b\ a baOaQced PeWadaWa. IW iV QRWeZRUWh\ WhaW iQ OiQe ZiWh RXU UeVXOWV,
SUeYiRXV VWXdieV iQdicaWe a VigQificaQW eQUichPeQW Rf PD heUiWabiOiW\ iQ gOiaO ceOO W\SeV OiNe
ROigRdeQdURc\WeV aQd aVWURc\WeV15±17. TZR decadeV agR, WaNab\aVhi eW aO., RbVeUYed aQ
abQRUPaO accXPXOaWiRQ Rf aOSha-V\QXcOeiQ iQ Whe ROigRdeQdURc\WeV ZiWhiQ Whe VXbVWaQWia
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QigUa Rf PD SaWieQWV18. B\ iQWegUaWiQg GWAS UeVXOWV ZiWh ViQgOe-ceOO WUaQVcUiSWRPic daWa,
BU\RiV eW aO., aQd AgaUZaO eW aO., RbVeUYed ROigRdeQdURc\WeV aQd ROigRdeQdURc\We
SUecXUVRU ceOOV WR be VigQificaQWO\ aVVRciaWed ZiWh PD16,17. MRUeRYeU, ZhiOe Whe ORVV Rf DA
QeXURQV iQ Whe SN UegiRQ Rf Whe PidbUaiQ iV a ZeOO-NQRZQ SaWhRORgicaO haOOPaUN Rf PD
cORVeO\ aVVRciaWed ZiWh PRWRU V\PSWRPV, iW iV iPSRUWaQW WR QRWe WhaW PD SaWieQWV aOVR
eQcRXQWeU YaUiRXV QRQ-PRWRU V\PSWRPV, iQcOXdiQg cRgQiWiYe aQd SV\chRSaWhRORgicaO
PaQifeVWaWiRQV19. S]abROcV aQd cROOeagXeV fRXQd higheU UaWeV Rf SV\chiaWUic PRUbidiW\
(eVSeciaOO\ PRRd diVRUdeUV, cRgQiWiYe iPSaiUPeQW, aQ[ieW\ diVRUdeUV, Vchi]RShUeQia) iQ
Whe SUePRWRU ShaVe Rf PD aQd WheVe ZeUe PRUe cRPPRQ iQ PD SaWieQWV befRUe PD
diagQRViV20. IQ OiQe ZiWh WhiV, Whe SRO\geQic SUedicWiRQV iQ WhiV VWXd\ VhRZed QRWabOe
aVVRciaWiRQV ZiWh QRQ-PRWRU V\PSWRPV, VXggeVWiQg a cUXciaO iQYROYePeQW Rf gOiaO ceOOV iQ
QeXURSV\chiaWUic V\PSWRPV WhaW Pa\ e[WeQd be\RQd Whe SN UegiRQ Rf Whe PidbUaiQ. OQ
Whe RWheU haQd, VigQificaQW cRUUeOaWiRQ beWZeeQ OPC VXbSRSXOaWiRQ iQ Whe SN UegiRQ aQd
PD PRWRU V\PSWRPV iPSOieV UegiRQ-VSecific aOWeUaWiRQV Rf PROecXOaU SaWhZa\V iQ gOiaO
ceOOV. AOWRgeWheU, Ze aQWiciSaWe WhaW RXU VWXd\ ZiOO VeUYe aV a YaOXabOe UeVRXUce aQd
SURPSW fXUWheU UeVeaUch iQWR Whe iQYROYePeQW Rf ROigRdeQdURc\WeV aQd   ROigRdeQdURc\We
SUecXUVRU ceOOV iQ Whe SaWhRORg\ Rf PD.

MHWKRGV
SDPSOHV XVHG LQ WKLV VWXG\
The UeVeaUch ZaV cRQdXcWed XViQg fUeVh-fUR]eQ SRVWPRUWeP bUaiQ WiVVXeV RbWaiQed fURP
fRXU PD SaWieQWV, WZR Rf Zhich had Whe /55K2 S.G2019S PXWaWiRQ aQd Whe RWheU WZR
had Whe GBA1 PXWaWiRQ (RQe ZiWh S.L444P aQd RQe ZiWh S.E326K), aORQg ZiWh WZR
heaOWh\ cRQWUROV. AOO dRQRUV ZeUe PaOeV, aged beWZeeQ 65 aQd 80, aQd PD SaWieQWV had
LeZ\ bRd\ BUaaN VWageV Rf 5-6. TZR bUaiQ UegiRQV, QaPeO\ Whe SUefURQWaO cRUWe[ aQd
aQWeUiRU ciQgXOaWe cRUWe[, ZeUe iQYeVWigaWed fRU each dRQRU. AOO WiVVXeV ZeUe SURcXUed
fURP Whe NeWheUOaQdV bUaiQ baQN e[ceSW RQe /55K2 bUaiQ fURP UCL QXeeQ STXaUe
BUaiQ BaQN fRU NeXURORgicaO DiVRUdeUV, fROORZiQg Whe SROicieV aQd UegXOaWiRQV Rf Whe
iQVWiWXWiRQaO eWhicV bRaUd aW Whe UQiYeUViW\ HRVSiWaO TXebiQgeQ iQ GeUPaQ\. FRU
WUaQVcUiSWRPe aQaO\ViV, ViQgOe QXcOei ZeUe e[WUacWed fURP aOO VaPSOeV, aQd VQRNA-VeT
ZaV SeUfRUPed. The cOiQicaO chaUacWeUiVWicV Rf Whe dRQRUV haYe beeQ eOabRUaWed iQ TabOe
S1.

GHQHUDWLRQ RI VLQJOH QXFOHL IURP SRVWPRUWHP KXPDQ EUDLQV
The SURceVV Rf iVROaWiQg QXcOei eQWaiOV Whe XWiOi]aWiRQ Rf a deWeUgeQW O\ViV WechQiTXe,
ZheUe a deWeUgeQW iV ePSOR\ed WR bUeaN dRZQ Whe ceOOXOaU PePbUaQeV, fROORZed b\ Whe
ceQWUifXgaO VeSaUaWiRQ Rf Whe QXcOei. IQ bUief, 300 Pg Rf SRVW-PRUWeP bUaiQ WiVVXe ZaV
dRXQce-hRPRgeQi]ed iQ 2 PO Rf NXcOei EZ PUeS L\ViV BXffeU (SigPa AOdUich, MA, USA)
VSiNed ZiWh 0.2 U ȝOí1 RNaVe iQhibiWRU (SigPa AOdUich, MA, USA) , 3.3 ȝO DTT (TheUPR
FiVheU ScieQWific, MA, USA) aQd 33 ȝO Rf 10% TUiWRQ X100 Zhich ZeUe added befRUe
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iQcXbaWiQg RQ ice fRU 5 PiQXWeV iQ a fiQaO YROXPe Rf 10 PO. HRPRgeQi]ed WiVVXe ZaV
ZaVhed ZiWh 3-4 PO ZaVhiQg bXffeU Zhich ZaV fUeVh PBSB 1% aQd WheQ ZaV fiOWeUed
WhURXgh a 70-ȝP ceOO VWUaiQeU (BD BiRVcieQce, NY, USA). TheQ XViQg a ORQg WXbe, 10 PO
Rf 1.8 M ice-cROd VXcURVe cXVhiRQ VROXWiRQ iV added WR each VaPSOe i.e Whe URXghO\ 3 PO
O\VaWe. AfWeU caUefXOO\ aQd cRPSOeWeO\ diVcaUdiQg Whe VXSeUQaWaQW aQd Whe VXcURVe
cXVhiRQ Oa\eU cRQWaiQiQg debUiV aQd P\eOiQ, 1 PO PBS bXffeU added WR UeVXVSeQd Whe
QXcOei aQd 4 PO QXcOei VXVSeQViRQ bXffeU (1% BSA-PBS VROXWiRQ). IW ZaV fiQaOO\
ceQWUifXged RQ 500 g fRU 5 PiQXWeV. AW Whe eQd, 2 ȝO DAPI (SigPa AOdUich, MA, USA) ZiWh
Whe cRQceQWUaWiRQ Rf 1:100 ZaV added WR VWaiQ Whe QXcOei. FiQaO ceQWUifXgaWiRQ VWeS RQ
500 g fRU 5 PiQXWeV ZaV SUeceded b\ iQcXbaWiQg Whe DAPI added VXVSeQViRQ fRU 15-20
PiQXWeV iQ Whe cROd & daUN URRP RQ Whe URWaWiRQ ZheeO aW 4 C. SRUWiQg bXffeU Zhich
cRQViVWV Rf 99 ȝO PBS aQd 1 ȝO RNaVe iQhibiWRU (SigPa AOdUich, MA, USA) ZaV added WR
UeVXVSeQd Whe QXcOei aQd PaNe WheP Uead\ fRU TXaOiW\/TXaQWiW\ iQVSecWiRQ aQd WheQ WR
UXQ RQ a 10[ geQRPic chURPiXP cRQWUROOeU. QXaOiW\ aVVeVVPeQW ZaV SeUfRUPed XViQg
fOXRUeVceQce-acWiYaWed ceOO VRUWiQg (FACS) WR deWecW aOO DAPI-SRViWiYe eYeQWV, i.e.
iQdiYidXaO QXcOei cRPSUiViQg PRUe WhaQ 95 % Rf aOO eYeQWV.

DURSOHW-EDVHG VQRNA-VHT XVLQJ 10[ GHQRPLFV
SiQgOe-QXcOei VXVSeQViRQ cRQceQWUaWiRQ ZaV deWeUPiQed b\ aXWRPaWic ceOO cRXQWiQg
(DeNRYi[ CeOODURS, DE, USA) XViQg aQ AO/PI YiabiOiW\ aVVa\ (DeNRYi[, DE, USA) aQd
cRXQWiQg QXcOei aV dead ceOOV. SiQgOe-QXcOeXV geQe e[SUeVViRQ OibUaUieV ZeUe geQeUaWed
XViQg Whe 10[ ChURPiXP Ne[W geO beadV-iQ-ePXOViRQ (GEM) SiQgOe CeOO 3¶ ReageQW KiW
Y3.1 (10[ GeQRPicV, CA, USA) accRUdiQg WR PaQXfacWXUeU¶V iQVWUXcWiRQV. IQ bUief, ceOOV
ZeUe ORaded RQ Whe ChURPiXP Ne[W GEM ChiS G, Zhich ZaV VXbVeTXeQWO\ UXQ RQ Whe
ChURPiXP CRQWUROOeU (10[ GeQRPicV, CA, USA) WR SaUWiWiRQ ceOOV iQWR GEMV. CeOO O\ViV
aQd UeYeUVe WUaQVcUiSWiRQ Rf SRO\-adeQ\OaWed PRNA RccXUUed ZiWhiQ Whe GEMV aQd
UeVXOWed iQ cDNA ZiWh GEM-VSecific baUcRdeV aQd WUaQVcUiSW-VSecific XQiTXe PROecXOaU
ideQWifieUV (UMIV). AfWeU bUeaNiQg Whe ePXOViRQ, cDNA ZaV aPSOified b\ PCR,
eQ]\PaWicaOO\ fUagPeQWed, eQd-UeSaiUed, e[WeQded ZiWh 3ƍ A-RYeUhaQgV, aQd OigaWed WR
adaSWeUV. P5 aQd P7 VeTXeQceV, aV ZeOO aV VaPSOe iQdiceV (ChURPiXP i7 MXOWiSOe[ NiW,
10[ GeQRPicV, CA, USA), ZeUe added dXUiQg Whe fiQaO PCR aPSOificaWiRQ VWeS. The
fUagPeQW Vi]e Rf Whe fiQaO OibUaUieV ZaV deWeUPiQed XViQg Whe BiRaQaO\]eU
High-SeQViWiYiW\ DNA KiW (AgiOeQW, CA, USA). LibUaU\ cRQceQWUaWiRQ ZaV deWeUPiQed
XViQg Whe QXbiW dVDNA HS AVVa\ KiW (TheUPR FiVheU ScieQWific, MA, USA). VQRNA
OibUaUieV ZeUe SRROed aQd SaiUed-eQd-VeTXeQced RQ Whe IOOXPiQa NRYaSeT 6000
SOaWfRUP (IOOXPiQa, CA, USA).

VQRNA-VHT TXDOLW\ FRQWURO
SaPSOeV ZeUe dePXOWiSOe[ed XViQg IOOXPiQa'V bcO2faVWT cRQYeUViRQ WRRO aQd Whe 10[
GeQRPicV SiSeOiQe CeOO RaQgeU cRXQW Y6.0.1 WR SeUfRUP aOigQPeQW agaiQVW Whe 10[
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GeQRPicV SUe-bXiOW CeOO RaQgeU UefeUeQce GRCh38-2020-A (iQWURQV iQcOXded), fiOWeUiQg,
baUcRde cRXQWiQg, aQd UMI cRXQWiQg. AV a defaXOW, a cXW-Rff YaOXe Rf 200 XQiTXe
PROecXOaU ideQWifieUV e[SUeVVed iQ aW OeaVW 3 ceOOV ZaV XVed WR VeOecW QXcOei Rf VXfficieQW
cRPSOe[iW\ fRU fXUWheU aQaO\ViV. Each VaPSOe¶V cRXQW ZaV QRUPaOi]ed b\ Whe
SCTUaQVfRUP PeWhRd iQ SeXUaW Y4.1.021 ZiWh PiWRchRQdUiaO UeadV UegUeVVed RXW. TZR
aSSURacheV ZeUe cRPbiQed fRU TXaOiW\ cRQWURO: (1) DRXbOeWV aQd PXOWiSOeWV ZeUe fiOWeUed
RXW XViQg DRXbOeWFiQdeU Y2.0.322 fRU each iQdiYidXaO VaPSOe; (2) RXWOieUV ZiWh a high UaWiR
Rf PiWRchRQdUiaO aQd UibRVRPaO cRXQWV (each >10%) aQd ceOOV ZiWh ORZ a QXPbeU Rf
geQeV (N < 1000) ZeUe UePRYed. The cRUe VWaWiVWicaO SaUaPeWeUV Rf DRXbOeWFiQdeU XVed
WR bXiOd aUWificiaO dRXbOeWV fRU WUXe dRXbOeW cOaVVificaWiRQ ZeUe deWeUPiQed aXWRPaWicaOO\
XViQg UecRPPeQded VeWWiQgV. AfWeU aSSO\iQg WheVe fiOWeUiQg VWeSV RQ 105,781 iQSXW
QXcOei, Whe daWaVeW cRQWaiQed 88,876 high-TXaOiW\ ViQgOe QXcOei WhaW ZeUe eOigibOe fRU
fXUWheU aQaO\ViV. We XVed Whe VSecNOe R SacNage Y0.99.7 WR aQaO\]e diffeUeQceV iQ ceOO
W\Se SURSRUWiRQV23. We XVed Whe SURSeOOeU fXQcWiRQ ZiWh CeOOT\Se, SaPSOID aQd
MXWaWiRQ/RegiRQ cROXPQV fURP Whe SeXUaW MeWaDaWa RbjecW aV iQSXW fRU cOXVWeUV, VaPSOe
aQd gURXS, UeVSecWiYeO\.

CHOO DQQRWDWLRQV DQG GLIIHUHQWLDO H[SUHVVLRQ
AfWeU cRPbiQiQg aOO VaPSOeV iQWR a ViQgOe SeXUaW RbjecW, geQeV ZeUe SURjecWed iQWR
SUiQciSaO cRPSRQeQW VSace XViQg Whe SUiQciSaO cRPSRQeQW aQaO\ViV (RXQPCA). HaUPRQ\
R SacNage24 ZaV XVed fRU iQWegUaWiRQ aV ZeOO aV fRU UePRYiQg XQZaQWed effecWV acURVV
VXbjecWV. The fiUVW 12 PC diPeQViRQV Rf daWa SURceVVed ZiWh HaUPRQ\ ZeUe XVed aV
iQSXWV iQWR Whe FiQdNeighbRXUV, FiQdCOXVWeUV (aW 0.1 UeVROXWiRQ RbWaiQed RXW Rf a UaQge
Rf WeVWed UeVROXWiRQV (0.1, 0.2, 0.5, 1.0)) aQd RXQUMAP fXQcWiRQV Rf SeXUaW. IQ bUief, a
VhaUed-QeaUeVW-QeighbRU gUaSh ZaV cRQVWUXcWed RQ Whe baViV Rf Whe EXcOideaQ diVWaQce
PeWUic iQ SUiQciSaO cRPSRQeQW VSace, aQd ceOOV ZeUe cOXVWeUed XViQg Whe LRXYaiQ
aOgRUiWhP. The RXQUMAP fXQcWiRQ ZiWh defaXOW VeWWiQgV ZaV XVed WR caOcXOaWe 2D UMAP
cRRUdiQaWeV aQd VeaUch fRU diVWiQcW ceOO SRSXOaWiRQV. COXVWeU PaUNeUV aQd diffeUeQWiaO
e[SUeVViRQ WeVWiQg ZaV SeUfRUPed RQ SeXUaW ³RNA´ aVVa\ cRQWaiQiQg VeXUaW
ORg-QRUPaOi]ed cRXQWV XViQg defaXOW WiOcR[RQ PeWhRd iPSOePeQWed iQ SeXUaW Y4.1.0.
DiffeUeQWiaO geQe e[SUeVViRQ WeVW beWZeeQ caVeV aQd cRQWUROV ZaV SeUfRUPed fRU each
ceOO W\Se XViQg Whe WiOcR[RQ UaQNed VXP PeWhRd iPSOePeQWed ZiWhiQ Whe FiQdMaUNeUV
fXQcWiRQ. GeQe RQWRORg\ eQUichPeQW aQaO\ViV fRU biRORgicaO SURceVVeV ZaV SeUfRUPed
XViQg EQUichR25. IQ addiWiRQ, hieUaUchicaO cOXVWeUiQg Rf eQUiched GO WeUPV ZaV
SeUfRUPed fRU a VeW Rf SaiUed cRPSaUiVRQV, iQcOXdiQg /55K2 YV. HC aQd GBA1 YV. HC
bUaiQV, iQ Zhich diffeUeQWiaOO\ e[SUeVVed geQeV VhRZed VigQificaQW eQUichPeQW (AdjXVWed
P-VaOXe < 0.05).
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CHOO-W\SH DVVRFLDWLRQ ZLWK JHQHWLF ULVN RI PD
AVVRciaWiRQ aQaO\ViV Rf ceOO W\Se-VSecific e[SUeVVed geQeV ZiWh geQeWic UiVN Rf PD ZaV
SeUfRUPed aV deVcUibed SUeYiRXVO\26, XViQg MXOWi-PaUNeU AQaO\ViV Rf GeQRMic
AQQRWaWiRQ (MAGMA) Y2.0.2, iQ RUdeU WR ideQWif\ diVeaVe-UeOeYaQW ceOO W\SeV iQ Whe
daWa27,28. MAGMA, aV a geQe VeW eQUichPeQW aQaO\ViV PeWhRd, WeVWV Whe jRiQW aVVRciaWiRQ
Rf aOO SNPV iQ a geQe ZiWh Whe SheQRW\Se, ZhiOe accRXQWiQg fRU LD VWUXcWXUe beWZeeQ
SNPV. CRPSeWiWiYe geQe VeW aQaO\ViV ZaV SeUfRUPed RQ SNP S-YaOXeV fURP Whe OaWeVW
PD GWAS VXPPaU\ VWaWiVWicV iQcOXdiQg 23aQdMe daWa aQd Whe SXbOicO\ aYaiOabOe
EXURSeaQ VXbVeW Rf 1000 GeQRPeV PhaVe 3 ZaV XVed aV a UefeUeQce SaQeO WR eVWiPaWe
LD beWZeeQ SNPV. SNPV ZeUe PaSSed WR geQeV XViQg NCBI GRCh37 bXiOd (aQQRWaWiRQ
UeOeaVe 105). GeQe bRXQdaUieV ZeUe defiQed aV Whe WUaQVcUibed UegiRQ Rf each geQe. AQ
e[WeQded ZiQdRZ Rf 10 Nb XSVWUeaP aQd 1.5 Nb dRZQVWUeaP Rf each geQe ZaV added WR
Whe geQe bRXQdaUieV.

PRO\JHQLF RLVN SFRUHV (PRS)
UViQg VXPPaU\ VWaWiVWicV daWa fURP PD PeWa GWAS (hWWSV://SdgeQeWicV.RUg/UeVRXUceV),
Ze SeUfRUPed a cRPSUeheQViYe aQQRWaWiRQ XViQg Whe RegiRQ AQQRWaWiRQ fXQcWiRQ iQ
AQQRYaU29 WR fiQd aOO geQeV cRUUeVSRQdiQg WR Whe SNPV iQ Whe ZhROe geQRPe aQd WheQ
geQeUaWed Whe GWAS geQe OiVW. We SeUfRUPed aQ RYeUOaS aQaO\ViV beWZeeQ Whe GWAS
aQQRWaWed geQeV aQd geQe OiVWV RbWaiQed fURP RXU diffeUeQWiaO e[SUeVViRQ cRPSaUiVRQV
iQ ODCV aQd OPCV. Ne[W, Ze UeWUieYed SNPV iQ each Rf Whe geQe OiVWV, iQcOXdiQg MAF,
beWa, aQd S-YaOXe fURP Whe baVe daWa VXPPaU\ VWaWiVWicV. FRU Whe SUedicWiRQ, Ze XVed
iPSXWed geQRW\SeV Rf 681 caVeV aQd 549 cRQWUROV fURP Whe TXebiQgeQ cRhRUW30, Zhich
ZeUe QRW iQcOXded iQ Whe baVe daWa. TR cRQVWUXcW SRO\geQic UiVN VcRUe (PRS) PRdeOV, Ze
XWiOi]ed Whe R SacNage PRSice2 Y2.3.531. We aSSOied cOXPSiQg SURcedXUe XViQg Uðௗ>ௗ0.1
aQd 1000ௗNb aV Whe cOXPSiQg SaUaPeWeUV iQ PRSice2 aQd a S-YaOXe Rf 0.05 ZaV chRVeQ
aV Whe WhUeVhROd WR e[cOXde QRQ-VigQificaQW SNPV. IQ RWheU ZRUdV, Oead SNPV ZiWh a
S-YaOXe Rf 0.05 fURP Whe LD-cOXPSed OiVW ZeUe iQcOXded iQ Whe caOcXOaWiRQ Rf PRS XVed iQ
Whe UegUeVViRQ PRdeOV. The QXOO PRdeO iV a ORgiVWic UegUeVViRQ PRdeO WhaW PeaVXUeV Whe
SRZeU Rf cRYaUiaWeV iQcOXdiQg age, Ve[, aQd geQeWic SUiQciSaO cRPSRQeQWV (PC1-4) iQ Whe
SUedicWiRQ Rf PD VWaWXV, ZheUeaV Whe fXOO PRdeO addV Whe PRS WR Whe QXOO PRdeO, WheUeb\
iVROaWiQg Whe addiWiYe iQfOXeQce Rf Whe PRS RQ UiVN SUedicWiRQ. The R2 ZaV aOVR adjXVWed
fRU aQ eVWiPaWed PD SUeYaOeQce Rf 0.005 RQ Whe OiabiOiW\ VcaOe. TR SUedicW Whe cOiQicaO
PeaVXUeV, PRS ZeUe iQcOXded iQ a OiQeaU UegUeVViRQ PRdeO XViQg Whe ³OP´ fXQcWiRQ iQ R.
SWaQdaUdi]ed beWa ZaV RbWaiQed XViQg Whe ³OP.beWa´ fXQcWiRQ.

PXEOLFO\ DYDLODEOH GDWDVHWV XVHG LQ WKLV VWXG\
We XVed WhUee SXbOiVhed VQRNA-VeT daWaVeWV fURP hXPaQ SRVWPRUWeP VSeciPeQV: (1)
FeOeNe HW DO., aQWeUiRU ciQgXOaWe cRUWe[8 (Q = 7 SeU gURXS PD YV CRQWUROV, SURSRUWiRQ
fePaOe: cRQWUROௗ=ௗ1/7, PDௗ=ௗ5/7), (2) Lee HW DO., VXbVWaQWia QigUa9 (Q = 6 PD YV Q = 13
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CRQWUROV, SURSRUWiRQ fePaOe: cRQWUROௗ=ௗ4/13, PDௗ=ௗ3/6), aQd (3) KaPaWh HW DO., VXbVWaQWia
QigUa10 (Q = 7 PD YV Q = 8 CRQWUROV, SURSRUWiRQ fePaOe: cRQWUROௗ=ௗ6/8, PDௗ=ௗ2/7). WiWh Whe
e[ceSWiRQ Rf KaPaWh HW DO., DEGV ZeUe diUecWO\ RbWaiQed fURP Whe UeVSecWiYe VWXdieV.
DEGV beWZeeQ caVeV aQd cRQWUROV fURP KaPaWh HW DO., ZeUe caOcXOaWed XViQg Whe
WiOcR[RQ UaQNed VXP PeWhRd aV iPSOePeQWed iQ SeXUaW¶V FiQdMaUNeUV fXQcWiRQ (SeXUaW
Y4.3.0.1). DEGV ZeUe cRPSXWed fRU each ceOO W\Se VXbSRSXOaWiRQ baVed RQ
VXbSRSXOaWiRQV defiQed iQ KaPaWh eW aO. FiOWeUed geQe e[SUeVViRQ PaWUiceV aQd
VXbSRSXOaWiRQ aQQRWaWiRQV fRU KaPaWh eW aO. daWa ZeUe dRZQORaded fURP SiQgOe CeOO
PRUWaO (hWWSV://ViQgOeceOO.bURadiQVWiWXWe.RUg/ViQgOe_ceOO/VWXd\/SCP1768/) aQd cRQYeUWed
iQWR SeXUaW RbjecWV fRU ORg-QRUPaOi]aWiRQ aQd diffeUeQWiaO geQe e[SUeVViRQ aQaO\ViV.

EWKLFV DSSURYDO DQG FRQVHQW WR SDUWLFLSDWH
OXU VWXd\ ZaV aSSURYed b\ Whe EWhicV CRPPiWWee Rf Whe UQiYeUViW\ HRVSiWaO aQd MedicaO
FacXOW\ TXebiQgeQ.

AYDLODELOLW\ RI GDWD DQG PDWHULDOV
A SeXUaW RbjecW Rf Whe SURceVVed VQRNA-VeT daWa haV beeQ XSORaded WR ZeQRdR
(hWWSV://dRi.RUg/10.5281/]eQRdR.7886802).

CRPSHWLQJ LQWHUHVWV
The aXWhRUV decOaUe WhaW Whe\ haYe QR cRPSeWiQg iQWeUeVWV.

FXQGLQJ
ThiV ZRUN ZaV fXQded b\ Whe ChaUiWabOe HeUWie FRXQdaWiRQ, DFG gUaQW (BA 7811 WR V.B.)
aQd iQ SaUW b\ Whe IQWUaPXUaO ReVeaUch PURgUaPV Rf Whe NaWiRQaO IQVWiWXWe RQ AgiQg
(NIA). V.B. iV aOVR VXSSRUWed b\ a CaUeeU DeYeORSPeQW FeOORZVhiS aW DZNE TXebiQgeQ.

AXWKRUV¶ FRQWULEXWLRQV
M.D., T.G. aQd V.B. cRQceiYed Whe SURjecW. T.G. aQd V.B. VXSeUYiVed Whe VWXd\. M.D.
SeUfRUPed aOO Whe cRPSXWaWiRQaO aQaO\ViV aQd QXcOei iVROaWiRQ. V.K. aQd E.F. aQaO\]ed Whe
SXbOicO\ aYaiOabOe daWaVeWV. C.B. aQd M.D. SeUfRUPed Whe MAGMA aQaO\ViV. M.D. aQd
V.B. ZURWe Whe PaQXVcUiSW. AOO aXWhRUV cRQWUibXWed WR aQd UeYieZed Whe PaQXVcUiSW.

AFNQRZOHGJPHQWV
We WhaQN Whe NGS CRPSeWeQce CeQWeU T�biQgeQ cRUe faciOiW\ fRU OibUaU\ SUeSaUaWiRQV
aQd VeTXeQciQg. We aOVR WhaQN Whe JRQaV NeheU UeVeaUch gURXS aW DZNE T�biQgeQ fRU
SURYidiQg Whe SURWRcROV aQd FACS faciOiW\. We ZRXOd OiNe WR e[SUeVV RXU gUaWiWXde WR Whe
bUaiQ baQNV aQd Whe dRQRUV. We aOVR WhaQN MaQX ShaUPa, COaXdia SchXOWe aQd
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AQaVWaVia IOOaUiRQRYa fRU geQRW\Se daWa, cOiQicaO daWa aQd MAGMA VcUiSW, UeVSecWiYeO\.
BiRReQdeU ZaV XVed WR SUeSaUe figXUeV.

MDLQ ILJXUH OHJHQGV
FLJXUH 1: OYHUYLHZ RI VQRNA-VHT SURILOLQJ LQ WKH KXPDQ SRVW-PRUWHP EUDLQ WLVVXHV. (A)
SchePaWic RYeUYieZ Rf Whe e[SeUiPeQWaO SOaQ. (B) UQifRUP PaQifROd aSSUR[iPaWiRQ aQd
SURjecWiRQ (UMAP) YiVXaOi]aWiRQ Rf Whe VQRNA-VeT cOXVWeUV fURP 88,876 high TXaOiW\ QXcOei. (C)
PeUceQWage Rf QXcOei fRU each ceOO W\Se acURVV VaPSOeV, PXWaWiRQ gURXS aQd bUaiQ UegiRQV. (D)
UMAP ePbeddiQgV Rf QXcOei cRORUed b\ PXWaWiRQ gURXS aQd bUaiQ UegiRQV. (E) BaUSORW diVSOa\iQg
Whe diVWUibXWiRQ Rf ceOO-W\Se SeUceQWage VaPSOe-ZiVe. (F) ViROiQ SORW iOOXVWUaWiQg Whe e[SUeVViRQ
diVWUibXWiRQ Rf NQRZQ geQe PaUNeUV. (G) GeQeV PRVW XS-UegXOaWed iQ ideQWified ceOO W\SeV:
e[ciWaWRU\ QeXURQV (E[N), iQhibiWRU\ QeXURQV (IQN), ROigRdeQdURc\WeV (ODCV), ROigRdeQdURc\We
SUecXUVRU ceOOV (OPCV), PicURgOia (MG), aVWURc\WeV (AVWUR) aQd YaVcXOaU ceOOV (VaV).

FLJXUH 2: AVVRFLDWLRQ RI PD VXVFHSWLELOLW\ ZLWK ODCV DQG OPCV. (A) MXOWi-PaUNeU aQaO\ViV
Rf geQRPic aQQRWaWiRQ (MAGMA) geQe VeW eQUichPeQW baVed RQ aOO Whe 88,876 high TXaOiW\
QXcOei VhRZed VigQificaQW aVVRciaWiRQV ZiWh ROigRdeQdURc\WeV (ODCV) aQd ROigRdeQdURc\We
SUecXUVRU ceOOV (OPCV). (B) NXPbeU Rf diffeUeQWiaOO\ e[SUeVVed geQeV (DEGV) iQ each
cRPSaUiVRQ aQd ceOO-W\Se. (C) MAGMA geQe VeW eQUichPeQW baVed RQ DEGV iQ LRRK2 YV HC
(XSSeU) aQd iQ GBA1 YV HC (ORZeU). (D) GeQe RQWRORg\ eQUichPeQW aQaO\ViV Rf XS-UegXOaWed
(OefW) RU dRZQ-UegXOaWed (UighW) geQeV. TRS fiYe biRORgicaO SURceVV WeUPV fRU each geQe OiVW aUe
iQdicaWed. EQUichU cRPbiQed VcRUe iV caOcXOaWed b\ Whe ORgaUiWhPic WUaQVfRUPaWiRQ Rf Whe S-YaOXe
RbWaiQed fURP FiVheU'V e[acW WeVW, PXOWiSOied b\ Whe ]-VcRUe UeSUeVeQWiQg Whe deYiaWiRQ fURP Whe
e[SecWed UaQN.

FLJXUH 3: PRO\JHQLF SUHGLFWLRQ RI PD PHDVXUHV XVLQJ WKH ODCV DQG OPCV DEGV LQ
SXEOLFO\ DYDLODEOH GDWDVHWV. (A-C) PUedicWiRQ Rf cOiQicaO RXWcRPeV XViQg FeOeNe HW DO., 2021
fURP aQWeUiRU ciQgXOaWe cRUWe[ UegiRQ (A), Lee HW DO., 2023 fURP VXbVWaQWia QigUa UegiRQ (B) aQd
KaPaWh HW DO., 2022 fURP VXbVWaQWia QigUa UegiRQ (C). (D) GeQe RQWRORg\ eQUichPeQW aQaO\ViV
Rf DEGV iQ SUedicWiYe VXbSRSXOaWiRQ Rf ceOO-W\SeV iQ KaPaWh HW DO., 2022 fURP VXbVWaQWia QigUa
UegiRQ. TRS fiYe biRORgicaO SURceVV WeUPV fRU each geQe OiVW aUe iQdicaWed.

SXSSOHPHQWDU\ WDEOH OHJHQGV
TDEOH S1: SaPSOe RYeUYieZ ZiWh PeWa-daWa.

TDEOH S2: NXPbeU Rf QXcOei fRU ceOO W\SeV acURVV VaPSOeV, PXWaWiRQ gURXS aQd bUaiQ UegiRQV.

TDEOH S3: KQRZQ aQd ideQWified cOXVWeU PaUNeUV.

TDEOH S4: MAGMA VQRNA-VeT ceOO-W\Se eQUichPeQW UeVXOWV fRU PD GWAS.

TDEOH S5: DiffeUeQWiaOO\ e[SUeVVed geQeV iQ VQRNA-VeT fRU ODCV aQd OPCV.
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TDEOH S6: MAGMA VQRNA-VeT ceOO-W\Se eQUichPeQW UeVXOWV fRU PD GWAS XViQg DEGV.

TDEOH S7: EQUiched geQe RQWRORg\ WeUPV fRU DEGV iQ ODCV aQd OPCV.

TDEOH S8: PRO\geQic UiVN VcRUeV iQ TXebiQgeQ PD cRhRUW ZiWh caVe-cRQWURO SUedicWiRQ.

TDEOH S9: DiffeUeQWiaOO\ e[SUeVVed geQeV iQ ODCV aQd OPCV Rf SXbOicO\ aYaiOabOe daWaVeWV.

TDEOH S10: PRO\geQic SUedicWiRQ Rf PD PeaVXUeV XViQg Whe ODCV aQd OPCV DEGV iQ SXbOicO\
aYaiOabOe daWaVeWV.

TDEOH S11: EQUiched geQe RQWRORg\ WeUPV fRU DEGV iQ SUedicWiYe VXbSRSXOaWiRQ Rf ceOO-W\SeV iQ
KaPaWh HW DO., 2022 fURP VXbVWaQWia QigUa UegiRQ.
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Table 1: Polygenic prediction of Parkinson’s measures in the Tuebingen patient 
sample. 
 
 

Notes: Linear regression using the sex, age and genetic principal components as control 

variables. *denotes significance at P ≤ 0.1. **denotes significance at P ≤ 0.05. ***denotes 

significance at P ≤ 0.01.  UPDRS, Unified Parkinson Disease Rating Scale; ODC, 

Oligodendrocytes; OPC, Oligodendrocyte precursor cells; DEG, differentially expressed genes. 

 

    UPDRS-III 
Montreal 
Cognitive 

Assessment 

Beck 
Depression 
Inventory-II 

N   514   450  379 

GBA1 model     

GBA1_ODC_DEG standardized 
beta  -0.019 0.005 -0.049 

 
P value 0.668 0.474 0.345 

GBA1_OPC_DEG standardized 
beta  0.006 0.090** 0.018 

 
P value 0.891 0.049 0.739 

 Adj. R² 0.038 0.145 0.024 

 Model P value 4.8x10
-4

 1.3x10
-13

 0.029 

LRRK2 model     

LRRK2_ODC_DEG standardized 
beta  0.032 -0.072 0.092* 

 
P value 0.457 0.103 0.072 

LRRK2_OPC_DEG 
standardized 
beta  0.006 0.025 -0.152*** 

 P value 0.895 0.570 0.003 

 
Adj. R² 0.039 0.143 0.050 

 Model P value 4.1x10
-4

 2.5x10
-13

 6.4x10
-4

 
     

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 6, 2023. ; https://doi.org/10.1101/2023.05.11.540329doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540329
http://creativecommons.org/licenses/by-nc-nd/4.0/


���������
�������	

�	
����
�
����
������	

�
������
������� ���������

�

�

���

���

��
��

��



��

�

��##��
2'$2$'13$��

�!�
���

  *� *

�

� �

�����

��
��

�

���

���

���

���

���

���

�

���

��

���

��

���

��

���

�

 

��

� 

� � � �  � ! " � �� �� �� �� �� � �� �! �" �� �� �� ��

�#$
% �

��
�	

�&'$($�$(�

�##�()#��

��*

��*

��*  �*

�+�*

��+!*

 +�*

�+�*
�+ *

�+�*

�+�*
 +�*

�+�*
 +�*

 �+�*

�+�*

�+ *

�')),�
�-.�/$0.��1)%�� �� ��##�1.2��
30��1345)13$�

�"*

��##��
2'$2$'13$��

 �
����

  *� *

�����

���
��


���
�

�����
�  �� ���

���!�����"
�� ��#��
�����"
��

�6� �6� �6�

�6��

������	
��
	
������	
������	������	

��
���
��
��
	�
��
��
��
��
�

����
 �
�����

���
�!�

"#
��
��
��
$�
	�
�%
��

�

&�'����	(������!�)
&�'����	(��������)

&�'���*	(�������!�)

&�'���+	(���������)
&�'���,	(������!�)
&�'����	(��������)

&�'����	( ���!�)

&�'����	( �����)

&�'���-	(�������!�)
&�'����.	(���������)
&�'�����	( ���!�)
&�'�����	( �����)

���� 
���� <�

���$

���

���

��


����

���

 ���  ���

����

����

���%

���& ���'


$-�2$�313=��
5$''�#)13$�����5$��1'7513$��

7�3�%�0.�'�%7#)1�0�
%������

���$715$(���
2'�03513$�

�����

��
��

�

���

���

���

���

���

���

�

���

��

���

��

���

��

���

8)#30)13$��3��
�91�'�)#�0)1)��1�

����:��
�+ ������;;;
�+ �$��
�+ ��;�;;

�����

��
��

�

���

���

���

���

���

���

�

���

��

���

��

���

��

���

�����

��
��

�

���

���

���

���

���

���

�

���

��

���

��

���

��

���


����1�)#
�
�����

��#�,���1�)#
�
�����

�)()1&��1�)#
�
�����

��

��

���

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 6, 2023. ; https://doi.org/10.1101/2023.05.11.540329doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540329
http://creativecommons.org/licenses/by-nc-nd/4.0/


��������

���

���

���

�	�


��


�
���

��	
��
�
	�����
���

��	
��
�
�������
���

���

���

����

���

����

���

��

���

���

���

���

���

���

��




��
��
���

��
��

� ����������	
����
����������
�

	�
��
��

��
��

��	
���
�����	����������	�� 

� ����������	
����
����������
�

!�


"��

"��

�	

#
$

�%$

�
���

���	����������	�� 

� � � �

� �

�

&�
��

�	�
��
�"�
�

&�
��

���
��
��"
��

&�
��

�	�
��
�"�
�

&�
��

���
��
��"
��

��
'

��

�	�
��
�"�
�

��
'

��

���
��
��"
��

��
'

��

�	�
��
�"�
�

��
'

��

���
��
��"
��

��
�

� 
�!

"#
�$

�%
!#

&�
$�

'!
"(

��
�

� 
�!

"#
�$

�%
!#

&�
$�

'!
"(


�(��������()�����
�����
*�)
��
�������

�+����,	"-../..012

��
��������()�����
������)3������
�4�
�
���*�������,	"-�/.�/1/2

*�
�����
����)
�
�
��+�
�)��
��������+�
��,	"-..��/512

��()�����
����+�*���)�)���
)*������
�,	"-..�./602

*�
�����
����)
�
�
��+�
�)��
��%�
�(�
�
�
�,	"-..��/552

��()�����
����������
�+���7*����
����
+����������
�*�
8)(����
������+�����,	"-�/.99�.2

*���)������
��

�����:����,	"-..916.52

��()�����
����*���)����������
���*���;����
�,	"-�/.90�<2

������
�(
���
(����:'���,	"-..90��02

��()�����
����������
�����+���;����
�,	"-..9��<�2

��()�����
����*���)������
��

�����:����,	"-�/...912

*���)����������
3*�
���
�
(�*�+���%��

�+����,	"-..916��2

��()�����
�����

)��
���*������
�(
���
(����:'���,	"-..166�62

��()�����
����*���)������
��

�����
���

�,	"-..0.�952

��
��

�����)
�������������
�,	"-...6/062

*:�
������
�
)���������
�
�:���*����*�

�,	"-..9.�.62

*����+���:�(�
�
�
��
��������
�
�)��
��������
������
�,	"-..1066<2

*:�
������
�
)������+�������*����*�

�,	"-..9.�.12

*:�
������
�
)������������(��*�
����
�
�:���*����*�

�,	"-..5.65.2

������
����*�

�
(��
��������
�������
����(���
(����+���*:�
����
�,	"-...66�<2
���

+�+���
����*������������
�����
�
���:�
�:���
�����:'���,	"-...<�052
��()�����
����*����
����

+�+���
�����

�����,	"-�/.1.6�2
��()�����
��������

�)+���
����

�����,	"-..19�662
��
��������()�����
��������:������*����+�(�����
�,	"-..�.6912
������
���*���;����
�������
+��+�+���
��,	"-..<�65/2
�
�����
:+�
�����������
���*���;����
����+�+���
��,	"-../.�5.2

)*���*��*���+�������*����*�

�,	"-../.9.12
��()�����
�����������*�������*�������,	"-�...9��2
+��)�����
�����%*����������
�
�
����*�����
�����,	"-../00�52
��()�����
����
����)
�
�
��+����*�

�,	"-..9�6112
+��)�����
����*:�+�*���
�
����*����

+�

��
�,	"-..5.0.12
��()�����
����
�
��
���

�+����,	"-..5�/692

�
��
����(�
�;����
�,	"-..5.0.02

���������
�
�:���*����*�

�,	"-..�6��62
*:���
���������
�
�:���*����*�

�,	"-...66/52

�*�
�������*�:������
�
�:���*����*�

�,	"-�/.�6592

�(��������()�����
����
���

�7�����

�+����,	"-..5�1/<2

��
��������()�����
����*���=*������:�
��
�,	"-..��1./2
�%�
�(�
�
�
�,	"-...<1./2
��()�����
����
���

�7�����

�+����,	"-..5�1/�2
��()�����
����*��*�)+=+��������
�(
���
(�,	"-..5.0102
*:���
������+�������*����*�

�,	"-...0�.92
��()�����
����+�$��
���*�
(>�����
���*��
�+��,	"-..10.�12

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 6, 2023. ; https://doi.org/10.1101/2023.05.11.540329doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540329
http://creativecommons.org/licenses/by-nc-nd/4.0/


����

�����	
���
���

�

���������

������

���

���

���

� �

�

����������
��
��
������
�
��������
 ���!�
��

�"
#	#�$
���

����������
��
��
������
�
��������
���
��

�"
#	#%$
�&

����������
��
��
������
�
��������
'
�
�(
��

�"
#	##$
�&

)*
�����(����
���
+���������
��,�-+��

����
'
�
�(
��

�"
#	##


��
�
��
	


��

�

��

�
�

��

�

��

� � ��

*��

*��

*��

*��

��
.�
*/
0.
�)
1�
�

*�
�.
2&
��
0.
2�
���
&

*�
�.
��
�

*�
�.
3*
/�
%

�����	
���
��� �����	
���
���

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 6, 2023. ; https://doi.org/10.1101/2023.05.11.540329doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540329
http://creativecommons.org/licenses/by-nc-nd/4.0/

