
 
 
 
 
 

LUDWIG-MAXIMILIANS-UNIVERSITÄT MÜNCHEN 
 
 
 

Fakultät für Medizin 
 

Institut für Psychiatrische Phänomik & Genomik 
 
 
 
 
 
 
 
 

TOWARDS A FULLER PICTURE OF THE GENETIC 
ARCHITECTURE OF NEUROPSYCHIATRIC DISORDERS 

_____________________ 
 

THE RARE, THE COMMON, AND EVERYTHING IN BETWEEN 
 
 
 
 
 
 
 
 

Kumulative Habilitationsschrift 
 

vorgelegt von 
 

Dr. med. Eva Christina Schulte, Ph.D. 
 

(2022) 
 
 
 

 



 

 

 
_____________________________________________________________________________ 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Für Lisa, Horst & Marianne 



 

 

 
_____________________________________________________________________________ 

3 

 
 
This work is based on the following publications: 
 
 
Zimprich A, Benet-Pages A, Struhal W, Graf E, Eck SH, Offman MN, Haubenberger D, 
Spielberger S, Schulte EC, Lichtner P, Rossle SC, Klopp N, Wolf E, Seppi K, Pirker W, 
Presslauer S, Mollenhauer B, Katzenschlager R, Foki T, Hotzy C, Reinthaler E, 
Harutyunyan A, Kralovics R, Peters A, Zimprich F, Brücke T, Poewe W, Auff E, 
Trenkwalder C, Rost B, Ransmayr G, Winkelmann J, Meitinger T, Strom TM. Exome 
sequencing reveals mutations in the retromer protein VPS35 as cause for Parkinson`s 
disease. Am J Hum Genet 2011, 89: 168-175. PMID: 21763483 (IF 2011: 10.6) 

Schulte EC, Ellwanger DC, Dihanich S, Manzoni C, Stangl K, Schormair B, Graf E, Eck 
S, Mollenhauer B, Haubenberger D, Pirker W, Zimprich A, Brücke T, Lichtner P, Peters 
A, Gieger C, Trenkwalder C, Mewes HW, Meitinger T, Lewis PA, Klünemann HH, 
Winkelmann J. Rare variants in LRRK1 in Parkinson`s disease. Neurogenetics 2014, 
15:49-57. PMID: 24241507 (IF 2014: 3.5) 

Schulte EC, Stahl I, Czamara D, Ellwanger DC, Eck S, Graf E, Mollenhauer B, Zimprich 
A, Lichtner P, Haubenberger D, Pirker W, Brücke T, Bereznai B, Molnar MJ, Peters A, 
Gieger C, Müller-Myhsok B, Trenkwalder C, Winkelmann J. Rare variants in PLXNA4 
and Parkinson’s diasease. PLoS One 2013, 8:e79145. PMID: 24244438 (IF 2013: 3.5) 

Schulte EC*, Claussen MC*, Jochim A, Haack T, Hartig M, Hempel M, Prokisch H, 
Haun-Jünger U, Winkelmann J, Hemmer B, Förschler A, Ilg R. Mitochondrial 
membrane protein associated neurodegeneration: a novel variant of 
neurodegeneration with brain iron accumulation. Mov Disord 2013, 28: 224-227. 
PMID: 23436634 (IF 2013: 5.6) 

Schulte EC, Knauf F, Kemlink D, Schormair B, Gieger C, Lichtner P, Meitinger T, 
Winkelmann J. Variant Screening of the Coding Regions of MEIS1 in Patients with 
Restless Legs Syndrome. Neurology 2011,76:1106-1108. PMID: 21422461. (IF 2011: 8.3)  

Schulte EC*, Kousi M*, Tan P, Schormair B, Knauf F, Lichtner P, Trenkwalder C, Högl B, 
Frauscher B, Berger K, Fietze I, Gross N, Stiasny-Kolster K, Oertel W, Bachmann C.G, 
Paulus W, Zimprich A, Peters A, Gieger C, Meitinger T, Müller-Myshok B, Katsanis N, 
Winkelmann J. Targeted Resequencing and Systematic In Vivo Functional Testing 
Identifies Rare Variants in MEIS1 as Significant Contributors to Restless Legs Syndrome. 
Am J Hum Genet 2014, 95:85-95. PMID: 24995868 (IF 2014: 10.9) 
 
Schulte EC, Kurz A, Alexopoulos P, Hampel H, Peters A, Gieger C, Rujescu D, Diehl-
Schmid J, Winkelmann J. Excess of rare coding variants in PLD3 in late but not early-
onset Alzheimer’s disease. Hum Genome Var 2015, 2:14028. PMID: 27081517. (IF 2019: 
1.3) 
 
Schulte EC, Mollenhauer B, Zimprich A, Bereznai B, Lichtner P, Haubenberger D, Pirker 
W, Brücke T, Molnar MJ, Peters A, Gieger C, Trenkwalder C, Winkelmann J. Variants in 
eurkaryotic translation initiation factor 4G1 in sporadic Parkinson’s disease. 
Neurogenetics 2012, 13: 281-285. PMID: 22707335 (IF 2012: 3.4) 



 

 

 
_____________________________________________________________________________ 

4 

Schulte EC, Fukumori A, Mollenhauer B, Hor H, Arzberger T, Perneczky R, Kurz A, Diehl-
Schmid J, Hüll M, Lichtner P, Eckstein G, Zimprich A, Haubenberger D, Pirker W, 
Brücke T, Bereznai B, Molnar MJ, Lorenzo-Betancor O, Pastor P, Peters A, Gieger C, 
Estivill X, Meitinger T, Kretzschmar HA, Trenkwalder C, Haass C, Winkelmann J. Rare 
variants in b-Amyloid precursor protein (APP) and Parkinson’s disease. Eur J Hum 
Genet 2015, 23: 1328-1333. PMID: 25604855. (IF 2015: 4.6) 
 
Zech M, Nübling G, Castrop F, Jochim A, Schulte EC, Mollenhauer B, Lichtner P, 
Peters A, Gieger C, Marquardt T, Vanier MT, Latour P, Klünemann HH, Trenkwalder C, 
Diehl-Schmid J, Perneczky R, Meitinger T, Oexle K, Haslinger B, Lorenzl S, Winkelmann 
J. Niemann-Pick C disease gene mutations and age-related neurodegenerative 
disorders. PLoS One 2013,8:e82879. PMID: 24386122 (IF 2013: 3.5) 
 
Winkelmann J, Schormair B, Czamara D, Knauf F, Schulte EC, Trenkwalder C, 
Dauvilliers Y, Polo O, Högl B, Berger K, Fuhs A, Gross N, Stiasny-Kolster K, Oertel W, 
Bachmann CG, Paulus W, Xiong L, Montplaisir J, Rouleau GA, Fietze I, Vavrova J, 
Kemlink D, Sonka K, Nevsimalova S, Lin SC, Wszolek Z, Vilarino-Guell C, Farrer MJ, 
Gschliesser V, Frauscher B, Falkenstetter T, Poewe W, Allen RP, Earley CJ, Ondo WG, 
Le WD, Spieler D, Kaffe M, Zimprich A, Kettunen J, Perola M, Silander K, Cournu-
Rebeix I, Francavilla M, Fontenille C, Fontaine B, Vodicka P, Prokisch H, Lichtner P, 
Peppard P, Faraco J, Mignot E, Gieger C, Illig T, Wichmann HE, Müller-Myhsok B, 
Meitinger T. Genome-wide association study identifies novel Restless Legs Syndrome 
susceptibility loci on 2p14 and 16q12.1. PLoS Genetics 2011, 7: e1002171. PMID: 
21779176 (IF 2011: 10.2) 

Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, Adams MJ, 
Agerbo E, Air TM, Andlauer TMF, Bacanu SA, Baekvad-Hansen M, Beekman AFT, 
Bigdeli TB, Binder EB, Blackwood DRH, Bryois J, Buttenschon HN, Bybjerg-Grauholm J, 
Cai N, Castelao E, Christensen JH, Clarke TK, Coleman JIR, Colodro-Conde L, Couvy-
Duchesne B, Craddock N, Crawford GE, Crowley CA, Dashti HS, Davies G, Deary IJ, 
Degenhardt F, Derks EM, Direk N, Dolan CV, Dunn EC, Fley TC, Eriksson N, Escott-Price 
V, Kideh FHF, Finucane HK, Forstner AJ, Frank J, Gaspar HA, Gill M, Giusti-Rodrigues P, 
Goes FS, Gordon SD, Grove J, Hall LS, Hannon E, Hansen CS, Hansen TF, Herms S, 
Hickie IB, Hoffmann P, Homuth G, Horn C, Hottenga JJ, Hougaard DM, Hu M, Hyde 
CL, Ising M, Jansen R, Jin F, Jorgenson E, Knowles JA, Kohane IS, Kraft J, Kretzschmar 
WW, Krogh J, Kutalik Z, Lane JM, Li Y, Li Y, Lind PA, Liu X, Lu L, MacIntyre DJ, 
MacKinnon DF, Maier RM, Maier W, Marchini J, Mbarek H, McGrath P, McGuffin P, 
Medland SE, Mehta D, Middeldorp CM, Mihailov E, Milaneschi Y, Milani L, Mill J, 
Mondimore FM, Montgomery GW, Mostafavi S, Mullins N, Nauck M, Ng B, Nivard MG, 
Nyholt DR, O'Reilly PF, Oskarsson H, Owen MJ, Painter JN, Pedersen CB, Pedersen 
MG, Peterson RE, Pettersson E, Peyrot WJ, Pistis G, Posthuma D, Purcell SM, Quiroz JA, 
Qvist P, Rice JP, Riley BP, Rivera M, Saeed Mirza S, Saxena R, Schoevers R, Schulte EC, 
Shen L, Shi J, Shyn SI, Sigurdsson E, Sinnamon GBC, Smit JH, Smith DJ, Stefansson H, 
Steinberg S, Stockmeier CA, Streit F, Strohmaier J, Tansey KE, Teismann H, Teumer A, 
Thompson W, Thomson PA, Thorgeirsson TE, Tian C, Traylor M, Treutlein J, Trubetskoy V, 
Uitterlinden AG, Umbricht D, Van der Auwera S, van Hemert AM, Viktorin A, Visscher 
PM, Wang Y, Webb BT, Weinsheimer SM, Wellmann J, Willemsen G, Witt SH, Wu Y, Xi 
HS, Yang J, Zhang F; eQTLGen; 23andMe, Arolt V, Baune BT, Berger K, Boomsma DI, 
Cichon S, Dannlowski U, de Geus ECJ, DePaulo JR, Domenici E, Domschke K, Esko T, 
Grabe HJ, Hamilton SP, Hayward C, Heath AC, Hinds DA, Kendler KS, Kloiber S, Lewis 
G, Li QS, Lucae S, Madden PFA, Magnusson PK, Martin NG, McIntosh AM, Metspalu 
A, Mors O, Mortensen PB, Müller-Myhsok B, Nordentoft M, Nöthen MM, O'Donovan 



 

 

 
_____________________________________________________________________________ 

5 

MC, Paciga SA, Pedersen NL, Penninx BWJH, Perlis RH, Porteous DJ, Potash JB, Preisig 
M, Rietschel M, Schaefer C, Schulze TG, Smoller JW, Stefansson K, Tiemeier H, Uher R, 
Völzke H, Weissman MM, Werge T, Winslow AR, Lewis CM, Levinson DF, Breen G, 
Børglum AD, Sullivan PF; Major Depressive Disorder Working Group of the Psychiatric 
Genomics Consortium. Genome-wide association analyses identify 44 risk variants 
and refine the genetic architecture of major depression. Nat Genet 2018, 50: 668-
681. PMID: 29700475. (IF 2018: 25.5) 
 
Mullins N, Forstner AJ, O'Connell KS, Coombes B, Coleman JRI, Qiao Z, Als TD, Bigdeli 
TB, Børte S, Bryois J, Charney AW, Drange OK, Gandal MJ, Hagenaars SP, Ikeda M, 
Kamitaki N, Kim M, Krebs K, Panagiotaropoulou G, Schilder BM, Sloofman LG, 
Steinberg S, Trubetskoy V, Winsvold BS, Won HH, Abramova L, Adorjan K, Agerbo E, Al 
Eissa M, Albani D, Alliey-Rodriguez N, Anjorin A, Antilla V, Antoniou A, Awasthi S, Baek 
JH, Bækvad-Hansen M, Bass N, Bauer M, Beins EC, Bergen SE, Birner A, Bøcker 
Pedersen C, Bøen E, Boks MP, Bosch R, Brum M, Brumpton BM, Brunkhorst-Kanaan N, 
Budde M, Bybjerg-Grauholm J, Byerley W, Cairns M, Casas M, Cervantes P, Clarke TK, 
Cruceanu C, Cuellar-Barboza A, Cunningham J, Curtis D, Czerski PM, Dale AM, 
Dalkner N, David FS, Degenhardt F, Djurovic S, Dobbyn AL, Douzenis A, Elvsåshagen 
T, Escott-Price V, Ferrier IN, Fiorentino A, Foroud TM, Forty L, Frank J, Frei O, Freimer NB, 
Frisén L, Gade K, Garnham J, Gelernter J, Giørtz Pedersen M, Gizer IR, Gordon SD, 
Gordon-Smith K, Greenwood TA, Grove J, Guzman-Parra J, Ha K, Haraldsson M, 
Hautzinger M, Heilbronner U, Hellgren D, Herms S, Hoffmann P, Holmans PA, Huckins L, 
Jamain S, Johnson JS, Kalman JL, Kamatani Y, Kennedy JL, Kittel-Schneider S, 
Knowles JA, Kogevinas M, Koromina M, Kranz TM, Kranzler HR, Kubo M, Kupka R, 
Kushner SA, Lavebratt C, Lawrence J, Leber M, Lee HJ, Lee PH, Levy SE, Lewis C, Liao 
C, Lucae S, Lundberg M, MacIntyre DJ, Magnusson SH, Maier W, Maihofer A, 
Malaspina D, Maratou E, Martinsson L, Mattheisen M, McCarroll SA, McGregor NW, 
McGuffin P, McKay JD, Medeiros H, Medland SE, Millischer V, Montgomery GW, 
Moran JL, Morris DW, Mühleisen TW, O'Brien N, O'Donovan C, Olde Loohuis LM, Oruc 
L, Papiol S, Pardiñas AF, Perry A, Pfennig A, Porichi E, Potash JB, Quested D, Raj T, 
Rapaport MH, DePaulo JR, Regeer EJ, Rice JP, Rivas F, Rivera M, Roth J, Roussos P, 
Ruderfer DM, Sánchez-Mora C, Schulte EC, Senner F, Sharp S, Shilling PD, Sigurdsson 
E, Sirignano L, Slaney C, Smeland OB, Smith DJ, Sobell JL, Søholm Hansen C, Soler 
Artigas M, Spijker AT, Stein DJ, Strauss JS, Świątkowska B, Terao C, Thorgeirsson TE, 
Toma C, Tooney P, Tsermpini EE, Vawter MP, Vedder H, Walters JTR, Witt SH, Xi S, Xu 
W, Yang JMK, Young AH, Young H, Zandi PP, Zhou H, Zillich L; HUNT All-In Psychiatry, 
Adolfsson R, Agartz I, Alda M, Alfredsson L, Babadjanova G, Backlund L, Baune BT, 
Bellivier F, Bengesser S, Berrettini WH, Blackwood DHR, Boehnke M, Børglum AD, 
Breen G, Carr VJ, Catts S, Corvin A, Craddock N, Dannlowski U, Dikeos D, Esko T, 
Etain B, Ferentinos P, Frye M, Fullerton JM, Gawlik M, Gershon ES, Goes FS, Green MJ, 
Grigoroiu-Serbanescu M, Hauser J, Henskens F, Hillert J, Hong KS, Hougaard DM, 
Hultman CM, Hveem K, Iwata N, Jablensky AV, Jones I, Jones LA, Kahn RS, Kelsoe JR, 
Kirov G, Landén M, Leboyer M, Lewis CM, Li QS, Lissowska J, Lochner C, Loughland 
C, Martin NG, Mathews CA, Mayoral F, McElroy SL, McIntosh AM, McMahon FJ, Melle 
I, Michie P, Milani L, Mitchell PB, Morken G, Mors O, Mortensen PB, Mowry B, Müller-
Myhsok B, Myers RM, Neale BM, Nievergelt CM, Nordentoft M, Nöthen MM, 
O'Donovan MC, Oedegaard KJ, Olsson T, Owen MJ, Paciga SA, Pantelis C, Pato C, 
Pato MT, Patrinos GP, Perlis RH, Posthuma D, Ramos-Quiroga JA, Reif A, Reininghaus 
EZ, Ribasés M, Rietschel M, Ripke S, Rouleau GA, Saito T, Schall U, Schalling M, 
Schofield PR, Schulze TG, Scott LJ, Scott RJ, Serretti A, Shannon Weickert C, Smoller 
JW, Stefansson H, Stefansson K, Stordal E, Streit F, Sullivan PF, Turecki G, Vaaler AE, 



 

 

 
_____________________________________________________________________________ 

6 

Vieta E, Vincent JB, Waldman ID, Weickert TW, Werge T, Wray NR, Zwart JA, 
Biernacka JM, Nurnberger JI, Cichon S, Edenberg HJ, Stahl EA, McQuillin A, Di Florio 
A, Ophoff RA, Andreassen OA. Genome-wide association study of more than 40,000 
bipolar disorder cases provides new insights into the underlying biology. 
Nat Genet 2021, 53:817-829. PMID: 34002096. (IF 2021: 23.1)  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
_____________________________________________________________________________ 

7 

 
 
TABLE of CONTENT 
 
 
 Figures 
 

Figure 1: Schematic representation of different genetic  
architectures that can underlie different traits or diseases                     10 

   
Figure 2: Relationship between allele frequency and effect  
size of a genetic variant         11 

   
Figure 3: Relationship between GWAS case sample size and  
number of identified loci of genome-wide significance for  
different neuropsychiatric disorders           157 

 
 Tables 
   

Table: Genes harboring rare variants prioritized for a role  
in familial PD using WES         17 

 
 

1 Introduction           10 
 
1.1 Setting the Stage          10 
1.2 Genetic Variation          12 

 
2 Methods           13 

 
3 Projects           15 

 
3.1 Rare Variants           15 

 
3.1.1 Family studies to link novel rare variants to disease     15 
3.1.2 Rare variants and common variants in the same place    51 
3.1.3 Rare variants shaping the clinical phenotype     68 
3.1.4 Rare variants crossing diagnostic boundaries     79 

 
3.2 Variants of Intermediate Frequency       96 

 
3.3 Common Variants        108 

 
4 Discussion                   155 
5 Perspectives                                           158 
6 References                                                                                                   161 
7 Own Publications                                                                                        175 
8 Acknowledgements                       184 

 



 

 

 
_____________________________________________________________________________ 

8 

 
ABBREVIATIONS 
 
AD   Alzheimer’s disease 
APP   !-amyloid precursor protein 
Arg   arginine 
bp   base pairs 
BPD   bipolar disorder 
BTBD9   BTB/POZ-domain-containing protein 9 
BWA   Burrows-Wheeler Aligner 
Cas9   CRISPR-associated protein 9 
CNV   copy-number variant 
CRISPR  clustered regularly interspaced short palindromic repeats 
COVID-19  coronavirus disease-19 
EIF4G1   eukaryotic translation initiation factor 4G1 
ENCODE  Encyclopedia of DNA Elements 
FDR   false discovery rate 
FTLD   frontotemporal lobar degeneration 
FUS   fused in sarcoma 
Glu   glutamate 
Gly   glycine 
GRN   granulin 
GTEx   genotype-tissue expression project 
GWAS   genome-wide association study 
HEK   human embryonic kidney 
His   histidine 
KORA   Kooperative Gesundheitsforschung in der Region Augsburg 
LD   linkage disequilibrium 
Lys   lysine 
MAF   minor allele frequency 
MALDI-TOF matrix-assisted laser desorption time-of-flight mass 

spectrometry 
MAPT microtubule-associated protein tau 
MAP2K5 mitogen-activated protein kinase kinase 5 
MEIS1   myeloid ecotropic viral integration site 1 homolog 
MDD   major depressive disorder 
NHLBI-GO-ESP National Heart, Lung, and Blood Institute Grand 

Opportunity Exome Sequencing Project 
NPC   Niemann-Pick type C 
OD   odds ratio 
ORF   open reading frame 
PD   Parkinson’s disease 
PGC   Psychiatric Genomics Consortium 
PLD3   phospholipase D3 
PRS   polygenic risk scores 
PSEN1   presenilin 1 
PSEN2   presenilin 2 
PTPRD   protein tyrosine phosphatase receptor type D 
RLS   restless legs syndrome 



 

 

 
_____________________________________________________________________________ 

9 

RVAS   rare variant association study 
Ser   serine 
SCZ   schizophrenia 
SKAT   sequence kernel association test 
SKOR1  SKI family transcriptional corepressor 1 
SNP   single nucleotide polymorphism 
SNV   single nucleotide variant 
TDP-43  TAR DNA-binding protein-43 
TOX3   TOX high mobility group box family member 3 
UTR   untranslated region 
WES   whole exome sequencing 
WGS   whole genome sequencing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
_____________________________________________________________________________ 

10 

 
1 INTRODUCTION 
 
1.1 SETTING THE STAGE 
 
The past decade has witnessed a striking development of the scope of analyses 

possible in genetics. Analyses have progressed from single variant and candidate 

gene studies via genome-wide association studies (GWAS) utilizing genetic 

information from millions of single nucleotide polymorphisms (SNPs) to studies assessing 

all variants—including structural variants—across an exome or genome of an 

individual(McGuire et al., 2020; Smoller, 2017; Sullivan and Geschwind, 2019). With the 

continuously decreasing costs of sequencing, increasing computational 

power(Antonarakis et al., 2010; Mardis, 2011), and ever larger fully sequenced, deeply 

phenotyped cohorts—such as in the UK Biobank(Bycroft et al., 2018), the Million 

Veteran Program(Gaziano et al., 2016) or All of Us(All of Us Research Program et al., 

2019)—available, this trend towards the superlatives in genetics is sure to continue for 

some time. However, this will also present challenges because the road from 

knowledge of a genomic region harboring factors of increased disease risk to 

understanding its biological implications and to translating this knowledge to patient 

care is still long and rocky(Sullivan and 

Geschwind, 2019; Tolosa et al., 2020).    

Most neuropsychiatric disorders encountered in 

quotidian clinical practice are genetically 

complex. That is to say that not one single 

genetic alteration is sufficient to cause disease 

but that a number of different genetic factors act 

in unison to increase an individual`s likelihood of 

developing a certain condition. Even among the 

genetically complex disorders, the degree of 

polygenicity and of variant frequency and effect 

size is not the same in all common, complex 

disorders, yielding a unique disease-specific (or 

subphenotype-specific) genetic architecture 

(Kendall et al., 2021) (Figure 1). 

Although there can be significant overlap in the genetic factors contributing to a 

group of disorders such as in severe psychiatric disorders spanning the affective and 

Figure 1: Schematic representation of 
different genetic architectures that 
can underlie different traits or 
diseases. In reality, these should be 
viewed as a continuum more than as 
three separate entities. (taken from 
(Schulte, 2013))  
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psychotic spectrum(PGC, 2019), hardly any two genetic architectures are alike. Even 

among common, complex neuropsychiatric conditions, the relative contributions of 

genetic variants vary widely with regard to the number of involved loci(Kendall et al., 

2021; Zhang et al., 2018), the different variants’ effect sizes on a given 

phenotype(Winkelmann et al., 2011; Wray et al., 2018; Zhang et al., 2018), and variant 

frequencies(Schulte et al., 2014b; Winkelmann et al., 2011; Winkelmann et al., 2007).  

One aspect of special interest with regard to the study of common, complex 

neuropsychiatric diseases is the fact that despite massive efforts by large international 

consortia (International Parkinson Disease Genomics, 2020; Schizophrenia Working 

Group of the Psychiatric 

Genomics, 2014; Stahl et 

al., 2019; Wray et al., 2018) 

to decipher the genetic 

architecture, there is still a 

large amount of “missing 

heritability”(Maher, 2008), 

that cannot be 

accounted for in current 

studies. One long-

standing hypothesis to 

explain this conundrum 

which is observed across 

all common, complex 

disorders is that not only a very large number of common variants with generally small 

effect sizes contribute to the genetic architecture (“common variant, common 

disease hypothesis”(Pritchard and Cox, 2002)) but that rare or intermediate frequency 

variants—which were not represented on the most widely used genotyping arrays 

employed in GWAS could account for some of this missing heritability (“rare variant, 

common disease hypothesis”) (Figure 2). It is becoming increasingly clear that in many 

neuropsychiatric disorders the genetic architecture will be a combination of 

common, rare, and intermediate frequency variants with different effect sizes on the 

phenotype and in different proportions. This conception could have important 

implications both for the study of the underlying pathophysiology—which in many 

Figure 2: Relationship between allele frequency and effect size of 
a genetic variant. Generally, the rarer the variant, the stronger its 
effect on a given phenotype. (adapted from (Manolio et al., 
2009)) 
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cases is still only incompletely understood—but also for potential applications of 

genetics in common neuropsychiatric disorders in the clinical setting. 

Consequently, it is vitally important to understand the contributions of different classes 

of genetic variation to neuropsychiatric disorders. It is upon this backdrop that the 

studies depicted herein were conducted.  

 

1.2  GENETIC VARIATION 

 
Errors in DNA replication in humans occur at a rate of roughly one in every 10 to 100 

million bases(Strachan, 2011). On the whole, estimates of the mutation rate range 

around 1.1x10-8 per site across the entire genome per generation(Kondrashov, 2003; 

Nachman and Crowell, 2000; Roach et al., 2010). The resulting genetic variants differ 

in size (i.e. from one to several tens of thousands of bases or entire chromosomes) and 

composition (i.e. structural variants like copy-number variants (CNVs) vs. non-structural 

variants like single nucleotide variants (SNVs)). Genetic variants can further be 

classified according to their genomic location with respect to annotated genes (i.e. 

within inter- vs. intragenic regions or in intronic vs. exonic regions).  

Beyond these well-known forms of genetic variation, additional levels of genetic 

variation exist that include, but are not limited to, mobile genetic elements like 

retrotransposons(Kazazian et al., 1988; Solyom and Kazazian, 2012) or the introduction 

of additional changes at the RNA level (RNA editing)(Song et al., 2012). These support 

the notion that our current understanding of the diverse forms of genetic alterations 

that play a role in bringing about human phenotypes is still fragmented and far from 

complete. 

Next to classification schemes largely rooted in the “physical” characteristics of a 

variant, variant frequency in a population (usually reported using the frequency of the 

less common of two alleles at a given locus (i.e. the minor allele frequency (MAF)) and 

the strength of effect on a given phenotype are two additional, very important means 

to classify genetic variation (also cf. Figure 2). The MAF is utilized to assess how 

frequently a given variant occurs in a given population. Although often times grouped 

into two (“common” and “rare”) or three (“common”, “low-frequency”, and “rare”) 

categories, variant frequency actually spans the entire frequency spectrum from 

variants of near equal distribution in the population to those found in only one single 

individual in the population. Although definitions for the categories above have been 

subject to change with the field’s increasing ability to evaluate variants of lower and 
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lower frequency, as a general rule, today, variants with MAF >1% can be classified as 

“common”, those with MAF < 0.1% as “rare”, and those with 0.1% ≥ MAF ≤ 1% as “low-

frequency” variants. It should be noted, however, that when the entire human 

genome is assessed, rare variants—although individually rare—are by far the most 

frequent type of genetic variation. At the same time, common variants with MAF > 5% 

are responsible for the largest proportion of genetic differences between 

individuals(Fu et al., 2013; Tennessen et al., 2012).   

Next to a variant’s frequency, its effect size is of great importance to consider when 

evaluating its contribution to the genetic architecture of a given trait. Effect sizes are 

commonly measured as odds ratios (ORs). For example, an OR of 2 would indicate 

that an individual with the given variant would be twice as likely to display a given 

phenotype as an individual not harboring that variant.  

Although exceptions prove the rule(Klein et al., 2005), an inverse correlation appears 

to exist between the frequency of a given variant and its effect size in the vast majority 

of cases(Manolio et al., 2009). This is predominantly due to the fact that variants of 

large effect are subject to purifying selection. Deleterious variants are selected 

against and prevented from becoming increasingly frequent and eventually fixed in 

a given population. Today, methodologies are in place to—sample size and financial 

resources permitting—examine all variants along the frequency and effect size axes.  

 

 

 

2 METHODS 

 

The large spectrum of different kinds of genetic variation that contribute to the 

genetic architecture of biological traits also means that a number of different 

methodologies and varied approaches are needed to address these different forms 

of genetic variation. The fact that the past decade has seen enormous technological 

advances in the field of genetics has further increased the number of potential 

investigative avenues. At the same time, financial constraints have limited the large-

scale roll-out of some of these like, for example, whole exome (WES) or whole genome 

sequencing (WGS). Here, it has only recently and in very large global consortial efforts 

been possible to successfully perform so-called “rare variant association studies” 

(RVAS), that seeking to establish population-scale associations between rare variants 
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identified by means of WES and specific disorders (e.g. (Fu, 2021a; Palmer, 2020; 

Satterstrom et al., 2019; Singh, 2020)). 

The studies conducted as part of this work also reflect these changes in the 

methodologies used and the scale at which to address the overarching question of 

how different genetic variants contribute to the genetic make-up of different 

neuropsychiatric disorders (Gloyn and McCarthy, 2010). Nonetheless, the conducted 

works can be subdivided into those geared at investigating the role of rare genetic 

variants and those primarily focusing on common genetic variants.  

Targeted resequencing as well as short-read WES on Illumina® platforms was used to 

investigate rare variants, both in classical family-based approaches as well as in 

population-based association designs (Hopfner et al., 2013; Schulte et al., 2013a; 

Schulte et al., 2014a; Schulte et al., 2015a; Schulte et al., 2011; Schulte et al., 2014b; 

Schulte et al., 2015b; Schulte et al., 2012; Schulte et al., 2013b; Zimprich et al., 2011). 

Targeted resequencing also highlighted low-frequency variants of intermediate effect 

size with a role in restless legs syndrome (Schulte et al., 2014b). Common variants were 

associated with specific phenotypes like RLS, major depressive disorder (MDD), or 

bipolar disorder (BPD) using array-based genome-wide genotyping and genome-

wide association studies (Mullins et al., 2021; Winkelmann et al., 2011; Wray et al., 

2018).   

Classical molecular functional follow-up studies of the identified variants represent 

important tools to bridge the gap between the genetic underpinnings and an 

understanding of the pathophysiologic changes underlying a given disorder. In the 

projects conducted as part of this work, in vitro cell culture models and primary patient 

fibroblasts as well as in vivo approaches in zebrafish were used to this end(Schulte et 

al., 2014a; Schulte et al., 2015a; Schulte et al., 2014b; Schulte et al., 2013b). For 

example, systematic functional follow-up of rare non-synonymous coding variants in 

genes harboring common risk factors for RLS by in vivo complementation in zebrafish 

identified a specific isoform of the gene MEIS1 of particular relevance to RLS(Schulte 

et al., 2014b). Tracking of this isoform can then be used to uncover the developmental 

time points and locations of greatest importance to the development of RLS, which 

largely still remain to be uncovered.  
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3 PROJECTS 
 
In the following, the individual projects relevant to this work will be subsumed into three 

topic areas highlighting the contribution of different classes of genetic variation to the 

investigated common, complex neuropsychiatric phenotypes.  

 
 
3.1 Rare Variants 

The first group of projects assesses the role of rare genetic variation—at the time, 

defined as having a MAF < 5%—in common and genetically complex 

neuropsychiatric disorders like Parkinson’s disease (PD) or restless legs syndrome (RLS).  

 

3.1.1  Family studies to link novel rare variants to disease 

Zimprich A, Benet-Pages A, Struhal W, Graf E, Eck SH, Offman MN, Haubenberger D, 
Spielberger S, Schulte EC, Lichtner P, Rossle SC, Klopp N, Wolf E, Seppi K, Pirker W, 
Presslauer S, Mollenhauer B, Katzenschlager R, Foki T, Hotzy C, Reinthaler E, 
Harutyunyan A, Kralovics R, Peters A, Zimprich F, Brücke T, Poewe W, Auff E, 
Trenkwalder C, Rost B, Ransmayr G, Winkelmann J, Meitinger T, Strom TM. Exome 
sequencing reveals mutations in the retromer protein VPS35 as cause for Parkinson`s 
disease. Am J Hum Genet 2011, 89: 168-175. PMID: 21763483 (IF 2011: 10.6) 

Schulte EC, Ellwanger DC, Dihanich S, Manzoni C, Stangl K, Schormair B, Graf E, Eck 
S, Mollenhauer B, Haubenberger D, Pirker W, Zimprich A, Brücke T, Lichtner P, Peters 
A, Gieger C, Trenkwalder C, Mewes HW, Meitinger T, Lewis PA, Klünemann HH, 
Winkelmann J. Rare variants in LRRK1 in Parkinson`s disease. Neurogenetics 2014, 
15:49-57. PMID: 24241507 (IF 2014: 3.5) 

Schulte EC, Stahl I, Czamara D, Ellwanger DC, Eck S, Graf E, Mollenhauer B, Zimprich 
A, Lichtner P, Haubenberger D, Pirker W, Brücke T, Bereznai B, Molnar MJ, Peters A, 
Gieger C, Müller-Myhsok B, Trenkwalder C, Winkelmann J. Rare variants in PLXNA4 
and Parkinson’s diasease. PLoS One 2013, 8:e79145. PMID: 24244438 (IF 2013: 3.5) 

Schulte EC*, Claussen MC*, Jochim A, Haack T, Hartig M, Hempel M, Prokisch H, 
Haun-Jünger U, Winkelmann J, Hemmer B, Förschler A, Ilg R. Mitochondrial 
membrane protein associated neurodegeneration: a novel variant of 
neurodegeneration with brain iron accumulation. Mov Disord 2013, 28: 224-227. 
PMID: 23436634 (IF 2013: 5.6) 

 

One of the most classical approaches to identify genetic variants underlying disease 

is to study families. The four studies depicted here used strategies like whole exome 

sequencing in families with familial PD or other rare neurologic disorders (e.g. 

neurodegeneration with brain iron accumulation (NBIA)) to identify rare genetic 
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variants of putatively strong effect and with high penetrance that cause or modify 

the clinical phenotype. Families were recruited both in our own outpatient clinic at 

Klinikum rechts der Isar, Technical University Munich, but also at collaborating centers 

specializing in movement disorders at Schön Klinik Schwabing (Prof. Andres Ceballos-

Baumann, Munich, Germany), Paracelsus-Elena-Klinik (Prof. Claudia Trenkwalder, 

Kassel, Germany), and Allgemeines Krankenhaus Wien (Prof. Alexander Zimprich, 

Vienna, Austria). Extensive families were subsequently phenotyped and biosampled 

in field studies. 

Short read, paired-end sequencing was performed on the Genome Analyzer IIx 

platform from Illumina®. Agilent® SureSelect Human All Exon kits were used for in-

solution enrichment. Reads were aligned with BWA and variants called with SAMtools. 

Filtering strategies in order to identify the most relevant rare genetic variants 

included—besides an overlap with the pedigree—filtering out variants with MAF >0.01 

in dbSNP, in 1076 to 1739 in-house exomes, the 1,000 genomes, or the NHLBI-GO-ESP 

exomes (n=4250). Further, variants predicted to change the amino acid sequence 

(i.e. missense, nonsense, stop-loss, splice site, or frameshift variants or insertions and 

deletions) were selected and, in most instances, in silico prediction scores of variant 

deleteriousness by prediction algorithms like PolyPhen(Ramensky et al., 2002), 

PolyPhen2(Adzhubei et al., 2010), Mutation Taster(Schwarz et al., 2010), or SIFT(Ng and 

Henikoff, 2003) were included in the filtering strategy. Depending on the specific study, 

linkage analysis of families using SNP array genotypes and the software 

MERLIN(Schulte et al., 2013b) or custom bioinformatics algorithms combining 

predictions from a number of publicly available prediction tools(Schulte et al., 2014a) 

were employed in addition to enhance the filtering strategy. All prioritized variants 

were verified by Sanger sequencing and segregation analyses were performed in the 

families to assess penetrance. 
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Through this approach, rare non-synonymous variants in C19orf1, EEF1D, LRRK1, 

PLXNA4, and VPS35, were prioritized for further analysis (Table). At a time, when large 

public repositories of genetic variation where not yet available, the next step in the 

case of prioritized variants for PD entailed a frequency assessment of the candidate 

variants in large sets of 860 to 975 case and 1014 to 1568 control individuals. These 

were carried out using MALDI-TOF mass spectrometry on the Sequenom® platform. 

Association was tested using the allelic test in PLINK. Genes with (suggestive) evidence 

for association in frequency assessments 

were taken further into targeted 

resequencing. Idaho® Light Scanner high- 

resolution melting curve analysis was 

repeatedly used to this end to screen the 

coding regions as well as the exon-intron 

boundaries of prioritized genes for 

additional rare variants.  

Burden testing to investigate the cumulative burden of rare genetic variation across 

a given gene, a functional domain of a gene, or a set of genes was carried out using 

Fisher’s Exact and $2 statistics. For example, for PLXNA4, the rarer and the more likely 

predicted to be “deleterious” the variant was, the more likely it was found in 

individuals with PD (p=0.033 to p=0.018; Fisher’s Exact and $2 tests as 

appropriate)(Schulte et al., 2013b). 

Especially in cases where statistical support for the variant alone was insufficient, 

functional follow-up experiments were performed. However, if the precise function of 

a gene in relevance to a given phenotype is unknown, the first stratum of 

investigations comprises very general experiments. In these, which included 

assessments of protein expression levels, subcellular localization of proteins, and cell 

viability in both established cell lines like HEK293 cells as well as primary patient 

fibroblasts, none of the prioritized variants were linked to significant alterations likely to 

be related to the assessed neuropsychiatric phenotype. 

The projects above led to the identification of potentially and likely causal novel 

variants associated with PD or NBIA. The role of variants in EEF1D, LRRK1, and PLXNA4 

in PD is still a matter of debate. However, the identification of rare variants in PLXNA4 

in individuals with PD(Schulte et al., 2013b) has implicated axonal guidance as a novel 

mechanism to be considered in the study of the pathophysiology underlying PD. After 

Gene Reference 

EEF1D (Schulte et al., 2014a) 

LRRK1 (Schulte et al., 2014a) 

PLXNA4 (Schulte et al., 2013b) 

VPS35 (Zimprich et al., 2011) 

Table: Genes harboring rare variants prioritized 
for a role in familial PD using WES 
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the initial back-to-back identification in our and another study(Vilarino-Guell et al., 

2011; Zimprich et al., 2011), VPS35, on the other hand, has become an established PD 

gene. Since its first description, dysfunction of the retromer complex has evolved into 

an established pathomechanism not only for PD but also for other neurodegenerative 

disorders and mouse models as well as cerebral organoids of individuals carrying 

pathogenic variants in VPS35 have recapitulated many phenotypic aspects of PD 

(e.g.(Chen et al., 2019; Chiu et al., 2020; Dhungel et al., 2015; Hanss et al., 2021; Niu et 

al., 2021; Tang et al., 2015; Wang et al., 2016; Zavodszky et al., 2014)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



REPORT

A Mutation in VPS35, Encoding a Subunit
of the Retromer Complex, Causes
Late-Onset Parkinson Disease

Alexander Zimprich,1,14,* Anna Benet-Pagès,2,14 Walter Struhal,3,14 Elisabeth Graf,2,14 Sebastian H. Eck,2

Marc N. Offman,4 Dietrich Haubenberger,1 Sabine Spielberger,5 Eva C. Schulte,2,6 Peter Lichtner,2

Shaila C. Rossle,4 Norman Klopp,7 Elisabeth Wolf,5 Klaus Seppi,5 Walter Pirker,1 Stefan Presslauer,8

Brit Mollenhauer,9 Regina Katzenschlager,10 Thomas Foki,1 Christoph Hotzy,1 Eva Reinthaler,1

Ashot Harutyunyan,11 Robert Kralovics,11 Annette Peters,7 Fritz Zimprich,1 Thomas Brücke,8

Werner Poewe,5 Eduard Auff,1 Claudia Trenkwalder,9,12 Burkhard Rost,4 Gerhard Ransmayr,3

Juliane Winkelmann,2,6,13 Thomas Meitinger,2,13 and Tim M. Strom2,13,*

To identify rare causal variants in late-onset Parkinson disease (PD), we investigated an Austrian family with 16 affected individuals by

exome sequencing. We found a missense mutation, c.1858G>A (p.Asp620Asn), in the VPS35 gene in all seven affected family members

who are alive. By screening additional PD cases, we saw the same variant cosegregating with the disease in an autosomal-dominantmode

with high but incomplete penetrance in two further families with five and ten affected members, respectively. The mean age of onset in

the affected individuals was 53 years. Genotyping showed that the shared haplotype extends across 65 kilobases around VPS35.

Screening the entireVPS35 coding sequence in an additional 860 cases and 1014 controls revealed six further nonsynonymousmissense

variants. Three were only present in cases, two were only present in controls, and one was present in cases and controls. The familial

mutation p.Asp620Asn and a further variant, c.1570C>T (p.Arg524Trp), detected in a sporadic PD case were predicted to be damaging

by sequence-based andmolecular-dynamics analyses. VPS35 is a component of the retromer complex andmediates retrograde transport

between endosomes and the trans-Golgi network, and it has recently been found to be involved in Alzheimer disease.

Parkinson’s disease (PD [MIM 168600]) is the second-most
common neurodegenerative disorder; it affects 1%–2% of
the population above the age of 60.1 It is characterized
by degeneration of dopaminergic neurons in the nigro-
striatal pathway and other monoaminergic cell groups in
the brainstem. This degeneration leads to bradykinesia,
resting tremor, muscular rigidity, and postural instability
as well as nonmotor symptoms. Up to 20% of cases with
PD are reported to be familial,2,3 but extended pedigrees
with clear Mendelian inheritance are rare. Genetic studies
have so far revealed mutations in five genes causing auto-
somal-recessive (PARK2 [MIM 602544], PINK1 [MIM
608309], PARK7 [MIM 602533]) or autosomal-dominant
(SNCA [MIM 163890], LRRK2 [MIM 609007]) forms of
PD.4–9 Whereas the autosomal-recessive forms with
early onset and SNCA missense mutations or duplica-
tions10 are rare, a single LRRK2 mutation (RefSeq number
NM_198578.3: c.6055G>A [p.Gly2019Ser]) accounts for
approximately 1% of sporadic cases of European
origin.11–13 A recent study revealed a strong association
of PD with glucocerebrosidase (GBA) mutations in carriers

for Gaucher [MIM 230800] disease, thus implicating a lyso-
somal enzyme in the pathogenesis of PD.14,15 Genome-
wide association studies revealed several low-risk suscepti-
bility loci, among them LAMP3 [MIM 605883] and HIP1R
[MIM 605613], which have been reported to be implicated
in the lysosomal pathway.16–18

We identified an Austrian family in which 16 members
were affected by PD (family A, Figure 1). PD seemed to be
inherited in an autosomal-dominant mode with high
penetrance. Seven affected members were available for
clinical and DNA investigations. Six of them exhibited at
least three of the four cardinal signs of PD (akinesia, resting
tremor, rigidity, and postural instability) and showed
improvement after dopaminergic treatment. A single
affected individual had displayed action tremors since
childhood but developed L-Dopa-responsive resting
tremors and akinesia only at the age of 62 years. The
mean age of onset was 53 years (range 40–68 years) (Table
1). The clinical diagnosis of idiopathic PD was made by
movement-disorder specialists who used UK brain bank
criteria for PD.19 All participants gave written informed
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consent. The study was approved by the institutional
review board of the Medizinische Universität Wien and
the Hessische Landesärztekammer Wiesbaden.
To identify the disease-causing variant, we selected two

second cousins (#3017 and #3020) for exome sequencing.
We assumed that any rare variants common in both indi-
viduals would be disease-causing candidates. Selecting
distantly relatedmembers of the pedigree shouldminimize
the proportion of alleles shared by descent. Exome
sequencing was performed on a Genome Analyzer IIx
system (Illumina) after in-solution enrichment of exonic
sequences (SureSelect Human All Exon 38Mb kit, Agilent).
We sequenced two lanes of a flowcell for both samples, each
as 54 bp paired-end runs. Read alignment was performed
with BWA (version 0.5.8) to the human genome assembly
hg19 (Table S1, available online). Single-nucleotide variants
and small insertions and deletions (indels) were detected
with SAMtools (v 0.1.7). We filtered called variants to
exclude those present in 72 control exomes from patients
with other unrelated diseases. We further excluded all vari-
ants that were present in dbSNP 131 and had an average
heterozygosity of more than 0.02. Variant annotation was

performed with custom scripts. This approach left ten
heterozygous nonsynonymous variants shared by both
affected individuals (Table 2; see also Table S2).
Only a singleheterozygous variant in theVPS35 gene (Re-

fSeq number NM_018206.4: c.1858G>A [p.Asp620Asn])
fulfilled two further criteria of being possibly causative: (1)
it was found in all seven affected members investigated
and (2) was absent in approximately 680 KORA S4
general-population samples (Tables 2 and 3).20 We next
screened 486 unrelated PD patients from Austria for the
p.Asp620Asn variant by MALDI-TOF mass spectroscopy
(SequenomMassArray system).We detected two additional
index patients carrying this mutation (families B and C;
Figure 1 and Table 1). The variant was detected in all eight
affected individuals investigated in both families. It was
not present in a second set of 554 Austrian controls or in
an additional 1014 KORA-AGE controls (Table 3). The
variant was further detected in three clinically unaffected
family members in families A, B, and C. Because the
unaffected individuals are all younger than 60 years of
age, either they are all presymptomatic or the mutation is
nonpenetrant in these subjects.

A

B C

Figure 1. Pedigrees of Families A, B, and C
Unaffected familymembers are indicated by open symbols, affectedmembers by closed symbols. Asterisks denote individuals genotyped
for p.Asp620Asn. Tomaintain confidentiality, we have not shown genotypes of unaffected individuals. A questionmark within a symbol
denotes an unknown phenotype. Diagonal bars through symbols denote deceased individuals.
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Cross-species alignment of VPS35 from plants, fungi,
invertebrates, and vertebrates showed complete conserva-
tion of amino acid Asp620 (Figure S1). The likely conse-
quence of the p.Asp620Asn variant was predicted to be
damaging by PolyPhen2,21 SNAP,22 and SIFT.23 We there-
fore concluded that the variant p.Asp620Asn is indeed
very likely to be causative for PD in families A, B, and C.
To determine whether the variant p.Asp620Asn occurred

on the same haplotype, we genotyped 20 individuals
from families A–C with oligonucleotide SNP arrays
(HumanOmni2.5-Quad, Illumina). Haplotyping and
linkage analysis were performed with the Merlin soft-
ware.24 The haplotypes carrying the variant p.Asp620Asn
in families A–C are depicted in Table S3. Family A and B

shared a commonhaplotype across 21Mbbetweenmarkers
rs1072594 and rs4444336. FamilyC,however, showedonly
a common region of 65 kb across VPS35. Different alleles
were located at markers rs56168099 and rs74459547,
25 kb upstream and 11 kb downstream of VPS35, respec-
tively (Table S3). Because the two intragenic markers did
not differ, we could not determine whether the three fami-
lies shared an old commonhaplotype or whether themuta-
tion has recently arisen on two different haplotypes.
To assess the prevalence of other VPS35 mutations

among PD cases and the general population, we screened
all 17 coding exons for variations by dye-binding/high-
resolution DNA melting curve analysis (LightScanner HR
I 384, Idaho Technology) in 860 cases (484 Austrian and

Table 1. Clinical Findings for PD Patients Carrying Variants in VPS35

Family Patient Variation AaO DD IS B R RT PI L-Dopa/DA Other Features

A 3017 p.Asp620Asn 48 7 B þ þ " þ þ

A 3019 p.Asp620Asn 40 5 B þ þ þ þ þ

A 3020 p.Asp620Asn 46 7 PI þ þ " þ þ

A 3021 p.Asp620Asn 68 16 PI þ þ þ þ þ

A 3049 p.Asp620Asn 49 4 RT þ þ þ " þ

A 3044 p.Asp620Asn 64 3 PI þ þ þ þ þ

A 3045 p.Asp620Asn 63 1 RT þ " þ " þ action tremor since
childhood

B 2056 p.Asp620Asn 61 15 RT þ þ þ þ þ fluctuations, dyskinesias

B 2057 p.Asp620Asn 56 8 RT þ þ þ þ þ fluctuations, dyskinesias

B 2098 p.Asp620Asn 46 0.5 RT " " þ " untreated depression, action tremor,
pathologic DAT SPECT

B 2099 p.Asp620Asn 51 5 B þ þ þ " þ fluctuations, pathologic
DAT SPECT

C 3022 p.Asp620Asn 61 5 RT þ þ þ " þ dyskinesias

C 3055 p.Asp620Asn 46 12 RT þ þ þ " þ

C 3054 p.Asp620Asn 53 9 B þ þ " " þ dyskinesias

C 3056 p.Asp620Asn 43 10 B þ þ þ þ þ dyskinesias

211 p.Arg524Trp 37 9 MG þ þ þ " þ mild action tremor since
youth; 75% motor
improvement on
levodopa-test; DBS for
fluctuations and
dyskinesias; pathologic
DAT SPECT

524 p.Leu774Met 51 7 RT þ þ þ " þ marked postural tremor

243 p.Leu774Met 73 9 RT þ þ þ þ þ dyskinesias, pathologic
DAT SPECT

806 p.Ile241Met 72 2 Postural
tremor

þ " þ þ þ hyposmia (6/12 sniffing
sticks), DAT SPECT
pathologic, pathologic
crying

90/05 p.Met57Ile 62 13 RT þ þ þ þ þ dementia (MMSE 23),
dysphagia and dysarthria,
hyposmia by history,
depression

Abbreviations are as follows: AaO, age at onset; DD, disease duration in years; IS, initial symptoms; B, bradykiesia; R, rigidity; RT, resting tremor; PI, postural insta-
bility; L-Dopa/DA, response to L-Dopa and/or dopamine agonist; MG, micrographia; DBS, deep brain stimulation.
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376 German cases) and 1014 controls. For controls, we
used a population-based cohort (KORA AGE) with
a mean age of 76 years but excluded eight individuals
known to be on medications for PD (Table 3). Exons 2
to 12 are located within a region that is duplicated 12
Mb upstream. Primers were designed to specifically
amplify these exons (Table S4). The screening revealed

six further rare coding SNVs in addition to p.Asp620Asn
(Table 4). Including p.Asp620Asn, we identified four
different nonsynonymous missense variants only present
in cases, two only present in controls, and one present in
cases and controls. Two of the variants unique to PD cases
were predicted to be damaging by all three methods
(c.1858G>A [p.Asp620Asn]; c.1570C>T [p.Arg524Trp]),
and one was predicted by PolyPhen2 to be possibly
damaging (c.723T>G, p.Ile241Met). The other variants
were predicted to be benign by all methods. Family infor-
mation was only available for the patient carrying the
p.Arg524Trp variant. The only available family member
was her mother, aged 74 years. She was found to also carry
the variant and showed mild extrapyramidal signs,
including intermittent resting tremor of the left fingers
and mild postural tremor of both upper limbs, but no bra-
dykinesia. However, a DAT SPECT examination showed
normal striatal binding, excluding the possibility of an
early stage of PD in this subject. Of note, the screening
did not reveal any common nonsynonymous coding
SNVs. Furthermore, common nonsynonymous coding
SNVs were not found in the 72 control exomes from
patients with other unrelated diseases, nor were any re-
corded in the dbSNP database (version 131).
VPS35 is a component of the retromer complex and is

involved in retrograde transport from the endosomes back
to the trans-Golgi network.25 This multi-protein complex
consists of the cargo-recognition VPS26-VPS29-VPS35
heterotrimer and a membrane-targeting heterodimer or
homodimer of SNX1 and/or SNX2 (vps5).25,26 All proteins
involved are evolutionarily conserved and have been
previously described in Saccharomyces cerevisiae. The best
characterized cargo proteins of the retromer complex are
the cation-independent mannose 6-phosphate receptor

Table 2. Exome Sequencing: Rare, Heterozygous, Nonsynonymous Variations Shared by Two Individuals of Pedigree A

Gene Position (hg19) dbSNP Transcript

Variations Control Genotypes

SegregationNucleotide Amino Acid 1/1 1/2 2/2

PLK3 chr1:45270359 NM_004073.2 c.1543T>A p.Ser515Thr 669 0 0 4 of 7

C8A chr1:57383357 rs41285938 NM_000562.2 c.1723C>T p.Pro575Ser 5 of 7

ADCY10 chr1:167787479 rs41270737 NM_018417.4 c.4313A>G p.Asn1438Ser 2 of 7

LAMB2 chr3:49166460 NM_002292.3 c.1724G>A p.Arg575Gln 647 28 0 5 of 7

NOM1 chr7:156762317 NM_138400.1 c.2503G>A p.Ala835Thr 670 0 0 3 of 7

KIF22 chr16:29816237 NM_007317.1 c.1780G>A p.Asp594Asn 665 6 0 6 of 7

SEZ6L2 chr16:29899021 NM_012410.2 c.947G>A p.Arg316His 660 4 0 7 of 7

VPS35 chr16:46696364 NM_018206.4 c. 1858G>A p.Asp620Asn 1069a 0 0 7 of 7

NLRP1 chr17:5421150 NM_001033053.2 c.3985G>A p.Val1329Ile 666 4 0 3 of 7

NEURL4 chr17:7221197 NM_001005408.1 c.4109G>A p.Arg1370Gln 3 of 7

Rare variations revealed by exome sequencing were checked in 670 controls (KORA S4) by MALDI-TOF analysis. The variant allele was denoted as ‘‘2,’’ the refer-
ence allele as ‘‘1.’’
a This number includes additional 554 Austrian control individuals investigated by a TaqMan genotyping assay. Segregation shows the number of affected pedi-
gree A individuals who carry the variant allele.

Table 3. Summary of the Samples Used in This Study

Cohort Sample Size Mean Age (SD) Females/Males

Austrian PD casesa 486 58.7 (11.3) 172/314

German PD casesb 376 71.1 (9.4) 119/257

KORA S4 controlsc 680 54.7 (11.9) 280/400

KORA-AGE controlsd 1014 76.0 (6.6) 508/505

Austrian controlse 554 46 (15.2) 254/300

Patients presenting with atypical or secondary (e.g., vascular) parkinsonian
disorders as well as patients with known mutations were excluded.
a The Austrian cases were recruited at the Department of Neurology,
Medizinische Universität Wien, Vienna, as well as in affiliated departments on
a consecutive basis. A positive family history for PD was reported from 131
patients. A positive family history was defined by at least one other affected
first- or second-degree related family member.
b The German PD population originated from the Paracelsus-Elena Klinik,
Kassel, a hospital specializing in movement disorders.
c This control population was recruited from the KORA S4 survey, comprising
individuals who were aged 25–74 years and were examined during 1999–
2001.
d The KORA-AGE samples were collected in 2009 as a gender- and age-
stratified subsample of the KORA S1–S4 studies comprising participants born
before 1944. KORA S1–S4 surveys comprise four independent cross-sectional
population-based studies in the region of Augsburg, Southern Germany, and
were conducted in 5 year intervals. Patients for whom PD was suspected on
the basis of questionnaire data were excluded.
e These control samples were recruited through the Department of Neurology,
Medical University of Vienna, as subjects without known history of a neurolog-
ical disorder and included, for example, blood donors or unrelated compan-
ions or spouses of patients.
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Table 4. Rare VPS35 Variants in Cases and Controls

ID Cases
KORA AGE
Controls

Heterozygous
Nucleotide
Change

Amino Acid
Change

Predicted
Impact
on Protein

Exon/
Intron

Genomic
Position
(hg19, chr16)

KORA S4
Controls

1/1 1/2 2/2

Nonsynonymous (i) (ii) (iii)

- 1 c.151G>A p.Gly51Ser þ þ þ 3 46,716,,039

90/05 - c.171G>A p.Met57Ile þ þ þ 3 46,716,019 670 0 0

- 1 c.245C>G p.Thr82Arg þ þ þ 4 46,715,367

806 - c.723T>G p.Ile241Met 5 þ þ 7 46,711,308 667 0 0

[211] - c.1570C>T p.Arg524Trp " " " 13 46,702,919 671 0 0

[Families A-C] - c.1858G>A p.Asp620Asn " " " 15 46,696,364 669 0 0

243, 524 2 c.2320C>A p.Leu774Met þ þ þ 17 46,694,455

Synonymous

53097 - c.492A>G p.Glu164Glu 5 46,714,597 671 0 0

- 1 c.954A>T p.Gly315Gly 9 46,708,542

53496 - c.1881C>T p.Ala627Ala 15 46,696,341 668 5 0

45, 117, 53626 1 c.2145A>G p.Leu715Leu 16 46,695,696 666 2 0

53667 - c.2241C>T p.Ile747Ile 17 46,694,534 667 2 0

53063 - c.2346A>G p.Glu782Glu 17 46,694,429 671 0 0

- 1 c.2361G>A p.Glu787Glu 17 46,694,414

Noncoding

2212 2 c.1-35C>T 50UTR 46,723,080 667 2 0

- 2 c.1-29C>T 50UTR 46,723,074

95, 2206 3 c.3þ24A>G 1 46,723,019 662 6 0

159, 528 1 c.102þ33G>A 2 46,717,387 668 2 0

[157, 2023] - c.103-77T>C 3 46,716,164 668 0 0

- 1 c.199þ9T>G 3 46,715,982

213 - c.506þ6T>C 5 46,714,577 644 0 0

53093 - c.720þ18C>T 6 46,712,773

- 1 c.914þ38T>C 8 46,710,457

52824 - c.1161-87A>C 10 46,706,471

52791 - c.1161-70G>A 10 46,706,454 668 0 0

- 1 c.1368þ16C>T 11 46,706,161

[2028] - c.1369-11G>A 12 46,705,783 669 0 0

- 1 c.1525-17delT 12 46,702,985

- 1 c.1647þ14T>C 13 46,702,828

320 - c.2212-45T>C 16 46,694,608 670 0 0

[352] - c.2391þ7A>G 30UTR 46,694,377

- 1 c.2391þ8A>G 30UTR 46,694,376

Variants for 863 cases and 1014 KORA AGE controls were determined by dye-binding/high-resolution DNA melting curve analysis and confirmed by Sanger
sequencing. The table lists the case ID and the number of detected variant alleles of the cases and KORA AGE samples, respectively. Genotypes of identified variants
were further investigated by MALDI-TOF analysis in approximately 680 KORA S4 controls. For the KORA S4 samples, the variant allele was denoted as ‘‘2,’’ the
reference allele as ‘‘1.’’ cDNA numbering is based on reference gene NM_018206.4 for VPS35, where þ1 corresponds to the A of ATG start translation codon.
Familial cases are given in square brackets. Three methods were used for predicting the impact of SNPs on the protein. (1) PolyPhen2, (2) SNAP, and (3) SIFT;
‘‘þ’’ indicates a benign impact, ‘‘5’’ indicates a possibly damaging impact, and ‘‘"’’ indicates a damaging impact. We detected a further nonsynonymous variant
(c.1093C>T [p.Arg365Cys], genomic position 46,708,293) in a patient carrying two PARKIN variants (c.exon3_4del and p.Arg275Trp). This variant was not
present in 670 KORA S4 and 1014 KORA AGE controls. It is predicted to be possibly damaging by all three methods. This patient’s brother is also affected by
PD. He carries the 2 PARKIN variants but not the VPS35 variant.
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(CI-MPR)27 and Vps10p in mammals and Saccharomyces
cerevisiae, respectively; these proteins transport hydroxy-
lases to the lysosomesor lysosomal vacuoles. Recently, addi-
tional cargo proteins and functions of VPS35 have been
described.28,29 Most interesting in our context is the
involvement of the retromer into the retrograde transport
of SORL1, a VPS10P-domain receptor protein that has
been implicated inAlzheimer disease.30,31 The crystal struc-
ture of the C-terminal part of VPS35 has been resolved.32

The three variants p.Asp620Asn, p.Arg524Trp, and
p.Leu774Met are located in this part of the protein, and
we have investigated their impact on protein stability by
usingmolecular dynamics (MD) simulations.Wemanually
introduced the mutations to the crystal structure and
modeled the side chains by using scwrl 4.0.33 All MD simu-
lations were performed via GROMACS 4.5,34 with the all-
atom force field AMBER0335 and the water model TIP3P36

as parameters. All three proteins are found on the edge of
helices interacting with VPS29. Wild-type residue Asp620
forms frequent hydrogen bonds (HBs) to Lys622, but these
bonds are less frequent in the p.Asp620Asn variant
(Figure 2A). Similarly, Arg524 is involved in a triple HB
network together with residues Asp483 and Asp486, but
this network is broken by the introduction of p.Arg524Trp
(Figure 2B). Both changes result in the loss of salt bridges
and cause the protein to be locally more flexible, as shown
by root-mean-square fluctuation (RMSF) profiles (Figure S2).
In contrast to the effect predicted for p.Arg524Trp and
p.Asp620Asn, the p.Leu774Met variant was not predicted
to have a strong impact on protein stability.
In summary, we identified rare VPS35 missense variants

that are potentially pathogenic. One of these variants,
p.Asp620Asn, cosegregates with late-onset PD in three

unrelated families. The observation that the three families
share only a small common haplotype across VPS35, the
high conservation of VPS35, the predicted structural
changes, and the protein’s known involvement in lyso-
somal trafficking together provide strong support for the
p.Asp620Asn variant’s being causative for late-onset PD,
although we identified only a single familial mutation.
The penetrance of p.Asp620Asn is high but not complete
and might be lower for the other variants. The proportion
of PD caused by VPS35 variants is expected to be low.
Although exome sequencing provides perfect access to
rare-variant detection, both large families and large collec-
tions of cases and controls remain a crucial resource for the
identification of disease genes.

Supplemental Data

Supplemental Data include two figures and four tables and can be

found with this article online at http://www.cell.com/AJHG/.
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Abstract Approximately 20% of individuals with Parkinson's
disease (PD) report a positive family history. Yet, a large
portion of causal and disease-modifying variants is still
unknown. We used exome sequencing in two affected
individuals from a family with late-onset PD to identify 15

potentially causal variants. Segregation analysis and frequency
assessment in 862 PD cases and 1,014 ethnically matched
controls highlighted variants in EEF1D and LRRK1 as the best
candidates. Mutation screening of the coding regions of these
genes in 862 cases and 1,014 controls revealed several novel
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non-synonymous variants in both genes in cases and controls.
An in silico multi-model bioinformatics analysis was used to
prioritize identified variants in LRRK1 for functional follow-
up. However, protein expression, subcellular localization, and
cell viability were not affected by the identified variants.
Although it has yet to be proven conclusively that variants in
LRRK1 are indeed causative of PD, our data strengthen a
possible role for LRRK1 in addition to LRRK2 in the genetic
underpinnings of PD but, at the same time, highlight the
difficulties encountered in the study of rare variants identified
by next-generation sequencing in diseases with autosomal
dominant or complex patterns of inheritance.

Keywords Parkinson's disease . LRRK1 .EEF1D . Exome
sequencing

Introduction

Characterized by resting tremor, bradykinesia, rigidity, and
postural instability, Parkinson's disease (PD) is a prominent
neurodegenerative disorder. Genetic factors contribute to the
risk of PD—both sporadic and familial. Although up to 20 %
of PD cases are believed to be familial [1, 2], thus far, rare
genetic variants in only a few genes have been unequivocally
shown to underlie these familial forms. They include PARK2 /
PARKIN , PINK1 , PARK7 /DJ -1 , SNCA , and LRRK2 [3–8].
While all of these were identified by classical linkage analysis
in large, multi-generation families, recently, next-generation
sequencing has enabled the identification of disease-causing
variants in smaller families and—what is especially important
with regard to the investigation of neurodegenerative
conditions with an onset late in life—without the need of
genotypic information from more than one generation of
affected individuals. Recently, exome sequencing was used
to identify VPS35 as an additional gene involved in late-onset
familial PD [9, 10]. Still, to date, the identified genes only
explain a small portion of the genetic burden in familial PD. It
is likely that genetic factors involved in bringing about the PD
phenotype comprise both genetic variants of strong effect as
well as variants of weaker effect which contribute to disease
risk or phenotypic modification. A thorough understanding of
the entire spectrum of genetic alterations implicated in the
disease is necessary to better understand disease pathogenesis
and to provide more specific treatment options in the future.

Here, we describe whole exome sequencing in a German
family with autosomal dominant late-onset PD in whom
known PD-linked mutations has previously been excluded in
an attempt to pinpoint the disease-causing genetic variant.
Two variants in leucine-rich repeat kinase 1 (LRRK1) and
eukaryotic translation elongation factor 1 delta (EEF1D )
emerged as the best candidate variants.

Materials and methods

Participants

The family was evaluated by neurologists specializing in
movement disorders. All family members received a detailed
neurologic exam. Information on deceased family members
was gathered from medical and family records. Cases and
controls used in genotyping and variant screening have been
reported previously [9, 11] and are described in more detail in
the supplement. Ethics review board approval and
participants' written informed consent were obtained prior to
the initiation of the study.

Analysis of copy number variation

Genome-wide copy number variant (CNV) analysis was
carried out using Affymetrix Whole-Genome 2.7 M Array in
conjunction with the Chromosome Analysis Suite with a
confidence index of 85, a minimum homozygous region size
of 10 kb and a minimum probe count of 5.

Exome sequencing

Exome sequencing was performed on a Genome Analyzer IIx
(Illumina) after in-solution enrichment of exonic sequences
(SureSelect Human All Exon 38 Mb kit, Agilent). For both
samples, two lanes of a flow cell were sequenced, each as 54-
bp paired-end runs. Read alignment was carried out with
BWA (version 0.5.8) to the human genome assembly hg19.
Single nucleotide variants (SNVs) and small insertions and
deletions (indels) were detected with SAMtools (version
0.1.7). Prior to exome sequencing, presumably causal
mutations in known Parkinson's disease genes (SNCA ,
PARK2 , DJ1 , PINK1 , and LRRK2 (p.G2019S only)) had
been excluded. Moreover, no known PD-linked variants were
identified in either V:8 or V:17 by exome sequencing.

Genotyping

All 15 candidate variants were genotyped in 862 cases (376 of
German (age 71.1±9.4 years, 31.6 % female) and 486 of
Austrian (age 58.7±11.3 years, 35.4 % female) origin) and
1,014 population-based controls pertaining to the KORA-
AGE cohort (age 76±6.6 years, 50.1 % female) using
MALDI-TOF mass spectrometry on the Sequenom®
platform. Association was tested using the allelic test in
PLINK.

Variant screening

We used Idaho®'s LightScanner high-resolution melting curve
analysis to screen the eight coding exons of EEF1D for

50 Neurogenetics (2014) 15:49–57



variants in the same set of 862 cases and 1,014 controls. For
technical reasons, a part of exon 3 of EEF1D could not be
evaluated. For LRRK1 , the ras of complex proteins (ROC,
p.631 to 826), the C-terminal of ROC (COR, p.827 to 1241),
and the kinase (p.1242 to 1525) domains as determined by an
InterproScan sequence search or extracted from the literature
[12] were screened. In the case of altered melting patterns
suggestive of variants, Sanger sequencing ensued.
Significance was judged using the χ2 test.

Bioinformatic prioritization of variants

We collected a set of reference SNVs known to impair
LRRK1 function. After computing a multiple sequence
alignment using ClustalW based on LRRK1 /LRRK2 pairs in
18 organisms, we introduced mutations into LRRK1 which
mimic non-synonymous LRRK2 mutations related to PD
(rs33939927 (p.Arg1441Gly), rs35801418 (p.Tyr1699Cys),
rs34637584 (p.Gly2019Ser), rs35870237 (p.Ile2020Thr)),
and added LRRK1 variants with a reported functional impact
[12] to the set of reference SNVs. An in silico approach was
applied to determine the disease potential of reference SNVs
and the novel, non-synonymous LRRK1 variants. To reduce
the error rates of single models in predicting the functional
effect of a given variant on the protein, we implemented a
multi-model ensemble combining prediction results of six
publically available prediction algorithms into a combined
Pscore (Fig. 3a, online methods). Additionally, a Dscore was
computed, scoring the severity of structural changes between
the wild type and the variant peptide based on the mean square
deviation (online methods). By combining the Pscore and the
Dscore, we computed a single overall mutation score
(Mscore), rating the disease potential of an SNV between 0
(harmless polymorphism) and 1 (disease mutation) (online
methods). SNVs were then ranked by their Mscore, and
hierarchical clustering was conducted by Ward's minimum
variance agglomeration method and Euclidean distance
matrix and analyzed in R ; p values were calculated by
multi-scale bootstrap resampling [13]. Also see supplement.

Cellular analyses

Cellular analyses were carried out as previously described
[14]. For a detailed description, see supplement.

Results

Pedigree and clinical phenotype

We describe a five-generation family from Southern Germany
in which six members were affected by PD and the pattern of
inheritance seems to be autosomal dominant with reduced

penetrance (Fig. 1). Clinical assessment revealed a tremor-
dominant, levodopa-responsive Parkinson's syndrome with an
age of onset at 56.7±1.15 years in all living affected
individuals (V:8, V:9, and V:17, Online Resources Tabl 1).
Further, all three affected individuals also showed positive
Babinski signs and suffered episodes of depression. Mild to
moderate cognitive impairment especially with regard to
visuoconstruction, memory, and attention was present in all
individuals. Dopamine transporter SPECT (DAT-SPECT)
performed in two affected individuals (V:8 and V:17) revealed
reduced tracer uptake in the putamen and asymmetrically in
the caudate nucleus, in line with a diagnosis of PD.

The affected parent and aunt (IV:5 and IV:7) of the proband
died before initiation of the study. An additional cousin, V:1,
had Parkinson's syndrome but also suffered from multiple
sclerosis. She also died before initiation of the study. Lastly,
a second cousin removed by four generations is also known to
suffer from late-onset PD. The prevalence of PD in the general
population is approximately 1 % [15]. Accordingly, we
expected to find at least one phenocopy in this extended
pedigree of 114 individuals. Since no additional family
members on her side of the family showed signs of PD and
since she shared none of the candidate variants common to the
other three affected individuals examined, we concluded that
it is unlikely that PD in her case is due to the same genetic
variant as in the other affected individuals.

Identification of candidate variants by exome sequencing
and segregation analysis

A genome-wide CNV scan revealed no structural variation≥
10 kb common to two affected members of the family (V:8
and V:17, Fig. 1). Exome sequencing was performed for the
same individuals. This generated 6.57 gigabases (Gb) of
alignable sequence for V:8 (average coverage=70.93, >8×
coverage=90.65 %) and 6.67 Gb for V:17 (average
coverage=76.29, >8× coverage=92.23 %). All detected
variants shared by the two affected individuals (16,283
variants) were filtered against variants annotated in dbSNP132
as well as in-house exomes (n =1076) of individuals with
unrelated diseases and variants with a minor allele frequency
(MAF)≥0.01 were excluded from the follow-up, leaving 71
coding variants. Of these, 36 variants were predicted to alter
the amino acid sequence (i.e., missense, nonsense, stop-loss,
splice site, or frameshift variants and indels) and were
genotyped in a third affected individual (V:9) (Online
Resources Fig 1). Fifteen variants in 15 genes were present
in all three affected individuals and were pursued further by
Sanger sequencing-based testing for segregation in 32
members of the family belonging to generation V. Under the
assumption that a given variant would be causal for PD,
penetrances ranged between 30 and 50 %, with variants in
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LRRK1 , EEF1D , and ARHGAP39 reaching the highest
predicted penetrances (Table 1).

Frequency assessment of candidate variants in a case/control
cohort

We genotyped the remaining 15 variants in a case/control
sample, consisting of 862 individuals with PD and 1,014
KORA-AGE general population controls (Table 1). Two
assays (UGT1A9 p.Val167Ala, TUBB6 p.Thr275Ala) did
not meet quality control thresholds and were excluded from
the analysis. The remaining 13 variants were, overall, very
rare. Six (EEF1D p.Ala549Val, MUC17 p.Gln4310X,
CCDC60 p.Arg155His, NAAA p.Arg211Trp, PTPRN2
p.Glu317Lys, and GLP2R p.Ile61Met) were validated in the
proband but were otherwise not found again in the 1,876
individuals tested. FCGBP p.Glu4657fs was present in one
additional PD patient but not in controls, and ZNF438
p.Thr454Ile was found in the proband and one control. Four
additional variants annotated in dbSNP132 were identified at
similar frequencies in cases and controls (ARHGAP39
p.Arg667Gln and MFSD3 p.Met311Thr) or were more
common in controls than in cases (AQP4 p.Met202Thr and
BRCA2 p.The1524Val). LRRK1 p.Arg1261Gln was found in
eight controls and in four cases of our case/control sample
(MAF 0.23/0.40 %). However, in four other control samples
(680 additional KORA general population controls (0.07 %),
1,076 in-house exomes (0.05 %), 1,000 genomes (0.00 %),
and NHLBI-ESP exomes (0.09 %)), MAFs were significantly
lower, and the variant was, therefore, also analyzed further.

Mutational screening of EEF1D and LRRK1 in case/control
cohort

While no single clear candidate for a causal variant emerged,
two genes—EEF1D and LRRK1—were interesting with
regard to functional considerations and predicted penetrance
for PD in the family. The translation machinery has recently
been implicated in PD pathogenesis [16, 17]. Also, the
EEF1D p.Ala549Val variant was not found again in 3,064
individuals (genotyping cohort plus in-house exomes) and
was also not annotated in the 1000 Genomes database.
LRRK1 , the paralog of the well-established PD gene LRRK2 ,

has been shown to regulate endosomal protein transport, thus
linking it to the lysosomal pathway [18] which may be
compromised in PD [19, 20]. Formation of heterodimers
between LRRK1 and LRRK2 has also been reported [21,
22]. We screened the coding regions of these genes in 862
Austrian and German PD cases and 1,014 controls searching
for additional variants. This cohort comprised the same
individuals used for the above frequency assessment of exome
variants. We identified seven (six non-synonymous, one del)
novel variants predicted to change the amino acid sequence of
EEF1D . These were rare and occurred with similar
frequencies in cases (five individuals with a variant) and
controls (four individuals with a variant) (p >0.5, χ2 test,
Online Resources Tab 2). Variants did not cluster in a specific
part of the gene (Fig. 2). The ROC, COR, and kinase domains
of LRRK1 harbored a total of 20 novel amino acid sequence-
changing variants (19 non-synonymous, 1 del) and 2
previously reported non-synonymous variants (rs56003881,
rs41531245). Variants were found at similar frequencies in
both groups (30 in cases, 31 in controls) (p >0.5, χ2 test,
Online Resources Tab 2). While small numbers preclude
quantitative analyses, it is noteworthy that within the first
20 bp of the kinase domain, variants were present in both
cases and controls, while beyond p.1262, all non-synonymous
variants identified in the kinase domain occurred in cases only
(Fig. 2). None of the individuals harboring LRRK1 variants
were also positive for known LRRK2 variants p.Arg1441Cys,
p.Tyr1699Cys, p.Gly2019Ser, or p.Ile2020Thr.

Prioritization of LRRK1 variants using a novel bioinformatics
algorithm

Since heterodimer formation between LRRK1 and LRRK2 has
been described [21, 22], we decided to further assess the
identified variants in LRRK1 . To this end, we used a novel
bioinformatics algorithm based on a multi-model ensemble of
prediction algorithms and structural analysis to select variants
in LRRK1 for functional follow-up. Mutation scores were
calculated for the 19 novel, non-synonymous LRRK1 variants
identified in both cases and controls, the LRRK1 variants
(p.Lys746Glu, p.Phe1022Cys, p.Gly1411Arg and
p.Ile1412Thr) corresponding to four known pathogenic
LRRK2 mutations (p.Arg1441Gly, p.Tyr1699Cys,

Fig. 1 Pedigree of family used for exome sequencing. Open symbols indicate unaffected family members; affected individuals are denoted by closed
symbols . An arrow denotes the proband. Sex was obscured and birth order was altered to protect privacy. A diagonal line indicates a deceased individual
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p.Gly2019Ser, and p.Ile2020Thr) and three artificial variants
known to abolish LRRK1 GTP-binding (p.Lys651Ala) and
kinase activity (p.Lys746Gly and p.Lys1270Trp) (Fig. 3a)
[12]. Hierarchical clustering showed that three of the novel
variants (p.Arg631Trp, p.Arg1271His and p.Tyr1410Asp)—
present only in PD cases—clustered with the LRRK1

equivalents of LRRK2 p.Arg1441Gly, p.Tyr1699Cys,
p.Gly2019Ser, and p.Ile2020Thr as well as the kinase- and
GTP-binding dead amino acid substitutions (Fig. 3b).
Accordingly, these three variants in addition to the initial
variant identified by exome sequencing (p.Arg1261Gln) were
selected for functional follow-up.

LRRK1
13 LRRs Roc4 ANK

p.Arg631Trp
p.Val697Ile

p.Asp866Asn

COR

p.Glu1244Gln
p.Arg1261Gln*  

p.Ala1313Thr
p.Asp1296Asn

p.Tyr1410Asp

p.Val693Met 
p.Val697Ile 

p.Leu753Pro 
p.Gly814Arg

p.Arg1261Gln* 

p.Glu1242Gln
p.Arg1259Gln

p.Gln881His
p.Phe972Leu

c.3110_3122del

p.Gly1005Ser

p.Thr1061Ile
p.Ala1147Thr

p.Arg1271His

EEF1D
no annotated functional domains

p.Arg353Glu

p.Ala325Thr 

c.813_830del18bp

p.Gly290Arg 

p.Arg541Ile

p.Pro601Ser 
p.Ala549Val* 

p.Asp865Asn

p.Asp866Asn

p.Thr967Met

Kinase

Fig. 2 Location of EEF1D and
LRRK1 variants identified in
variant screening in relation to
known functional domains. An
asterisk denotes the variant
identified by exome sequencing
Variants printed in blue and
annotated above the gene were
found in cases, variants in green
and below the gene were found in
controls

Fig. 3 Prediction of pathogenic potential of newly identified variants. a
For each variant (colored lines) the predicted score s of an individual
algorithm, its reliability r, and the transformed score p(s , r, c) are shown.
Variants holding a predicted disease-causing potential (class=1) were
respectively marked with an asterisk . The diverse results among each
single algorithm motivated the calculation of one combined score
(Pscore), which was adjusted by additional structural analyses (Dscore)
resulting in a mutation score (Mscore). The highest scoring variant is
p.Tyr1410Asp (Mscore=0.839), a variant only present in PD cases,
followed by the LRRK2 equivalent of Gly2019Ser (Mscore=0.771), the

loss of autophosphorylation mutation Lys1270Trp (Mscore=0.768), and
two variants abolishing kinase activity: Ile1412Thr (Mscore=0.728) and
Lys746Gly (Mscore=0.723). b Hierarchical clustering with Ward's
minimum variance agglomeration method and Euclidean distance matrix
shows that three of the novel variants which were only found in
individuals with PD (p.Arg631Trp, p.Arg1271His, and p.Tyr1410Asp)
cluster with the LRRK1 equivalents of LRRK2 p.Arg1441Gly,
p.Tyr1699Cys, p.Gly2019Ser, and p.Ile2020Thr as well as the LRRK1
kinase- and GTP-binding dead amino acid substitutions
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Functional assessment of LRRK1 variants

In SHSY5Y neuroblastoma cells, levels of protein expression
as assessed by Western blot were not changed by any of the
four newly identified variants or the artificial variants ablating
GTP-b ind ing (p .Lys651Ala ) or k inase ac t iv i ty
(p.Lys1270Trp) (Fig. 4a). Likewise, the presence of these
variants was not associated with significant toxicity as
measured by MTT assay (Fig. 4b) and did not alter
cytoplasmic localization of myc-tagged LRRK1 (Fig. 4c).
Like others [23, 24], we could not detect LRRK1 kinase
activity above the background and could not determine
whether activity was altered by the variants.

Discussion

In an unbiased, whole exome approach, we identified a variant
in LRRK1 (p.Arg1261Gln) as a candidate for a potentially
causal variant in familial PD. Although this finding is
intriguing and functionally plausible, we are unable to
conclude that this is indeed the cause of PD in our family.
For one, the variant was found in both cases and controls in
our larger case/control sample. Yet, the actual variant
frequency in controls appears to be lower than that found in
the KORA-AGE cohort (8 in 1,014 KORA-AGE vs. 0 in 1,
000 genomes, 1 in 1,076 in-house exomes, and 1 in additional
680 KORA controls), and it could be possible that KORA-

Fig. 4 Cellular expression of
LRRK1 and mutant variants. a
Western blot analysis of myc-
tagged LRRK1 expression in
SHSY5Y cells with beta actin-
loading control. b Analysis of
LRRK1 toxicity as measured by
MTT assay in SHSY5Y cells. No
significant toxicity was associated
with wild-type LRRK1, artificial
mutations in LRRK1, or disease-
associated coding changes. Data is
expressed as percentage of
untransfected control cells, mean,
and standard error measurement
displayed. c Immunocytochemistry
analysis of myc-tagged LRRK1
constructs. Staining for myc is
shown separately and merged. All
tagged constructs displayed a
diffuse cytoplasmic staining pattern.
Scale bar=20 μm
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AGE is enriched for the LRRK1 p.Arg1261Gln variant due to
a founder effect or that is also present in controls because its
PD-related nature depends on a specific genetic context.
Secondly, the other 14 identified rare variants shared by all
three affected individuals also represent potential candidates.
Especially, EEF1D p.Ala549Val, which was not found again
in any individual genotyped (n =3064, case/control sample
and in-house exomes) or the 1,000 genomes or the NHLBI-
ESP exomes, represents another good contender. In general,
these findings draw attention to the fact that in many cases,
very large populations will need to be evaluated to
conclusively judge the disease-related nature of a rare variant
such as those identified by exome sequencing. Most recent
studies show that while the power to detect associations for
genes harboring rare variants varies widely across genes, only
<5% of genes achieved 80% power even assuming high odds
ratios (OR) of 5 when tested in 400 cases and 400 controls
[25]. Ultimately, it is also possible that the truly causal variant
was not picked up in this study because it lies outside the
targeted regions of the exome.

The fact that both the LRRK1 and EEF1D variants were
also found in three unaffected members of the family each per
se does not contradict potential causality as it is known from
other autosomal dominant forms of PD that even among
members of a single family, penetrance of known PD
mutations can vary widely. Of individuals who harbor the
LRRK2 p.Gly2019Ser mutation, for example, only 28 % will
develop PD by the age of 59 years [26]. Thus, predicted
penetrances of the variants identified in our family are in line
with what is reported in the literature for other forms of
autosomal dominant PD.

Both LRRK1 and LRRK2 belong to the Roco family of
proteins. These proteins are likely to perform a number of
different functions as they are not only characterized by a
conserved Ras-like GTPase domain called ROC and a
characteristic COR domain of unknown function but also
harbor kinase and protein–protein interaction domains [27].
While a contribution of mutations in LRRK2 to disease
development in PD seems firmly established, the role of
LRRK2 paralog LRRK1 is unclear. It is known that LRRK1
and LRRK2 form heterodimers in HEK293T cells [21, 22]
and that both proteins are expressed in similar tissues.
Accordingly, a hypothetical role for LRRK1 in addition to
LRRK2 is plausible.

The precise role of LRRK2 in PD pathogenesis, however,
has not been fully established. Accordingly, even if one were
to assume a similar role of LRRK1 in disease development,
exactly which function of the protein would be involved in the
disease is uncertain. Therefore, the lack of a functional effect
on protein expression levels, subcellular localization, and cell
viability of the LRRK1 variants we identified does not equate
to a definitely missing role of LRRK1 in PD. Interestingly,
Lrrk1 has also been implicated in a quantitative trait locus for

dopaminergic amacrine cell number in the murine retina [28].
Further, the recent link between LRRK1 and endosomal
protein trafficking [18, 29] is also very intriguing in light of
the fact that one of the postulated pathomechanisms for
LRRK2 in PD involves aberrant lysosomal function or
localization [20, 30, 31].

However, studies addressing the role of both common and
rare genetic variants in LRRK1 with regard to PD do not seem
to substantiate the conception of LRRK1 as a “PD gene” [21,
32–34]. While none of these studies found a common or rare
variant clearly linked to PD, nonetheless, across three studies
([32, 34] and our study), the p.Thr967Met variant has only
been identified in seven out of 1,552 cases but not in any of 1,
535 controls (p nominal≤0.01, χ2 test; not significant after
correction for multiple testing, OR=14.90 (95 % confidence
interval=0.85 to 261.18)). Yet, in a family with multiple
individuals with PD, the variant did not segregate with the
phenotype [34]. Evidence also suggests that variants in
LRRK1 are able to modify the PD phenotype. Tunisian
individuals with LRRK2 p.Gly2019Ser showed a trend
towards a 6-year earlier age of onset when they also carried
LRRK1 p.Leu416Met [20]. In line with this, it has been
demonstrated for other genetic disorders that genetic variants
at related loci can both drive and modify a given phenotype
depending on the variant and the genetic context [35]. At the
moment, both functional and genetic data addressing a role of
LRRK1 as a PD gene are inconclusive. Nonetheless, it is
interesting that in our unbiased whole exome approach, one
of the top candidate variants for a genetic factor underlying or
contributing to the PD phenotype in our family is a non-
synonymous variant in the kinase domain of LRRK1 and that
other individuals suffering from PD harbor LRRK1 variants
(p.Tyr1410Asp) only with one amino acid away from the
location which is equivalent to the prominent p.Gly2019Ser
mutation of LRRK2 .

In summary, all variants shared by the three affected
individuals in our family represent potential causal or
modifying alleles in PD. As is the case for all rare and very
rare variants, establishing definitive causality is difficult, and
only the identification of additional PD families harboring
these variants or their analysis in sufficiently powered case/
control studies will tell whether these variants do indeed hold
a role in bringing about PD.
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Abstract

Approximately 20% of individuals with Parkinson’s disease (PD) report a positive family history. Yet, a large portion of causal
and disease-modifying variants is still unknown. We used exome sequencing in two affected individuals from a family with
late-onset familial PD followed by frequency assessment in 975 PD cases and 1014 ethnically-matched controls and linkage
analysis to identify potentially causal variants. Based on the predicted penetrance and the frequencies, a variant in PLXNA4
proved to be the best candidate and PLXNA4 was screened for additional variants in 862 PD cases and 940 controls,
revealing an excess of rare non-synonymous coding variants in PLXNA4 in individuals with PD. Although we cannot
conclude that the variant in PLXNA4 is indeed the causative variant, these findings are interesting in the light of a surfacing
role of axonal guidance mechanisms in neurodegenerative disorders but, at the same time, highlight the difficulties
encountered in the study of rare variants identified by next-generation sequencing in diseases with autosomal dominant or
complex patterns of inheritance.
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Introduction

Characterized by resting-tremor, bradykinesia, rigidity, and
postural instability, Parkinson’s disease (PD) is one of the most
prominent neurodegenerative disorders. Genetic factors contribute
significantly to the risk of developing PD–both sporadic and
familial. Although up to 20% of PD cases are believed to be
familial [1,2], thus far, variants in only a few genes have been
unequivocally shown to underlie familial PD. These include
PARK2, PINK1, PARK7, SNCA, and LRRK2 [3–8]. While all of
these genes were identified by classical linkage analysis in large,

multi-generation families, recently, next-generation sequencing
has enabled the identification of disease-causing variants in smaller
families and with an onset later in life without the need of
genotypic information from more than one generation of affected
individuals. By exome sequencing, VPS35 was identified as a gene
involved in late-onset familial PD [9,10]. Still, to date, the
identified genes only explain a small portion of the genetic
‘‘burden’’ in PD. However, a thorough understanding of the
genetic alterations implicated in disease development is necessary
to better comprehend disease pathogenesis and to provide more
specific and, thus, more effective treatment options in the future.

PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e79145



Here, we describe exome sequencing of a German family with
autosomal dominant late-onset PD in an attempt to pinpoint the
disease-causing genetic variant.

Methods

Ethics Statement
Ethics review board approval was obtained from the ethics

review board at Klinikum rechts der Isar, Technische Universität
München, and Bayerische Landesärztekammer, both Munich,
Germany, Hessische Landesärztekammer, Frankfurt, Germany,
the ethics review board at Medical University Vienna, Vienna,
Austria, and the ethics review board at Semmelweis University,
Budapest, Hungary. Participants’ written informed consent was
obtained.

Participants
All living family members received a detailed neurologic exam

by neurologists specializing in movement disorders. Cases and
controls used in genotyping and variant screening have been
reported previously [10,11] and are described in more detail in the
supplement.

Exome Sequencing
Exome sequencing was performed with DNA isolated from

lymphozytes of IV:11 and IV:18 on a Genome Analyzer IIx
system (Illumina) after in-solution enrichment of exonic sequences
(SureSelect Human All Exon 38 Mb kit for IV:11 and 50 Mb kit
for IV:18, Agilent) as 76 bp paired-end runs. Read alignment was
carried out with BWA (version 0.5.8). Single-nucleotide variants
and small insertions and deletions (indels) were detected with
SAMtools (version 0.1.7). Raw sequencing data are available upon
request.

Genotyping
All ten candidate variants tested for segregation by Sanger

sequencing were genotyped in 975 cases and 1014 population-
based controls pertaining to the KORA-AGE cohort using
MALDI-TOF masspectrometry on the SequenomH platform.
Demographic data are given in the supplement. Association was
tested by allelic statistics as implemented in PLINK.

Linkage Analysis
We genotyped six family members (IV:11, IV:14, IV:16, IV:18,

IV:20 and IV:21) with oligonucleotide SNP arrays (500 K,
Illumina). Parametric linkage analysis was performed using a
subset of 12,875 SNPs using MERLIN and an autosomal
dominant model with incomplete penetrance of 70%.

Variant Screening
We used IdahoH’s LightScanner high-resolution melting curve

analysis to screen the coding regions and exon/intron boundaries
of PLXNA4 for variants. 862 cases and 940 population-based
controls pertaining to the KORA-AGE cohort were included in
the screening. Demographic data are given in the supplement. In
the case of an altered melting pattern, Sanger sequencing ensued
to identify the underlying variant. Group comparisons between
cases and controls were performed for each gene and each variant
separately using Fisher’s Exact and x2 tests as appropriate.

Cell Viability and Immunocytochemistry
Cultured primary fibroblasts from IV:11 and an offspring were

stained using a live/dead staining (Invitrogen) and analyzed by

FACS and stained with anti-PLXNA4 (1:100, Sigma) and
analyzed by fluorescence microscopy. Details are given in the
supplement.

Construction of a Qualitative Systems Biological Model
To investigate the role of PLXNA4 in the PD biological system,

we applied an integrative modeling approach to construct a
qualitative multifactorial interaction network linking PLXNA4 and
genetic factors associated with PD. An interactome with known
and predicted interactions of PLXNA4 and its direct neighbors was
prepared based on four commonly used databases and integrated
to known PD pathways from KEGG and CIDeR as well as a
manual literature search. For a detailed description see supple-
ment.

Results

Pedigree and Clinical Phenotype
We describe a five-generation family from Central Germany in

which four members were affected by PD and the pattern of
inheritance seems to be autosomal dominant with reduced
penetrance (Figure 1). Clinical assessment revealed tremor-
dominant, levodopa-responsive parkinsonism with an age of onset
at 60 and 67 years of age in the two affected individuals examined
(Table S1 in File S1). Both individuals also reported subjective
cognitive impairment. Restless legs syndrome was present in IV:11
as well as one of her children. Transcranial ultrasound showed
bilateral hyperechogenicity of the substantia nigra in IV:18 but
was not performed in IV:11. MRI was in line with a diagnosis of
PD in both. The affected parent (III:7) and aunt (III:5) of IV:11
were deceased before initiation of the study, so that no detailed
phenotype information is available. Moreover, another aunt (III:2)
on the same side of the family was reported to have suffered from
an unclassified form of dementia.

Identification of Candidate Variants by Exome
Sequencing and Frequency Assessment of Candidate
Variants in a Case/Control Cohort

Exome sequencing was performed using DNA from two second
cousins (IV:11 and IV:18, Figure 1A). This generated 11.68
gigabases (Gb) of alignable sequence for IV:11 (average cover-
age = 108.46, base pairs with .8 reads = 93.67%) and 15.02 Gb
for patient IV:18 (average coverage = 154.13, base pairs with .8
reads = 94.74%). All 28,803 detected variants shared by the two
affected individuals were filtered against in-house exomes
(n = 1739) of individuals with unrelated diseases. Here, variants
were allowed to be present in #1% of exomes. Moreover,
synonymous and non-coding variants as well as all variants
annotated in dbSNP135 with a minor allele frequency (MAF)
$0.01 were excluded from the follow-up (Figure S1). No known
variants believed to play a causative role in PD were found in
either IV:11 or IV:18.

All ten remaining missense, nonsense, stoploss, splice site or
frameshift variants and indels were genotyped in 975 cases and
1014 population-based controls (Table 1). The variants were,
overall, very rare. Two (PLXNA4 p.Ser657Asn and OGN
p.Leu124fs) were validated in the individual in whom they were
first identified but were otherwise not found again in the 1989
individuals tested. CPNE1 p.Ser1831Thr was present in the index
case as well as one additional control individual and GOLGA4
p.Gln425Arg was identified in one additional PD patient. The
other six variants (RBM28 p.Asp300Gly, IMPDH1 p.His296Arg,
ARPP21 p.Ala576Thr, PHF2 p.Ser840Asn, SLC22A13 p.Arg16His
and SPANXE p.Leu42Ile) were not as rare (MAF$0.03%) and

PLXNA4 and Parkinson’s Disease
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Figure 1. Pedigree and Linkage Analysis. (A) Pedigree of family used for exome sequencing. Open symbols indicate unaffected family members,
affected individuals are denoted by closed symbols. An arrow denotes the individuals whose exomes were sequenced. Sex was obscured and birth
order was altered to protect privacy. A diagonal line indicates a deceased individual. (B) 25 genomic regions on 12 chromosomes with logarithm of
the odds (LOD) score$0.5 were identified by linkage analysis. Green boxes represent genomic regions with LOD$0.5, yellow stars represent the
location of the four candidate genes remaining after frequency assessment (GOLGA4-chr3, PLXNA4-chr7, OGN-chr9, CPNE1-chr20). PLXNA4 on
chromosome 7 represents the only of the four genes overlapping a genomic region with LOD$0.5.
doi:10.1371/journal.pone.0079145.g001
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found at similar frequencies in both cases and controls and were,
therefore, regarded to be unlikely candidates (Table 1).

Segregation Analysis and Genotyping of Additional
PLXNA4 Variants

The remaining four variants shared by the two affected
individuals (Table 1) were pursued further by Sanger-sequenc-
ing-based testing for segregation in 6 family members belonging to
generation IV. Under the assumption that a given variant would
be causal for PD, penetrance ranged between 40.0 and 66.6% in 6
individuals belonging to generation IV. Moreover, on careful
scrutiny of the exome data, both index patients were found to
harbor one additional, variant of PLXNA4 (p.Phe40Leu
(rs145024048, 111/8489 in NHLBI-ESP exomes) for IV:11 and
p.Arg302His (rs143813209, 3/8597 in NHLBI-ESP exomes) for
IV:18). These two variants were also genotyped in 15 additional
members of the family. PLXNA4 p.Phe40Leu was found in 5
additional individuals and p.Arg302His was found in 7 additional
family members. Importantly and contrary to the exome
sequencing data, by Sanger sequencing, IV:11 was also found to
harbor the PLXNA4 p.Arg302His variant. The combination of the
PLXNA4 index variant and p.Phe40Leu was present only in IV:11,
while the index variant and PLXNA4 p.Arg302His were found in a
total of 7 individuals belonging to the pedigree. None of the three
additional candidate genes harbored additional non-synonymous
coding variants in either IV:11 or IV:18.

Linkage Analysis
In order to further prioritize genes for follow-up, we performed

parametric linkage analysis. In doing so, we identified 25 genomic
regions with a suggestive linkage signal (LOD$0.5) (Figure 1B).
Only one of these regions, located on chromosome 7
(chr7:106,254,234 to 134,663,671; maximum two-point LOD
score = 0.76), contained one of the four candidate genes identified
during exome sequencing, lending further support to the potential
causality of variants in PLXNA4.

Mutational Screening of PLXNA4 in Case/Control Cohort
Linkage analysis highlighted the variant in PLXNA4 as a

potentially causal or modifying variant for the PD phenotype in
our family. Also, the affected amino acid in PLXNA4 is highly
conserved in all vertebrates and two of three commonly used
prediction algorithms [12–14] predicted it to be ‘‘damaging’’.
Accordingly, we screened the 32 coding exons as well as the exon/
intron boundaries of PLXNA4 in 862 Austrian and German cases
and 940 controls in order to assess a fuller spectrum of rare genetic
variation found. For the most part, this cohort comprised the same
individuals used for the above frequency assessment. In PLXNA4, a
total of 38 novel (37 non-synonymous, 1 deletion) and 6 known
variants (rs143813209, rs113830939, rs112682233, rs62622406,
rs117458710 and rs73155258, all non-synonymous) resulting in a
change in the amino acid sequence were identified (Table S2 in
File S1). The large majority (86.21%) of variants were very rare,
with MAF#0.2% in controls. Overall, a similar number of cases
(n = 107) and controls (n = 117) harbored at least one variant
predicted to result in a changed amino acid sequence (p.0.05, x2

test). The same held true when only variants with MAF#1.0% (46
cases vs. 52 controls, p.0.05, x2 test) were evaluated. Very rare
variants with MAF#0.2%, however, were more common in cases
(n = 33) than controls (n = 18) (p,0.02, x2 test). Three cases but no
controls were compound heterozygous for a non-synonymous
variant in PLXNA4. Variants were located throughout the entire
gene (Figure 2A).

Of the individuals harboring a rare non-synonymous variant in
PLXNA4, information regarding family history was available for 17
individuals: 3 reported a first or second degree relative with PD
and a positive history of essential tremor was present in the mother
and a maternal uncle in one additional individual. The only
brother of the individual harboring the PLXNA4 p.Arg302Cys
amino acid change was also found to have PD and to harbor this
variant. However, the family was too small for formal segregation
analysis.

When analyzed by means of three commonly used prediction
algorithms (PolyPhen2, MutationTaster, SIFT) [12–14], the
number of non-synonymous single nucleoide variants (SNVs)
classified as functionally ‘‘damaging’’ (SNVs classified as ‘‘prob-
ably damaging’’ by PolyPhen2, ‘‘disease causing’’ by Mutation-
Taster and ‘‘damaging’’ by SIFT) was greater in cases than in
controls. This was especially prominent and statistically significant
for PolyPhen2 when only very rare variants with MAF#0.2% in
controls were analyzed (PolyPhen2:19 variants in cases vs. 9
variants in controls, p = 0.033, x2 test; MutationTaster: 26 in cases
vs. 14 in controls, p = 0.028, x2 test; SIFT/PROVEAN: 10 in
cases vs. 2 in controls, p = 0.018, Fisher’s Exact test) (Figure 2B).
Deletions, which were only found in cases, cannot be assessed by
PolyPhen2 and were, therefore, omitted from the analysis using
this algorithm.

Functional Assessment of PLXNA4 p.Ser657Asn in
Fibroblasts

In fibroblast cell lines generated from both the index patient and
an offspring who does not harbor the PLXNA4 p.Ser657Asn
variant (other variants not given to protect privacy) cell viability
was similar (Figure 3A). Based on the results from the above
mutation screening as well as the fact that PLXNA4 is known to be
expressed in the brain [15] and a role for axonal guidance factors
similar to PLXNA4 already postulated in PD [16], we further
analyzed subcellular localization of the protein in the two cell lines
but could not detect a difference (Figure 3B).

Modeling a Potential Role of PLXNA4 in the PD Network
Beyond a proposed general role of axonal guidance pathways in

the development of neurodegeneration [16,17], it is interesting to
note that PLXNA4 can be place into a network containing several
firmly established PD genes (SNCA, PARK2, DJ-1, LRRK2),
although both known and less reliable projected interactions have
to be utilized (Figure 4).

Discussion

In an unbiased, whole-exome approach, we identified a variant
in PLXNA4 (p.Ser657Asn) as a candidate for a potentially causal
variant in familial PD. Although this finding is intriguing and
functionally plausible, we cannot conclude that this variant in
PLXNA4 is indeed the cause of PD in our family. Also, it is
interesting that both affected individuals were found to harbor two
or three non-synonymous variants in PLXNA4, thus, highlighting
the possibility that a ‘‘multi-hit’’ model within the same gene or
pathway could play a role with regard to phenotype expressivity.

Three of the final four variants (PLXNA4 p.Ser657Asn, OGN
p.L124fs and CPNE1 p.Ser183Thr) are extremely rare and were
only found in other family members but not in approximately
8,978 other individuals of European descent (genotyping sample
(n = 1989), in-house exomes (n = 1739), 1000genomes (n = 1000)
and NHLBI-ESP exomes (n = 4250)). This is interesting in light of
the fact that–with regard to drug target genes–it was recently
shown that the rarer a given variant the more likely it is
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functionally relevant [18]. Yet, on the other hand, this rarity also
means that from a genetic standpoint, at the moment, one can
neither confirm nor exclude the possibility of a causal or modifying

role in the PD phenotype. Further, even taken together additional
evidence highlighting PLXNA4 p.Ser657Asn (suggestive linkage
signal, high conservation and predicted pathogenicity, excess of

Figure 2. Mutation Screening of PLXNA4 in PD case/control cohort. (A) Location of PLXNA4 variants identified in variant screening in relation
to known functional domains. An asterisk denotes the variant identified by exome sequencing. blue = variants found in both cases and controls,
green = variants found only in cases, purple = variants found only in controls. (B) Analysis of PLXNA4 variants using SIFT/PROVEAN, PolyPhen2 and
MutationTaster reveals an excess of rare non-synonymous variants predicted to be damaging. Insertions and deletions cannot be assessed by
PolyPhen2 all and were, therefore, omitted from the analysis using this algorithm.
doi:10.1371/journal.pone.0079145.g002
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very rare coding variants in cases and functional considerations)
can be viewed as suggestive at best and by no means exclude the
possibility of other causative or modifying genetic factors that play
a role in the PD phenotype in our family.

In general, these findings highlight the fact that in many cases
very large populations will be needed to conclusively judge the
disease-related nature of a rare variant. Recent studies show that
while the power to detect associations for genes harboring rare
variants varies widely across genes, only ,5% of genes achieved
80% power even assuming high odds ratios (OR) of 5 and when
tested in 400 cases and 400 controls. In the same scenario, no gene
out of 12,000 genes tested achieved 80% power when assuming an
OR of 1.5 [19]. Statistical evaluation is further complicated by the
fact that it is not unreasonable to assume that many genes will
habor both variants that are protective and predisposing with
regard to a given phenotype, as was recently shown for the APP
locus in Alzheimer’s disease [20], which with the statistical analysis
tools available today will always lead to an underestimation of the

genetic contribution of rare variants at a given locus to a
phenotype’s heritability [21].

Ultimately, it is also possible that the truly causal variant was
not picked up in this study because it lies outside the targeted
regions of the exome. Here, the use of two enrichment kits of
different sizes and different exome target definitions represents a
specific weakness of the study. Also, we cannot exclude that IV:18
represents a phenocopy and that the underlying cause of PD in his
case is different from that of the other affected individuals in the
family. If this were the case, a much larger number of candidate
variants than those assessed here could contribute to bringing
about the PD phenotype in the examined family.

Moreover, copy number variants, another important player in
the full spectrum of genetic variation, could, at the time of study,
not yet confidently be assessed in exome sequencing data and
were, therefore, not evaluated in our study. Lastly, while suggestive
non-significant LOD scores have been used to prioritize variants
identified in exome [22] or whole genome [23] sequencing they

Figure 3. Assessment of cell viability and subcellular protein localization in fibroblasts. (A) The presence of PLXNA4 p.Ser657Asn do not
affect cell viability as assay by live-dead staining and FACS. (B) Immunohistochemistry shows similar subcellular localization of PLXNA4 (anti-PLXNA4,
Sigma, 1:500) in fibroblasts with and without the p.Ser657Asn amino acid substitution (scale bar = 50 mm).
doi:10.1371/journal.pone.0079145.g003
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Figure 4. Qualitative multifactorial interaction network of PLXNA4 and genetic factors with known and hypothetical relevance to
PD. Edges obtained from CIDeR are highlighted in blue, PD-specific pathways from KEGG are given in green, red edges denote annotations from
OMIM and edges extracted from literature, protein-protein interaction databases or high-confidence predictions are colored black. Undirected
protein-protein interactions hold circular ends, directed molecular relations are marked by arcs, whereas general regulations have arrows with no
filling, activations have filled arrows and inhibitions have blunted end. Dashed lines indicate indirect effects.
doi:10.1371/journal.pone.0079145.g004
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also harbor the potential for the erroneous exclusion of true
positives.

The fact that all four candidate variants were also found in
unaffected family members, per se does not contradict potential
causality as it is known from other autosomal dominant forms of
PD that even among members of a single family, penetrance of
known PD mutations can vary widely. Of individuals who harbor
the LRRK2 p.Gly2019Ser mutation, for example, only 28% will
develop PD by the age of 59 [24]. Thus, predicted penetrance of
the variants identified in our family are in line with what is
reported in the literature for other forms of autosomal dominant
PD.

Plexin A4, PLXNA4, which functions as a receptor for class 3
semaphorins, holds a firmly established role in axon guidance in
the development of the central and peripheral nervous systems.
For example, PlxnA4 has been shown to restrict inappropriate
spreading of mossy fibers within the CA3 region of the murine
hippocampus [25], to direct basal dendritic arborization in layer V
cortical neurons [26] and sympathetic axons [15,27] as well as
lamination and synapse formation in the outer retina [28] in the
mouse.

PLXNA4 has also been implicated in neurodegenerative
conditions. In the discovery stage of a large family-based GWAS
assessing low-frequency (MAF#5%) variants in late-onset Alzhei-
mer’s disease an intronic SNP in PLXNA4 (rs277484, MAF = 2.0%
in 1000genomes) yielded the most significant association signal
(p = 9.0610210). Replication, however, is still ongoing [17].
Similarly, preliminary results have suggested decreased PLXNA4
expression in the motor cortex of individuals with amyotrophic
lateral sclerosis when compared to controls, although the sample
size of the study was very limited (n = 5) [29].

PLXNA4 itself has not previously been implicated in PD. Yet, a
number of studies have suggested an involvement of axonal
guidance pathways in PD. An early GWAS identified a SNP in
semaphorin 5A (SEMA5A) as the best association signal [16] and
systems biology-based follow-up studies reported an overrepresen-
tation of axonal guidance factors in subthreshold association
signals [30] which were shown to predict susceptibility to PD [31].
However, both the association signal and the pathway analysis
proved difficult to replicate in other cohorts [32–34] which may be
due to the fact that as one of the very first GWAS it was not
conducted to the current quality standards. Expression studies of
different brain regions, on the other hand, have repeatedly found

an overrepresentation of differentially expressed axonal guidance
pathways in individuals with PD when compared to controls
[30,35–37]. Axonal guidance pathways have also been implicated
in the proper targeting of dopaminergic neurons from the murine
mesencephalon to the ipsilateral striatum [38].

At the moment, both functional and genetic data addressing a
role of PLXNA4 as a PD gene are inconclusive. The identification
of additional larger families with PD in which PLXNA4 p.Ser657-
Asn or p.Arg302His segregate with the phenotype or the
replication of the finding of an excess of very rare variants
(MAF#0.02%) in an independent case/control sample would lend
further support to a possible role of modifying or causal variants in
PLXNA4 in PD and to the interesting hypothesis of axonal
guidance dysfunction in neurodegenerative conditions.

Supporting Information

Figure S1 Filtering scheme for variants identified by
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ABSTRACT
Background: Recently, mutations in an open-reading
frame on chromosome 19 (C19orf12) were identified as
a novel genetic factor in neurodegeneration with brain
iron accumulation (NBIA). Because of the mitochondrial
localization of the derived protein, this variant is

referred to as mitochondrial membrane protein-associ-
ated neurodegeneration with brain iron accumulation
(MPAN).
Methods/Results: We describe the clinical phenotype
and MRI of 3 newly identified individuals with MPAN
due to either previously reported or novel homozygous
or compound heterozygous genetic alterations in
C19orf12.
Conclusions: MPAN is characterized by a juvenile-
onset, slowly progressive phenotype with predominant
lower limb spasticity, generalized dystonia, and cogni-
tive impairment. Typical additional features include axo-
nal motor neuropathy and atrophy of the optic nerve.
MRI showed iron deposition in the globus pallidus and
substantia nigra without the eye-of-the-tiger sign,
which is typical for PKAN, the most frequent form of
NBIA. VC 2012 Movement Disorder Society
Key Words: neurodegeneration with brain iron accu-
mulation (NBIA); genetics; MRI; mitochondrial mem-
brane protein-associated neurodegeneration (MPAN);
C19orf12

We describe 3 cases of mitochondrial membrane
protein-associated neurodegeneration (MPAN), a
novel form of neurodegeneration with brain iron accu-
mulation (NBIA, formerly known as Hallervorden–
Spatz syndrome). NBIA subsumes a group of heredi-
tary neurodegenerative disorders characterized by iron
accumulation primarily in the basal ganglia, presenting
with a variety of neurologic changes with prominent
progressive motor and behavioral symptoms.1,2

Although very rare (1–3 cases/1 million population),
significant progress has been made in stratifying this
heterogeneous group into genetic and phenotypic enti-
ties. Accounting for up to 50% of cases, pantothenate
kinase–associated neurodegeneration (PKAN), attrib-
uted to autosomal recessive mutations in the PANK2
gene, is the most common form.3,4 Other NBIA var-
iants include infantile and noninfantile neuraxonal
dystrophy (collectively also termed PLA2G6-associ-
ated neurodegeneration [PLAN]),5,6 static encephalop-
athy of childhood with neurodegeneration in
adulthood, fatty acid hydroxylase-associated neurode-
generation, Kufor–Rakeb syndrome, and Woodhouse–
Sakati syndrome.2,5,6 Recently, an open-reading frame
on chromosome 19, C19orf1, was identified as a novel
genetic factor in NBIA.7 In a cohort of 52 NBIA
patients from Poland, deletions and missense muta-
tions were found in 19, rendering C19orf12 the sec-
ond most common genetic locus affected in NBIA.7

Both genetically and clinically, NBIA ascribed to
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variants in C19orf12 represents a distinct group that
has been termed MPAN.7 Based on this discovery, we
identified 3 previously unreported individuals with
MPAN who had so far been classified as idiopathic
forms of NBIA. We describe the phenotype and MRI
that, according to the current state of knowledge, is
believed to be characteristic of this subgroup of NBIA.

MPAN
All 3 individuals visited our department for routine

treatment reevaluation of a slowly progressive psycho-
motor disorder. As required by clinical regulations, all
provided written informed consent for genetic testing.
The 3 individuals presented with progressive psycho-
motor deterioration (gait impairment, clumsiness, dys-
arthria, and progressive cognitive deficits). Initial
symptoms consisted of general clumsiness along with
retarded motor and scholastic development. During
the course of the disease, gait disturbance from severe
spasticity of the lower limbs became most prominent.
Pyramidal signs (ie, upgoing plantars) were found in
all 3 individuals. In contrast to PKAN, generalized
dystonia was less pronounced and parkinsonism,
which can occur in PKAN, was not present. Disease
progression in 2 individuals was comparatively slow,

with preserved ambulation at 10 and 25 years after
disease onset, whereas the third individual was wheel-
chair bound by age 13. Two individuals showed
impulsive behavior. Retinitis pigmentosa, frequently
observed in PKAN, was not found in any of our indi-
viduals. Instead, bilateral atrophy of the optic nerve
was present in 2 of the 3 cases (Table 1). Similar to a
significant part of the Polish MPAN cohort,7 in 2 of
the cases, nerve conduction studies revealed prominent
generalized axonal motor neuropathy, a feature not
typically seen in PKAN. Additional clinical features in
single individuals included low-frequency bilateral
action tremor of the hands and congenital strabism.
Increased serum creatine kinase (CK) levels have been
reported in individuals with MPAN.8 In our cases,
only MPAN_2 had an elevated serum CK (584 U/L;
normal < 174 U/L). We also noted slightly increased
serum lactate dehydrogenase levels in all 3 individuals
(MPAN_1, 369 U/L; MPAN_2, 270 U/L; and
MPAN_3, 289 U/L; normal < 244 U/L), whereas all
other routine blood tests were unremarkable. Electro-
encephalography was normal in all cases. MRI
showed prominent T2 hypointensity of the globus pal-
lidus highly suggestive of iron deposition6 in all 3
MPAN subjects. In contrast to the PKAN subtype,
where the so-called eye-of-the-tiger sign, a central T2

Table 1. Summary of clinical, genetic, and MRI features observed in 3 individuals suffering from MPAN

MPAN_1 MPAN_2 MPAN_3

Sex F M M
Age of onset 7 3 6
Age at presentation 34 19 18
C19orf12 mutation c.32 C>T (p.Thr11Met) c.53 A>G (p.Asp18Gly) c.204_214del (p.Gly69ArgfsX10)

c.204_214del (p.Gly69ArgfsX10) c.395 T>A (p.Leu132Gln) c.204_214del (p.Gly69ArgfsX10)
Pyramidal signs þ þþ þþ
Spasticity þ þþ þ
Oromandibular dystonia " þ "
Generalized dystonia þ þ þ
Parkinsonism " " "
Dysarthria No spontaneous speech þ þ
Optic atrophy " þþ (þ)
Eye movements Unremarkable Not assessable Saccadic pursuit
Motor axonal neuropathy þþ þþ "
Psychiatric signs þ þþ "
Cognitive impairment þþ þþ þ
Wheelchair bound (age) 13
Additional clinical features Low-frequency hand tremor None Strabism
Serum creatine kinase (U/L) 115 (normal < 174) 589 (normal < 174) 143 (normal < 174)
MRI findings Bilateral T2 hypointensity

in GP and SN
Bilateral T2 hypointensity
in GP and SN

Bilateral T2 hypointensity in GP & SN,
No eye-of-the-tiger sign

No eye-of-the-tiger sign No eye-of-the-tiger sign T1 hyperintensity in CN and Put
T1 hyperintensity in
CN and Put

T1 hyperintensity in
CN and Put

Family history 1 Unaffected sister No siblings 2 Unaffected brothers
No neurologic/psychiatric
diseases

No neurologic/psychiatric
diseases

No neurologic/psychiatric diseases

Ethnicity German from Russia Turkish Polish

GP, globus pallidus; SN, substantia nigra; CN, caudate nucleus; Put, putamen.
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hyperintense area within the T2 hypointense (iron-
rich) globus pallidus, is nearly pathognomonic, the
eye-of-the-tiger sign was not seen in any of our indi-
viduals. In contrast to other subtypes of NBIA, all
individuals showed T2 hypointensity of the substantia
nigra (Fig. 1) and additional T1 hyperintensity of the
caudate nucleus and putamen. In the most severely
affected individual, additional frontotemporal atrophy
was present.
Genetic evaluation of the coding regions of

C19orf12 in the affected individuals only was per-
formed by Sanger sequencing. One individual
(MPAN_3) was homozygous for an 11-bp deletion
(c.204_214del [p.Gly69ArgfsX10]), which is predicted
to result in a truncated protein and which is the most
frequent variant in C19orf12 observed in MPAN to

date.7 MPAN_1 also carried this deletion on 1 allele
and a missense variant (c.32 C>T [p.Thr11Met]) on
the other. The p.Thr11Met missense variant has previ-
ously been described in 1 homozygous and 1 com-
pound heterozygous individual with NBIA.7 MPAN_2
was compound heterozygous for 2 novel missense var-
iants (c.53 A>G [p.Asp18Gly] and c.395 T>A
[p.Leu132Gln]; Table 1). No additional variants were
found in PANK2 (screened in all) or PLA2G6 (in
MPAN_1 and MPAN_2 only). Family history for neu-
rologic or psychiatric diseases was negative in all indi-
viduals. Parental consanguinity was not reported in
any of the 3 cases. Siblings and parents, although
likely heterozygous carriers, were phenotypically
unaffected, supporting an autosomal recessive mode of
inheritance (Fig. 1).

FIG. 1. Three cases of MPAN, a novel subtype of NBIA. A: Pedigrees of families of MPAN_1 to MPAN_3 (open symbols, unaffected family mem-
bers; closed symbols, affected individuals; squares, males; circles, females; arrow, proband, the only individual for whom genotypic information is
available). B: Axial 3-D T2- (a) and coronal T2-weighted (b) MRI (3 Tesla) of individual MPAN_3 and T2-weighted image of an individual with PKAN in
axial view (c). Signal loss indicates iron deposition in the globus pallidus (a) and substantia nigra (white arrow in b), but no eye-of-the-tiger sign.
Within the globus pallidus the small layer of white matter that separates the globus pallidus internus and externus becomes visible. In contrast, the
image of a PKAN patient (c) displays the typical central hyperintensity within the hypointense globus pallidus, which constitutes the pupil of the eye
of the tiger. C: Axial T1-weighted images of MPAN (a) and PKAN (b) at the level of the basal ganglia. In MPAN, increased T1 signal of the caudate
nucleus and the putamen leads to harmonization of the basal ganglia with the surrounding white matter. In PKAN, the caudate nucleus and the
putamen display normal gray matter signal. Here, only the globus pallidus is hyperintense, probably as a result of iron deposition.
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Discussion
Description of C19orf12 as a novel NBIA locus7 has

led to the identification of a distinct form of NBIA
termed MPAN. Mitochondrial localization and analy-
sis of genes coregulated with C19orf12 have indicated
mitochondrial dysfunction and altered lipid metabo-
lism in NBIA pathogenesis.7 Findings in our 3 individ-
uals support recent data from a Polish cohort7

suggesting that MPAN could account for a significant
portion of NBIA formerly classified as idiopathic.
Although a number of clinical features are shared

between PKAN, MPAN, and other variants of NBIA,
there are several important differences. Compared
with PKAN, onset is later and psychomotor regression
more gradual. A slowly progressive gait disorder from
generalized dystonia and spastic paraparesis and cog-
nitive impairment constitute the main features of
MPAN. The majority of individuals reported so far
show additional optic nerve atrophy, and about half
also have motor axonal neuropathy.7,8 The eye-of-the-
tiger sign, pathognomonic for PKAN, was not found
in our MPAN individuals and was only described in 1
individual from the recently published Polish cohort.7

Instead, all 3 individuals showed additional prominent
nigral T2 hypointensity as a sign of iron deposition
also in the substantia nigra (Fig. 1). This pattern is
similar to subjects with PLAN,6 who also show optic
atrophy in some cases.9 In contrast to PLAN, our sub-
jects showed no cerebellar atrophy but additional T1
hyperintensity of the caudate nucleus and putamen.
Depending on the tissue concentration, iron can either
be hyper- or isointense in T1.6 The combination of T1
hyperintensity and normal gray matter signal in T2
suggests either a discrepancy between paramagnetic
effects on T1 and T2 as reported for manganese or
could be a result of a low iron concentration, which
has not yet led to signal extinction in the T2
sequence.10

Further instrumental diagnostic and genetic exami-
nation of the parents would be interesting to evaluate
whether a heterozygous carrier status coincides with
mild disease features such as asymptomatic polyneu-
ropathy, signs of subclinical brain iron deposition, or
decreased visual acuity. From a genetics perspective, it
is noteworthy that MPAN_3, who is of Polish origin,
was homozygous for C19orf12 p.Gly69ArgfsX10, the
original and most common genetic variant identified
in the previously reported Polish NBIA cohort. It may
be possible that this variant arose in Eastern Europe,
whereas in other regions such as, for example, Turkey,
from where both parents of MPAN_2 originate, other
genetic variants of C19orf12 may have arisen inde-
pendently. This conception is further supported by a
recent report of 2 Turkish brothers with an NBIA phe-
notype similar to the 1 of our 3 individuals (spasticity,
dystonia, optic atrophy, and peripheral neuropathy)

who harbor a novel homozygous missense mutation
(c.362 T>A, p.Leu121Gln) in C19orf12.8 Interest-
ingly, the genetic variant found in MPAN_2
(p.Leu132Gln) is close to the p.Leu121Gln mutation
and a previously identified missense mutation
(p.Lys142Gln), but not in the predicted transmem-
brane domain where previously reported MPAN
mutations are found. Clinically, MPAN_2 was most
severely affected with the earliest disease onset and
the most rapid progression. One possible explanation
is that the variants identified in MPAN_2 harbor the
most deleterious effect on MPAN-relevant C19orf12
function or the presence of additional modifying
genetic factors.
So far, the clinical management of NBIA has been

limited to symptomatic treatment of motor symptoms
including bilateral pallidal deep brain stimulation in
cases with severe generalized dystonia.11 In PKAN, the
CoA precursors calcium panthothenate and panthetine
are discussed as potential therapeutic agents,12 and
results of a small phase II pilot study indicate possible
reduction of pallidal iron deposition by the iron-che-
lating agent deferiprone. The clinical benefit here is
unclear, however.13 Moreover, it remains to be eluci-
dated whether PKAN and MPAN share a common
disease mechanism or merely have enhanced iron dep-
osition in the brain as a unifying feature.
At present, it is important to realize that iron depo-

sition in the basal ganglia and the substantia nigra
without the characteristic eye-of-the-tiger sign along-
side relatively late psychomotor regression with promi-
nent spasticity of the lower limbs, atrophy of the optic
nerve, and sometimes severe motor axonal neuropathy
should raise suspicion for MPAN, and C19orf12
should be assessed for genetic alterations.
Video. The MPAN phenotype. Videos of MPAN_2

showing generalized action-induced dystonia predomi-
nantly of the upper extremities, together with retro-
and torticollis and oromandibular dystonia, spasticity
of the lower limbs with upgoing plantar reflexes
(Babinski sign)—note that at the time of videotaping,
spasticity of the lower extremities was relatively mild
under therapy with baclofen 62.5 mg/day)—and inter-
digital muscular atrophy caused by axonal motor
polyneuropathy.
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3.1.2  Rare variants and common variants in the same place 
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In line with the “common disease, common variant” paradigm, GWAS have been 

extremely successful in identifying common genetic risk variants for a wide range of 

common, genetically complex traits and disorders. However, to date, they have—for 

nearly all traits examined—not been able to uncover the entire underlying heritability. 

The portion of heritability of common, complex traits that has not been revealed by 

GWAS has frequently been termed the “missing heritability”(Maher, 2008). Under the 

“common disease, rare variant” hypothesis, it has been proposed that at least some 

of this missing heritability could lie in a collection of rare variants that also contribute 

to common disorders(Cirulli and Goldstein, 2010; Gibson, 2012).  

Two projects have tested the “common disease, rare variant” hypothesis for RLS. One 

possibility is that such rare variants in common, complex neuropsychiatric conditions 

could—as has been illustrated for non-neuropsychiatric conditions—lie in regions of 

the genome that also contain common genetic variants associated with the same 

disorder (e.g.(Bonnefond et al., 2012; Rivas et al., 2011)). Prior to the initiation of the 

projects depicted here, GWAS had described a total of six genomic loci harboring 

seven genes with common variants that increase an individual’s risk for RLS(Schormair 

et al., 2008; Winkelmann et al., 2007).  Accordingly, this was the starting point of the 

investigations highlighted here. The most significantly associated SNP for RLS was 

found in an intron of the homeobox transcription factor MEIS1. In a first step, the 

coding regions plus the exon/intron boundaries (±10 bp) of MEIS1 were screened for 

rare variants using Idaho® Light Scanner high-resolution melting curve analysis 

followed by Sanger sequencing in a set of 188 RLS cases and 188 population controls 

belonging to the KORA cohort. The identified rare genetic variants were further 
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evaluated using Sequenom® MALDI-TOF mass spectrometry in a larger set of 1014 

patients and 735 controls. In doing so, we were able to replicate a rare, non-

synonymous coding variant in exon 8 of MEIS1 (p.Arg272His)(Schulte et al., 2011), 

which had previously been described in a Canadian RLS family(Vilarino-Guell et al., 

2009), with reduced penetrance. Due to the relatively small sample size, the other 

detected rare variants could not be linked conclusively to the RLS phenotype.  

To more definitively answer the question in how far rare genetic variants in and around 

coding regions of genes within genomic loci known to harbor common risk variants 

identified by GWAS contribute to the genetic architecture of RLS, the project 

depicted above was starkly increased in size. For one, all six additional genes within 

the loci known at the time—namely, PTPRD, TOX3, BTBD9, MAP2K5, SKOR1, and the 

non-coding RNA BC034767—were screened for rare variants as depicted above and 

subsequently genotyped in 3262 case individuals and 2944 control individuals. In the 

screening analysis, 49 variants with MAF < 5% were identified across all cases and 

controls. Combined across all seven genes, rare coding variants were significantly 

more common in individuals with RLS than in controls (77 case subjects vs. 46 control 

subjects; p=0.023, logistic regression meta-analysis; OR=1.51), independent of the 

common risk genotypes. When tested in the larger case-control sample, the same 

picture emerged. There was a distinct excess of very rare variants with a KORA-derived 

MAF < 0.1% in individuals with RLS (total: 57 case versus 16 control subjects; p=4.99 x 

10-4; OR=2.50; non-synonymous variants only: 23 case vs. 5 control subjects, p=0.0019; 

OR=3.92; logistic regression).  Secondly, as the signal detected above appeared to 

be most pronounced for MEIS1, we expanded the high-resolution melting curve 

discovery sample from 188 cases and 188 controls to 3,760 cases and 3,542 controls. 

Stratification of variants with MAF < 5% across different regions of the gene revealed 

an enrichment in the 5’UTR (16 case subjects vs. 2 control subjects; p=0.001; logistic 

regression; OR=7.56) as well as among non-synonymous variants in isoform 2 (34 case 

subjects vs. 15 control subjects; p=0.007; logistic regression; OR=2.31).Comparable 

results were obtained using other burden statistics like the sequence kernel association 

test (SKAT) or SKAT with Madsen-Browning weights(Madsen and Browning, 2009; Wu et 

al., 2011) which attempt to account for differing allele frequencies and differing 

directions of effect among the identified rare variants.  

In order to more fully understand the functional implications of rare non-synonymous 

genetic variants in MEIS1 on the RLS phenotype, we subsequently assessed all 17 
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identified non-synonymous variants by in vivo complementation in zebrafish embryos. 

Two distinct neurodevelopmental phenotypes (size of the optic tectum and 

rhombomere patterning), which had previously been linked to a loss of meis1 function 

in zebrafish(Erickson et al., 2010; Waskiewicz et al., 2001), were generated using two 

different splice-blocking morpholinos (i.e. anti-sense RNAs) and rescued using human 

MEIS1 mRNA harboring the different rare non-synonymous variants. mRNAs containing 

the different variants were either able to completely (benign allele) or incompletely 

(hypomorphic allele) rescue the phenotype or had no rescuing effect at all 

(functional null allele). Layering these data over the incidence and distribution of 

these variants in our case/control dataset revealed an excess of null alleles in 

individuals with RLS (14 in case subjects versus 2 in control subjects; p=0.0012; OR=7.48). 

Importantly, these null alleles compromised the function of the canonical MEIS1 

isoform but not that of a second isoform known to contain alternative starting and 3’ 

sequences. Benign and hypomorphic alleles were distributed evenly among cases 

and controls. 

The investigations depicted above established a significant overall enrichment of rare 

variants in genes within the GWAS loci in individuals with RLS that was most 

pronounced for very rare variants and for variants in MEIS1. Further, these 

investigations highlighted the potential of combined sequencing plus systematic 

functional annotation of rare variation at GWAS loci to detect the true risk burden by 

increasing both effect size and significance levels observed in burden testing. They 

also highlight the concept of allelic series—a series in which different variants within a 

single gene have different effects on a given phenotype—in the context of common, 

complex neuropsychiatric disorders. The isoform specificity of the RLS-linked variants is 

intriguing because it holds great promise to better understanding the 

pathophysiology underlying the disorder by uncovering the spatial and temporal 

expression pattern of this isoform. 
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VARIANT SCREENING OF THE CODING
REGIONS OF MEIS1 IN PATIENTS WITH
RESTLESS LEGS SYNDROME
Restless legs syndrome (RLS) is a common and ge-
netically complex neurologic disease presenting with
an urge to move the legs and dysesthesias in the eve-
ning and at times of rest. Genome-wide association
studies have linked single nucleotide polymorphisms
in MEIS1 and 3 other loci to an increased suscepti-
bility to RLS.1-3 However, to date, only one poten-
tially causal variant has been reported.4 Therefore, we
screened the coding regions and exon-intron bound-
aries of MEIS1 for variants, which by exerting a
strong phenotypic effect could provide a basis for as-
sessing the function of the gene in RLS.

Methods. Using Idaho LightScanner high-resolution
melting curve analysis, we screened DNA of 188 pa-
tients with RLS of a first discovery sample (72.8% fe-
male, mean age 60.0 ! 11.2 years), all harboring RLS
risk alleles of MEIS1 (G/T or G/G for rs2300478), for
aberrant melting patterns (e-Methods on the Neurol-
ogy® Web site at www.neurology.org). Exons showing
changes suggestive of variants were sequenced on an
ABI Prism 3730 sequencer, and variants identified were
subsequently genotyped in an independent German
sample (henceforth termed “second sample”) consisting
of 735 patients with RLS (70.8% female, mean age
61.5 ! 14.2 years) and 735 unrelated control subjects
(74.5% female, mean age 59.8 ! 11.3 years) by matrix-
assisted laser desorption ionization/time-of-flight mass
spectrometry. Disease segregation was evaluated in one
family with the p.R272H mutation of exon 8 of
MEIS1, previously related to RLS.4 RLS in all patients
was diagnosed in accordance with standard diagnostic
criteria5 (e-Methods).

Standard protocol approvals, registrations, and patient

consents. Ethics review board approval and partici-
pants’ written informed consent were obtained.

Results. In the discovery sample, we identified 3
novel nonsynonymous nucleotide substitutions in
exons 3 (p.H81Q) and 6 (p.S204T) and in one tran-
script containing exon 13 (p.M453T) of MEIS1 in
one patient each. In addition, 2 patients showed the
p.R272H variant.

Genotyping in the second sample revealed
p.H81Q in 2 control subjects and p.M453T in 2
case patients and 3 control subjects, whereas
p.S204T was observed in one case patient. p.R272H
was not found in any additional case patients or con-
trol subjects (figure, A).

Segregation analysis performed on 7 family mem-
bers revealed 4 affected individuals who presented the
p.R272H variant (figure, B). One family member
(III-1) and one married-in individual (III-3) were af-
fected but did not show the p.R272H variant.
p.R272H was not found in one unaffected individual
(II-1).

Because all p.R272H patients were of Czech heri-
tage, we further evaluated the presence of a putative
p.R272H founder mutation in 279 Czech patients
with RLS (63.1% female, mean age 55.8 ! 14.9
years), but did not find any additional carriers.

Discussion. Screening of the coding regions of
MEIS1 in patients with RLS revealed 3 novel vari-
ants. In all cases, patients reported one or more rela-
tives with at least a suspicion of RLS; however,
families were small and individuals in many instances
not available for further study so that pathogenicity
of the variants was not evaluated. We also confirmed
the p.R272H variant of MEIS14 in 2 patients with
RLS, one belonging to a family in which the RLS
trait seems to be inherited in an autosomal dominant
fashion. As observed previously, the p.R272H vari-
ant is located within the highly conserved TALE ho-
meobox domain, which is essential for dimerization
and transcription activation and disruption of which
is known to be detrimental.4 Therefore, this variant is
considered the most likely candidate for an RLS-
linked pathogenic mutation to date. In our sample, it
was only present in RLS-affected individuals. How-
ever, segregation analysis also revealed affected indi-
viduals without the variant, suggesting that because
RLS is a common disease, these cases could represent
phenocopies, that is, similar phenotypes due to dif-
ferent genetic alterations. As opposed to the pheno-
type described in the North American p.R272H family,
disease representation was rather homogeneous in our
family with severe and early onset of symptoms. The
second patient with p.R272H reported only a daughter

Supplemental data at
www.neurology.org
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with possible RLS during pregnancy, which could be
suggestive of variable expressivity of the p.R272H vari-
ant as well as the presence of additional modifying fac-
tors. Overall, segregation analyses remain inconclusive
because of the small size of pedigrees, yet support the
notion that p.R272H MEIS1 could be causally related
to RLS.

All additional variants affect amino acids highly con-
served in vertebrates. Although not located within a
known functional protein domain, bioinformatics algo-
rithms6 predict p.S204T and p.H81Q to be disease-
causing, whereas p.M453T is likely to be functionally
neutral. However, the fact that, as opposed to p.H81Q
and p.M453T, p.S204T was only found in RLS-
affected individuals renders this variant a second poten-
tial candidate for a disease-causing genetic alteration.

However, one limitation of this study is the fact
that the control subjects used are general population
control subjects and thus we cannot exclude the pos-
sibility that variants also found in control subjects
(p.H81Q and p.M453T) are not related to RLS. Ac-
cordingly, these warrant further replication in an in-
dependent dataset.

Our results show that exonic variants in MEIS1
are not common in RLS. However, it is still possible
that rare exonic variants of strong effect could play a
causative role in RLS in rare cases, as is known for

other complex diseases,7 and their study is important
because they could provide significant clues toward
understanding of the disease mechanism.
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Figure Variants of the coding regions of MEIS1

(A) Table illustrating the nucleotide and amino acid substitutions of novel coding variants and p.R272H of MEIS1 as well as their frequency in the first
(mutation carriers/total number of patients with restless legs syndrome [RLS] tested) and the second sample (homozygotes/heterozygotes/homozygotes
in case patients and control subjects). (B) Segregation analysis of the p.R272H variant of MEIS1 in an RLS family. Men are represented by squares and
women by circles; a diagonal line indicates a deceased individual. For individuals sequenced, mt indicates those carrying the p.R272H variant and wt
indicates noncarriers. The arrow denotes the index patient. MAF " minor allele frequency.
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CSF COMPLEMENTS SERUM FOR EVALUATING
PARANEOPLASTIC ANTIBODIES AND NMO-IgG
The detection of neural-reactive immunoglobulin
G (IgG) autoantibodies aids the diagnosis of
organ-specific autoimmune neurologic disorders.
Many paraneoplastic autoantibodies reliably pre-
dict a particular cancer type and are accompanied
by varied neurologic presentations of subacute on-
set.1 The detection of neuromyelitis optica
(NMO)–IgG predicts a relapsing inflammatory
demyelinating disorder predominated by optic
neuritis and transverse myelitis.2 When an autoim-
mune neurologic disorder is suspected, serologic
testing of serum is frequently undertaken before
more invasive CSF evaluation. However, CSF evalua-
tion can complement testing of serum when suspicion
for an autoimmune etiology persists despite a negative
serum result. Here we report, for a 25-year period of
testing by standardized indirect immunofluorescence
protocols, the frequency of neural autoantibody detec-
tion in serum and CSF.

Methods. The immunofluorescence protocols we
used were validated in this laboratory for detection of
paraneoplastic antibodies (anti-neuronal nuclear
antibody [ANNA]-1; ANNA-2; ANNA-3; Pur-
kinje cell cytoplasmic antibody [PCA]-1; PCA-2;
PCA-Tr; collapsin response-mediator protein
[CRMP]-5-IgG; amphiphysin antibody; antiglial/
neuronal nuclear antibody [AGNA]-1; NMDA re-
ceptor antibody) and NMO-IgG. We searched the
Mayo Clinic Neuroimmunology Laboratory data-
base (January 1986 to March 2010) for all patient
samples submitted for service evaluation of para-
neoplastic or NMO-IgG. We included both Mayo
Clinic and non-Mayo patients for whom both se-
rum and CSF were submitted, and reviewed avail-
able oncologic data for patients with antibodies
identified by CSF testing.

Results. Testing was performed on a clinical service
basis for a median of 12 years (range 2–25 years). The
antibody detection rate in all specimens ranged from
0.01% for PCA-Tr to 7% for NMO-IgG (table).

In patients for whom paired serum and CSF sam-
ples were tested, the antibody detection rate ranged
from 0.08% (PCA-Tr) to 9% (NMDA receptor an-
tibody). One or more neural autoantibodies were de-
tected in 462 patients (497 antibodies detected). In
405 of those 462 patients, both serum and CSF
yielded a positive result (88%). In 57 patients, serum
or CSF alone was positive (12%). Among those pa-
tients, serum alone yielded a positive result in 31
(54%) and CSF alone in 26 (46%). For classic para-
neoplastic antibodies, CSF alone yielded a positive
result in 20 patients, twice as commonly as serum
alone (10 patients). For NMO-IgG, serum alone
yielded a positive result in 21 patients 3.5 times more
commonly than CSF alone (6 patients).

Discussion. From our review of a 25-year experi-
ence with immunofluorescence testing on a service
basis in the Mayo Clinic Neuroimmunology Lab-
oratory, we found that the rate of clinically perti-
nent autoantibody detection was highest when
both serum and CSF were tested. It is plausible
that this finding may reflect a greater likelihood
of physicians deciding to test both serum and CSF
in patients with the highest index of clinical
suspicion.

When both serum and CSF were tested, CSF was
more commonly informative than serum for paraneo-
plastic antibody detection. This raises concern that clin-
ically important neural antibodies may be missed when
only serum is tested. This finding was most prominent
for NMDA receptor-specific IgG. Consistent with this
finding, Kumar et al.3 recently reported 3 patients, each
of whom had NMDA receptor IgG detected in CSF
but not in serum. Where there is a high suspicion for
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Sean J. Pittock, MD
Vanda A. Lennon, MD,

PhD
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Targeted Resequencing and Systematic In Vivo
Functional Testing Identifies Rare Variants in MEIS1
as Significant Contributors to Restless Legs Syndrome

Eva C. Schulte,1,2,22 Maria Kousi,3,22 Perciliz L. Tan,3 Erik Tilch,2,4 Franziska Knauf,2 Peter Lichtner,2,4

Claudia Trenkwalder,5,6 Birgit Högl,7 Birgit Frauscher,7 Klaus Berger,8 Ingo Fietze,9

Magdolna Hornyak,1,10,11 Wolfgang H. Oertel,12 Cornelius G. Bachmann,13,14 Alexander Zimprich,15

Annette Peters,16 Christian Gieger,17 Thomas Meitinger,2,4,18 Bertram Müller-Myhsok,18,19,20

Nicholas Katsanis,3,23 and Juliane Winkelmann1,2,4,18,21,23,*

Restless legs syndrome (RLS) is a common neurologic condition characterized by nocturnal dysesthesias and an urge to move, affecting

the legs. RLS is a complex trait, for which genome-wide association studies (GWASs) have identified common susceptibility alleles of

modest (OR 1.2–1.7) risk at six genomic loci. Among these, variants inMEIS1 have emerged as the largest risk factors for RLS, suggesting

that perturbations in this transcription factor might be causally related to RLS susceptibility. To establish this causality, direction of

effect, and total genetic burden of MEIS1, we interrogated 188 case subjects and 182 control subjects for rare alleles not captured by

previous GWASs, followed by genotyping of ~3,000 case subjects and 3,000 control subjects, and concluded with systematic function-

alization of all discovered variants using a previously established in vivo model of neurogenesis. We observed a significant excess of rare

MEIS1 variants in individuals with RLS. Subsequent assessment of all nonsynonymous variants by in vivo complementation revealed an

excess of loss-of-function alleles in individuals with RLS. Strikingly, these alleles compromised the function of the canonicalMEIS1 splice

isoform but were irrelevant to an isoform known to utilize an alternative 30 sequence. Our data link MEIS1 loss of function to the etio-

pathology of RLS, highlight how combined sequencing and systematic functional annotation of rare variation at GWAS loci can detect

risk burden, and offer a plausible explanation for the specificity of phenotypic expressivity of loss-of-function alleles at a locus broadly

necessary for neurogenesis and neurodevelopment.

Introduction

Restless legs syndrome (RLS [MIM 102300]) is a common
neurologic condition with an age-dependent prevalence
of up to 10% in Europe and North America.1 It is character-
ized by an irresistible urge to move the legs accompanied
by disagreeable, often painful, sensations in the lower
limbs at night. Moving the affected legs or walking leads
to prompt but only temporary relief.1 As a consequence,
individuals suffer from persistent insomnia, leading to an
impairment of quality of life and mental health. RLS is
a highly familial trait but genetically complex, with esti-
mates of narrow-sense heredity between 54% and 69% as
derived from twin studies.2,3

Genome-wide association studies (GWASs) in large RLS
case/control samples have identified common susceptibil-

ity alleles at six loci that together explain about 7% of the
heritability.4 Among many models that can explain some
of the ‘‘missing heritability,’’5 we considered the possibility
that a collection of rare variants of strong effect, which
cannot be identified by means of GWASs,6,7 might be
a contributory factor. Although a single potentially causal
rare variant has been described in MEIS1 (MIM
601739),8,9 to date no variants of strong effect have been
established. Nonetheless, for some other complex genetic
diseases, such as diabetes or chronic inflammatory bowel
disease, rare variants have recently been identified within
known GWAS loci,10,11 supporting the concept of allelic
series in complex genetic disorders. We therefore sought
to assess the potential contribution of rare variants to
disease burden both by using standard statistical methods
and by assessing the incidence and contribution of
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functionally annotated variants relevant to MEIS1 biology
(Figure S1 available online). For this purpose, we exploited
two major resources: a well-phenotyped, ethnically homo-
geneous RLS cohort and an experimentally tractable
method to assay MEIS1 functionality grounded on previ-
ously defined in vivo observations on the roles of this
protein in neurogenesis, wherein suppression of meis1 in
zebrafish embryos led to a quantitative reduction of the
optic tectum, a major site of neurogenesis in the devel-
oping brain, and malformation of rhombomeres 3 and 5,
which represent early hindbrain structures shown previ-
ously to be defective in the absence of meis1.12,13 Our
data showed a significant enrichment of rare variants
across both MEIS1 and also all seven RLS-associated genes.
Based upon population statistics alone, only one single
low-frequency variant in the 30 UTR (rs11693221) showed
significant association with RLS. However, the combinato-
rial usage of functional annotation and statistical analyses
highlighted a major contribution of loss-of-function vari-
ants in MEIS1 and suggested that rare alleles in this locus
pose significant RLS risk to individuals.

Materials and Methods

Participants
Both case and control populations were entirely of German and

Austrian descent. In the case subjects, diagnosis was based on

the diagnostic criteria of the International RLS Study Group1 as

assessed in a personal interview conducted by an RLS expert. In

keeping with the previous GWASs,4,14 we excluded individuals

with secondary RLS due to uremia, dialysis, or anemia resulting

from iron deficiency. The presence of secondary RLS was deter-

mined by clinical interview, physical and neurological examina-

tion, blood chemistry, and nerve conduction studies whenever

deemed clinically necessary. Participants’ written informed con-

sent was obtained prior to the initiation of the study. The institu-

tional review boards of the contributing authors approved the

study. The primary review board was located in Munich at the

Bayerische Ärztekammer and Technische Universität München.

Genotyping by High-Resolution Melting Curve
Analysis
In a first step, we used Idaho LightScanner high-resolutionmelting

curve analysis (Biofire) to screen the coding regions and exon/

intron boundaries of PTPRD (MIM 601598), BC034767, TOX3

(MIM 611416), BTBD9 (MIM 611237), MEIS1, and MAP2K5

(MIM 602520) for variants. Due to the high GC content, the

coding regions 510 bp of SKOR1 (MIM 611273) could not be

subjected to LightScanner analysis and were Sanger sequenced

instead. Included in the screening were 188 German RLS-affected

case subjects and 182 general population control subjects

belonging to the KORA cohort13 based in Southern Germany.

Where possible, the 188 case subjects used were half homozygous

and half heterozygous for the published risk alleles.4,14–16 The

same set of control subjects was used for all screening experiments.

MEIS1, TOX3, and BC034767 variants identified in the 188 case

subjects have already been published.4,8 In the case of an altered

melting pattern suggestive of variants, Sanger sequencing ensued

to identify the underlying variant. The same method was used to

screen the coding regions of MEIS1 isoforms 1 and 2 510 bp as

well as the 50 and 30 UTRs in 3,760 RLS case subjects of German

and Austrian descent (62.2 5 12.8 years; 30.8% male) and 3,542

general-population control subjects (55.1 5 13.8 years; 40.1%

male) belonging to the S4 and F4 surveys of KORA.17 For the dis-

covery sample, group comparisons between case and control sub-

jects were performed in R18 for each gene and each type of variant

separately, with and without the common risk allele genotype as

covariate, using logistic regression (logreg) of the phenotype on

aggregate minor allele counts of variants of each type.19 To ac-

count for a possible bias introduced by the comparison of different

sets of risk-genotype-selected cases to a constant set of unselected

controls, we performed ameta-analysis using rmeta to evaluate the

contribution of rare coding variants across all seven genes.

Empirical p values were calculated with 1,000 permutations of

the phenotype and assessing the ratio of p values equal to or

smaller than the p value belonging to the original phenotype.

For the large-scale screening of MEIS1, both logreg of the pheno-

type on number of variants as well as sequence kernel association

tests (SKAT)20 with and withoutMadsen-Browning weights21 were

performed. Empirical p values are based on 10,000 permutations

of the phenotype, calculating the ratio of test statistics equal to

or larger than the test statistic of the original phenotype.

Genotyping by Mass Spectrometry
Genotyping was carried out on the MassARRAY system byMALDI-

TOF mass spectrometry with iPLEX Gold chemistry (Sequenom).

Primers were designed with AssayDesign v.3.1.2.2 with iPLEX

Gold default parameters. No assay could be designed for seven

variants, largely those located in the extremely GC-rich gene

SKOR1. Further, three assays failed two or more times and were,

therefore, not pursued further. Automated genotype calling was

carried out with SpectroTYPER v.3.4. Genotype clustering was

visually checked by an experienced evaluator. SNPs with a call

rate <90% were excluded. The genotyping sample consisted of

3,262 case subjects of German and Austrian descent (65.3 5

11.3 years; 29.3%male) and 2,944 general population control sub-

jects (56.1 5 13.3 years; 48.7% male) from the KORA F4 survey.17

For the most part, case and control subjects used in both geno-

typing approaches were drawn from the same samples. Both

logreg of the phenotype on number of variants as well as

SKATs20 with and without Madsen-Browning weights21 were

performed. Empirical p values are based on 200 permutations of

the phenotype, calculating the ratio of test statistics larger than

the test statistic of the original phenotype.

In Vivo Complementation in Zebrafish Embryos,
In Situ Hybridization, and Whole-Mount
Immunostaining
Splice-blocking morpholinos (MOs) against meis1 and map2k5

were designed and obtained from Gene Tools. We injected 1 nl

of diluted MO (4 ng for meis1_MO1, 3 ng for meis1_MO2, and

5 ng for map2k5) and/or RNA (75 pg for meis1, 100 pg for

map2k5) into wild-type zebrafish embryos at the 1- to 2-cell stage.

To evaluate hindbrain organization, injected embryos were raised

until the 10- to 13-somite stage, corresponding to 14 to 16 hr post-

fertilization (hpf); they were then dechorionated and fixed in 4%

paraformaldehyde (PFA) overnight. Fixed embryos were trans-

ferred to 100% methanol at !20"C for at least 2 hr and were

then processed after standard protocols22 using a digoxygenin-

labeled antisense riboprobe against krox20. For analysis of the
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optic tectum, injected embryos were fixed overnight at 72 hpf in

4% PFA and stored in 100% methanol at !20"C. For acetylated

tubulin staining, embryos were fixed in Dent’s fixative (80%

methanol, 20% DMSO) overnight at 4"C. The embryos were per-

meabilized with proteinase K followed by postfixation with 4%

PFA. PFA-fixed embryos were washed first in PBS and subsequently

in IF buffer (0.1% Tween-20, 1% BSA in PBS) for 10 min at room

temperature. The embryos were incubated in blocking buffer

(10% FBS, 1% BSA in PBS) for 1 hr at room temperature. After

two washes in IF buffer for 10 min each, embryos were incubated

in the primary antibody (anti-acetylated tubulin [T7451, mouse,

Sigma-Aldrich], 1:1,000) in blocking solution, overnight at 4"C.

After two additional washes in IF buffer for 10 min each, embryos

were incubated in the secondary antibody solution (Alexa Fluor

goat anti-mouse IgG [A21207, Invitrogen], 1:1,000) in blocking

solution, for 1 hr at room temperature.

For RNA rescue and overexpression experiments, the human

wild-type mRNAs of isoforms 1 (RefSeq accession number

NM_002398.2/ENST00000272369) and 2 (no RefSeq ID/

ENST00000381518) of MEIS1 as well as the canonical isoform of

MAP2K5 (RefSeq NM_145160.2/ENST00000178640) were cloned

into the pCS2þ vector and transcribed in vitro using the SP6 Mes-

sage Machine kit (Ambion). All variants identified in isoform 1 as

well as all additional variants only coding in isoform 2 plus two

functional null variants from isoform 1 (p.Ser204Thr [c.610T>A]

and p.Arg272His [c.815G>A]; both RefSeq NM_002398.2/

ENST00000272369) were introduced with Phusion high-

fidelity DNA polymerase (New England Biolabs) and custom-

designed primers. Additionally, a non-naturally occurring homeo-

box domain-dead variant of MEIS1 (p.Arg276Ala þ p.Asn325Ala

[c.826_827delinsGCþ c.973_974delinsGC]; RefSeqNM_002398.2/

ENST00000272369) was created. All the experiments were repeated

in triplicate and significance of the morphant phenotype was

judged with Student’s t test.

Results

Variant Screening of Seven RLS GWAS Candidate
Genes
To assess low-frequency (1% < minor allele frequency
[MAF] < 5%) coding variation at the known RLS suscep-
tibility loci encompassing PTPRD, TOX3, BTBD9,
MEIS1, MAP2K5, SKOR1, and the noncoding RNA
BC034767,4,14–16 we screened the coding regions and
exon-intron boundaries (510 bp) in 188 German individ-
uals with RLS and 182 control subjects belonging to the
KORA population cohort13 based in Southern Germany. A
total of 49 variants with MAF < 5% were identified in case
and control subjects together (Table S1). When collapsed
across all seven genes, rare and low-frequency nonsynony-
mous variants showed a trend toward being more frequent
in case than in control subjects (39 in case subjects versus 24
in control subjects; p ¼ 0.103; logreg meta-analysis; odds
ratio [OR] ¼ 1.40). Nonsynonymous and synonymous
variants combined, however, showed a stronger enrich-
ment in individuals with RLS (77 case subjects versus 46
control subjects; p ¼ 0.023, logreg meta-analysis; OR ¼
1.51). Addition of the common risk allele genotype4,14–16

into the analysis as a covariate decreased the permuted

p value (nonsynonymous only: p ¼ 0.079; all variants:
p ¼ 0.008; n ¼ 1,000 permutations), suggesting that the
enrichment of rare variants across all loci is independent
of the common risk allele genotype. However, the degree
of interdependence between common and rare variants
differed between genes (Table S2).
Within MEIS1, synonymous or nonsynonymous vari-

ants with a MAF below 5% were present in nine case
subjects but only one control subject (p ¼ 0.021) although
no marked difference in the amount of variation was
obvious in any of the other genes (Table S1). Here, the
p value increased modestly after addition of the common
risk variant (rs2300478) as covariate (p ¼ 0.080; 1,000
permutations), indicating some interdependence of rare
and common alleles at the MEIS1 locus. Variants did not
seem to cluster within specific regions of the examined
genes (Figure S2).

Genotyping of Identified Low-Frequency and Rare
Variants
To assess a possible association with the RLS phenotype,
we next genotyped 39 of the 49 identified variants in
3,262 German and Austrian RLS case subjects (65.3 5

11.3 years; 29.3% male) and 2,944 KORA control subjects
(56.1 5 13.3 years; 48.7% male). Of the 49 variants,
10 could not be included for technical reasons (see
Material and Methods section above). Although variants
(either altogether or only nonsynonymous ones) with
MAF < 5% and MAF < 1% were not significantly enriched
in RLS, we observed a distinct excess of very rare variants
with a KORA-derived MAF < 0.1% (total: 57 case versus
16 control subjects, p ¼ 4.99 3 10!4, OR ¼ 2.50; non-
synonymous only: 23 case versus 5 control subjects, p ¼
0.0019; OR ¼ 3.92; logreg; Figure 1).
We then went on to assess whether more sophisticated

tests used to analyze rare variant associations of bidirec-
tional effects (SKAT)20 and differing allele frequency
(SKAT with Madsen-Browning weights)21 would change
the association signal. However, although frequency-
weighted results were still superior to unweighted results
in most cases, overall SKAT analysis led to an increase in
association p values both for the joined analysis across all
loci as well as for MEIS1 alone (Table S2).
We next asked whether this signal is distributed across

all seven tested genes, or whether a specific subset of tested
loci cause the apparent enrichment of rare nonsynony-
mous variation in individuals with RLS. A significant asso-
ciation with RLS was observed forMEIS1; the aggregate risk
conferred by the variants showed a large increase as we
transitioned from rare (MAF < 1%) to very rare (MAF <

0.1%) (Figure 1). More specifically, rare variants with
MAF < 1% (total: 116 case subjects versus 67 control sub-
jects, p ¼ 0.0064, OR ¼ 1.51; nonsynonymous only: 39
versus 14, p ¼ 0.0024, OR ¼ 2.46) and MAF < 0.1%
(both total and nonsynonymous only: 9 versus 1: p ¼
0.014; OR ¼ 8.14; Figure 1) were seen more fre-
quently in cases than in controls. SKAT (all: p ¼ 0.049;
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nonsynonymous only: p ¼ 0.009) and Madsen-Browning-
weighted SKAT (all: p ¼ 0.019; nonsynonymous only: p ¼
0.029; 10,000 permutations each) substantiated this
finding (Table S2). No low-frequency coding variants
with MAF between 1% and 5% were found within the
coding regions of MEIS1.
After exclusion of MEIS1, logreg (all variants: p ¼ 0.009;

nonsynoymous only: p ¼ 0.024; 2,000 permutations) for
variants with MAF < 0.1% and SKAT using Madsen-
Browning weights (all variants: p ¼ 0.019; nonsynony-
mous only: p ¼ 0.019; 100 permutations) showed a
nominally significant enrichment across all other six
genes. In PTPRD alone, rare variants of all classes were
also encountered more frequently in individuals with
RLS (all variants withMAF< 0.1%: p¼ 9.993 10!4, logreg;
all variants: p¼ 0.029, SKATwith MB) whereas this enrich-
ment was not observed for nonsynonymous variants
only. Of note, several individual rare variants in MEIS1
(p.Arg272His [c.815G>A] and p.Met453Thr [c.1359T>C]
[ENST00000381518]), TOX3 (p.Ala233Ala [c.699T>C];
RefSeq NM_001080430.2/ENST00000219746), and PTPRD
(c.551!4C>G and p.Pro278Pro [c.834T>G]; both RefSeq
NM_002839.3/ENST00000381196) were associated nomi-
nally with RLS in the large case/control sample; however,
associations did not withstand correction for multiple
testing (Table S1).

Assessment of Rare Variation in MEIS1
The excess of low-frequency and rare variants at RLS-
associated GWAS loci was most pronounced for MEIS1.
Therefore, we sought to expand our analysis to a
more comprehensive investigation of genetic variation
with regard to frequency and location within MEIS1 by
screening the coding regions 510 bp as well as the 50

and 30 UTRs for variants with MAF < 5% in 3,760 German

Figure 1. Excess of Rare Coding Variants
at RLS-Associated GWAS Loci
Frequency assessment of 39 low-frequency
and rare variants identified in the coding
sequences of seven genes associated with
RLS4,14–16 in 3,262 case subject and 2,944
control subjects revealed an excess of
both overall (A) and nonsynonymous (B)
variants with MAF < 0.1% across all exam-
ined loci. The same held true for the overall
(C) and nonsynonymous (D) variants at
the MEIS1 locus.

and Austrian RLS case subjects
(62.2 5 12.8 years; 30.8% male) and
3,542 KORA control subjects (55.1 5

13.8 years; 40.1% male). We iden-
tified a total of 75 such variants
(Tables S3 and S4); 28 of these lie in
either the canonical isoform 1
(ENST00000272369) or a longer iso-
form 2 (ENST00000398506) of MEIS1
that encodes an alternate start site

and an alternate C terminus. All synonymous and
nonsynonymous variants identified in the initial
screening of 188 case subjects and 182 control subjects
were observed again.
Overall, we observed an excess of variants with MAF <

5% across all examined regions of MEIS1 (1,383 variant
counts in case subjects versus 606 in control subjects,
p ¼ 1.04 3 10!61; not permuted), which was driven
primarily by a low-frequency variant, rs11693221, in the
30 UTR (MAFcases ¼ 13.55%, MAFcontrols ¼ 3.58%; p ¼
1.27 3 10!89; OR ¼ 4.42 [95% CI: 3.83–5.11]; not
permuted; Figure 2, Tables S3 and S4). After exclusion of
this variant, the remainder of individuals with low-
frequency and rare variants across all regions of MEIS1
was similar in case and control subjects (432 versus 396;
p ¼ 0.68). However, stratification of variants according
to their localization showed an excess of rare variants
with MAF < 5% in the 50 UTR (16 case subjects versus 2
control subjects; logreg: p ¼ 0.001, OR ¼ 7.56; SKAT:
p ¼ 0.01; SKAT with MB: p ¼ 0.006) and among nonsyn-
onymous variants in isoform 2 (34 case subjects versus
15 control subjects; logreg: p ¼ 0.007, OR ¼ 2.31;
SKAT: p ¼ 0.004; SKAT with MB: p ¼ 0.0005) (Figure 2,
Table S3).

Functional Analysis of Rare Nonsynonymous Variants
in MEIS1 by In Vivo Complementation in Zebrafish
Embryos
Resequencing of any locus is certain to reveal rare variants
in both case and control subjects which, bereft of a means
of preselecting for variants relevant to protein function,
can dampen or extinguish bona fide association signals.
We, therefore, considered a paradigm grounded on prior
knowledge of MEIS1 to test whether each of the rare
discovered variants in our study have an effect on function
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and to then use this information to assess the burden of
deleterious genetic lesions in our case/control RLS study.
During zebrafish development, suppression of meis1 has
been shown to impact neurogenesis, a phenotype captured
prominently by the quantitative reduction of the size of
the optic tectum 72 hpf12 as well as the disruption of hind-
brain patterning at 14 hpf.13 We first tested the ability of
human MEIS1 mRNA to rescue the optic tectum size
phenotype and to thus establish a baseline assay for the
evaluation of the identified nonsynonymous variants. To
this end, we designed two independent MOs that target
different exon-intron splice junctions of the endogenous
zebrafish meis1. Both MOs gave rise to the same pheno-
type, bolstering our confidence in the specificity of the
assay: we observed a reduction of the size of the optic
tectum by ~30%when injecting 4 ng ofmeis1_MO1 target-
ing exon-intron boundary 2, and by ~20% when injecting
3 ng of a previously characterized MO (meis1_MO2)
against the acceptor site of exon 223 (Figures S3 and S4).
In both cases, the phenotype was rescued significantly
and reproducibly (p < 0.0001; performed in triplicate,
scored blind to injection cocktail) by coinjection with 75
pg of human capped MEIS1 mRNA (Figures S3 and S4).
The optic tectum phenotype could be rescued by either
the canonical MEIS1 isoform or by an isoform utilizing
an alternative 30 terminus. By contrast, injection of
the ‘‘domain-dead’’ human mRNA (MEIS1_DD) bearing
two variants engineered to ablate DNA binding ability
(p.Arg276AlaþAsn325Ala) was indistinguishable from
MO alone (p < 0.68). As a test of the relevance of the
phenotype to RLS, MO suppression of map2k5, another
GWAS-associated RLS gene, yielded a similar phenotype
with regard to the size of the optic tectum, which was
also specific as it could be rescued by coinjection with
human MAP2K5 mRNA (Figure S5).
Given these data, we proceeded to perform in vivo

complementation assays on all 13 nonsynonymous
coding variants identified in isoform 1, as well as in the 4
nonsynonymous variants that lie in the unique sequence
of isoform 2 (Figure 3, Table S4), wherein human mRNA

Figure 2. Variant Screening of the Cod-
ing Regions and UTRs of MEIS1 in 3,760
Individuals with RLS and 3,542 KORA
Control Subjects
Stratification according to variant localiza-
tion shows an excess of rare variants in
both the 50 UTR and among nonsynony-
mous coding variants. Low-frequency and
rare variants in the 30 UTR were also more
frequent in case subject than in control
subjects. No difference was observed in
the number of individuals carrying synon-
ymous coding or (near-) splice variants.

bearing one test variant was coin-
jected with MO and compared to the
rescue ability of WT mRNA (n ¼ at
least 51 embryos tested per injection,

Figure 3 and Tables S5 and S6). We classified variants
as benign (rescue indistinguishable from WT), hypo-
morphs (mutant rescue significantly worse than WT but
better than MO alone), or functionally null (indistinguish-
able from MO alone). Among the 13 variants of isoform 1,
we identified three benign, four hypomorphic, and six null
variants (Figures 3 and 4). Overexpression of MEIS1 WT
mRNA or mRNAs harboring each of the 13 variants had
no effect on optic tectum size (Figure S6).
Layering these data over the incidence and distribution

of these variants in our case/control data set, we found a
significant excess of functionally null variants in individ-
uals with RLS compared to control subjects (14 in case
subjects versus 2 in control subjects; p ¼ 0.0012; OR ¼
7.48 [95% CI: 1.68–33.40]) (Figures 3 and 5) whereas
hypomorphic (2 in case subjects versus 4 in control
subjects; p > 0.05) and benign (2 in cases subject versus
2 in control subjects; p > 0.05) variants showed similar
distributions in case and control subjects.
To corroborate these data, we designed a second assay at

an earlier developmental time point, grounded on the
known requirement of meis1 for the organization of the
hindbrain; in triplicate experiments, ~30% of the embryos
suppressed for meis1 developed hindbrain defects that
reproduced previously reportedmeis1 phenotypes.13 These
consisted of significant widening of rhombomere 3 and/or
5 (r3 and r5); shortening of the distance between r3 and r5;
thinning of either one of those structures; or absence of
r3 and/or r5 altogether (Figure 4). This phenotype was
rescued by coinjection with 75 pg of WT human MEIS1
mRNA (p ¼ 0.045). Assessment of six variants from our
series (three variants scored as null and three variants
scored as benign in the optic tectum assay) and blind
triplicate scoring confirmed this result: p.Ser204Thr,
p.His239Tyr (c.715C>T), and p.Arg272His were verified
as null variants and p.Ala122Val (c.365C>T), p.Ser175Asn
(c.524G>A), and p.Met366Leu (c.1096A>T) were validated
as benign (all RefSeq NM_002398.2/ENST00000272369).
By contrast, all four nonsynonymous variants exclusive

to isoform 2 scored benign in our assay. Strikingly, two
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Figure 3. Functional Assessment of Rare Nonsynonymous Variants in MEIS1 by In Vivo Complementation in Zebrafish Embryos
(A) Location and frequency of nonsynonymous MEIS1 variants examined in zebrafish. Variants found in case subjects are given above
the gene, those found in control subjects below. The short, canonical isoform 1 of MEIS1 is given in dark gray (ENST00000272369); the
additional amino acids in the longer isoform 2 in light gray (ENST00000398506).

(legend continued on next page)
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variants found to be functional nulls in the isoform 1
complementation assay (p.Ser204Thr and p.Arg272His)
were able to fully rescue the tectum size phenotype in iso-
form 2 (Figures 5 and S6), suggesting that the contribution
of rare variants to RLS is mediated specifically by reduced
activity of MEIS1 isoform 1-encoded protein.

Discussion

Previous GWASs have established the genomic locus en-
compassing MEIS1 as the most significant susceptibility
region for RLS.4,14 The most likely candidate gene in this
region is MEIS1, a TALE homeobox transcription factor
known to be involved in specifying spinal motor neuron
pool identity and connectivity24 as well as proximo-distal
limb patterning25 and expressed in forebrain neurons
and astrocytes26 during embryonic development. A com-
mon RLS-linked intronic variant in MEIS1 was also shown
to induce differential forebrain enhancer activity during
development.27 Additional studies in the context of RLS
have suggested a link betweenMEIS1 and iron metabolism
in the central nervous system.28,29

The excess of rare alleles of functional effect in RLS case
subjects compared to control subjects shown here substan-
tiates MEIS1 as the causal genetic factor underlying the
observed associations. Moreover, it implicates loss of func-
tion as the underlying mechanism, at least with regard to
rare variants. We also observed a new association with a
low-frequency variant (rs11693221) located in the 30 UTR
of the ENSEMBL-derived canonical isoform 1 of MEIS1
(ENST00000272369) that represents the largest single-
allele genetic risk factor for RLS identified to date. In the
1000 Genomes data,30 the linkage disequilibrium (LD, r2)
between rs11693221 and the most significantly associated
common variant within MEIS1 (rs12469063)4,14 is low
(r2 ¼ 0.080). In the same data set,30 rs11693221 is in
high LD (r2 > 0.8) solely with a single low-frequency
variant (rs113851554, r2 ¼ 0.83). rs113851554 is located
within a highly conserved noncoding region in intron 8
and has previously also been shown to be associated with
RLS in a Canadian case/control sample.29 Follow-up ana-
lyses are needed to fully dissect all functional effects under-
lying the MEIS1 association signal.
Nonetheless, the finding of an associated low-frequency

variant (rs11693221) in the 30 UTR of isoform 1 in
conjunction with the observed excess of rare variants in
the 50 UTR of MEIS1 in individuals with RLS implicates

the UTRs in disease pathogenesis, potentially through
regulating expression and/or mRNA stability. The excess
of rare noncoding variants in the 100 bp surrounding the
exons of nine genes associated with asthma31 and the
fact that fine-mapping studies located about 22% of 36
GWAS association signals for celiac disease to either the
50 or the 30 noncoding regions (UTRs and several kilobases
up- or downstream)32 could indicate that these regions are
indeed important in the context of complex genetic
diseases and might be overlooked by the current surge of
whole-exome sequencing studies.
The functional experiments conducted in zebrafish

allowed us to differentiate between potentially benign
and pathological sequence variation and thereby increased
both effect size and significance levels observed in burden
testing. Moreover, the identified rare nonsynonymous
MEIS1 variants, which showed an effect on optic tectum
size in zebrafish embryos, were restricted to isoform 1 of
MEIS1 (ENST00000272369). Previous studies have demon-
strated that rare variants can exhibit isoform-specific
effects on a given phenotype, such as in the case of
DNAJB6 in limb-girdle muscular dystrophy.33 Because the
pathophysiology of RLS is just beginning to be elucidated,
it will be of importance to see when and where this isoform
of MEIS1 is expressed as the temporal and spatial expres-
sion patterns of the different MEIS1 transcripts are
currently unknown. Given our observations, we speculate
that understanding the differential biological roles of
isoform 1 will help dissect the subset of MEIS1 functions
relevant to the etiopathology of RLS.
Recent studies have implicated allelic series of variants of

different frequency and effect sizes at loci identified in the
context of GWASs in complex genetic diseases. In single
cases, individual rare variants were shown to be associated
with the phenotype11,34,35 whereas in other cases it was
the collective of rare variation either within a single
gene10 or across a number of GWAS-identified loci.36,37

Our data substantiate this role of the whole of genetic
variation, from common to low-frequency to rare
variation, at a GWAS-identified locus in the genetic
architecture of a complex genetic disease. Interestingly,
the addition of synonymous variants to the burden
analyses yielded a more significant enrichment of rare
variants in many situations. Whether this is due to
increased power, fine-scale population substructure, arti-
ficial signal amplification driven by high LD between
the synonymous and the nonsynonymous or causal vari-
ants, or a true causal contribution of rare synonymous

(B) At 72 hpf, zebrafish larvae were stained as whole mounts using an antibody against acetylated tubulin and the size of the optic tecta
was measured for phenotypic read out. Control, morpholino injection, and rescue by humanWTmRNA are shown in the upper panels.
The lower panels illustrate the effects of different alleles tested.
(C) Quantification of optic tectum area in zebrafish larvae at 72 hpf (n ¼ at least 51 per genotype). Benign alleles show a significant
difference with regard to the MO injection, hypomorphic alleles a significant difference with regard to both the MO injection and
the rescue (MO plus WT) injection, and null alleles are significantly different from the rescue only. Asterisks denote significance levels
as determined by Student’s t test. Color of asterisks as follows: blue, MO versus control; green, rescue versus MO; black, allele versus MO;
red, allele versus WT rescue. Abbreviations are as follows: MO, morpholino; WT, wild-type. Error bars represent standard deviations
across all examined embryos.
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variation as was recently reported for sporadic Alzheimer
disease38 cannot be ascertained within the bounds of
this study. We also note that we were unable to establish
a single rare variant of large effect involved in RLS at
the examined loci, possibly due to a lack of power in
sight of the large amount of background rare genetic
variation and the excess of singletons known to exist in
the human genome.39–41 However, systematic functional
annotation of such singletons has improved our interpre-
tative ability and has suggested that, in addition to the
risk conferred by common and low-frequency alleles,
rare variants contribute significantly to the genetic
burden in RLS. Our data are consistent with previous ob-
servations wherein the rarer a genetic variant, the more
likely it is to harbor a functional effect42 and extends
these to a disease context. It is particularly notable that,
subsequent to functional tagging of alleles, we observed
association with RLS only for functionally null variants,

but not for hypomorphs, potentially intimating a
threshold effect on total MEIS1 function necessary to
drive pathology. Nonetheless, although our positive and
negative controls for the in vivo complementation assay
support previously reported high specificity and sensi-
tivity for the approach,43 and despite the fact that
we achieved full concordance of allele effect tagging
by two independent in vivo complementation assays, it
will be important to validate our observations further in
an independent model system; the evaluation of the
two functionally null variants MEIS1 p.Arg272His and
p.Gln353His (c.1059G>C) (both RefSeq NM_002398.2/
ENST00000272369) found primarily or exclusively in
case subjects, located in the homeobox and transcription
activation domains, respectively, in animal models could
prove worthwhile to establish their relevance to the RLS
phenotype and to further explore the pathophysiology
of the disorder.

Figure 4. Functional Assessment of Null and Benign MEIS1 Variants by In Vivo Complementation in Zebrafish Embryos and Evalua-
tion of Hindbrain Patterning
(A–E) At 14–16 hpf, developing zebrafish embryos were evaluated for the integrity of rhombomeres 3 and 5 (r3 and r5) by in situ
hybridization with a riboprobe against krox20. Upon disruption of meis1, we observed rhombomeric defects that involved widening
of the evaluated structures (B and D) or shortening of the distance between r3 and r5 (D), as well as thinning or absence of the evaluated
structures.
(F) Quantification showing that the aberrant phenotypes were especially pronounced in themorphant embryos and embryos coinjected
with MOþnull mRNA (n R 26 embryos per genotype). Abbreviations are as follows: MO, morpholino; WT, wild-type.

92 The American Journal of Human Genetics 95, 85–95, July 3, 2014



Supplemental Data

Supplemental Data include six figures and seven tables and can be

found with this article online at http://dx.doi.org/10.1016/j.ajhg.

2014.06.005.

Acknowledgments

We are gratefully indebted to Katja Junghans, Susanne Lindhof,

JelenaGolic, Sybille Frischholz, andReginaFeldmannat the Institut

für Humangenetik, Helmholtz Zentrum München (Munich,

Germany) for their expert technical assistance inperforming Seque-

nom genotyping and Light Scanner analyses. Moreover, we thank

Rene Rezsohazy at the Université de Louvain (Louvain, Belgium)
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3.1.3 Rare variants shaping the clinical phenotype 

 

Schulte EC, Kurz A, Alexopoulos P, Hampel H, Peters A, Gieger C, Rujescu D, Diehl-
Schmid J, Winkelmann J. Excess of rare coding variants in PLD3 in late but not early-
onset Alzheimer’s disease. Hum Genome Var 2015, 2:14028. PMID: 27081517. (IF 2019: 
1.3) 
 
Schulte EC, Mollenhauer B, Zimprich A, Bereznai B, Lichtner P, Haubenberger D, Pirker 
W, Brücke T, Molnar MJ, Peters A, Gieger C, Trenkwalder C, Winkelmann J. Variants in 
eurkaryotic translation initiation factor 4G1 in sporadic Parkinson’s disease. 
Neurogenetics 2012, 13: 281-285. PMID: 22707335 (IF 2012: 3.4) 

 

Even if not causal, rare variants shape the clinical phenotype of neuropsychiatric 

disorders. This can mean that specific genes or variants only play a role in disease 

modification in specific sets of individuals. The two studies described here examined 

the contribution of rare genetic variation in two specific genes—PLD3(Cruchaga et 

al., 2014) and EIF4G1(Chartier-Harlin et al., 2011)—that had been implicated very 

recently prior to the depicted projects, in AD and PD, respectively. The two projects 

sought to both independently replicate and refine the role of rare genetic variants in 

PLD3 and EIF4G1 in disease pathogenesis. 

PLD3 had been identified as a late-onset familial AD gene in family-based 

WES(Cruchaga et al., 2014). To understand the extent to which rare variants in PLD3 

also contribute to early- and late-onset AD in Central Europe, we screened the coding 

regions plus intron/exon boundaries of PLD3 for rare variants (MAF < 5%) in 1,089 

individuals with AD, 182 individuals with frontotemporal lobar degeneration (FTLD) and 

1,456 population controls. 32 such variants were identified. Burden testing revealed an 

excess of rare variants in individuals with late- but not early-onset AD (p=0.034; $2	test; 

OR=1.46)(Schulte et al., 2015b), arguing that rare variants in PLD3 may contribute 

uniquely to late- but not early-onset AD in families as well as in sporadic cases and 

that this contribution is not population-specific. 

The second study centered around rare variants in EIF4G1 in individuals with 

PD(Schulte et al., 2012). Several such variants had been implicated in multi-incident 

families with autosomal-dominant PD by means of linkage analyses. The frequency of 

four of five previously described EIF4G1 variants plus seven rare non-synonymous 

variants identified in targeted resequencing of all 33 exons of EIF4G1 in 376 individuals 

with PD were genotyped in a total of 975 individuals with PD and 1014 KORA-AGE 
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controls. Genotyping was carried out by MALDI-TOF mass spectrometry on the 

Sequenom® platform. None of the rare variants were statistically significantly 

associated with PD. The previously reported variants were either not found in our 

sample or they were present at equal frequencies in case and control individuals 

(c.2056G > T (p.Gly686Cys)) or only in controls (c.3614G > A (p.Arg1205His)). Especially 

the latter had previously only been found in individuals with PD and reported to be 

potentially causal for PD.  

Our study was one of the first of numerous studies (e.g. (Deng et al., 2015; Huttenlocher 

et al., 2015; Lesage et al., 2012; Nichols et al., 2015; Siitonen et al., 2013; Zhao et al., 

2013)) to question the causative role of this variant and EIF4G1 as a whole with regard 

to PD. Because the EIF4G1 locus naturally holds a lot of genetic variation, much larger 

case-control samples than those included in the original study, our study, or any of the 

other replication or follow-up studies published to date will be needed to conclusively 

answer the question of a potential involvement of EIF4G1 and, along with it the 

mechanism of translation initiation, in PD. This situation places a spotlight on the need 

for high-quality replication studies in the field of genetics of neuropsychiatric disorders, 

especially when it comes to rare genetic variants. Rare genetic variants are more likely 

to be population-specific and subject to founder effects than common or 

intermediate frequency variants, making careful, independent replications and 

cautious conclusions on causality vital.  
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Excess of rare coding variants in PLD3 in late- but
not early-onset Alzheimer’s disease
Eva C Schulte1,2, Alexander Kurz3, Panagiotis Alexopoulos3, Harald Hampel4,5, Annette Peters6, Christian Gieger7, Dan Rujescu8,
Janine Diehl-Schmid3 and Juliane Winkelmann1,2,9,10,11

Recently, mutations in phospholipase D3 (PLD3) were reported in late-onset Alzheimer's disease (AD). By screening the coding
regions of PLD3 for variants in a European cohort of 1,089 AD cases, 182 individuals with frontotemporal lobar degeneration and
1,456 controls, we identified 32 variants with a minor allele frequency o5% and observed an excess of rare variants in individuals
with late- but not early-onset AD (P= 0.034, χ2-test; odds ratio = 1.46).

Human Genome Variation (2015) 2, 14028; doi:10.1038/hgv.2014.28; published online 9 January 2015

Genome-wide association studies and linkage analyses have
identified at least 25 genes associated with sporadic and familial
Alzheimer's disease (AD).1 These genes include classical genetic
factors contributing to familial, early-onset forms of AD, such as
the β-amyloid precursor protein and the presenilins (PSEN1 and
PSEN2),2–5 as well as several more recently discovered genes that
harbor common variants associated with increased risk of late-
onset AD (LOAD).6–9 Together, these genes explain ~ 61% of the
population attributable risk of AD,8,10 and novel genetic factors
continue to be revealed. Most recently, rare variants in phospho-
lipase D3 (PLD3) were implicated in late-onset familial and
sporadic AD both by family-based whole-exome sequencing and
by genotyping and gene-based resequencing.11 Here we assessed
the role of PLD3 variants in central European AD and frontotem-
poral lobar degeneration (FTLD) patients, particularly investigating
the role of PLD3 variants in early-onset AD (EOAD).
Using Idaho LightScanner high-resolution melting curve analy-

sis (Biofire Diagnostics, Inc., Salt Lake City, UT, USA), we screened
the 13 coding exons and exon–intron boundaries (±10 bp) of PLD3
in 1089 German AD case subjects (75.6 ± 18.6 years, 59.3% female,
including 139 cases with an age of onset younger than 65
(61.5 ± 5.5 years, 53.2% female)), 138 German FTLD cases
(63.7 ± 8.1 years, 42.0% female) and 1,456 general population
controls belonging to the KORA general population cohort12

(58.3 ± 12.0 years, 48.2% female) based in southern Germany.
When altered melting patterns suggested variants, Sanger
sequencing ensued to identify the underlying genetic alteration.
Gene-based burden tests (cohort allelic sum test) and single-
variant association tests were performed using χ2 analysis.
All subjects were diagnosed according to the NINCDS-ADRDA

criteria or the revised Neary et al.13 criteria as appropriate by a
senior psychiatrist specializing in dementias. Ethics review board
approval and participants’ written informed consent were
obtained before the initiation of the study.

We observed a total of 32 variants with minor allele frequency
(MAF) o5% within the coding regions ± 10 bp, including: 3 near-
splice variants, 1 deletion, 9 synonymous and 16 non-synonymous
variants and 3 newly introduced stop codons (Figure 1, Table 1).
Eight of the coding variants (27.5%) had been observed
previously.11 Notably, we found the variant most significantly
associated with the AD phenotype in the previous study,11 PLD3 p.
Val232Met (rs145999145), more frequently in controls (n= 6;
MAF= 0.20%; 55.6 ± 12.6 years; 33% older than 65 years) than in
AD patients (n= 1; MAF = 0.05%; 66 years). The single AD
individual harboring the p.Val232Met variant presented with AD
at age 64 and reported that her mother had also suffered from
dementia. Moreover, the synonymous variant (PLD3 p.Ala442Ala;
rs4819) that had been significantly associated with LOAD in the
original publication11 did not show association with the AD
phenotype in our sample in either LOAD or EOAD cases (Table 1).
However, we did identify significant associations between two
different variants in PLD3 and AD in our sample: PLD3 p.Ile364Ile
(rs51787324; Pnominal = 3.0× 10− 8; Pcorrected = 9.6× 10− 7; χ2 test;
odds ratio (OR) = 63.50 (95% confidence interval (CI): 3.85–
1,046.15)) in both the LOAD-only and combined AD sample and
PLD3 p.Asn284Ser (rs200274020; Pnominal = 5.0× 10− 6; Pcorrected =
1.6× 10− 5; χ2 test; OR = 52.66 (95% CI: 2.52–1,099.83)). To date,
these variants have only been found in individuals with either
LOAD11 or EOAD (this study).
A priori power calculation based on published variant frequen-

cies and effect sizes11 using the Purcell power calculator14

suggested that a sample size of 1,089 AD cases and an equal
number of general population controls would be sufficient to
reach 100% power to detect an excess of rare variants with a MAF
o5% under an autosomal dominant model and 36% power for
recessive effects. Accordingly, we also performed gene-based
burden tests for variants with a KORA-derived MAFo5%.
Interestingly, although we observed an excess (Figure 1,
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Supplementary Tables S1–S4) of rare variants of all classes in LOAD
(P= 0.034, χ2 test; OR = 1.46 (95% CI: 1.02–2.07)) and LOAD+EOAD
combined (P= 0.031, χ2 test; OR = 1.45 (95% CI: 1.03–2.05)), the
same was not observed for EOAD alone (P= 0.54, χ2 test; OR = 1.28
(95% CI: 0.60–2.73)). This excess of rare variants included mainly
synonymous variants (LOAD: P= 0.007, χ2 test, OR = 1.74 (95% CI:
1.15–2.62); LOAD+EOAD combined: P= 0.009, χ2 test, OR = 1.68
(95% CI: 1.13–2.52)). In the EOAD cases, however, non-
synonymous variants were encountered at a MAF= 1.1%, which
was almost twice as frequent as in either controls (MAF= 0.7%) or
LOAD (MAF= 0.5%; Figure 1, Supplementary Table S2). This result
fell short of statistical significance, possibly because of the small
number of EOAD cases (n= 139) in our sample.
Because an overlap in the genetic architecture of different

dementia syndromes as well as neurodegenerative conditions15–17

has been described, we also assessed the contributions of rare
variants in PLD3 to the genetic framework of our FTLD samples.
Rare variants in PLD3 were found at an equal or lower frequency in
FTLD case subjects relative to controls (Figure 1, Supplementary

Tables S1–S3), making a large-scale contribution of rare genetic
variants in PLD3 to the genetics of FTLD unlikely.
Both our data as well as previously published data11 point to a

significant contribution of a number of different rare synonymous
variants in PLD3 to the LOAD phenotype. This is especially
interesting in light of the fact that although over 50 human
diseases associated with synonymous mutations have been
reported to date, few examples exist with regard to neuropsy-
chiatric disorders.18 Functional assays have demonstrated that
PLD3 can directly alter β-amyloid precursor protein processing and
β-amyloid formation,11 and the apparent lack of contribution of
rare PLD3 variants in another neurodegenerative phenotype (that
is, FTLD) indirectly supports this notion. It is known that PLD3 p.
Ala442Ala is associated with lower expression of total PLD3 mRNA
as well as lower levels of exon 11-containing transcripts. Whether
a similar mechanism could be implicated in the association
between PLD3 p.Ile364Ile and, to a much lesser extent, p.Pro17Pro
remains to be elucidated. Human Splicing Finder19 predicts that
p.Ile364Ile ablates an enhancer, whereas p.Pro17Pro generates a

Figure 1. Rare coding variants in PLD3 in AD, FTLD and control subjects. (a) Schematic representation of rare coding variants identified in PLD3
in AD and FTLD case subjects (above the gene) and KORA general population controls (below the gene). Numbers in parentheses indicate
variant counts. If no number is given, variants were identified only once. (b) Aggregate minor allele frequencies (MAFs) for variants of different
classes in the different subsamples. P-values represent gene-based burden tests for rare variants in PLD3 (MAFo5%) based on variant counts
(Supplementary Table S1) and calculated using χ2 test statistics. AA, amino acids; AD, Alzheimer's disease; EOAD, EOAD, early-onset AD; FTLD,
frontotemporal lobar degeneration; NS, not significant.
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novel enhancer site. However, experimental evidence is lacking to
date. In this context, although we did not observe a similar role of
rare synonymous variants in EOAD cases, it seems noteworthy that
we identified several non-synonymous PLD3 variants in our small
EOAD sample. One could hypothesize that non-synonymous
variants with possibly larger effects might also contribute to this
comparatively more severe phenotype. However, given the dearth
of statistical significance to support this assumption, it currently
remains a hypothesis at best.
When considering the individual variants identified in our

screening and their contribution to AD genetics, an additional
caveat would have to be that association P-values and ORs appear
inflated possibly due to the small total number of variants, the
small sample sizes (for EOAD) or the possible existence of
unaccounted population substructure. Conversely, because we
used general population controls, we are unable to exclude the
possibility that some of the controls have or will develop AD, thus
underestimating the calculated effect sizes. ORs between 50 and
60 typically suggest (near) monogenic disease. However, OR
estimates for the total rare genetic variation in PLD3 and its
contribution to the AD phenotype (that is, ORs of ~ 1.5–2.0) seem
more realistic because it is likely that these variants contribute to
AD risk but are not causal by themselves.
In summary, our data corroborate the role of rare variants in

PLD3 and further highlight the significant contribution of rare
synonymous variants in this gene to the genetic architecture of
LOAD. Interestingly, the association between PLD3 and LOAD was
largely driven by variants not significantly associated with the
phenotype in the original study,11 whereas the individual variants
showing significant associations in the original study could be
replicated directly. While rare variants overall or synonymous
variants alone do not seem to play a large role in bringing about
EOAD, the role for non-synonymous PLD3 variants in EOAD
remains open to debate.

HGV DATABASE
The relevant data from this Data Report are hosted at the Human
Genome Variation Database at http://dx.doi.org/10.6084/m9.fig
share.hgv.526, http://dx.doi.org/10.6084/m9.figshare.hgv.530,
http://dx.doi.org/10.6084/m9.figshare.hgv.532, http://dx.doi.org/
10.6084/m9.figshare.hgv.534, http://dx.doi.org/10.6084/m9.fig
share.hgv.536, http://dx.doi.org/10.6084/m9.figshare.hgv.538,
http://dx.doi.org/10.6084/m9.figshare.hgv.540, http://dx.doi.org/
10.6084/m9.figshare.hgv.542, http://dx.doi.org/10.6084/m9.fig
share.hgv.544, http://dx.doi.org/10.6084/m9.figshare.hgv.546,
http://dx.doi.org/10.6084/m9.figshare.hgv.548, http://dx.doi.org/
10.6084/m9.figshare.hgv.550, http://dx.doi.org/10.6084/m9.fig
share.hgv.552, http://dx.doi.org/10.6084/m9.figshare.hgv.554,
http://dx.doi.org/10.6084/m9.figshare.hgv.556, http://dx.doi.org/
10.6084/m9.figshare.hgv.558, http://dx.doi.org/10.6084/m9.fig
share.hgv.560, http://dx.doi.org/10.6084/m9.figshare.hgv.562,
http://dx.doi.org/10.6084/m9.figshare.hgv.564, http://dx.doi.org/
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Abstract Recently, mutations in eukaryotic translation initi-
ation factor 4G1 (EIF4G1) were reported as a rare cause of
familial Parkinson’s disease (PD).We screened the 33 exons of
EIF4G1 by high-resolution melting curve analysis for variants
in our Central European cohort of 376 PD cases. Variant
frequency was assessed in a total of 975 PD cases and 1,014
general population controls. Eight novel nonsynonymous and
four synonymous variants were identified. In our cohort, novel
and previously identified nonsynonymous variants were very
rare. Although it is possible that our general population con-
trols also comprise individuals who have or could develop PD
in the future, the presence of the original mutation (EIF4G1
p.Arg1205 His) in three controls only, raises questions about
the causality of this variant with regard to PD.

Keywords Genetics . Rare variants . Parkinson’s disease .

EIF4G1

Introduction

Genome-wide association studies and linkage analyses have
identified at least 19 genes associated with idiopathic Par-
kinson`s disease (PD). Most recently, variants in eukaryotic
translation initiation factor 4G1 (EIF4G1) were implicated
in familial PD, linking dysfunctional mRNA translation
initiation to PD pathogenesis. [1] Here, we assess the role
of EIF4G1 variants in our Central European PD cohort.
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Methods

Using Idaho® melting curve analysis, we screened the 33 exons
and exon–intron boundaries of EIF4G1 in a discovery sample of
376 German PD patients (71.1±9.4 years, 31.6 % female). When
altered melting patterns suggested variants, Sanger sequencing
ensued. To assess variant frequency, we genotyped the novel as
well as four of the five variants previously described in PD
(EIF4G1 c.1505C > T (p.Ala502Val), c.2056G > T
(p.Gly686Cys), c.3490A > C (p.Ser1164Arg), and c.3614G > A
(p.Arg1205His)) [1] in 975 familial and sporadic PD cases from
Austria (n0486, 58.7±11.3 years, 35.4 % female, family history
known in n0413, 33.4 % thereof positive for PD in a first or
second degree relative), Germany (n0450, 376 of which com-
prised the discovery sample, 70.2±9.7 years, 32.2 % female,
family history known in n0105, 24.7 % thereof positive for PD
in a first or second degree relative), and Hungary (n039, 50.4±
10.8 years, 53.9% female, family history known in n039, 28.2%
thereof positive for PD in a first- or second-degree relative) and
1,014 general population controls belonging to the KORA-AGE
cohort (76.0±6.6 years, 50.1 % female) [2] by matrix-assisted
laser desorption/ionization–time-of-flight mass spectrometry on
the Sequenom platform. The KORA-AGE cohort is a follow-up
study of the initial surveys, enriched for older individuals. Indi-
viduals known to take dopaminergic medication where excluded
from the control sample. All individuals included in this study
were Caucasian. German and Austrian PD samples and KORA
controls originate from the same geographic region. The small
number of Hungarian patients either have an early age of onset or
are index patients of larger PD families and were, therefore,
genotyped as well. For technical reasons, four novel variants
could not be included in the genotyping assay. Haplotype analysis
in carriers of the original c. 3614G > A (p.Arg1205His) variant
was performed using haplotype-tagging SNPs rs4912537,
rs2178403, rs2293605, rs1879244, and rs2230571 and poly-
morphic markers D3S3609, D3S3578, and D3S3583 by Sanger
sequencing. All subjects were diagnosed according to the UK
Brain Bank criteria by a senior neurologist specializing in

movement disorders. Ethics review board approval and partici-
pants’ written informed consent were obtained.

Results

In addition to several common and rare synonymous variants,
we identified seven nonsynonymous variants, not previously
reported in PD, in six individuals. These include c.47C > T
(p.Pro16Leu), c.211C > T (p.Pro71Ser, rs113810947), c.953C
> T (p.Thr318Ile),c.1622T > G (p.Val541Gly), c.1648G > C
(p.Ala550Pro, rs111924994), c.2093G > C (p.Gly698Ala),
and c.2149G > C (p.Ala717Pro, rs11396765) as well as
c.1456C > T (p.Pro486Ser, rs112545306) previously reported
in two individuals suffering from PD [3] (Fig. 1). Similar to
the phenotype described [1], all individuals presented with
classic PD with an age of onset at 64.5±5.5 years and positive
response to dopaminergic therapy. Where available, family
history was negative (Table 1).

Overall, the identified variants were very rare in our popu-
lation. Four—c.47C > T (p.Pro16Leu), c.953C > T
(p.Thr318Ile), c.1622T > G (p.Val541Gly), and c.2093G > C
(p.Gly698Ala)—were validated in the PD individual in whom
they were first identified but were not found in any additional
PD subjects. Of these, c.953C > T (p.Thr318Ile), c.1622T > G
(p.Val541Gly), and c.2093G > C (p.Gly698Ala) were not
present in controls, while c.47C > T (p.Pro16Leu) was identi-
fied in three controls. Of the previously reported [1] variants,
c.1505C > T (p.Ala502Val) and c.3490A > C (p.Ser1164Arg)
were not seen in the 1989 individuals assessed. Five cases and
three controls, on the other hand, were heterozygous for
c.2056G > T (p.Gly686Cys). Surprisingly, the original muta-
tion, c.3614G > A (p.Arg1205His), which had, so far, only
been identified in PD cases [1], was only present in three
controls. In the original publication, all eight PD probands
heterozygous for c. 3614G > A (p.Arg1205His; out of 4,708
cases and 4,576 controls) shared the same minimal haplotype
[1]. Genotyping of five haplotype-tagging SNPs and three

Fig. 1 EIF4G1 sheme depicting novel and previously described [1] missense variants in individuals with PD and their relative location in relation
to known and predicted functional domains. PABP polyadenylate binding protein, eIF eukaryotic translation initiation factor
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microsatellite markers indicated that two of our three c.3614G
> A (p.Arg1205His) controls could share this minimal haplo-
type (Table 2). Seven out of the 12 variants identified in our PD
cohort were also found in the approximately 3,500 European
American exomes pertaining to the NHLBI exome sequencing
project [4] (Table 1).

Discussion

Of the newly identified variants, c.47C > T (p.Pro16Leu),
c.211C > T (p.Pro71Ser), c.953C > T (p.Thr318Ile),
c.1622T > G (p.Val541Gly), and c.2093G > C (p.Gly698Ala)
are predicted to damage protein structure, while c.1456C > T
(p.Pro486Ser) and c.2149G > C (p.Ala717Pro) are likely
functionally neutral [5, 6] (Table 1). Of these, c.2093G > C
(p.Gly698Ala) emerges as the best potentially pathogenic
candidate. Contrary to most other amino acids affected, the
glycine in position 698 is conserved in all vertebrates. The
variant, moreover, was ranked most likely to be damaging by
two prediction algorithms [5, 6] and is located in the eIF3/
eIF4A binding domain necessary for formation of the transla-
tion initiation complex (Fig. 1). However, caution is mandated
as a nearby variant (c.2056G > T (p.Gly686Cys)), previously
only found in two individuals with PD [1], was present in five
cases and three controls in our much smaller sample, suggest-
ing that population-specific effects can misconstrue frequency
assessment especially with regard to rare genetic variation.
Consequently, further assessment of the role of EIF4G1 var-
iants in PD is warranted.

Haplotype analysis in the three control subjects harboring
c. 3614G > A (p.Arg1205His) supports the idea of an ances-
tral founder mutation. Linkage analysis and segregation in the
original family [1] back pathogenicity of this variant and this
is not necessarily disparaged by the presence of the variant in

our controls. First, we used general population controls and it
is not unlikely that some of the controls may have or may
develop PD. Second, it is possible that this mutation shows
incomplete penetrance or that other protective factors exist.
However, the presence of c. 3614G >A (p.Arg1205His) in our
control cohort could also indicate that its role in PD patho-
genesis is questionable as has just now also been suggested for
the EIF4G1 p.Ala502Val variant initially also reported by
Chartier-Harlin et al. [1, 3]. Overall, the EIF4G1 locus natu-
rally holds a lot of genetic variance [1, 3]. Accordingly, much
larger case–control samples than those used in either the
original [1], a follow-up [3], or our study will be necessary
to answer this question.

Although not common, it still cannot be excluded that rare
exonic EIF4G1 variants of strong effect could play a causative
role in PD in rare cases. And their study is important as they
can provide significant clues in understanding disease mech-
anism. This idea is supported by the fact that LRRK2, which
harbors both rare and common genetic variation contributing
to PD development [7, 8], has recently also been implicated in
dysfunctional mRNA translation initiation [9].

Accession numbers

NCBI accessions NM_198241.2 and NP_937884.1 were used
to number all variants within the EIF4G1 gene and eIF4G1
protein. Functional domains were assessed using UniProtKB/
Swiss-Prot Q04637 (accessed January 24, 2012).
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3.1.4  Rare variants crossing diagnostic boundaries  
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variants in b-Amyloid precursor protein (APP) and Parkinson’s disease. Eur J Hum 
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Peters A, Gieger C, Marquardt T, Vanier MT, Latour P, Klünemann HH, Trenkwalder C, 
Diehl-Schmid J, Perneczky R, Meitinger T, Oexle K, Haslinger B, Lorenzl S, Winkelmann 
J. Niemann-Pick C disease gene mutations and age-related neurodegenerative 
disorders. PLoS One 2013,8:e82879. PMID: 24386122 (IF 2013: 3.5) 
 
 

While genetic variants of different frequencies in the same locus can contribute to a 

given phenotype as depicted above, genetic variants in the same locus may also 

contribute to (seemingly) distinct phenotypes in what is called pleiotropy.  The projects 

subsumed under this section address the role of rare variants in genes of a known role 

in one disorder in a different disorder. A significant overlap is known to exist in the 

clinical presentation of many neuropsychiatric disorders. For example, rare lysosomal 

storage disorders like Niemann-Pick C disease (NPC) can present with Parkinson 

syndromes among other neuropsychiatric features. Also, many but not all individuals 

with PD develop cognitive dysfunction during the course of disease. These 

observations prompted evaluations of the role of rare genetic variants in the NPC 

genes in multiple other neurodegenerative disorders(Zech et al., 2013) as well as the 

role of rare genetic variants in genes with an established role in dementias like 

Alzheimer’s disease (AD) or FTLD in PD(Schulte et al., 2015a).   

Both of these projects used targeted resequencing based on Idaho® LightScanner 

high-resolution melting curve analyses and Sanger sequencing to assess the role of 

novel and known rare coding variants in genes of known relevance to a different 

neuropsychiatric condition. The analyzed genes had mostly been linked to specific 

disorders by classical family studies and included genes of a known role in NPC (NPC1 

and NPC2)(Zech et al., 2013) as well as in several different kinds of dementias (APP, 

PSEN1 & PSEN2 known to be linked to AD; TDP-43, FUS, GRN & MAPT known to be linked 

to FTLD)(Schulte et al., 2015a). 
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In 563 individuals with PD, 133 individuals with FTLD, and 94 individuals with progressive 

supranuclear palsy as well as 846 general population controls, the frequencies of rare 

variants in NPC1 and NPC2 were not distributed differently. Six PD individuals (1.1%) 

and seven control subjects (0.8%) carried known disease-associated NPC1 or NPC2 

mutations while none such variants were found in either individuals with FTLD or with 

PSP. None of the subjects with rare, disease-associated NPC1 or NPC2 variants were 

homozygous or compound heterozygous for these variants. Since NPC is an 

autosomal-recessive disorder, this also means that in none of the individuals with PD, 

FTLD, or PSP, an NPC diagnosis had been missed(Zech et al., 2013).  

In the second study, “dementia genes”, APP, PSEN1, PSEN2, TDP-43, FUS, GRN, and 

MAPT, were screened for rare variants in a discovery sample of 188 individuals with PD 

and dementia and 188 individuals with PD without dementia as well as 376 population 

controls belonging to the KORA cohort. Using Sequenom® MALDI-TOF, 25 out of 27 

identified variants with MAF < 5% were subsequently genotyped in 975 individuals with 

PD (without information on additional dementia symptomes), 93 individuals with Lewy 

body disease, 613 individuals with AD, 182 individuals with FTLD, and 1014 general 

population controls. PD individuals with dementia had significantly more rare variants 

across all seven “dementia genes” than PD individuals without dementia (10.11% of 

individuals vs. 4.26%; p=0.0027; $2 test). Further, rare variants in APP were also more 

common across all PD individuals when compared to either individuals with AD or 

controls.  When additional controls from public databases were added, one rare 

variant in APP (c.1795G>A (p.Glu599Lys)) was significantly associated with the PD 

phenotype (14 out of 1068 cases versus 12 out of 5310 controls; pcorrected=9.5 x 10−6, 

$2	test) but was not found in either the PD cases or controls of an independent Spanish 

replication sample of 715 PD cases and 948 healthy controls. Rare variants in APP were 

followed-up functionally by Aβ mass spectrometry in transiently transfected HEK293 

cells. One variant (c.2125G>A (p.Gly709Ser)) shifted the Aβ spectrum from Aβ40 to 

Aβ39 and Aβ37 which is interesting in the context of the overall mechanism of APP 

variants in neurodegeneration. However, more in-depth analyses are needed to 

understand a potential causal connection to (the dementia phenotype in) PD. 

Taken together, the results of the two studies depicted above suggest that, in a 

minority of instances, rare genetic variants in genes of relevance to one 

neuropsychiatric disorder could—in a cross-disorder fashion—also contribute to the 
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overall genetic load in other neuropsychiatric conditions. However, the scale of the 

conducted studies is vastly too small to truly understand the extent of this contribution.   

Yet, the emergence of very large-scale WES studies in the field of neuropsychiatric 

disorders in recent years (e.g.(Fu, 2021b; Palmer, 2020; Satterstrom et al., 2019; Singh, 

2020)) begins to provide the consortial groundwork that is indispensable to answer the 

questions above at a more appropriate scale. The coming decade will, hopefully, 

provide a clearer picture.    
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Rare variants in β-Amyloid precursor protein (APP)
and Parkinson’s disease
Eva C Schulte1,2, Akio Fukumori3,4, Brit Mollenhauer5,6, Hyun Hor7, Thomas Arzberger8, Robert Perneczky9,10,
Alexander Kurz9, Janine Diehl-Schmid9, Michael Hüll11, Peter Lichtner2,12, Gertrud Eckstein2,
Alexander Zimprich13, Dietrich Haubenberger13, Walter Pirker13, Thomas Brücke14, Benjamin Bereznai15,
Maria J Molnar15, Oswaldo Lorenzo-Betancor16,17,18, Pau Pastor16,17,18, Annette Peters19, Christian Gieger20,
Xavier Estivill7, Thomas Meitinger2,12,21, Hans A Kretzschmar8, Claudia Trenkwalder5,6, Christian Haass3,4,21

and Juliane Winkelmann*,1,2,12,21

Many individuals with Parkinson’s disease (PD) develop cognitive deficits, and a phenotypic and molecular overlap between
neurodegenerative diseases exists. We investigated the contribution of rare variants in seven genes of known relevance to
dementias (β-amyloid precursor protein (APP), PSEN1/2, MAPT (microtubule-associated protein tau), fused in sarcoma (FUS),
granulin (GRN) and TAR DNA-binding protein 43 (TDP-43)) to PD and PD plus dementia (PD+D) in a discovery sample of 376
individuals with PD and followed by the genotyping of 25 out of the 27 identified variants with a minor allele frequency o5% in
975 individuals with PD, 93 cases with Lewy body disease on neuropathological examination, 613 individuals with Alzheimer’s
disease (AD), 182 cases with frontotemporal dementia and 1014 general population controls. Variants identified in APP were
functionally followed up by Aβ mass spectrometry in transiently transfected HEK293 cells. PD+D cases harbored more rare
variants across all the seven genes than PD individuals without dementia, and rare variants in APP were more common in PD
cases overall than in either the AD cases or controls. When additional controls from publically available databases were added,
one rare variant in APP (c.1795G4A(p.(E599K))) was significantly associated with the PD phenotype but was not found in
either the PD cases or controls of an independent replication sample. One of the identified rare variants (c.2125G4A
(p.(G709S))) shifted the Aβ spectrum from Aβ40 to Aβ39 and Aβ37. Although the precise mechanism remains to be elucidated,
our data suggest a possible role for APP in modifying the PD phenotype as well as a general contribution of genetic factors to
the development of dementia in individuals with PD.
European Journal of Human Genetics (2015) 23, 1328–1333; doi:10.1038/ejhg.2014.300; published online 21 January 2015

INTRODUCTION
Linkage analyses as well as genome-wide association and exome
sequencing studies have uncovered at least 20 genes associated with
idiopathic Parkinson’s disease (PD). Still, to date, the identified genes
only explain a small portion of the genetic burden in PD. It is likely
that genetic factors involved in bringing about a PD phenotype
comprise both genetic variants of strong effect, which alone are
causative, as well as variants of weaker effect, which contribute to
disease risk or phenotypic modification.
A significant overlap between different neurodegenerative diseases

has been described on the neuropathologic, the genetic and the
phenotypic level.1–4 Neuropathologically, the overlap is exemplified by

the coexistence of hallmark features of both Alzheimer’s disease
(AD) and PD in individuals with Lewy body disease.1 On the
genetic level, common genetic variants in microtubule-associated
protein tau (MAPT) represent risk factors for PD3,4 whereas, at
the same time, rare variants of strong effect in MAPT have long
been recognized as a cause of frontotemporal dementia (FTD).2

Phenotypically, it is known that at least 30% of individuals with
PD develop dementia5,6 and that age has been described as a major
predisposing factor for the development of cognitive impairment.7

Accordingly, we sought to assess the contribution of genetic factors
known to be involved in dementias such as AD8–11 or FTD2,12–14 to
the PD phenotype.
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METHODS
Standard protocol approvals, registrations and patient consents
Ethics review board approval was obtained at all participating institutions, with
the primary review board located at the Technische Universität München,
Munich, Germany. All the participants provided written informed consent for
participation in the study.

Participants, variant screening and genotyping
We used Idaho LightScanner (BioFire Defense, Salt Lake City, UT, USA) melting
curve analysis to screen the coding regions and exon–intron boundaries of
β-amyloid precursor protein (APP), presenilin 1 and 2 (PSEN1 and PSEN2), tau
(MAPT), TAR DNA-binding protein 43 (TDP-43), granulin (GRN) and fused in
sarcoma (FUS) in 376 individuals with PD (188 with PD without dementia, 188
with PD plus dementia as diagnosed according to the guidelines set forth by the
task force of the Movement Disorder Society15) and 376 KORA-AGE controls
(APP and MAPT only; Supplementary Figure 1). In the case of altered melting
patterns suggestive of variants, Sanger sequencing ensued.
Variants identified during the screening phase were genotyped in 975 PD

cases, 93 independent neuropathologically confirmed cases of Lewy body
disease, 613 AD, 182 FTD cases and 1014 controls using Sequenom MALDI-
TOF mass spectrometry. For technical reasons, MAPT c.1637G4A
(p.(R546H)) and PSEN2 c.211C4T (p.(R71W)) were not included. Two 3
base pair (bp) deletions in APP were assessed by fragment analysis as described
previously.16 One variant (APP c.1795G4A (p.(E599K))) that showed
significant association in the first sample was also assessed in a second
independent sample of 715 PD cases and 948 healthy controls from Spain.
Significance was judged using the χ2-test. For the genotyping experiments,
P-values were corrected using the Bonferroni method. P-values given for
burden tests represent nominal P-values. For a detailed description, see
Supplementary Figure 1.
The following transcripts and genomic sequences were used in primer

design and variant annotation: APP—NM_000484.3, NG_007376.1;
PSEN1—NM_000021.3, NG_007386.2; PSEN2—NM_000447.2, NG_007381.1;
FUS—NM_004960.3, NG_012889.2; GRN—NM_002087.2, NG_007886.1;
MAPT—NM_001123066.3, NG_007398.1; TDP-43—NM_007375.3, NG_
008734.1. Primer sequences are available upon request.

Immunohistochemistry
Cortical and midbrain sections of the individual harboring the APP
c.1795G4A (p.(E599K)) variant were stained for Aβ and alpha-synuclein.
Staining procedure and antibodies can be found in the supplement.

Cloning, transfections and analysis of Aß-spectrum
cDNA of the pCDNA3.1+APP695sw vector containing all identified APP
variants were transiently transfected into HEK293 cells and Aβ was analyzed by
mass spectrometry as depicted in the supplement in the culture medium.

RESULTS
Variant screening of ‘dementia genes’ in individuals with PD
Within the coding regions and exon–intron boundaries (±10 bp) of
APP, PSEN1, PSEN2, MAPT, FUS, TDP-43 and GRN, we identified a
total of 27 rare variants with minor allele frequency (MAF) o5% in
376 individuals with PD (n= 188; 70.4± 11.73 years, 28.4% female) or
PD+D (n= 188; 72.0± 6.1 years, 33.0% female). Interestingly, more
individuals with PD+D (10.11%) than solely PD (4.26%) harbored a
rare variant with MAF o5% in any of the seven ‘dementia genes’
(19 PD+D individuals with a variant vs 8 PD individuals with a
variant; P= 0.0027, χ2-test). Four individuals harbored the GRN
c.1297C4T (p.(R433W)) (rs63750412) variant and one GRN
c.103G4A (p.(G35R)). One novel variant in PSEN1 (c.442A4G
(p.(I148W))) within two amino acids of variants known to affect the
function as well as three previously reported variants in PSEN2
(c.185G4A (p.(R62H)) (rs58973334), c.211C4T (p.(R71W))
(rs140501902), c.389C4T (p.(S130L)) (rs63750197)) were found.

No variants were identified in either TDP-43 or FUS. Nine were also
found by the NHLBI-GO exome sequencing project.17 (Table 1) For a
detailed discussion of the phenotype of variant carriers, please refer to
the supplement. (Supplementary Table 1)
For APP and MAPT, the screening was performed in the above 376

PD cases and 376 KORA-AGE controls. In APP, 11 rare variants with
MAF o5% (seven missense, two 3-bp deletions, two nearsplice
variants) were seen. In total, 10 cases but only 4 general population
controls carried a rare APP variant. None of these variants have
previously been reported in individuals with a neurodegenerative
condition. In MAPT, we identified a total of 10 rare variants
(9 missense, 1 stop). Overall, seven cases and five controls harbored
a rare MAPT variant. (Table 1,Supplementary Table 1). Analysis by
common prediction algorithms yielded contradicting results for most
variants (Table 1), thus warranting additional frequency assessment
and functional study.

Frequency assessment in individuals with PD, AD and FTD
Frequency assessment for 25 of the 27 variants identified in the
screening phase was carried out in a sample consisting of 975 PD
patients (including the 376 used above), 613 AD patients, 182 FTD
patients, 93 neuropathologically confirmed cases of Lewy body disease
and 1014 controls (also including the 376 used above). 68.0% of the
variants were very rare with MAF o0.1% in the control sample.
When compared with controls, the APP c.1795G4A (p.(E599K))
variant was significantly more frequent in the PD phenotype than in
controls (P= 0.009, χ2-test; Supplementary Table 2) prior to correc-
tion for multiple testing. When publically available data from the
NHLBI-ESP exomes17 (APP c.1795G4A (p.(E599K)) MAF= 0.15%
in KORA and 0.11% in NHLBI-ESP exomes vs 0.66% in PD cases)
were added to the controls, the finding remained significant even after
Bonferroni correction for multiple testing (14 out of 1068 cases vs 12
out of 5310 controls; Pnominal= 3.8× 10− 7, Pcorrected= 9.5× 10− 6,
χ2-test). Exclusion of the 376 PD cases and 376 controls used in the
discovery phase of the study did not alter this finding (11 out of 692
cases vs 11 out of 4934 controls; Pnominal= 4.0× 10− 7, Pcorrected= 1.0
× 10− 5, χ2-test). However, when trying to replicate this finding in a
Spanish PD case/control sample, we did not find any APP c.1795G4A
(p.(E599K)) carriers in either cases or controls, possibly suggesting a
population-specific effect of APP c.1795G4A (p.(E599K)) in Central
Europeans. APP c.1795G4A (p.(E599K)) was the only variant
identified in the 93 Lewy body disease cases. Neuropathologically,
this case was indistinguishable from other LBD cases and showed no
obvious special pathology. Clinically, this individual had suffered from
classical, levodopa-responsive PD with an age of onset at 59 years. Her
mother had also had PD. Histology revealed both Lewy bodies in the
substantia nigra (SN) and some amyloid plaques in the frontal and
parietal cortex and the hippocampus, in line with a diagnosis of
idiopathic PD (Figure 1).
Burden tests analyzing the load of rare variants were performed for

both APP and MAPT. This revealed an excess of rare variants with
MAF o5% in APP in PD (27 individuals with a variant out of 975)
when compared with either controls alone (13 out of 1014, P= 0.018,
χ2-test), AD cases (4 out of 613, P= 0.002, χ2-test) or the combined
sample of controls, AD and FTD cases (P= 2.22× 10− 4, χ2-test). This
excess of variants with MAFo5% in APP in PD (17 individuals with a
variant out of 599) was also seen after exclusion of the ‘discovery’
samples when compared with the joined sample of controls, AD and
FTD cases (14 out of 1433, Pcorrected= 0.014, χ2-test) and to AD cases
alone (4 out of 613, Pcorrected= 0.014, χ2-test). When compared with
the controls only (9 out of 638), variants were nearly twice as frequent

Rare variants in APP in PD
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Figure 1 Location of rare variants in APP, GRN, MAPT, PSEN1, PSEN2 and histological features of an individual harboring the c.1795G4A (p.(E599K))
variant of APP. (a) Variants with MAF o5% found in PD cases are depicted above the schematic illustration of each gene, those found in controls – if the
gene was analyzed in controls – below the gene. If variants were present more than once in the discovery sample, the number of occurrences is given in
parentheses. Domain annotations were taken from Uniprot (accessed 12 December, 2012). HeP, heparin; AA, amino acids. (b) Depiction of a classical nigral
Lewy body (left, antibody: anti-alpha-synuclein KM51, 1:1000, Novocastra/NCL-ASYN, counter stain: hematoxylin–eosine) and cortical Aβ plaques (right,
antibody: 4G8, 1:2000, Signet) found in an individual with classical idiopathic PD and the APP c.1795G4A (p.(E599K)) variant. The neuropathology was in
line with a cases of Lewy body disease (Braak stage 6) with additional Alzheimer-associated alterations (Braak and Braak Stage II), cerebral amyloid
angiopathy (Thal stage 1) and beginning argyrophillic grain disease.
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(MAFPD= 1.41% vs MAFKORA= 0.71%) but this result fell short of
statistical significance (Pcorrected= 0.24, χ2-test). The frequency of rare
variants in MAPT was similar in all the groups and remained
unchanged after the omission of the initial 376 PD cases and 376
controls.

Impact of rare variants in APP on Aβ processing
Aβ spectral analysis was performed to further evaluate a potential
functional effect of the identified coding variants in APP. In all but
one, the Aβ spectrum reflected the wild-type situation. However, APP
c.2125G4A (p.(G709S)), located within the Aβ domain, shifted the
spectrum from Aβ40 as the main species to Aβ39 and – to a lesser
extent – Aβ37 (Figure 2, Supplementary Figure 2).

DISCUSSION
Screening of seven genes known to be strong genetic factors in AD or
FTD in a sample comprising both individuals with PD and PD+D
revealed a number of rare variants not previously described. Interest-
ingly, identified variants in APP were more common in PD with and
without dementia than in either controls or AD. Next, to a mere
chance occurrence, there are several possible explanations for this
finding. For one, rare variants in known dementia genes could
represent phenotype modifiers in PD. This is supported by the fact
that in the screening sample, rare variants were more frequent in the
PD+D group than in the PD group when all seven genes were
analyzed together. Also, the ‘dementia gene’ variants could contribute
to the overall ‘neurodegenerative burden’, which reflects an increased
susceptibility for neurodegenerative conditions in general. In this
scenario, an excess of genetic alterations in a specific pathway plus
additional non-genetic factors could then tip the balance toward one
neurodegenerative phenotype or the other or create phenotypes in
which features of multiple neurodegenerative diseases and symptoms
coexist. Alternatively, this could also mean that the phenotypic
spectrum of AD or FTD is broader than previously recognized and
could include PD-like aspects.
The boldest proposal would be that rare variants of strong effect in

APP or MAPT alone could cause PD. Mapt− /− mice have recently
been shown to develop not only memory deficits but also PD-specific

features such as a loss of neurons in the SN and reduced locomotion.18

Common variants in MAPT are an established risk factor for PD3,4

and the relevance of allelic series – that is, both common variants of
weak effect and rare variants of strong effect in one gene – to PD has
already be shown.4,19 Yet, in our sample, rare variants in APP, not
MAPT, were enriched in PD. However, since a physical interaction
between MAPT and APP and a role of MAPT in trafficking APP to the
cell membrane has been reported,18,20 rare variants in APP could have
a similar effect with regard to PD as MAPT variants.
One of the identified APP variants (c.2125G4A (p.(G709S))) shifts

the Aβ proteome spectrum from Aβ40 to Aβ39 and Aβ37 indicating
that it likely interferes with γ-secretase cleavage. This could possibly be
due to an alteration in the site at which APP interacts with
γ-secretases, a mechanism recently postulated for increased Aβ37
production in response to an artificial APP variant (c.2095A4G
(p.(K699E))) 10 amino acids N-terminal of our variant.21 None of the
other APP variants showed an altered Aβ spectrum. However, further
studies are necessary to exclude that these variants could affect the
structure and, accordingly, the aggregation potential of generated
Aβ as has been demonstrated for some AD-linked variants (reviewed
in Haass et al22).
Yet, from our data we cannot conclude that an Aβ-related function

is truly relevant to a potential (modifying) role in PD. Next to the
well-recognized role in amyloid production, recently several other
functions have been identified.23,24 APP has been described to serve as
a neuronal ferroxidase, which oxidizes Fe2+ and loads Fe3+ on to the
iron transport protein transferrin.24 Moreover, iron accumulates in
mice lacking App.24 As iron accumulation in the SN is a known feature
of PD,25 it would be imaginable that APP dysfunction could also
predispose to increased iron accumulation in the SN. App− /− mice
also show increased cerebral levels of dopamine and catecholamines
owing to a lack of amine catabolism via the amine oxidase function of
App.23 Increased APP expression due to APP variants potentially
related to PD could lead to cerebral dopamine deficits and a PD
phenotype. Accordingly, APP’s ferroxidase24 and amine oxidase23

activities could even more plausibly fit a potential role in PD
pathogenesis or phenotype modification and should be explored
further.
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Abstract

Niemann-Pick type C (NPC) disease is a rare autosomal-recessively inherited lysosomal storage disorder caused by mutations
in NPC1 (95%) or NPC2. Given the highly variable phenotype, diagnosis is challenging and particularly late-onset forms with
predominantly neuropsychiatric presentations are likely underdiagnosed. Pathophysiologically, genetic alterations
compromising the endosomal/lysosomal system are linked with age-related neurodegenerative disorders. We sought to
examine a possible association of rare sequence variants in NPC1 and NPC2 with Parkinson’s disease (PD), frontotemporal
lobar degeneration (FTLD) and progressive supranuclear palsy (PSP), and to genetically determine the proportion of
potentially misdiagnosed NPC patients in these neurodegenerative conditions. By means of high-resolution melting, we
screened the coding regions of NPC1 and NPC2 for rare genetic variation in a homogenous German sample of patients
clinically diagnosed with PD (n = 563), FTLD (n = 133) and PSP (n = 94), and 846 population-based controls. The frequencies
of rare sequence variants in NPC1/2 did not differ significantly between patients and controls. Disease-associated NPC1/2
mutations were found in six PD patients (1.1%) and seven control subjects (0.8%), but not in FTLD or PSP. All rare variation
was detected in the heterozygous state and no compound heterozygotes were observed. Our data do not support the
hypothesis that rare NPC1/2 variants confer susceptibility for PD, FTLD, or PSP in the German population. Misdiagnosed NPC
patients were not present in our samples. However, further assessment of NPC disease genes in age-related
neurodegeneration is warranted.
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Introduction

Niemann-Pick type C (NPC) disease (OMIM*257220 and
OMIM*607625) is a neurovisceral lysosomal storage disorder,
characterized biochemically by a lipid trafficking defect resulting
in intracellular accumulation of unesterified cholesterol and other
compounds. With incidence estimates of 1:120,000, it is a rare
condition exhibiting an autosomal-recessive mode of inheritance.
NPC is caused by homozygous or compound heterozygous
mutations of either NPC1 (95% of cases) or NPC2 [1,2]. The
diagnosis of NPC is established by a combination of genetic and
biochemical testing, which involves NPC1/2 gene sequencing and
the demonstration of impaired intracellular cholesterol transport
by filipin staining, respectively [3]. The disorder presents with an
extensive phenotypic variability, ranging from fatal neonatal
disease to chronic neurological deterioration in late adulthood.
Besides the key clinical feature vertical supranuclear gaze palsy
(VSGP), neurological symptoms encompass ataxia, early-onset
cognitive decline, psychiatric disturbances, and movement disor-
ders [1,2]. The majority of late-onset forms are diagnosed within
the second or third decade, yet there are an increasing number of
reported cases manifesting as late as 50 years or older, often
mimicking common neurologic or psychiatric illnesses such as
parkinsonian disorders or dementias [1,2,4–9]. As a result of its
broad phenotypic spectrum, NPC is thought to be significantly
under-diagnosed, which is momentous given that an orally applied
enzyme inhibitor has proven to be an effective treatment option
for slowing neurologic disease progression [1,2,10]. Recently, a
remarkable proportion of NPC cases were found in adult patients
with the concurrence of degenerative ataxia and presenile
dementia (17% of 24 patients) [11]. Furthermore, corroborating
the existence of an unrecognized pool of NPC, a multicentre study
identified three NPC patients in 250 adult individuals (1.2%)
suffering from psychosis and/or early-onset cognitive decline
combined with neurological symptoms suggestive of NPC by
NPC1/2 gene sequencing [12]. To date, the prevalence of
misdiagnosed NPC in populations with more common age-related
neurodegenerative diseases is unknown.

On the molecular side, accruing evidence suggests that the
group of lysosomal storage disorders or lysosomal dysfunction in
general is linked with age-related neurodegenerative diseases such
as Parkinson’s disease (PD), frontotemporal lobar degeneration
(FTLD), and progressive supranuclear palsy (PSP) [13–17]. Rare
mutations in the lysosomal disorder genes GBA (Gaucher disease)
and SMPD1 (Niemann-Pick types A and B disease) were shown to
represent susceptibility factors for PD [18,19], and the fundamen-
tal involvement of the lysosome in PD pathogenesis is supported
by the observation that known PD genes such as SNCA, LRRK2,
parkin, PINK1, and ATP13A2 regulate lysosome-dependent path-
ways or lysosomal activity [20]. In FTLD, a critical role of
impaired lysosomal function was pinpointed recently as
TMEM106B, a gene discovered as a FTLD risk factor in
genome-wide association studies, was found to influence lysosomal
function and morphology [21]. Moreover, major genetic forms of
FTLD such as PRGN and CHMP2B encode proteins affecting the
integrity of lysosome-dependent cellular processes [22,23]. Finally,
for the atypical parkinsonian disorder PSP, a recent genome-wide
association study highlighted susceptibility at STX6, a gene
implicated in the endosomal-lysosomal trafficking system, thus
linking the disease to the lysosome as well [24].

Herein, in view of the clinical overlap and with regard to
lysosomal dysfunction as a shared pathomechanistic feature, we
screened for rare NPC1 and NPC2 sequence variants in patients
clinically diagnosed with PD, FTLD and PSP, and a cohort of
population-based controls. We first aimed to assess whether
carriers of rare variants in NPC1 and NPC2 are at higher risk for
developing PD, FTLD, or PSP. Second, based on genetic testing,
we investigated the possibility of misdiagnosed NPC cases in the
respective populations. Our analyses did not reveal any association
between NPC1/2 gene mutations and PD, FTLD, or PSP. Also,
we could not identify any unrecognized NPC patients in our
disease cohorts.

Materials and Methods

Standard protocol approvals, registrations, and patient
consents

The study was approved by the ethics review board at the
Technische Universität München, Munich, Germany, and the
ethics review board of the Hessische Landesärztekammer in
Frankfurt, Germany. All subjects provided a written consent form
to participate in the study, which included detailed information
about the genetic mutational screening and an authorization to
publish the screening results. Subjects have been properly
instructed and have indicated that they consent to participate by
signing the appropriate informed consent paperwork. All potential
participants who declined to participate or otherwise did not
participate were eligible for treatment (if applicable) and were not
disadvantaged in any other way by not participating in the study.

Participants
The study population was composed of 563 patients diagnosed

with PD (32.9% female, 69.466.8 years), 133 patients with FTLD
(41.4% female, 63.868.2 years), 94 patients with PSP (42.6%
female, 69.766.8 years), and 846 general population controls
(47.8% female, 75.966.6 years). All patients were enrolled in one
of three German Medical Centers specializing in neurodegener-
ative disorders (Department of Neurology and Department of
Psychiatry, Klinikum rechts der Isar, Technische Universität
München, Munich, Germany; Paracelsus-Elena-Klinik, Kassel,
Germany; Department of Neurology, Klinikum der Universität
München, Ludwig-Maximilians-Universität München, Munich,
Germany). The clinical diagnoses were established according to
the consensus criteria for PD [25], FTLD [26], and PSP [27].
General population controls belong to the KORA-AGE cohort, a
subset of the original KORA survey enriched for older individuals
[28]. Individuals with known dopaminergic medication or signs of
neurodegenerative disease were excluded from the control sample.
All participants of the study were Caucasian and originated from
the same geographic region.

Variant detection
Patients’ blood samples were drawn and DNA was extracted

from peripheral blood lymphocytes using standard protocols. PCR
primers for the 25 exons and flanking intron regions of NPC1
(RefSeq NM_000271) and the five exons and flanking intron
regions of NPC2 (RefSeq NM_006432) were designed with the
ExonPrimer software (http://ihg.gsf.de). Primer sequences and
PCR conditions are summarized in Tables S1 and S2. Variant
screening was performed using IdahoH’s LightScannerTM
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high-resolution melting (HRM) curve analysis according to
standard protocols (Idaho Technology Inc., Salt Lake City, UT)
[29]. Samples with altered melting patterns were Sanger
sequenced. In addition, Sanger sequencing of the entire NPC1 or
NPC2 coding regions and flanking intron regions ensued when a
known disease-associated mutation was identified, respectively. In
our analyses, we focused on sequence variants with a minor allele
frequency (MAF),1% because NPC is known to be a rare
condition caused by mutations with a very low frequency;
synonymous substitutions were omitted since they are unlikely to
be pathogenic.

Statistical analysis
Differences in variant frequencies between cases and controls

were analyzed using Fisher’s exact test and statistical significance
levels were set at p,0.05.

In silico analysis of variants
PolyPhen2 [30], SIFT [31], and Mutation Taster [32] were

used to evaluate the functional effect of single amino acid
substitutions.

Biochemical and laboratory investigations
The filipin test was performed on fibroblasts cultured from

patient skin biopsies as previously described [33]. The slides were
examined on a Nikon Eclipse 80i epifluorescence microscope using
an UV-1A filter (excitation 365/10, DM400, BA 400) with narrow
pass. Tests to aid the diagnosis of NPC comprise measurement of
plasma chitotriosidase activity as well as assessment of certain
cholesterol oxidation products in plasma (oxysterols) [1,2].
Chitotriosidase activity was assayed using 4-methylumbelliferyl-
b-D-N,N9,N0-triacetylchitotriose as a substrate [34]. Plasma levels
of the oxysterol cholestane-3b,5a,6b-triol were quantified by gas
chromatography-mass spectrometry as previously specified
[35,36].

Results

In the present study, we identified rare sequence variants in
NPC1 and NPC2 that had been previously found in patients with
NPC and considered causative for the condition, henceforth
referred to as ‘‘disease-associated’’, as well as rare sequence
variants of unknown significance. Table 1 details all known
disease-associated variants in NPC1 and NPC2 observed in patients
with PD, FTLD, PSP, and controls. The screening revealed four
different disease-associated NPC1 missense variants (p.Asn222Ser,
p.Arg518Trp, p.Ser1004Leu, p.Pro1007Ala) in five independent
individuals with PD and one possibly disease-associated NPC2
missense variant (p.Val30Met) in an additional subject with PD, all
in the heterozygous status, giving an overall variant frequency of
1.1% among PD cases. In contrast, no disease-associated variants
were seen in the groups of FTLD and PSP patients. In the control
cohort, seven heterozygous carriers (0.8%) of six different disease-
associated NPC1 variants were detected, including one nonsense,
one small insertion and four missense mutations (p.Asn222Ser,
p.Arg348X, p.F779fsX9, p.Ser1004Leu, p.Asn1156Ser, p.Ar-
g1186His). All rare NPC1/2 sequence variants of unknown
significance, as detected in addition to known disease-associated
mutations, are listed in Table 2. These alterations comprised a
total of 16 different missense and five different tentative splicing
variants, eleven of them novel (NPC1: p.Tyr157Cys,
p.Thr477Met, p.His497Tyr, p.Ala521Pro, p.Asp611Gly,
p.Pro974Leu, p.Val1158Met, c.1655-1G.A, c.2131-1G.C,
c.3042-5C.T; NPC2: p.Pro46His); two of the variants (p.As-
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p611Gly, p.Val1158Met) were found in a single individual
diagnosed with PD as described below. There were no significant
differences in variant frequencies between patients with PD,
FTLD, PSP and controls, neither for disease-associated NPC1/2
variants alone nor for all rare variation found in the NPC1 and
NPC2 genes (all p.0.05, Table 3).

The clinical characteristics of the six PD patients that were
heterozygous for disease-associated NPC1/2 variants are shown in
Table 4. The age of disease onset ranged from 55 to 76 years, with
an average onset at 65.8 years. All patients presented typical
parkinsonian features responsive to dopaminergic agents, four
patients exhibited a marked cognitive decline with disease
progression, and two patients had a positive family history for
PD. Over the course of disease, two patients were noted to have
impaired eye movements, patient number 2 both vertical and
horizontal and patient number 4 vertical. Patient number 4
further developed psychiatric symptoms at an early disease stage
(Table 4). Sanger sequencing of the entire NPC1 or NPC2 coding
regions and flanking intron regions detected no additional rare
variants in these six individuals, respectively.

Overall, the screening disclosed no rare NPC1/2 variants either
in homozygosity or in compound heterozygosity, hence no NPC
cases were recognized by our genetic analyses. One patient
diagnosed with PD was found to carry two novel heterozygous
missense variants in NPC1 (p.Asp611Gly, p.Val1158Met), both
with consistent pathogenic prediction by three prediction pro-
grams used (SIFT, PolyPhen2, Mutation Taster; Table 2).
Segregation analysis demonstrated that the variants were not
inherited independently but resided on the same chromosome.
Thus, the patient was not compound heterozygous for the variants
and did not meet the NPC diagnostic criteria [3]. Filipin test
performed in cultured skin fibroblasts of this subject showed a
pattern resembling the ‘‘variant’’ biochemical phenotype of NPC
(Figure S1) [33]. Chitotriosidase activity and plasma oxysterol
levels were in the normal range. Clinically, the 60-year-old man
suffered from PD since the age of 55 years with markedly left-sided
bradykinesia, rigidity, and rest tremor, and an excellent response
to dopaminergic medication. There were no atypical signs for PD.
Family history was positive for neurodegenerative disorders with
his mother having been diagnosed with Alzheimer’s disease, but
negative for any movement disorders.

Table 3. NPC1/2 variant frequencies by groupa.

PD FTLD PSP Controls

No.(%) No.(%) No.(%) No.(%)

(n = 563) (n = 133) (n = 94) (n = 846)

Disease-associated variantsb 6 (1.1%) 0 0 7 (0.8%)

Fisher’s exact test p = 0.78 p = 0.6 p = 1.0 reference

all rare variantsc 18 (3.2%) 4 (3.0%) 3 (3.2%) 26 (3.1%)

Fisher’s exact test p = 0.88 p = 1.0 p = 1.0 reference

PD = Parkinson’s disease; FTLD = frontotemporal lobar degeneration;
PSP = progressive supranuclear palsy.
aAbsolute number of variant carriers, percentage of carriers within the group, p
values.
bVariants previously described as disease-causing in a NPC patient.
cAll rare (MAF,1%) variants detected in NPC1 and NPC2 (synonymous changes
omitted).
doi:10.1371/journal.pone.0082879.t003
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Discussion

We investigated the possible role of rare sequence variants in the
NPC1 and NPC2 genes, mutations in which are causative for the
lysosomal storage disorder NPC, in three age-related neurode-
generative diseases (PD, FTLD, PSP). Dysfunction of the
lysosomal degrading system has been implied in a variety of
neurodegenerative processes and lysosomal storage disorders in
particular have been strongly linked to parkinsonism [13–17,20].
Mutations in the GBA gene, which encodes the lysosomal enzyme
deficient in Gaucher disease, are one of the commonest risk factors
for PD, which was primarily shown in Ashkenazi Jewish
individuals and subsequently in a number of other populations
worldwide [37–41]. More recently, a founder mutation in SMPD1,
the gene for Niemann-Pick types A and B disease (acid
sphingomyelinase deficiencies), was recognized as a novel suscep-
tibility factor for PD in the Ashkenazi Jewish population [19]. The
same study failed to prove association between PD and founder
mutations in the lysosomal enzyme genes HEXA (Tay-Sachs
disease) and MCOLN1 (mucolipidosis type IV) [19]. Now, our
analyses generated evidence that mutations in the lysosomal
storage disorder genes NPC1 and NPC2 are not associated with PD
in a homogeneous sample of European descent. The proportion of
PD patients positive for disease-associated NPC1/2 variants (1.1%)
was relatively low when compared to GBA mutation frequencies
reported in non-Jewish PD cohorts (4–7%) [18,42]. Moreover,
rare variants in NPC1/2 appear not to be associated with FTLD
and PSP in the German population. Notably, there are limitations
to the present study. First, the study was powered at 80% to detect
a significant association of rare NPC1/2 variants with PD when
modeling odds ratios $2.08 (significance level of 0.05, cumulative
MAF of rare variants in the present study ,1.6%). The sample
size was not large enough to judge modest or small effects of rare
NPC1/2 variants on PD risk. Taking this further, for an association
with FTLD or PSP odds ratios should have been $3.86 (power of
80%), considering that these patient cohorts were relatively small.
Second, our control sample was composed of individuals from the
general population without signs of neurodegenerative diseases or
taking dopaminergic drugs. Nonetheless, there might be potential
risks for PD, FTLD, and PSP later in life and these could have
confounded our observations. The carrier frequency for disease-
associated NPC1 variants among control subjects (0.8%) is in line
with the predicted frequency of 0.6% given a disease incidence of
1:120,000. Third, as we used HRM for variant detection and did
not perform Sanger sequencing of the entire NPC1/2 coding
region, the frequencies of NPC1/2 variants could be underesti-
mated across all samples. However, this effect was likely to be
small since previous investigations applying HRM yielded a
diagnostic sensitivity of 100% for heterozygous variants and 93%
for homozygous variants [29,43]. Ultimately, different results may
be obtained by using more specific inclusion criteria for patients
like an early disease onset or a positive family history, or by
conducting the study in geographically and ethnically different
populations.

Albeit the lack of a genetic association in this study, it cannot be
fully excluded that heterozygous pathogenic variants in NPC1 and
NPC2 represent a component of risk for age-related neurodegen-
erative disorders or might play a role in certain subsets of such
patients. In two of six PD patients (33%) heterozygous for disease-
associated NPC1/2 variants impaired vertical gaze was found on
clinical examination, an atypical sign for PD and the key feature of
NPC, and one of these patients developed concomitant psychiatric
symptoms early in the disease course. Findings from animal
models highlight that heterozygous NPC1 mutations affect

neuronal function and neurodegenerative disease status, particu-
larly in the context of aging [44,45]. Further, several studies
suggest the possibility of symptomatic heterozygotes in human
NPC: Josephs et al. proposed one mutant NPC1 allele as the cause
of parkinsonian tremor in a 75-year-old patient [46]. Harzer et al.
report a NPC1 heterozygote manifesting systemic signs of NPC
during childhood [47]. And, a very recent manuscript described
three independent adult relatives of NPC patients who were
heterozygous NPC1 mutation carriers and exhibited a parkinson-
ism syndrome [48].

NPC displays an extreme clinical heterogeneity, with a large
number of possible differential diagnoses. The most common
presentation in adult-onset cases is a psychiatric illness combined
with cognitive decline and motor signs (parkinsonism in 10%), but
mild clinical pictures with predominant motor dysfunction are also
observed [5]. VSGP is a characteristic sign of NPC, but also
evident in other neurological disorders. In the present study, we
could not unveil any misdiagnosed NPC in 563 patients with PD,
133 patients with FTLD, and 94 patients with PSP by means of a
mutational screen. This negative result notwithstanding, it seems
important to note that NPC patients might be identified in adult
neurologic disease cohorts, for example when testing larger
numbers of patients or including individuals exhibiting more
exceptional clinical presentations, as recently demonstrated
[11,12]. Besides, it is possible that NPC diagnoses could have
been missed because sensitivity of HRM is not 100%, and there
was no exploration of large deletions or deep intronic mutations,
which were shown to be rarely responsible for NPC [49,50]
[Latour and Vanier, unpublished data]. Our study detected an
individual with PD who carried two novel NPC1 missense variants
(p.Asp611Gly, p.Val1158Met) but was found not to be a
compound heterozygote on segregation analysis. Notably, this
case emphasizes the crucial need to check for independent
allele segregation when establishing the diagnosis of NPC by
gene sequencing. Biochemical characterization of the two novel
variants by filipin staining revealed that at least one or the
combination of the two variants is functionally relevant to the
NPC1 protein since mild abnormalities resembling the ‘‘vari-
ant’’ biochemical phenotype were observed in patient skin
fibroblasts. This pattern is seen in a subset of patients with
NPC but is also well documented in heterozygote carriers of
NPC [1,33]. An effect on plasma oxysterol levels has been
described for heterozygous NPC1 mutations [35], but was not
seen in this case. Moreover, confirming the polymorphic nature
of the NPC loci, our study disclosed eight additional novel
variants in NPC1 and one novel variant in NPC2, yet their
functional significance with regard to the NPC1 and 2 proteins
remains unknown.

In conclusion, our study indicates that rare variants in the NPC1
and NPC2 genes are not associated with PD, FTLD, and PSP in
our populations and that, moreover, misdiagnosed NPC seems not
to be frequent in these entities. Further NPC mutational screenings
in larger and ethnically diverse cohorts of patients with PD and
other neurodegenerative conditions should be undertaken to
conclusively define the contribution of these lysosomal genes to the
development of age-related neurodegeneration.

Supporting Information

Figure S1 Filipin test from a PD patient carrying in cis the NPC1
variants p.Asp611Gly and p.Val1158Met. Fibroblasts cultured
from skin biopsies of a healthy control subject (negative control, A),
a classical NPC patient (positive control, B), and the PD patient
(C), after staining of unesterified cholesterol by filipin. The
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fibroblasts were maintained three days in a culture medium
supplemented with 10% lipoprotein-deficient calf serum to
maximize LDL-receptors expression. The cholesterol-starved
fibroblasts were then challenged with human purified LDLs
(50 mg/ml medium) for 24 h, and finally fixed with formalin and
stained [33]. Cells were examined by epifluorescence microscopy
(Nikon Eclipse 80i, UV-1A filter, 620 Planfluor objective,
DXM1200-C/NIS Elements imaging system). In C, the PD
patient presents 30–50% of weakly positive cells. Original
magnification 6200.
(TIF)

Table S1 Primers used for HRM and Sanger sequencing.
(DOC)

Table S2 Touchdown PCR protocol.
(DOC)
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3.2      Variants of Intermediate Frequency 
 

Schulte EC*, Kousi M*, Tan P, Schormair B, Knauf F, Lichtner P, Trenkwalder C, Högl B, 
Frauscher B, Berger K, Fietze I, Gross N, Stiasny-Kolster K, Oertel W, Bachmann C.G, 
Paulus W, Zimprich A, Peters A, Gieger C, Meitinger T, Müller-Myshok B, Katsanis N, 
Winkelmann J. Targeted Resequencing and Systematic In Vivo Functional Testing 
Identifies Rare Variants in MEIS1 as Significant Contributors to Restless Legs Syndrome. 
Am J Hum Genet 2014, 95:85-95. PMID: 24995868 (IF 2014: 10.9) 
 
During the search for rarer, non-common variants (MAF <5%; the cut-off for variants 

confidently detected by array-based methodologies like those used in GWAS at the 

time) contributing to RLS susceptibility and explaining some of the “missing 

heritability”(Schulte et al., 2014b), variants of intermediate frequency were also 

assessed if located within the exons, the bordering exon/intron boundaries or the 3’ or 

5’ untranslated regions (UTRs) of MEIS1. In a sample consisting of 3,760 individuals with 

RLS and 3,542 general population controls, an overall excess of low-frequency and 

rare variants with MAF < 5% was observed (1,383 variant counts in case subjects versus 

606 in control subjects; p=1.04 x 10-61)(Schulte et al., 2014b). This excess was primarily 

driven by a single low-frequency variant (rs11693221), located in the 3’UTR of the 

canonical isoform of MEIS1 (MAFcases=13.55%, MAFcontrols=3.58%; p=1.27x10-89; OR=4.42). 

This finding in conjunction with an enrichment of rare variants in the 5’UTR of MEIS1 

importantly implicates the UTRs in disease pathogenesis, possibly through a regulation 

of mRNA expression or stability.  

The linkage disequilibrium (LD) (r2) is low between this low-frequency variant in the 

3’UTR and the most significantly associated common variant within MEIS1(Winkelmann 

et al., 2011; Winkelmann et al., 2007) in the 1000 Genomes data(Johnson et al., 2008), 

suggesting that this signal is independent of the one that initially placed MEIS1 on the 

genetic map of RLS. Only one other low-frequency variant in a highly conserved non-

coding region in intron 8 of MEIS1 is in high linkage disequilibrium with r2>0.8, had 

previously been discussed in the context of RLS in a Canadian case/control 

sample(Xiong et al., 2009), and has since also been shown to underly the strongest 

signal in the most recent GWAS of RLS(Schormair et al., 2017). Taken together, these 

data further substantiate that several independent genetic signals of different allele 

frequencies within a single genomic locus can contribute to shaping the genetic 

landscape of common, complex neuropsychiatric disorders or, more specifically, RLS.  
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Targeted Resequencing and Systematic In Vivo
Functional Testing Identifies Rare Variants in MEIS1
as Significant Contributors to Restless Legs Syndrome
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Annette Peters,16 Christian Gieger,17 Thomas Meitinger,2,4,18 Bertram Müller-Myhsok,18,19,20

Nicholas Katsanis,3,23 and Juliane Winkelmann1,2,4,18,21,23,*

Restless legs syndrome (RLS) is a common neurologic condition characterized by nocturnal dysesthesias and an urge to move, affecting

the legs. RLS is a complex trait, for which genome-wide association studies (GWASs) have identified common susceptibility alleles of

modest (OR 1.2–1.7) risk at six genomic loci. Among these, variants inMEIS1 have emerged as the largest risk factors for RLS, suggesting

that perturbations in this transcription factor might be causally related to RLS susceptibility. To establish this causality, direction of

effect, and total genetic burden of MEIS1, we interrogated 188 case subjects and 182 control subjects for rare alleles not captured by

previous GWASs, followed by genotyping of ~3,000 case subjects and 3,000 control subjects, and concluded with systematic function-

alization of all discovered variants using a previously established in vivo model of neurogenesis. We observed a significant excess of rare

MEIS1 variants in individuals with RLS. Subsequent assessment of all nonsynonymous variants by in vivo complementation revealed an

excess of loss-of-function alleles in individuals with RLS. Strikingly, these alleles compromised the function of the canonicalMEIS1 splice

isoform but were irrelevant to an isoform known to utilize an alternative 30 sequence. Our data link MEIS1 loss of function to the etio-

pathology of RLS, highlight how combined sequencing and systematic functional annotation of rare variation at GWAS loci can detect

risk burden, and offer a plausible explanation for the specificity of phenotypic expressivity of loss-of-function alleles at a locus broadly

necessary for neurogenesis and neurodevelopment.

Introduction

Restless legs syndrome (RLS [MIM 102300]) is a common
neurologic condition with an age-dependent prevalence
of up to 10% in Europe and North America.1 It is character-
ized by an irresistible urge to move the legs accompanied
by disagreeable, often painful, sensations in the lower
limbs at night. Moving the affected legs or walking leads
to prompt but only temporary relief.1 As a consequence,
individuals suffer from persistent insomnia, leading to an
impairment of quality of life and mental health. RLS is
a highly familial trait but genetically complex, with esti-
mates of narrow-sense heredity between 54% and 69% as
derived from twin studies.2,3

Genome-wide association studies (GWASs) in large RLS
case/control samples have identified common susceptibil-

ity alleles at six loci that together explain about 7% of the
heritability.4 Among many models that can explain some
of the ‘‘missing heritability,’’5 we considered the possibility
that a collection of rare variants of strong effect, which
cannot be identified by means of GWASs,6,7 might be
a contributory factor. Although a single potentially causal
rare variant has been described in MEIS1 (MIM
601739),8,9 to date no variants of strong effect have been
established. Nonetheless, for some other complex genetic
diseases, such as diabetes or chronic inflammatory bowel
disease, rare variants have recently been identified within
known GWAS loci,10,11 supporting the concept of allelic
series in complex genetic disorders. We therefore sought
to assess the potential contribution of rare variants to
disease burden both by using standard statistical methods
and by assessing the incidence and contribution of
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functionally annotated variants relevant to MEIS1 biology
(Figure S1 available online). For this purpose, we exploited
two major resources: a well-phenotyped, ethnically homo-
geneous RLS cohort and an experimentally tractable
method to assay MEIS1 functionality grounded on previ-
ously defined in vivo observations on the roles of this
protein in neurogenesis, wherein suppression of meis1 in
zebrafish embryos led to a quantitative reduction of the
optic tectum, a major site of neurogenesis in the devel-
oping brain, and malformation of rhombomeres 3 and 5,
which represent early hindbrain structures shown previ-
ously to be defective in the absence of meis1.12,13 Our
data showed a significant enrichment of rare variants
across both MEIS1 and also all seven RLS-associated genes.
Based upon population statistics alone, only one single
low-frequency variant in the 30 UTR (rs11693221) showed
significant association with RLS. However, the combinato-
rial usage of functional annotation and statistical analyses
highlighted a major contribution of loss-of-function vari-
ants in MEIS1 and suggested that rare alleles in this locus
pose significant RLS risk to individuals.

Materials and Methods

Participants
Both case and control populations were entirely of German and

Austrian descent. In the case subjects, diagnosis was based on

the diagnostic criteria of the International RLS Study Group1 as

assessed in a personal interview conducted by an RLS expert. In

keeping with the previous GWASs,4,14 we excluded individuals

with secondary RLS due to uremia, dialysis, or anemia resulting

from iron deficiency. The presence of secondary RLS was deter-

mined by clinical interview, physical and neurological examina-

tion, blood chemistry, and nerve conduction studies whenever

deemed clinically necessary. Participants’ written informed con-

sent was obtained prior to the initiation of the study. The institu-

tional review boards of the contributing authors approved the

study. The primary review board was located in Munich at the

Bayerische Ärztekammer and Technische Universität München.

Genotyping by High-Resolution Melting Curve
Analysis
In a first step, we used Idaho LightScanner high-resolutionmelting

curve analysis (Biofire) to screen the coding regions and exon/

intron boundaries of PTPRD (MIM 601598), BC034767, TOX3

(MIM 611416), BTBD9 (MIM 611237), MEIS1, and MAP2K5

(MIM 602520) for variants. Due to the high GC content, the

coding regions 510 bp of SKOR1 (MIM 611273) could not be

subjected to LightScanner analysis and were Sanger sequenced

instead. Included in the screening were 188 German RLS-affected

case subjects and 182 general population control subjects

belonging to the KORA cohort13 based in Southern Germany.

Where possible, the 188 case subjects used were half homozygous

and half heterozygous for the published risk alleles.4,14–16 The

same set of control subjects was used for all screening experiments.

MEIS1, TOX3, and BC034767 variants identified in the 188 case

subjects have already been published.4,8 In the case of an altered

melting pattern suggestive of variants, Sanger sequencing ensued

to identify the underlying variant. The same method was used to

screen the coding regions of MEIS1 isoforms 1 and 2 510 bp as

well as the 50 and 30 UTRs in 3,760 RLS case subjects of German

and Austrian descent (62.2 5 12.8 years; 30.8% male) and 3,542

general-population control subjects (55.1 5 13.8 years; 40.1%

male) belonging to the S4 and F4 surveys of KORA.17 For the dis-

covery sample, group comparisons between case and control sub-

jects were performed in R18 for each gene and each type of variant

separately, with and without the common risk allele genotype as

covariate, using logistic regression (logreg) of the phenotype on

aggregate minor allele counts of variants of each type.19 To ac-

count for a possible bias introduced by the comparison of different

sets of risk-genotype-selected cases to a constant set of unselected

controls, we performed ameta-analysis using rmeta to evaluate the

contribution of rare coding variants across all seven genes.

Empirical p values were calculated with 1,000 permutations of

the phenotype and assessing the ratio of p values equal to or

smaller than the p value belonging to the original phenotype.

For the large-scale screening of MEIS1, both logreg of the pheno-

type on number of variants as well as sequence kernel association

tests (SKAT)20 with and withoutMadsen-Browning weights21 were

performed. Empirical p values are based on 10,000 permutations

of the phenotype, calculating the ratio of test statistics equal to

or larger than the test statistic of the original phenotype.

Genotyping by Mass Spectrometry
Genotyping was carried out on the MassARRAY system byMALDI-

TOF mass spectrometry with iPLEX Gold chemistry (Sequenom).

Primers were designed with AssayDesign v.3.1.2.2 with iPLEX

Gold default parameters. No assay could be designed for seven

variants, largely those located in the extremely GC-rich gene

SKOR1. Further, three assays failed two or more times and were,

therefore, not pursued further. Automated genotype calling was

carried out with SpectroTYPER v.3.4. Genotype clustering was

visually checked by an experienced evaluator. SNPs with a call

rate <90% were excluded. The genotyping sample consisted of

3,262 case subjects of German and Austrian descent (65.3 5

11.3 years; 29.3%male) and 2,944 general population control sub-

jects (56.1 5 13.3 years; 48.7% male) from the KORA F4 survey.17

For the most part, case and control subjects used in both geno-

typing approaches were drawn from the same samples. Both

logreg of the phenotype on number of variants as well as

SKATs20 with and without Madsen-Browning weights21 were

performed. Empirical p values are based on 200 permutations of

the phenotype, calculating the ratio of test statistics larger than

the test statistic of the original phenotype.

In Vivo Complementation in Zebrafish Embryos,
In Situ Hybridization, and Whole-Mount
Immunostaining
Splice-blocking morpholinos (MOs) against meis1 and map2k5

were designed and obtained from Gene Tools. We injected 1 nl

of diluted MO (4 ng for meis1_MO1, 3 ng for meis1_MO2, and

5 ng for map2k5) and/or RNA (75 pg for meis1, 100 pg for

map2k5) into wild-type zebrafish embryos at the 1- to 2-cell stage.

To evaluate hindbrain organization, injected embryos were raised

until the 10- to 13-somite stage, corresponding to 14 to 16 hr post-

fertilization (hpf); they were then dechorionated and fixed in 4%

paraformaldehyde (PFA) overnight. Fixed embryos were trans-

ferred to 100% methanol at !20"C for at least 2 hr and were

then processed after standard protocols22 using a digoxygenin-

labeled antisense riboprobe against krox20. For analysis of the
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optic tectum, injected embryos were fixed overnight at 72 hpf in

4% PFA and stored in 100% methanol at !20"C. For acetylated

tubulin staining, embryos were fixed in Dent’s fixative (80%

methanol, 20% DMSO) overnight at 4"C. The embryos were per-

meabilized with proteinase K followed by postfixation with 4%

PFA. PFA-fixed embryos were washed first in PBS and subsequently

in IF buffer (0.1% Tween-20, 1% BSA in PBS) for 10 min at room

temperature. The embryos were incubated in blocking buffer

(10% FBS, 1% BSA in PBS) for 1 hr at room temperature. After

two washes in IF buffer for 10 min each, embryos were incubated

in the primary antibody (anti-acetylated tubulin [T7451, mouse,

Sigma-Aldrich], 1:1,000) in blocking solution, overnight at 4"C.

After two additional washes in IF buffer for 10 min each, embryos

were incubated in the secondary antibody solution (Alexa Fluor

goat anti-mouse IgG [A21207, Invitrogen], 1:1,000) in blocking

solution, for 1 hr at room temperature.

For RNA rescue and overexpression experiments, the human

wild-type mRNAs of isoforms 1 (RefSeq accession number

NM_002398.2/ENST00000272369) and 2 (no RefSeq ID/

ENST00000381518) of MEIS1 as well as the canonical isoform of

MAP2K5 (RefSeq NM_145160.2/ENST00000178640) were cloned

into the pCS2þ vector and transcribed in vitro using the SP6 Mes-

sage Machine kit (Ambion). All variants identified in isoform 1 as

well as all additional variants only coding in isoform 2 plus two

functional null variants from isoform 1 (p.Ser204Thr [c.610T>A]

and p.Arg272His [c.815G>A]; both RefSeq NM_002398.2/

ENST00000272369) were introduced with Phusion high-

fidelity DNA polymerase (New England Biolabs) and custom-

designed primers. Additionally, a non-naturally occurring homeo-

box domain-dead variant of MEIS1 (p.Arg276Ala þ p.Asn325Ala

[c.826_827delinsGCþ c.973_974delinsGC]; RefSeqNM_002398.2/

ENST00000272369) was created. All the experiments were repeated

in triplicate and significance of the morphant phenotype was

judged with Student’s t test.

Results

Variant Screening of Seven RLS GWAS Candidate
Genes
To assess low-frequency (1% < minor allele frequency
[MAF] < 5%) coding variation at the known RLS suscep-
tibility loci encompassing PTPRD, TOX3, BTBD9,
MEIS1, MAP2K5, SKOR1, and the noncoding RNA
BC034767,4,14–16 we screened the coding regions and
exon-intron boundaries (510 bp) in 188 German individ-
uals with RLS and 182 control subjects belonging to the
KORA population cohort13 based in Southern Germany. A
total of 49 variants with MAF < 5% were identified in case
and control subjects together (Table S1). When collapsed
across all seven genes, rare and low-frequency nonsynony-
mous variants showed a trend toward being more frequent
in case than in control subjects (39 in case subjects versus 24
in control subjects; p ¼ 0.103; logreg meta-analysis; odds
ratio [OR] ¼ 1.40). Nonsynonymous and synonymous
variants combined, however, showed a stronger enrich-
ment in individuals with RLS (77 case subjects versus 46
control subjects; p ¼ 0.023, logreg meta-analysis; OR ¼
1.51). Addition of the common risk allele genotype4,14–16

into the analysis as a covariate decreased the permuted

p value (nonsynonymous only: p ¼ 0.079; all variants:
p ¼ 0.008; n ¼ 1,000 permutations), suggesting that the
enrichment of rare variants across all loci is independent
of the common risk allele genotype. However, the degree
of interdependence between common and rare variants
differed between genes (Table S2).
Within MEIS1, synonymous or nonsynonymous vari-

ants with a MAF below 5% were present in nine case
subjects but only one control subject (p ¼ 0.021) although
no marked difference in the amount of variation was
obvious in any of the other genes (Table S1). Here, the
p value increased modestly after addition of the common
risk variant (rs2300478) as covariate (p ¼ 0.080; 1,000
permutations), indicating some interdependence of rare
and common alleles at the MEIS1 locus. Variants did not
seem to cluster within specific regions of the examined
genes (Figure S2).

Genotyping of Identified Low-Frequency and Rare
Variants
To assess a possible association with the RLS phenotype,
we next genotyped 39 of the 49 identified variants in
3,262 German and Austrian RLS case subjects (65.3 5

11.3 years; 29.3% male) and 2,944 KORA control subjects
(56.1 5 13.3 years; 48.7% male). Of the 49 variants,
10 could not be included for technical reasons (see
Material and Methods section above). Although variants
(either altogether or only nonsynonymous ones) with
MAF < 5% and MAF < 1% were not significantly enriched
in RLS, we observed a distinct excess of very rare variants
with a KORA-derived MAF < 0.1% (total: 57 case versus
16 control subjects, p ¼ 4.99 3 10!4, OR ¼ 2.50; non-
synonymous only: 23 case versus 5 control subjects, p ¼
0.0019; OR ¼ 3.92; logreg; Figure 1).
We then went on to assess whether more sophisticated

tests used to analyze rare variant associations of bidirec-
tional effects (SKAT)20 and differing allele frequency
(SKAT with Madsen-Browning weights)21 would change
the association signal. However, although frequency-
weighted results were still superior to unweighted results
in most cases, overall SKAT analysis led to an increase in
association p values both for the joined analysis across all
loci as well as for MEIS1 alone (Table S2).
We next asked whether this signal is distributed across

all seven tested genes, or whether a specific subset of tested
loci cause the apparent enrichment of rare nonsynony-
mous variation in individuals with RLS. A significant asso-
ciation with RLS was observed forMEIS1; the aggregate risk
conferred by the variants showed a large increase as we
transitioned from rare (MAF < 1%) to very rare (MAF <

0.1%) (Figure 1). More specifically, rare variants with
MAF < 1% (total: 116 case subjects versus 67 control sub-
jects, p ¼ 0.0064, OR ¼ 1.51; nonsynonymous only: 39
versus 14, p ¼ 0.0024, OR ¼ 2.46) and MAF < 0.1%
(both total and nonsynonymous only: 9 versus 1: p ¼
0.014; OR ¼ 8.14; Figure 1) were seen more fre-
quently in cases than in controls. SKAT (all: p ¼ 0.049;
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nonsynonymous only: p ¼ 0.009) and Madsen-Browning-
weighted SKAT (all: p ¼ 0.019; nonsynonymous only: p ¼
0.029; 10,000 permutations each) substantiated this
finding (Table S2). No low-frequency coding variants
with MAF between 1% and 5% were found within the
coding regions of MEIS1.
After exclusion of MEIS1, logreg (all variants: p ¼ 0.009;

nonsynoymous only: p ¼ 0.024; 2,000 permutations) for
variants with MAF < 0.1% and SKAT using Madsen-
Browning weights (all variants: p ¼ 0.019; nonsynony-
mous only: p ¼ 0.019; 100 permutations) showed a
nominally significant enrichment across all other six
genes. In PTPRD alone, rare variants of all classes were
also encountered more frequently in individuals with
RLS (all variants withMAF< 0.1%: p¼ 9.993 10!4, logreg;
all variants: p¼ 0.029, SKATwith MB) whereas this enrich-
ment was not observed for nonsynonymous variants
only. Of note, several individual rare variants in MEIS1
(p.Arg272His [c.815G>A] and p.Met453Thr [c.1359T>C]
[ENST00000381518]), TOX3 (p.Ala233Ala [c.699T>C];
RefSeq NM_001080430.2/ENST00000219746), and PTPRD
(c.551!4C>G and p.Pro278Pro [c.834T>G]; both RefSeq
NM_002839.3/ENST00000381196) were associated nomi-
nally with RLS in the large case/control sample; however,
associations did not withstand correction for multiple
testing (Table S1).

Assessment of Rare Variation in MEIS1
The excess of low-frequency and rare variants at RLS-
associated GWAS loci was most pronounced for MEIS1.
Therefore, we sought to expand our analysis to a
more comprehensive investigation of genetic variation
with regard to frequency and location within MEIS1 by
screening the coding regions 510 bp as well as the 50

and 30 UTRs for variants with MAF < 5% in 3,760 German

Figure 1. Excess of Rare Coding Variants
at RLS-Associated GWAS Loci
Frequency assessment of 39 low-frequency
and rare variants identified in the coding
sequences of seven genes associated with
RLS4,14–16 in 3,262 case subject and 2,944
control subjects revealed an excess of
both overall (A) and nonsynonymous (B)
variants with MAF < 0.1% across all exam-
ined loci. The same held true for the overall
(C) and nonsynonymous (D) variants at
the MEIS1 locus.

and Austrian RLS case subjects
(62.2 5 12.8 years; 30.8% male) and
3,542 KORA control subjects (55.1 5

13.8 years; 40.1% male). We iden-
tified a total of 75 such variants
(Tables S3 and S4); 28 of these lie in
either the canonical isoform 1
(ENST00000272369) or a longer iso-
form 2 (ENST00000398506) of MEIS1
that encodes an alternate start site

and an alternate C terminus. All synonymous and
nonsynonymous variants identified in the initial
screening of 188 case subjects and 182 control subjects
were observed again.
Overall, we observed an excess of variants with MAF <

5% across all examined regions of MEIS1 (1,383 variant
counts in case subjects versus 606 in control subjects,
p ¼ 1.04 3 10!61; not permuted), which was driven
primarily by a low-frequency variant, rs11693221, in the
30 UTR (MAFcases ¼ 13.55%, MAFcontrols ¼ 3.58%; p ¼
1.27 3 10!89; OR ¼ 4.42 [95% CI: 3.83–5.11]; not
permuted; Figure 2, Tables S3 and S4). After exclusion of
this variant, the remainder of individuals with low-
frequency and rare variants across all regions of MEIS1
was similar in case and control subjects (432 versus 396;
p ¼ 0.68). However, stratification of variants according
to their localization showed an excess of rare variants
with MAF < 5% in the 50 UTR (16 case subjects versus 2
control subjects; logreg: p ¼ 0.001, OR ¼ 7.56; SKAT:
p ¼ 0.01; SKAT with MB: p ¼ 0.006) and among nonsyn-
onymous variants in isoform 2 (34 case subjects versus
15 control subjects; logreg: p ¼ 0.007, OR ¼ 2.31;
SKAT: p ¼ 0.004; SKAT with MB: p ¼ 0.0005) (Figure 2,
Table S3).

Functional Analysis of Rare Nonsynonymous Variants
in MEIS1 by In Vivo Complementation in Zebrafish
Embryos
Resequencing of any locus is certain to reveal rare variants
in both case and control subjects which, bereft of a means
of preselecting for variants relevant to protein function,
can dampen or extinguish bona fide association signals.
We, therefore, considered a paradigm grounded on prior
knowledge of MEIS1 to test whether each of the rare
discovered variants in our study have an effect on function
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and to then use this information to assess the burden of
deleterious genetic lesions in our case/control RLS study.
During zebrafish development, suppression of meis1 has
been shown to impact neurogenesis, a phenotype captured
prominently by the quantitative reduction of the size of
the optic tectum 72 hpf12 as well as the disruption of hind-
brain patterning at 14 hpf.13 We first tested the ability of
human MEIS1 mRNA to rescue the optic tectum size
phenotype and to thus establish a baseline assay for the
evaluation of the identified nonsynonymous variants. To
this end, we designed two independent MOs that target
different exon-intron splice junctions of the endogenous
zebrafish meis1. Both MOs gave rise to the same pheno-
type, bolstering our confidence in the specificity of the
assay: we observed a reduction of the size of the optic
tectum by ~30%when injecting 4 ng ofmeis1_MO1 target-
ing exon-intron boundary 2, and by ~20% when injecting
3 ng of a previously characterized MO (meis1_MO2)
against the acceptor site of exon 223 (Figures S3 and S4).
In both cases, the phenotype was rescued significantly
and reproducibly (p < 0.0001; performed in triplicate,
scored blind to injection cocktail) by coinjection with 75
pg of human capped MEIS1 mRNA (Figures S3 and S4).
The optic tectum phenotype could be rescued by either
the canonical MEIS1 isoform or by an isoform utilizing
an alternative 30 terminus. By contrast, injection of
the ‘‘domain-dead’’ human mRNA (MEIS1_DD) bearing
two variants engineered to ablate DNA binding ability
(p.Arg276AlaþAsn325Ala) was indistinguishable from
MO alone (p < 0.68). As a test of the relevance of the
phenotype to RLS, MO suppression of map2k5, another
GWAS-associated RLS gene, yielded a similar phenotype
with regard to the size of the optic tectum, which was
also specific as it could be rescued by coinjection with
human MAP2K5 mRNA (Figure S5).
Given these data, we proceeded to perform in vivo

complementation assays on all 13 nonsynonymous
coding variants identified in isoform 1, as well as in the 4
nonsynonymous variants that lie in the unique sequence
of isoform 2 (Figure 3, Table S4), wherein human mRNA

Figure 2. Variant Screening of the Cod-
ing Regions and UTRs of MEIS1 in 3,760
Individuals with RLS and 3,542 KORA
Control Subjects
Stratification according to variant localiza-
tion shows an excess of rare variants in
both the 50 UTR and among nonsynony-
mous coding variants. Low-frequency and
rare variants in the 30 UTR were also more
frequent in case subject than in control
subjects. No difference was observed in
the number of individuals carrying synon-
ymous coding or (near-) splice variants.

bearing one test variant was coin-
jected with MO and compared to the
rescue ability of WT mRNA (n ¼ at
least 51 embryos tested per injection,

Figure 3 and Tables S5 and S6). We classified variants
as benign (rescue indistinguishable from WT), hypo-
morphs (mutant rescue significantly worse than WT but
better than MO alone), or functionally null (indistinguish-
able from MO alone). Among the 13 variants of isoform 1,
we identified three benign, four hypomorphic, and six null
variants (Figures 3 and 4). Overexpression of MEIS1 WT
mRNA or mRNAs harboring each of the 13 variants had
no effect on optic tectum size (Figure S6).
Layering these data over the incidence and distribution

of these variants in our case/control data set, we found a
significant excess of functionally null variants in individ-
uals with RLS compared to control subjects (14 in case
subjects versus 2 in control subjects; p ¼ 0.0012; OR ¼
7.48 [95% CI: 1.68–33.40]) (Figures 3 and 5) whereas
hypomorphic (2 in case subjects versus 4 in control
subjects; p > 0.05) and benign (2 in cases subject versus
2 in control subjects; p > 0.05) variants showed similar
distributions in case and control subjects.
To corroborate these data, we designed a second assay at

an earlier developmental time point, grounded on the
known requirement of meis1 for the organization of the
hindbrain; in triplicate experiments, ~30% of the embryos
suppressed for meis1 developed hindbrain defects that
reproduced previously reportedmeis1 phenotypes.13 These
consisted of significant widening of rhombomere 3 and/or
5 (r3 and r5); shortening of the distance between r3 and r5;
thinning of either one of those structures; or absence of
r3 and/or r5 altogether (Figure 4). This phenotype was
rescued by coinjection with 75 pg of WT human MEIS1
mRNA (p ¼ 0.045). Assessment of six variants from our
series (three variants scored as null and three variants
scored as benign in the optic tectum assay) and blind
triplicate scoring confirmed this result: p.Ser204Thr,
p.His239Tyr (c.715C>T), and p.Arg272His were verified
as null variants and p.Ala122Val (c.365C>T), p.Ser175Asn
(c.524G>A), and p.Met366Leu (c.1096A>T) were validated
as benign (all RefSeq NM_002398.2/ENST00000272369).
By contrast, all four nonsynonymous variants exclusive

to isoform 2 scored benign in our assay. Strikingly, two
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Figure 3. Functional Assessment of Rare Nonsynonymous Variants in MEIS1 by In Vivo Complementation in Zebrafish Embryos
(A) Location and frequency of nonsynonymous MEIS1 variants examined in zebrafish. Variants found in case subjects are given above
the gene, those found in control subjects below. The short, canonical isoform 1 of MEIS1 is given in dark gray (ENST00000272369); the
additional amino acids in the longer isoform 2 in light gray (ENST00000398506).

(legend continued on next page)

90 The American Journal of Human Genetics 95, 85–95, July 3, 2014



variants found to be functional nulls in the isoform 1
complementation assay (p.Ser204Thr and p.Arg272His)
were able to fully rescue the tectum size phenotype in iso-
form 2 (Figures 5 and S6), suggesting that the contribution
of rare variants to RLS is mediated specifically by reduced
activity of MEIS1 isoform 1-encoded protein.

Discussion

Previous GWASs have established the genomic locus en-
compassing MEIS1 as the most significant susceptibility
region for RLS.4,14 The most likely candidate gene in this
region is MEIS1, a TALE homeobox transcription factor
known to be involved in specifying spinal motor neuron
pool identity and connectivity24 as well as proximo-distal
limb patterning25 and expressed in forebrain neurons
and astrocytes26 during embryonic development. A com-
mon RLS-linked intronic variant in MEIS1 was also shown
to induce differential forebrain enhancer activity during
development.27 Additional studies in the context of RLS
have suggested a link betweenMEIS1 and iron metabolism
in the central nervous system.28,29

The excess of rare alleles of functional effect in RLS case
subjects compared to control subjects shown here substan-
tiates MEIS1 as the causal genetic factor underlying the
observed associations. Moreover, it implicates loss of func-
tion as the underlying mechanism, at least with regard to
rare variants. We also observed a new association with a
low-frequency variant (rs11693221) located in the 30 UTR
of the ENSEMBL-derived canonical isoform 1 of MEIS1
(ENST00000272369) that represents the largest single-
allele genetic risk factor for RLS identified to date. In the
1000 Genomes data,30 the linkage disequilibrium (LD, r2)
between rs11693221 and the most significantly associated
common variant within MEIS1 (rs12469063)4,14 is low
(r2 ¼ 0.080). In the same data set,30 rs11693221 is in
high LD (r2 > 0.8) solely with a single low-frequency
variant (rs113851554, r2 ¼ 0.83). rs113851554 is located
within a highly conserved noncoding region in intron 8
and has previously also been shown to be associated with
RLS in a Canadian case/control sample.29 Follow-up ana-
lyses are needed to fully dissect all functional effects under-
lying the MEIS1 association signal.
Nonetheless, the finding of an associated low-frequency

variant (rs11693221) in the 30 UTR of isoform 1 in
conjunction with the observed excess of rare variants in
the 50 UTR of MEIS1 in individuals with RLS implicates

the UTRs in disease pathogenesis, potentially through
regulating expression and/or mRNA stability. The excess
of rare noncoding variants in the 100 bp surrounding the
exons of nine genes associated with asthma31 and the
fact that fine-mapping studies located about 22% of 36
GWAS association signals for celiac disease to either the
50 or the 30 noncoding regions (UTRs and several kilobases
up- or downstream)32 could indicate that these regions are
indeed important in the context of complex genetic
diseases and might be overlooked by the current surge of
whole-exome sequencing studies.
The functional experiments conducted in zebrafish

allowed us to differentiate between potentially benign
and pathological sequence variation and thereby increased
both effect size and significance levels observed in burden
testing. Moreover, the identified rare nonsynonymous
MEIS1 variants, which showed an effect on optic tectum
size in zebrafish embryos, were restricted to isoform 1 of
MEIS1 (ENST00000272369). Previous studies have demon-
strated that rare variants can exhibit isoform-specific
effects on a given phenotype, such as in the case of
DNAJB6 in limb-girdle muscular dystrophy.33 Because the
pathophysiology of RLS is just beginning to be elucidated,
it will be of importance to see when and where this isoform
of MEIS1 is expressed as the temporal and spatial expres-
sion patterns of the different MEIS1 transcripts are
currently unknown. Given our observations, we speculate
that understanding the differential biological roles of
isoform 1 will help dissect the subset of MEIS1 functions
relevant to the etiopathology of RLS.
Recent studies have implicated allelic series of variants of

different frequency and effect sizes at loci identified in the
context of GWASs in complex genetic diseases. In single
cases, individual rare variants were shown to be associated
with the phenotype11,34,35 whereas in other cases it was
the collective of rare variation either within a single
gene10 or across a number of GWAS-identified loci.36,37

Our data substantiate this role of the whole of genetic
variation, from common to low-frequency to rare
variation, at a GWAS-identified locus in the genetic
architecture of a complex genetic disease. Interestingly,
the addition of synonymous variants to the burden
analyses yielded a more significant enrichment of rare
variants in many situations. Whether this is due to
increased power, fine-scale population substructure, arti-
ficial signal amplification driven by high LD between
the synonymous and the nonsynonymous or causal vari-
ants, or a true causal contribution of rare synonymous

(B) At 72 hpf, zebrafish larvae were stained as whole mounts using an antibody against acetylated tubulin and the size of the optic tecta
was measured for phenotypic read out. Control, morpholino injection, and rescue by humanWTmRNA are shown in the upper panels.
The lower panels illustrate the effects of different alleles tested.
(C) Quantification of optic tectum area in zebrafish larvae at 72 hpf (n ¼ at least 51 per genotype). Benign alleles show a significant
difference with regard to the MO injection, hypomorphic alleles a significant difference with regard to both the MO injection and
the rescue (MO plus WT) injection, and null alleles are significantly different from the rescue only. Asterisks denote significance levels
as determined by Student’s t test. Color of asterisks as follows: blue, MO versus control; green, rescue versus MO; black, allele versus MO;
red, allele versus WT rescue. Abbreviations are as follows: MO, morpholino; WT, wild-type. Error bars represent standard deviations
across all examined embryos.
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variation as was recently reported for sporadic Alzheimer
disease38 cannot be ascertained within the bounds of
this study. We also note that we were unable to establish
a single rare variant of large effect involved in RLS at
the examined loci, possibly due to a lack of power in
sight of the large amount of background rare genetic
variation and the excess of singletons known to exist in
the human genome.39–41 However, systematic functional
annotation of such singletons has improved our interpre-
tative ability and has suggested that, in addition to the
risk conferred by common and low-frequency alleles,
rare variants contribute significantly to the genetic
burden in RLS. Our data are consistent with previous ob-
servations wherein the rarer a genetic variant, the more
likely it is to harbor a functional effect42 and extends
these to a disease context. It is particularly notable that,
subsequent to functional tagging of alleles, we observed
association with RLS only for functionally null variants,

but not for hypomorphs, potentially intimating a
threshold effect on total MEIS1 function necessary to
drive pathology. Nonetheless, although our positive and
negative controls for the in vivo complementation assay
support previously reported high specificity and sensi-
tivity for the approach,43 and despite the fact that
we achieved full concordance of allele effect tagging
by two independent in vivo complementation assays, it
will be important to validate our observations further in
an independent model system; the evaluation of the
two functionally null variants MEIS1 p.Arg272His and
p.Gln353His (c.1059G>C) (both RefSeq NM_002398.2/
ENST00000272369) found primarily or exclusively in
case subjects, located in the homeobox and transcription
activation domains, respectively, in animal models could
prove worthwhile to establish their relevance to the RLS
phenotype and to further explore the pathophysiology
of the disorder.

Figure 4. Functional Assessment of Null and Benign MEIS1 Variants by In Vivo Complementation in Zebrafish Embryos and Evalua-
tion of Hindbrain Patterning
(A–E) At 14–16 hpf, developing zebrafish embryos were evaluated for the integrity of rhombomeres 3 and 5 (r3 and r5) by in situ
hybridization with a riboprobe against krox20. Upon disruption of meis1, we observed rhombomeric defects that involved widening
of the evaluated structures (B and D) or shortening of the distance between r3 and r5 (D), as well as thinning or absence of the evaluated
structures.
(F) Quantification showing that the aberrant phenotypes were especially pronounced in themorphant embryos and embryos coinjected
with MOþnull mRNA (n R 26 embryos per genotype). Abbreviations are as follows: MO, morpholino; WT, wild-type.
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B., Berger, K., et al. (2011). Genome-wide association study

identifies novel restless legs syndrome susceptibility loci on

2p14 and 16q12.1. PLoS Genet. 7, e1002171.

5. Maher, B. (2008). Personal genomes: The case of the missing

heritability. Nature 456, 18–21.

6. Gibson, G. (2011). Rare and common variants: twenty

arguments. Nat. Rev. Genet. 13, 135–145.

7. Manolio, T.A., Collins, F.S., Cox, N.J., Goldstein, D.B.,

Hindorff, L.A., Hunter, D.J., McCarthy, M.I., Ramos, E.M.,

Cardon, L.R., Chakravarti, A., et al. (2009). Finding the

missing heritability of complex diseases. Nature 461, 747–753.

8. Schulte, E.C., Knauf, F., Kemlink, D., Schormair, B., Lichtner,

P., Gieger, C., Meitinger, T., and Winkelmann, J. (2011).

Figure 5. Functional Annotation of Rare,
Nonsynonymous Variants in Isoforms 1
and 2 of MEIS1 According to the
Effect on Optic Tectum Size in Zebrafish
Embryos
When tested inMEIS1 isoform 1, an excess
of rare null alleles was present among indi-
viduals with RLS. When tested in isoform
2, none of the variants show a functional
effect, suggesting an isoform specificity
with regard to a potential involvement in
RLS. Numbers in parentheses behind
variants indicate the total variant count
in either case subjects or control subjects.
If no number is given, the variant is a
singleton.

The American Journal of Human Genetics 95, 85–95, July 3, 2014 93

http://dx.doi.org/10.1016/j.ajhg.2014.06.005
http://dx.doi.org/10.1016/j.ajhg.2014.06.005
http://browser.1000genomes.org
http://cran.r-project.org/web/packages/rmeta/index.html
http://cran.r-project.org/web/packages/rmeta/index.html
http://www.ncbi.nlm.nih.gov/projects/SNP/
http://evs.gs.washington.edu/EVS/
http://www.omim.org/
http://www.omim.org/
http://www.ncbi.nlm.nih.gov/RefSeq


Variant screening of the coding regions of MEIS1 in patients

with restless legs syndrome. Neurology 76, 1106–1108.
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Common genetic risk factors for neuropsychiatric disorders identified by GWAS 

provide the backbone of the genetic architecture of most common neuropsychiatric 

disorders. And GWAS have been instrumental in identifying the broad biological 

underpinnings of neuropsychiatric disorders ranging from RLS to MDD, sometimes for 

the first time ever (e.g.(Winkelmann et al., 2007)). Yet, although extremely high 

polygenicity with contributions of hundreds, thousands, or tens of thousands of 

common variants of very small effect on the phenotype has been firmly established 

for many common, complex psychiatric disorders, here, too the conundrum that the 

currently known associated common variants only account for a minor portion of the 

heritability prevails, leaving a large portion of the heritability still “missing”. For 

example, the most recent appraisals estimate that when taken together, all known 

common genetic risk factors for BPD only account for approximately 4.57 % of the 

phenotypic variance(Mullins et al., 2021). Beyond an inflection point specific to each 

disorder or trait, there is a linear relationship between the number of case and control 

individuals included in a GWAS and the number of novel loci that are discovered 

(Kendall et al., 2021).  

Accordingly, continuing efforts to increase the size of well-phenotyped study samples, 

most prominently by the Psychiatric Genomics Consortium (PGC), are important to 

complete the picture of the contribution of common genetic variants to the genetic 

architecture of neuropsychiatric traits. Three such large international consortial efforts 

are presented here. For three neuropsychiatric disorders—MDD, BPD, and RLS—, 

GWAS identified a total of 60 novel genomic loci(Mullins et al., 2021; Winkelmann et 

al., 2011; Wray et al., 2018). The number of cases and controls included in the studies 

ranged from 4,857 (RLS) all the way up to 135,458 (MDD) cases and 7,380 (RLS) to 

371,549 (BPD) controls. The GWAS also added important knowledge to our 

understanding of the biological basis of these disorders: RLS was established as a 

disorder with an important neurodevelopmental component(Winkelmann et al., 

2011), surprising for a disorder with a clear age-dependent prevalence(Schulte, 2015); 

MDD loci highlighted a role of neurons—not microglia or astrocytes—in the prefrontal 

as well as the cingulate cortex as well as a cross-diagnostic genetic architecture(Wray 

et al., 2018); and synaptic signaling as well as neurons of the prefrontal cortex and the 

hippocampus emerged as important biological determinants of BPD(Mullins et al., 

2021). 
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It is interesting to note that while all disorders in question are clearly common, complex 

genetic disorders, very different sizes of GWAS yield different numbers of associated 

genetic loci. For RLS, for example, the first loci of genome-wide significance were 

found in a case-control samples of 401 cases and 1644 controls(Winkelmann et al., 

2007). For MDD, on the other hand, it took 5,303 cases and 5,337 controls and almost 

a decade longer to identify the first genome-wide significant loci(Converge, 2015). 

Similarly, BPD is a highly polygenic disorder with more than 8,600 variants estimated to 

contribute to its genetic makeup(Mullins et al., 2021). Yet, when compared to a 

schizophrenia (SCZ) GWAS of similar size(Pardinas et al., 2018), fewer genome-wide 

significant loci were identified for BPD(Mullins et al., 2021). There are many possible 

explanations for this phenomenon ranging from clinical heterogeneity all the way to 

different genetic architectures with different contributions from variants of different 

classifications (e.g. structural variants like CNVs versus non-structural variants like SNVs, 

different frequencies, or different ORs).  
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Abstract

Restless legs syndrome (RLS) is a sensorimotor disorder with an age-dependent prevalence of up to 10% in the general
population above 65 years of age. Affected individuals suffer from uncomfortable sensations and an urge to move in the
lower limbs that occurs mainly in resting situations during the evening or at night. Moving the legs or walking leads to an
improvement of symptoms. Concomitantly, patients report sleep disturbances with consequences such as reduced daytime
functioning. We conducted a genome-wide association study (GWA) for RLS in 922 cases and 1,526 controls (using 301,406
SNPs) followed by a replication of 76 candidate SNPs in 3,935 cases and 5,754 controls, all of European ancestry. Herein, we
identified six RLS susceptibility loci of genome-wide significance, two of them novel: an intergenic region on chromosome
2p14 (rs6747972, P = 9.03 6 10211, OR = 1.23) and a locus on 16q12.1 (rs3104767, P = 9.4 6 10219, OR = 1.35) in a linkage
disequilibrium block of 140 kb containing the 59-end of TOX3 and the adjacent non-coding RNA BC034767.
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had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: winkelmann@lrz.tu-muenchen.de

. These authors contributed equally to this work.

Introduction

Restless legs syndrome (RLS) is a common neurological disorder
with a prevalence of up to 10 %, which increases with age [1]. Affected
individuals suffer from an urge to move due to uncomfortable
sensations in the lower limbs present in the evening or at night. The
symptoms occur during rest and relaxation, with walking or moving
the extremity leading to prompt relief. Consequently, initiation and
maintenance of sleep become defective [1]. RLS has been associated
with iron deficiency, and is pharmacologically responsive to dopami-
nergic substitution. Increased cardiovascular events, depression, and
anxiety count among the known co-morbidities [1].

Genome-wide association studies (GWAs) identified genetic risk
factors within MEIS1, BTBD9, PTPRD, and a locus encompassing
MAP2K5 and SKOR1 [2–4]. To identify additional RLS suscep-
tibility loci, we undertook an enlarged GWA in a German case-
control population, followed by replication in independent case-
control samples originating from Europe, the United States of
America, and Canada. In doing so, we identified six RLS
susceptibility loci with genome-wide significance in the joint
analysis, two of them novel: an intergenic region on chromosome
2p14 and a locus on 16q12.1 in close proximity to TOX3 and the
adjacent non-coding RNA BC034767.

Results/Discussion

We enlarged our previously reported [2,4] GWA sample to 954
German RLS cases and 1,814 German population-based controls
from the KORA-S3/F3 survey and genotyped them on Affymetrix
5.0 (cases) and 6.0 (controls) arrays. To correct for population
stratification, as a first step, we performed a multidimensional
scaling (MDS) analysis, leading to the exclusion of 18 controls as
outliers. In a second step, we conducted a variance components
analysis to identify any residual substructure in the remaining
samples, resulting in an inflation factor l of 1.025 (Figures S1 and
S2). The first four axes of variation from the MDS analysis were
included as covariates in the association analysis of the genome-
wide stage and all P-values were corrected for the observed l.

Prior to statistical analysis, genotyping data was subjected to
extensive quality control. We excluded a total of 302 DNA samples
due to a genotyping call rate ,98 %. For individual SNP quality

control, we adopted a stringent protocol in order to account for
the complexity of an analysis combining 5.0 and 6.0 arrays. We
excluded SNPs with a minor allele frequency (MAF) ,5%, a
callrate ,98%, or a significant deviation from Hardy-Weinberg
Equilibrium (HWE) in controls (P,0.00001). In addition, we
dropped SNPs likely to be false-positive associations due to
differential clustering between 5.0 and 6.0 arrays by adding a
second set of cases of an unrelated phenotype and discarding SNPs
showing association in this setup (see Materials and Methods).
Finally, we tested 301,406 SNPs for association in 922 cases and
1,526 controls. Based on a threshold level of a nominal l-corrected
PGWA,10-4, a total of 47 SNPs distributed over 26 loci were
selected for follow-up in the replication study (Figure 1, Table S1).

We genotyped these 47 SNPs together with 29 adjacent SNPs in
strong linkage disequilibrium (LD, r2 = 0.5–0.9) using the Sequenom
iPLEX platform in seven case-control populations of European
descent, comprising a total of 3,935 cases and 5,754 controls. Eleven
SNPs with a call rate ,95%, MAF,5%, and P,0.00001 for deviation
from HWE in controls as well as 432 samples with a genotyping call
rate ,90% were excluded. A set of 47 SNPs, genotyped in 186 samples
on both platforms (Affymetrix and Sequenom), was used to calculate an
average concordance rate of 99.24 %.

The combined analysis of all replication samples confirmed the
known four susceptibility loci and, in addition, identified two novel
association signals on chromosomes 2p14 and 16q12.1 (Table 1).
To address possible population stratification within the combined
replication sample, we performed a fixed-effects meta-analysis. For
four of the replication case-control populations, we included l
inflation factors which were available from a genomic controls
experiment in a previous study in these populations [4]. These
were used to correct the estimates for the standard error. Joint
analysis of GWA and all replication samples showed genome-wide
significance for these two novel loci as well as for the known RLS
loci in MEIS1, BTBD9, PTPRD, and MAP2K5/SKOR1 with a
nominal l -corrected PJOINT ,561028 (Table 1). Depending on
the variable power to detect the effects, the separate analyses of
individual subsamples in the replication either confirmed the
association after correction for multiple testing or yielded
nominally significant results (Tables S2 and S3). The differing
relevance of the risk loci in the individual samples is illustrated in
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forest plots (Figure 2). There was no evidence of epistasis between
any of the six risk loci (PBonferroni .0.45).

The association signal on 2p14 (rs6747972: nominal l-corrected
PJOINT = 9.03610211, odds ratio (OR) = 1.23) is located in an LD
block of 120 kb within an intergenic region 1.3 Mb downstream of
MEIS1 (Figure 3). Assuming a long-range regulatory function of
the SNP-containing region, in silico analysis for clusters of highly

conserved non-coding elements using the ANCORA browser
(http://ancora.genereg.net) identified MEIS1 as well as ETAA1 as
potential target genes [5,6].

The second locus on chromosome 16q12.1 (rs3104767: nominal
l-corrected PJOINT = 9.4610219, OR = 1.35) is located within an
LD block of 140 kb (Figure 3), which contains the 59UTR of
TOX3 (synonyms TNRC9 and CAGF9) and the non-coding RNA
BC034767 (synonym LOC643714). TOX3 is a member of the high
mobility box group family of non-histone chromatin proteins
which interacts with CREB and CBP and plays a critical role in
mediating calcium-dependent transcription in neurons [7]. GWAs
have identified susceptibility variants for breast cancer in the
identical region [8]. The best-associated breast cancer SNP,
rs3803662, is in low LD (r2,0.1, HapMap CEU data) with
rs3104767, but showed association to RLS (l-corrected nominal
PGWA = 7.2961027). However, logistic regression analysis condi-
tioned on rs3104767 demonstrated that this association is
dependent on rs3104767 (rs3803662: PGWA/conditioned = 0.2883).

BC034767 is represented in GenBank by two identical mRNA
transcripts, BC034767 and BC029912. According to the gene
model information of the UCSC and Ensembl genome browsers
(http://genome.ucsc.edu and http://www.ensembl.org/index.
html), these mRNAs are predicted to be non-coding. Additional
in silico analysis using the Coding Potential Calculator (http://cpc.
cbi.pku.edu.cn) supported this by attributing only a weak coding
potential to this RNA, suggesting a regulatory function instead [9].
We also searched for rare alleles with strong effects and performed
a mutation screening by sequencing all coding and non-coding

Figure 1. Manhattan plot of the GWA. Association results of the GWA stage. The x-axis represents genomic position along the 22 autosomes and
the x-chromosome, the y-axis shows -log10(P) for each SNP assayed. SNPs with a nominal l-corrected P,1024 are highlighted as circles.
doi:10.1371/journal.pgen.1002171.g001

Author Summary

Restless legs syndrome (RLS) is one of the most common
neurological disorders. Patients with RLS suffer from an urge to
move the legs and unpleasant sensations located mostly deep
in the calf. Symptoms mainly occur in resting situations in the
evening or at night. As a consequence, initiation and
maintenance of sleep become defective. Here, we performed
a genome-wide association study to identify common genetic
variants increasing the risk for disease. The genome-wide
phase included 922 cases and 1,526 controls, and candidate
SNPs were replicated in 3,935 cases and 5,754 controls, all of
European ancestry. We identified two new RLS–associated loci:
an intergenic region on chromosome 2p14 and a locus on
16q12.1 in a linkage disequilibrium block containing the 59-
end of TOX3 and the adjacent non-coding RNA BC034767.
TOX3 has been implicated in the development of breast
cancer. The physiologic role of TOX3 and BC034767 in the
central nervous system and a possible involvement of these
two genes in RLS pathogenesis remain to be established.
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exons of TOX3 and BC034767 in 188 German RLS cases (Table
S4). In TOX3, a total of nine variants not listed in dbSNP (Build
130) were found, three of which are non-synonymous. Only one of
these is also annotated in the 1000 Genomes project (November
2010 data release). Three additional new variants were located in
putative exons 1 and 2 of BC034767. Analysis of the frequency of
these variants as well as all known non-synonymous, frameshift,
and splice-site coding SNPs in TOX3 in a subset of one of the
replication samples (726 cases and 735 controls from the GER1
sample) did not reveal any association to RLS. For a power of
.80%, however, variants with an OR above 4.5 and a MAF
$0.01 would be required. For even lower MAFs, ORs $10 would
be necessary for sufficient power. Furthermore, the described
CAG repeat within exon 7 of TOX3 was not polymorphic as
shown by fragment analysis in 100 population-based controls.

According to publicly available expression data (http://genome.
ucsc.edu), in humans, BC034767 is expressed in the testes only,
while TOX3 expression has been shown in the salivary glands, the
trachea, and in the CNS. Detailed in-depth real time PCR
profiling of TOX3 showed high expression levels in the frontal and
occipital cortex, the cerebellum, and the retina [10]. To assess a
putative eQTL function of rs6747972 or rs3104767, we studied
the SNP-genotype-dependent expression of TOX3 and BC034767
as well as of genes known to directly interact with TOX3 (CREB-1/
CREBBP/CITED1) and potential target genes of long-range
regulatory elements at the locus on chromosome 2 (MEIS1/
ETAA1) in RNA expression microarray data from peripheral
blood in 323 general population controls [11]. No differential
genotype-dependent expression variation was found.

To assess the potential for genetic risk prediction, we split our
GWA sample in a training and a test set and determined classifiers
for case-control status in the training set to predict case-control
status in the test set. Training and test set were independent of
each other – not only with respect to included individuals but also
with respect to the genotyping procedure as we used genotypes
generated on different genotyping platforms. As training set, we

used those cases of the current GWA which had been genotyped
on 500K arrays in a previous GWA and the corresponding control
set [2], in total, 326 cases and 1,498 controls. The test set
comprised 583 cases and 1,526 controls, genotyped on 5.0/6.0
arrays as part of the current study. Prior to the analysis, we
removed the six known risk loci and performed LD-pruning to
limit the analysis to SNPs not in LD with each other. In the end, a
total of 76,532 SNPs were included in the pruned dataset. We
conducted logistic regression with age and sex as covariates. Based
on these association results, the sum score of SNPs showing the
most significant effects (i.e. the number of risk alleles over all SNPs)
weighted by the ln(OR) of these effects was chosen as predictor
variable in the test set. We then varied the P-value threshold for
SNPs included in the sum score. For a P-value ,0.6, we observed
a maximum area under the curve (AUC) of 63.9% and an
explained genetic variance of 6.6% (Nagelkerke’s R), values
comparable to estimates obtained for other complex diseases such
as breast cancer or diabetes (Table S5) [12–14]. Inclusion of the six
known risk loci in this analysis resulted in a maximum AUC of
64.2% and an explained genetic variance of 6.8%.

Additionally, we performed risk prediction in the combined
GWA and replication sample including only the six established
RLS risk loci. For this purpose, we used the weighted risk allele
score resulting in ORs of up to 8.6 (95% CI: 2.46–46.25) and an
AUC of 65.1% (Figures S3 and S4).

By increasing the size of our discovery sample, we have
identified two new RLS susceptibility loci. The top six loci show
effect sizes between 1.22 and 1.77 and risk allele frequencies
between 19 and 82%, and reveal genes in neuronal transcription
pathways not previously suspected to be involved in the disorder.

Materials and Methods

Study population and phenotype assessment
Ethics statement. Written informed consent was obtained

from each participant in the respective language. The study has

Table 1. Association results of GWA and joint analysis of GWA and replication.

Chr Locus LD block (Mb) SNP Position (bp)
Risk
allele

Risk allele
frequency
cases/controls PGWA PREPLICATION PJOINT

Odds ratio
(95% CI)

Known risk loci (1 SNP per locus)

2 MEIS1 66.57–66.64 rs2300478 66634957 G 0.35/0.24 7.77610216 4.39610235 3.40610249 1.68 (1.57–1.81)

6 BTBD9 37.82–38.79 rs9357271 38473851 T 0.82/0.76 6.7461027 2.01610216 7.75610222 1.47 (1.35–1.47)

9 PTPRD 8.80–8.88 rs1975197 8836955 A 0.19/0.16 4.9461025 1.0761026 3.49610210 1.29 (1.19–1.40)

15 MAP2K5/
SKOR1

65.25–65.94 rs12593813 65823906 G 0.75/0.68 1.4961026 1.54610217 1.37610222 1.41 (1.32–1.52)

New genome-wide significant loci (PJOINT , 5.261028)

2 intergenic
region

67.88–68.00 rs6747972 67923729 A 0.47/0.44 1.3761026 3.7361026 9.03610211 1.23 (1.16–1.31)

rs2116050 67926267 G 0.49/0.47 7.8461026 4.8561026 4.83610210 1.22 (1.15–1.30)

16 TOX3/
BC034767

51.07–51.21 rs3104767 51182239 G 0.65/0.58 7.3861027 2.16610213 9.40610219 1.35 (1.27–1.43)

rs3104788 51196004 T 0.65/0.58 1.1961026 2.42610213 1.63610218 1.33 (1.25–1.43)

RLS-associated SNPs with genome-wide significance. PGWA, l-corrected nominal P-value of GWA stage. PREPLICATION, nominal P-value obtained from meta-analysis of the
replication stage samples. PJOINT, nominal P-value of the joint meta-analysis of GWA and replication stage, l-corrected in samples where l-values were available.
Nominal P-values in GWA were calculated using logistic regression with sex, age, and the first four components from the MDS analysis of the IBS matrix as covariates.
For nominal PREPLICATION and PJOINT -values, a fixed-effects inverse-variance meta-analysis was performed. Risk allele frequencies and odds ratios were calculated in the
joint sample. LD blocks were defined by D’ using Haploview 4.2 based on HapMap CEU population data from HapMap release #27. CI, 95% confidence interval.
Genome positions refer to the Human March 2006 (hg18) assembly.
doi:10.1371/journal.pgen.1002171.t001
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been approved by the institutional review boards of the
contributing authors. The primary review board was located in
Munich, Bayerische Ärztekammer and Technische Universität
München.

RLS patients (GWA and replication phase). A total of
2,944 cases (GWA = 954, replication = 1,990) of European
descent were recruited in two cycles via specialized outpatient
clinics for RLS. German and Austrian cases for the GWA (GWA)
and the replication sample (GER1) were recruited in Munich,
Marburg, Kassel, Göttingen, Berlin (Germany, n in GWA = 830, n
in GER1 = 1,028), Vienna, and Innsbruck (Austria, n in
GWA = 124, n in GER1 = 288). The additional replication
samples originated from Prag (Czech Republic (CZ), n = 351),
Montpellier (France (FR), n = 182), and Turku (Finland (FIN),
n = 141). In all patients, diagnosis was based upon the diagnostic
criteria of the International RLS Study Group [1] as assessed in a
personal interview conducted by an RLS expert. A positive family
history was based on the report of at least one additional family
member affected by RLS. We excluded patients with secondary
RLS due to uremia, dialysis, or anemia due to iron deficiency. The
presence of secondary RLS was determined by clinical interview,
physical and neurological examination, blood chemistry, and
nerve conduction studies whenever deemed clinically necessary.

In addition, 1,104 participants (GER2) of the ‘‘Course of RLS
(COR-) Study’’, a prospective cohort study on the natural course
of disease in members of the German RLS patient organizations,
were included as an additional replication sample. After providing
informed consent, study participants sent their blood for DNA
extraction to the Institute of Human Genetics, Munich, Germany.
A limited validation of the RLS diagnosis among the majority of
members was achieved through a diagnostic questionnaire. Five
percent had also received a standardized physical examination and
interview in one of the specialized RLS centers in Germany prior
to recruitment. To avoid doublets, we checked these subjects
against those recruited through other German RLS centers and
excluded samples with identical birth date and sex.

556 cases (US) were recruited in the United States at
Departments of Neurology at Universities in Baltimore, Miami,
Houston, and Palo Alto. Diagnosis of RLS was made as mentioned
above.

285 cases (CA) were recruited and diagnosed as above in
Montréal, Canada. All subjects were exclusively of French-
Canadian ancestry as defined by having four grandparents of
French-Canadian origin.

Detailed demographic data of all samples are provided in Table
S6.

Control populations (GWA and replication phase). Controls
for German and Austrian cases were of European descent and
recruited from the KORA S3/F3 and S4 surveys, general population-
based controls from southern Germany. KORA procedures and
samples have been described [15]. For the GWA phase, we included
1,814 subjects from S3/F3, and, for the replication stage, 1,471
subjects from S4.

For replication of the GER2 sample, we used controls from the
Dortmund Health Study (DHS), a population-based survey
conducted in the city of Dortmund with the aim of determining
the prevalence of chronic diseases and their risk factors in the
general population. Sampling for the study was done randomly

from the city’s population register stratified by five-year age group
and gender [16]. 597 subjects selected at random from the Czech
blood and bone marrow donor registry served as Czech controls
[17]. French controls included 768 parents of multiple sclerosis
patients recruited from the French Group of Multiple Sclerosis
Genetics Study (REFGENSEP) [18]. Finnish controls comprised
360 participants of the National FINRISK Study, a cross-sectional
population survey on coronary risk factors collected every five
years. The current study contains individuals recruited in 2002.
Detailed description of the FINRISK cohorts can be found at
www.nationalbiobanks.fi.

French-Canadian controls were 285 unrelated individuals
recruited at the same hospital as the cases.

1,200 participants of the Wisconsin Sleep Cohort (WSC), an
ongoing longitudinal study on the causes, consequences, and
natural course of disease of sleep disorders, functioned as US
controls [19].

None of the controls were phenotyped for RLS. All studies were
approved by the institutional review boards in Germany, Austria,
Czech Republic, France, Finland, the US, and Canada. Written
informed consent was obtained from each participant. Detailed
demographic data of all samples are provided in Table S6.

Genotyping
GWA. Genotyping was performed on Affymetrix Genome-

Wide Human SNP Arrays 5.0 (cases) and 6.0 (controls) following
the manufacturer’s protocol. The case sample included 628 cases
from previous GWAs [2,4] and 326 new cases. After genotype-
calling using the BRLMM-P clustering algorithm [20], a total of
475,976 overlapping SNPs on both Affymetrix arrays were
subjected to quality control. We added 655 cases of a different
phenotype unrelated to RLS, genotyped on 5.0 arrays, to the
analysis and excluded those SNPs which showed a significant
difference of allele frequencies in cases (RLS and unrelated
phenotype on 5.0) and controls (6.0) (n = 92). Thereby, we filtered
out SNPs likely to be false-positive associations. We excluded SNPs
with a minor allele frequency (MAF) ,5% (n = 88,582), a callrate
,98% (n = 65,906) or a significant deviation from Hardy-
Weinberg Equilibrium (HWE) in controls (P,0.00001)
(n = 20,060). Cluster plots of the GWA genotyping data for the
best-associated SNPs in Table 1 are shown in Figure S5.
Genotypes of these SNPs are available in Table S7.

Replication. We selected all SNPs with a l-corrected
Pnominal,1024 in the GWA for replication. These SNPs
clustered in 26 loci (defined as the best associated SNP 6150 kb
of flanking sequence). We genotyped a total of three SNPs in each
of the 26 regions. These were either further associated
neighbouring SNPs with a l-corrected Pnominal,1023 or, in case
of singleton SNPs, additional neighbouring SNPs from HapMap
with the highest possible r2 (at least .0.5) with the best-associated
SNP. We also genotyped the best-associated SNPs identified in the
previous GWAs [2,4].

Genotyping was performed on the MassARRAY system using
MALDI-TOF mass spectrometry with the iPLEX Gold chemistry
(Sequenom Inc, San Diego, CA, USA). Primers were designed using
AssayDesign 3.1.2.2 with iPLEX Gold default parameters. Automat-
ed genotype calling was done with SpectroTYPER 3.4. Genotype
clustering was visually checked by an experienced evaluator.

Figure 2. Forest plots of the RLS risk loci (1 SNP per locus). OR and corresponding confidence interval for the GWA sample, all individual
replication samples, the combined replication sample as well as the combined GWA and replication sample are depicted. ORs are indicated by
squares with the size of the square corresponding to the sample size for the individual populations. (A) rs2300478 in MEIS1; (B) rs9357271 in BTBD9;
(C) rs1975197 in PTPRD; (D) rs12593813 in MAP2K5/SKOR1; (E) rs6747972 in intergenic region on chromosome 2; (F) rs3104767 in TOX3/BC034767.
doi:10.1371/journal.pgen.1002171.g002
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Figure 3. New genome-wide significant RLS loci. a) Risk locus on chromosome 2p14, showing the best-associated SNP rs6747972 and 6200 kb
of surrounding sequence. b) Risk locus on chromosome 16p21, showing the best-associated SNP rs3104767 and 6200 kb of surrounding sequence.
The left-hand x-axis shows the negative log10 of the nominal l-corrected P-values of the GWA stage for all SNPs genotyped in the respective region.
The right-hand x-axis shows the recombination frequency in cM/Mb. The y-axis shows the genomic position in Mb based on the hg18 assembly. The
r2-based LD between SNPs is colour-coded, ranging from red (r2.0.8) to dark blue (r2,0.2) and uses the best-associated SNP as reference. This SNP is
depicted as a violet diamond. Recombination frequency and r2 values are calculated from the HapMap II (release 22) CEU population. Plots were
generated with LocusZoom 1.1 (http://csg.sph.umich.edu/locuszoom/).
doi:10.1371/journal.pgen.1002171.g003
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SNPs with a call rate,95%, MAF,5%, and P,0.00001 for
deviations from HWE in controls were excluded. DNA samples
with a call rate,90% were also excluded.

Population stratification analysis
GWA. To identify and correct for population stratification, we

performed an MDS analysis as implemented in PLINK 1.07
(http://pngu.mgh.harvard.edu/,purcell/plink, [21]) on the IBS
matrix of our discovery sample. After excluding outliers by plotting
the main axes of variation against each other, we performed
logistic regression with age, sex, and the values of the MDS
components as covariates. Using the Genomic Control approach
[22], we obtained an inflation factor l of 1.11.

Additionally, we performed a variance components analysis
using the EMMAX software (http://genetics.cs.ucla.edu/emmax,
[23]) and, again, calculated the inflation factor with Genomic
Control, now resulting in a l of 1.025. EMMAX uses a mixed
linear model and does not only correct for population stratification
but also for hidden relatedness. We, therefore, decided to base
correction for population substructure on the EMMAX results.

Replication. Correction for population stratification was
performed for the German, Czech, and the Canadian
subsamples. The l-values of 1.1032, 1.2286, and 1.2637 were
derived from a previous Genomic Control experiment within the
same samples using 176 intergenic or intronic SNPs [4]. Here, we
had applied the expanded Genomic Control method GCF
developed by Devlin and Roeder [24]. In the meta-analysis of
all replication samples, the l-corrected standard errors were
included for the German, Czech, and Canadian samples. For the
other replication samples from France, Finland, and the USA, no
such data was available and, therefore, no correction factor was
included in the analysis.

Statistical analysis
Statistical analysis was performed using PLINK 1.07 (http://

pngu.mgh.harvard.edu/,purcell/plink, [21]). In the GWA sam-
ple, we applied logistic regression with age, sex, and the first four
axes of variation resulting from an MDS analysis as covariates.

P-values were l-corrected with the l of 1.025 from the EMMAX
analysis. In the individual analysis of the single replication samples,
we tested for association using logistic regression and correcting for
gender and age as well as for population stratification where possible
(see Population Stratification). Each replication sample was
Bonferroni-corrected using the number of SNPs which passed
quality control for the respective sample.

For the combined analysis of all replication samples, we
performed a fixed-effects inverse-variance meta-analysis. Where
available, we used l-corrected standard errors in this analysis.
Bonferroni-correction was performed for 74 SNPs, i.e. the number of
SNPs which passed quality control in at least one replication sample.

For the joint analysis of the GWA and the replication samples,
we also used a fixed-effects inverse-variance meta-analysis and
again included l-corrected values as far as possible. For the
conditioned analysis, the SNP to be conditioned on was included
as an additional covariate in the logistic regression analysis as
implemented in PLINK.

Interaction analysis was performed using the –epistasis option in
PLINK. Significance was determined via Bonferroni-correction
(i.e. 0.05/28, as 28 SNP combinations were tested for interaction).

Power calculation
Power calculation was performed using the CaTS power

calculator [25] using a prevalence set of 0.08 and an additive
genetic model (Table S3). The significance level was set at 0.05/74

for replication stage analysis and at 0.05/301,406 for genome-
wide significance in the joint analysis of GWA and replication. For
the rare variants association study, the significance level was set at
0.05/12.

Mutation screening of TOX3 and BC034767
All coding and non-coding exons including adjacent splice sites

of TOX3 (reference sequence NM_001146188) and BC034767
(reference sequence IMAGE 5172237) were screened for muta-
tions in 188 German RLS cases.

Mutation screening was performed with high resolution melting
curve analysis using the LightScanner technology and standard
protocols (IDAHO Technology Inc.). DNAs were analyzed in
doublets. Samples with aberrant melting pattern were sequenced
using BigDyeTerminator chemistry 3.1 (ABI) on an ABI 3730
sequencer. Sequence analysis was performed with the Staden
package [26]. Primers were designed using ExonPrimer (http://
ihg.gsf.de) or Primer3plus (www.bioinformatics.nl/cgi-bin/pri-
mer3plus/primer3plus.cgi). All identified variants were then
genotyped in 735 RLS cases and 735 controls of the general
population (KORA cohort) on the MassARRAY system, as
described above.

In addition, fragment analysis of exon 7 of TOX3 was performed
to screen for polymorphic CAG trinucleotide repeats. DNA of 100
controls (50 females, 50 males) was pooled and analyzed on an
ABI 3730 sequencer with LIZ-500 (ABI) as a standard. Primers
were designed using Primer3plus, the forward Primer contains
FAM for detection. Analysis was performed using GeneMapper
v3.5.

Expression analyses
Associations between MEIS1/ETAA1 RNA expression and

rs6747972 and between TOX3/BC034767/CREB-1/CREBBP/
CITED1 expression and rs3104767 were assessed using genome-
wide SNP data (Affymetrix 6.0 chip) in conjunction with
microarray data for human blood samples (n = 323 general
population controls from the KORA cohort, Illumina Human
WG6 v2 Expression BeadChip) [11]. A linear regression model
conditioned on expression and controlling for age and sex was
used to test for association.

Prediction of genetic risk
Based on the performance of P-value-threshold selected

SNPs in a training and a test sample. As training sample, we
used those GWA-cases which had also been genotyped for our
previous study [2]. We also included the control samples from this
study. As a first quality control step, we carried out an association
analysis comparing the Affymetrix 500K genotypes of these GWA-
cases to the Affymetrix 5.0 genotypes of the same cases. Significant
P-values would indicate systematic differences in the genotyping
between the different chips. For further analysis, we only used
those 259,302 SNPs with P-values .0.10. We performed a second
quality control step in which IDs with a callrate below 98% and
SNPs with a callrate below 98%, a MAF lower than 5%, or a P-
value for deviation from HWE,0.00001 were removed.

Further, we excluded the four already known risk loci as well as
the two newly identified loci and performed LD-pruning to limit
the analysis to SNPs not in LD with each other. This was
performed using a window-size of 50 SNPs. In each step, this
window was shifted 5 SNPs. We used a threshold of 2 for the VIF
(variance inflation factor). 76,532 SNPs, 326 cases, and 1,498
controls were included in the final training dataset. We conducted
logistic regression with age and sex as covariates. Based on these
association results, the sum score of SNPs showing the most
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significant effects (i.e. the number of risk alleles over all SNPs)
weighted by the ln(OR) of these effects was chosen as predictor
variable in the test set, comprising the remaining 583 cases of the
GWA sample and 1,526 controls. None of these cases/controls
were included in the training-sample, i.e. the test-sample
constitutes a completely independent sample. Based on this sum
score, we calculated the ROC curve and Nagelkerke’s R to
measure the explained variance.

Based on a weighted risk allele score. To evaluate the
predictive value in our sample, we calculated a weighted sum score
of risk alleles in the combined GWA and replication sample. To
this end, we used one SNP from each RLS risk region and also
included markers from the two newly identified regions on
chromosome 16q12 and 2p14 (MEIS1: rs2300478, 2p14:
rs6747972, BTBD9: rs9296249, PTPRD: rs1975197, MAP2K5:
rs11635424, TOX3/BC034767: rs3104767). At each SNP, the
number of risk alleles was weighted with the corresponding ln(OR)
for this SNP. The corresponding distribution of the score in cases
and controls is illustrated in Figure S3. Employing this score for
risk prediction resulted in an AUC of 0.651 (Figure S4).

Supporting Information

Figure S1 MDS analysis plot for GWA. Distribution of cases
(red) and controls (black) along the two main axes of variation
identified in the MDS analysis. The three visible clouds are due to
a common 3.8 Mb inversion polymorphism on chromosome 8
(described in: Tian C, Plenge RM, Ransom M, Lee A, Villoslada
P, et al. (2008) Analysis and Application of European Genetic
Substructure Using 300 K SNP Information. PLoS Genet 4: e4.
doi:10.1371/journal.pgen.0040004).
(TIFF)

Figure S2 QQ-plot of GWA results. QQ-plot showing the
P-value distribution before (red) and after (blue) correction for
population stratification using Genomic Control.
(TIFF)

Figure S3 Weighted risk allele score analysis. Histogram of the
weighted risk allele scores for cases and controls. The correspond-
ing OR and CI for each category against the median category is
depicted in green. The left y-axis refers to the number of
individuals (in %), the right-axis refers to the OR values.
(TIFF)

Figure S4 ROC curve for weighted risk score analysis. Receiver
operating characteristic (ROC) curve for the weighted risk allele
score approach of risk prediction. The area under the curve (AUC)
is 65.1%.
(TIFF)

Figure S5 Cluster plots of GWA genotyping for the six risk loci.
For the best-associated SNPs at each risk locus, clusterplots were
generated for cases and controls. Intensities of the A and B allele
(based on the Affymetrix annotation of the SNPs) are given on the
x- and y-axes and the respective genotypes are indicated in blue,
green, and orange.
(PDF)

Table S1 GWA results for SNPs with l-corrected PGWA,10–4
and additional SNPs selected for replication. A star (*) indicates
SNPs which had been identified in previous RLS GWAs [2–4].
P-values of the GWA phase are given as l-corrected nominal
P-values. Two different methods for l correction were applied,
multi-dimensional-scaling (MDS)-analysis using PLINK and
variance components (VC)-analysis using the EMMAX software
with the P-values listed in the respective columns ‘‘MDS

l-corrected PGWA’’ and ‘‘VC l-corrected PGWA’’. The selection
of SNPs for replication was based on the MDS l-corrected P-
values. r2-values based on Hapmap CEU data are given for those
SNPs which were selected for replication based on their LD with
the best-associated SNP in each region. Genomic position and
gene annotation refer to the hg18 genome.
(DOC)

Table S2 Replication stage association results for individual
replication samples. P-values are derived from logistic regres-
sion and correcting for gender and age as well as for
population stratification where possible (see Materials and
Methods). Each replication sample was Bonferroni-corrected
using the number of SNPs which passed quality control for the
respective sample. The OR refers to the minor allele. NA; SNP
could not be analysed due to failing quality control in the
respective sample.
(DOC)

Table S3 Power analysis for GWA, replication and joint analysis of
GWA and replication. Power calculation was performed using the
CaTS power calculator [25] using a prevalence set of 0.08 and an
additive genetic model. The significance level a was set at 0.05/74 for
replication stage analysis and at 0.05/301,406 for genome-wide
significance in the joint analysis of GWA and replication.
(DOC)

Table S4 Results of TOX3 and BC034767 mutation screening.
* ‘‘A’’ refers to the mutant allele, ‘‘B’’ to the reference allele.
Position refers to hg18 genome annotation. Codon numbering
refers to the reference sequence NM_001146188. Data of the 1000
genomes project was obtained from the November 2010 release
via the 1000 genomes browser (http://browser.1000genomes.org/
index.html).
(DOC)

Table S5 Prediction of genetic risk; training- and test-set
approach. Inclusion threshold P-values were derived from a
logistic regression with age and sex as covariates in the training
sample. # SNPs indicates the number of SNPs passing the
inclusion threshold. Based on these association results, the sum
score of SNPs showing the most significant effects (i.e. the number
of risk alleles over all SNPs) weighted by the ln(OR) of these effects
was chosen as predictor variable in the test set. Based on this sum
score, an AUC and Nagelkerke’s R were calculated.
(DOC)

Table S6 Demographic data of GWA and replication samples.
Mean age, mean age of onset and respective standard deviations
and ranges are given in years. N: number of individuals; SD:
standard deviation; AAO: age of onset. GWA: Genome-wide
association study; CZ: Czechia; FR: France; FIN: Finland; CA:
Canada; US: United States. - indicates that this information is not
applicable for the respective sample.
(DOC)

Table S7 Genotype data of GWA samples. Genotypes of the
GWA samples are given for the eight best-associated SNPs (see
Table 1). SNP alleles are ACGT-coded. Phenotype information
includes gender (1 = male, 2 = female) and disease status (1 =
unaffected, 2 = affected).
(XLS)
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neuronal survival factor that induces transcription depending on the presence of
CITED1 or phosphorylated CREB in the transcriptionally active complex. J
Cell Sci 124: 252–60.

11. Meisinger C, Prokisch H, Gieger C, Soranzo N, Mehta D, et al. (2009) A
genome-wide association study identifies three loci associated with mean platelet
volume. Am J Hum Genet 84(1): 66–71.

12. Wacholder S, Hartge P, Prentice R, Garcia-Closas M, Feigelson HS, et al.
(2010) Performance of common genetic variants in breast-cancer risk models.
N Engl J Med 362: 986–993.

13. Lango H, Palmer CN, Morris AD, Zeggini E, Hattersley AT, et al. (2008)
Assessing the combined impact of 18 common genetic variants of modest effect
sizes on type 2 diabetes risk. Diabetes 57: 3129–3135.

14. van Hoek M, Dehghan A, Witteman JC, van Duijn CM, Uitterlinden AG, et al.
(2008) Predicting type 2 diabetes based on polymorphisms from genome-wide
association studies: a population-based study. Diabetes 57: 3122–3128.

15. Wichmann HE, Gieger C, Illig T (2005) KORA-gen–resource for population
genetics, controls and a broad spectrum of disease phenotypes. Gesundheitswe-
sen 67 Suppl 1: S26–30.

16. Happe S, Vennemann M, Evers S, Berger K (2008) Treatment wish of
individuals with known and unknown restless legs syndrome in the community.
J Neurol 255: 1365–1371.

17. Pardini B, Naccarati A, Polakova V, Smerhovsky Z, Hlavata I, et al. (2009) NBN
657del5 heterozygous mutations and colorectal cancer risk in the Czech
Republic. Mutat Res 666: 64–67.

18. Cournu-Rebeix I, Genin E, Leray E, Babron MC, Cohen J, et al. (2008) HLA-
DRB1*15 allele influences the later course of relapsing remitting multiple
sclerosis. Genes Immun 9: 570–574.

19. Young T, Palta M, Dempsey J, Peppard PE, Nieto FJ, et al. (2009) Burden of
sleep apnea: rationale, design, and major findings of the Wisconsin Sleep Cohort
study. Wmj 108: 246–249.

20. Affymetrix Inc. (2007) BRLMM-P: a Genotype Calling Method for the SNP 5.0
Array. http://www.affymetrix.com/support/technical/whitepapers.affx. Ac-
cessed 03. December 2010.

21. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, et al. (2007)
PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J Hum Genet 81: 559–575.

22. Devlin B, Roeder K (1999) Genomic control for association studies. Biometrics
55: 997–1004.

23. Kang HM, Sul JH, Service SK, Zaitlen NA, Kong SY, et al. (2010) Variance
component model to account for sample structure in genome-wide association
studies. Nat Genet 42: 348–54.

24. Devlin B, Bacanu SA, Roeder K (2004) Genomic controls to the extreme. Nat
Genet 36: 1129–1130.

25. Skol AD, Scott LJ, Abecasis GR, Boehnke M (2006) Joint analysis is more
efficient than replication-based analysis for two-stage genome-wide association
studies. Nat Genet 38: 209–213.

26. Staden R, Beal KF, Bonfield JK (2000) The Staden package, 1998. Methods
Mol Biol 132: 115–130.

Novel Restless Legs Syndrome Susceptibility Loci

PLoS Genetics | www.plosgenetics.org 10 July 2011 | Volume 7 | Issue 7 | e1002171



ARTICLES
https://doi.org/10.1038/s41588-018-0090-3

Major depressive disorder (MDD) is a common illness accompanied by considerable morbidity, mortality, costs, and heightened 
risk of suicide. We conducted a genome-wide association meta-analysis based in 135,458 cases and 344,901 controls and iden-
tified 44 independent and significant loci. The genetic findings were associated with clinical features of major depression and 
implicated brain regions exhibiting anatomical differences in cases. Targets of antidepressant medications and genes involved 
in gene splicing were enriched for smaller association signal. We found important relationships of genetic risk for major depres-
sion with educational attainment, body mass, and schizophrenia: lower educational attainment and higher body mass were 
putatively causal, whereas major depression and schizophrenia reflected a partly shared biological etiology. All humans carry 
lesser or greater numbers of genetic risk factors for major depression. These findings help refine the basis of major depression 
and imply that a continuous measure of risk underlies the clinical phenotype.

MDD is a notably complex and common illness1. It is often 
chronic or recurrent and is thus accompanied by consider-
able morbidity, disability, excess mortality, substantial costs, 

and heightened risk of suicide2–8. Twin studies attribute approximately 
40% of the variation in liability to MDD to additive genetic effects 
(phenotype heritability, h2)9, and h2 may be greater for recurrent, 
early-onset, and postpartum MDD10,11. Genome-wide association 
studies (GWAS) of MDD have had notable difficulties in identifying 
individual associated loci12. For example, there were no significant 
findings in the initial Psychiatric Genomics Consortium (PGC) MDD 
mega-analysis (9,240 cases)13 or in the CHARGE meta-analysis of 
depressive symptoms (n =  34,549)14. More recent studies have proven 
modestly successful. A study of Han Chinese women (5,303 recurrent 
MDD cases) identified significant loci15, a meta-analysis of depressive 
symptoms (161,460 individuals) identified 2 loci16, and an analysis of 
self-reported major depression identified 15 loci (75,607 cases).

There are many reasons why identifying causal loci for MDD has 
proven difficult12. MDD is probably influenced by many genetic loci, 
each with small effects17, as are most common diseases18, including psy-
chiatric disorders19,20. Estimates of the proportion of variance attribut-
able to genome-wide SNPs (SNP heritability, hSNP

2 ) indicate that around 
one-quarter of the h2 for MDD is due to common genetic variants21,22 
and demonstrate that a genetic signal is detectable in genome-wide 
association data, implying that larger sample sizes are needed to detect 
specific loci given their effect sizes. Such a strategy has been proven 
in studies of schizophrenia, the flagship adult psychiatric disorder in 
genomics research. We thus accumulated clinical, population, and vol-
unteer cohorts23. This pragmatic approach takes the view that sample 
size can overcome heterogeneity to identify risk alleles that are robustly 
associated with major depression. Potential concerns about combining 
carefully curated research cohorts with volunteer cohorts were consid-
ered; multiple lines of evidence suggest that the results are likely to be 
applicable to clinical MDD. As discussed below, our analyses have neu-
robiological, clinical, and therapeutic relevance for major depression.

Results
Cohort analyses: phenotype validation. We identified seven 
cohorts that used a range of methods to ascertain cases with major 

depression (Table 1 and Supplementary Tables 1–3). The methods 
used by these cohorts were thoroughly reviewed, drawing on the 
breadth of expertise in the PGC, and we assessed the comparability 
of the cohorts using genomic data. We use ‘MDD’ to refer to directly 
evaluated subjects meeting standard criteria for major depressive 
disorder and use ‘major depression’ where case status was deter-
mined using alternative methods as well as to the phenotype from 
the full meta-analysis.

We evaluated the comparability of the seven cohorts by esti-
mating the common variant genetic correlations (rg) between 
them. These analyses supported the comparability of the seven 
cohorts (Supplementary Table 3), as the weighted mean rg was 0.76  
(s.e. =  0.03). The high genetic correlations between the 23andMe 
and other cohorts are notable. While there was no statistical evi-
dence of heterogeneity in the rg estimates for pairs of cohorts  
(P =  0.13), the estimate was statistically different from 1, which may 
reflect etiological heterogeneity. This estimate can be benchmarked 
against the slightly larger weighted mean rg between schizophrenia 
cohorts of 0.84 (s.e. =  0.05)21.

Given the positive evidence of the genetic comparability of these 
cohorts, we completed a genome-wide association meta-analysis 
of 9.6 million imputed SNPs in 135,458 MDD and major depres-
sion cases and 344,901 controls (Fig. 1). There was no evidence of 
residual population stratification24 (LD score regression intercept 
=  1.018, s.e. =  0.009). We estimated hSNP

2  to be 8.7% (s.e. =  0.004, 
liability scale, assuming lifetime risk of 0.15; Supplementary Fig. 1  
and Supplementary Table  3b), and note that this is about one- 
quarter of the h2 estimated from twin or family studies9. This frac-
tion is somewhat lower than that of other complex traits18 and is 
plausibly due to etiological heterogeneity (reflecting the mean rg < 1  
between cohorts).

To evaluate the impact of combining major depression cohorts 
that used different ascertainment methods, we undertook a series 
of genetic risk score (GRS) prediction analyses to demonstrate the 
validity of our genome-wide association results for clinical MDD 
(Fig.  2). Notably, the variance explained in out-of-sample pre-
diction increased with the size of the genome-wide association 
discovery cohort (Fig.  2a), with the GRS from the full discovery  

Genome-wide association analyses identify 44 
risk variants and refine the genetic architecture of 
major depression
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sample meta-analysis explaining 1.9% of variance in liability 
(Fig.  2a, Supplementary Fig.  2, and Supplementary Table  4). For 
any randomly selected case and control, GRS ranked cases higher 

than controls with probability of 0.57 and the odds ratio of MDD  
for those in the tenth versus first GRS decile (OR =  10) was 2.4 
(Fig. 2b and Supplementary Table 4). GRS analyses in other disor-
ders (for example, schizophrenia25) have shown that the mean GRS 
increases with clinical severity in cases. We found a significantly 
higher major depression GRS in those with more severe MDD, as 
measured in different ways (Fig. 2c). Last, because around one-half 
of the major depression cases were identified by self-report (i.e., 
diagnosis or treatment for clinical depression by a medical profess-
ional), we further evaluated the comparability of the 23andMe 
cohort with the other cohorts (full meta-analysis excluding 
23andMe, ‘FMex23andMe’) as detailed in Fig.  2c, Supplementary 
Table 5, and the Supplementary Note. Taken together, we interpret 
these results as supporting this meta-analysis of GWAS for these 
seven cohorts.

Implications for the biology of major depression. Our meta-
analysis of seven MDD and major depression cohorts identified 44 
independent loci that were statistically significant (P <  5 ×  10−8), sta-
tistically independent of any other signal26, and supported by mul-
tiple SNPs. This number supports our prediction that genome-wide 
association discovery in major depression would require about five 
times more cases than for schizophrenia (lifetime risk ~1% and h2 
~0.8) to achieve approximately similar power27. Of these 44 loci, 30 
are new and 14 were significant in a prior study of MDD or depres-
sive symptoms. The overlap of our findings with prior reports was 
as follows: 1 of 1 with CHARGE depressive symptom14, 1 of 2 over-
lap with SSGAC depressive symptom16, and 12 of 15 overlap with 
Hyde et al.28. There are few trans-ancestry comparisons for major 
depression, so we contrasted these European results with the Han 
Chinese CONVERGE study15 (Supplementary Note). The loci iden-
tified in CONVERGE are uncommon in Europeans (rs12415800, 
0.45 versus 0.02; rs35936514, 0.28 versus 0.06) and were not signifi-
cant in our analysis.

Table 2 lists genes in or near the lead SNP in each region, regional 
plots are in Supplementary Data  1, and Supplementary Tables  6  
and 7 provide summaries of available information about the bio-
logical functions of the genes in each region. In the Supplementary 
Note, we review four key genes in more detail: OLFM4 and NEGR1 
(notable for reported associations with obesity and body mass 
index29–34), RBFOX1 (notable for independent associations at both 
the 5′  and 3′  ends, a splicing regulator35,36, with a functional role that 
may be consistent with chronic hypothalamic–pituitary–adrenal 
axis hyperactivation reported in MDD37), and LRFN5 (notable for 
its role in presynaptic differentiation38,39 and neuroinflammation40).

Gene-wise analyses identified 153 significant genes after con-
trolling for multiple comparisons (Supplementary Table 7). Many of 
these genes were in the extended major histocompatibility complex 
(MHC) region (45 of 153), and their interpretation is complicated 
by high linkage disequilibrium (LD) and gene density. In addition 
to the genes discussed above, other notable and significant genes 
outside of the MHC region include multiple potentially ‘druggable’ 
targets that suggest connections of the pathophysiology of MDD to 
neuronal calcium signaling (CACNA1E and CACNA2D1), dopa-
minergic neurotransmission (DRD2, a principal target of antipsy-
chotics), glutamate neurotransmission (GRIK5 and GRM5), and 
presynaptic vesicle trafficking (PCLO).

Finally, comparison of the major depression loci with 108 loci for 
schizophrenia19 identified 6 shared loci. Many SNPs in the extended 
MHC region are strongly associated with schizophrenia, but impli-
cation of the MHC region is new for major depression. Another 
example is TCF4 (transcription factor 4), which is strongly asso-
ciated with schizophrenia but was  not previously  associated with 
MDD. TCF4 is essential for normal brain development, and rare 
mutations in TCF4 cause Pitt–Hopkins syndrome, which includes 
autistic features41. The  GRS calculated from the schizophrenia 
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Fig. 1 | Results of genome-wide association meta-analysis of seven 
cohorts for major depression. a, Relationship between adding cohorts 
and the number of genome-wide significant genomic regions (before the 
vetting used to define the final 44 regions). Beginning with the largest 
cohort (cohort 1 on the x axis), we added the next largest cohort (cohort 
2) until all cohorts were included (7 cohorts). The number next to each 
point is the total effective sample size, equivalent to the sample size where 
the numbers of cases and controls are equal. b, Association test quantile–
quantile plot showing a marked departure from the null model of no 
associations (y axis truncated at 10−12). c, Manhattan plot for association 
tests from meta-analysis of 135,458 major depression cases and 344,901 
controls, with the x axis showing genomic position (chromosomes 1–22 
plus the X chromosome) and the y axis showing statistical significance as 
–log10 (P) z statistics; the threshold for significance accounting for multiple 
testing is shown by the red horizontal line (P =  5 ×  10−8).
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genome-wide association results explained 0.8% of the variance in 
liability of MDD (Fig. 2c).

Implications from integration of functional genomic data. 
Results from ‘omic’ studies of functional features of cells and tis-
sues are necessary to understand the biological implications of the 
results of GWAS for complex disorders42. To further elucidate the 
biological relevance of the major depression findings, we integrated 
the results with functional genomic data. First, using enrichment 
analyses, we compared the major depression GWAS findings to 
bulk tissue mRNA-seq from Genotype-Tissue Expression (GTEx) 
data43. Only brain samples showed significant enrichment (Fig. 3a), 
and the three tissues with the most significant enrichments were all 
cortical. Prefrontal cortex and anterior cingulate cortex are impor-
tant for higher-level executive functions and emotional regulation, 
which are often impaired in MDD. Both of these regions were impli-
cated in a large meta-analysis of brain magnetic resonance imaging 
(MRI) findings in adult MDD cases44. Second, given the predomi-
nance of neurons in the cortex, we confirmed that the major depres-
sion genetic findings connect to genes expressed in neurons but not 
oligodendrocytes or astrocytes (Fig. 3b)45. Given the different meth-
ods used by the seven MDD/major depression cohorts in this study, 
demonstration of enrichment of association signals in the brain 
regions expected to be most relevant to MDD provides independent 
support for the validity of our approach.

Third, we used partitioned LD score regression46 to evaluate 
the enrichment of the major depression genome-wide associa-
tion findings in over 50 functional genomic annotations (Fig.  3c 
and Supplementary Table  8). The major finding was the signifi-
cant enrichment of hSNP

2  in genomic regions conserved across 29 
Eutherian mammals47 (20.9-fold enrichment, P =  1.4 ×  10−15). This 
annotation was also the most enriched for schizophrenia46. We could 
not evaluate regions conserved in primates or human ‘accelerated’ 
regions, as there were too few for confident evaluation47. The other 
enrichments implied regulatory activity and included open chro-
matin in human brain and an epigenetic mark of active enhancers 
(H3K4me1). Notably, exonic regions did not show enrichment, sug-
gesting that, as with schizophrenia17, genetic variants that change 
exonic sequences may not have a large role in major depression. 
We found no evidence that Neanderthal introgressed regions were 
enriched for major depression genome-wide association findings48.

Fourth, we applied methods to integrate genome-wide associa-
tion SNP results with those from gene expression and methylation 
quantitative trait locus (eQTL and meQTL) studies. SMR49 analysis 
identified 13 major depression–associated SNPs with strong evi-
dence that they control local gene expression in one or more tissues 

and 9 with strong evidence that they control local DNA methylation 
(Supplementary Table 9 and Supplementary Data 2). A transcrip-
tome-wide association study50 applied to data from the dorsolateral 
prefrontal cortex51 identified 17 genes where major depression–
associated SNPs influenced gene expression (Supplementary 
Table 10). These genes included OLFM4 (discussed above).

Fifth, we added additional data types to attempt to improve 
understanding of individual loci. For the intergenic associa-
tions, we evaluated total-stranded RNA-seq data from human 
brain and found no evidence for unannotated transcripts in 
these regions. A particularly important data type is assessment 
of DNA–DNA interactions, which can localize a genome-wide 
association finding to a specific gene that may be nearby or hun-
dreds of kilobases away52–54. We integrated the major depression 
results with ‘easy Hi-C’ data from brain cortical samples (3 adult, 
3 fetal, > 1 billion reads each). These data clarified three asso-
ciations. The statistically independent associations in NEGR1 
(rs1432639, P =  4.6 ×  10−15) and over 200 kb away (rs12129573, 
P =  4.0 ×  10−12) both implicate NEGR1 (Supplementary Fig. 3a), 
the former likely due to the presence of a reportedly functional 
copy number polymorphism (see Supplementary Note) and the 
presence of intergenic loops. The latter association has evidence 
of DNA looping interactions with NEGR1. The association in 
SOX5 (rs4074723) and the two statistically independent associa-
tions in RBFOX1 (rs8063603 and rs7198928, P =  6.9 ×  10−9 and 
1.0 ×  10−8) had only intragenic associations, suggesting that the 
genetic variation in the regions of the major depression associa-
tions act locally and can be assigned to these genes. In contrast, 
the association in RERE (rs159963, P =  3.2 ×  10−8) could not 
be assigned to RERE as it may contain super-enhancer elements 
given its many DNA–DNA interactions with many nearby genes 
(Supplementary Fig. 3b).

Implications based on the roles of sets of genes. A parsimonious 
explanation for the presence of many significant associations for a 
complex trait is that the different associations are part of a higher-
order grouping of genes55. These could be a biological pathway or a 
collection of genes with a functional connection. Multiple methods 
allow evaluation of the connection of major depression genome-
wide association results to sets of genes grouped by empirical or 
predicted function (pathway or gene set analysis).

Full pathway analyses are in Supplementary Table  11, and 19 
pathways with false discovery rate q values < 0.05 are summarized 
in Fig. 4. The major groupings of significant pathways were as fol-
lows: RBFOX1, RBFOX2, RBFOX3, or CELF4 regulatory networks; 
genes whose mRNAs are bound by FMRP; synaptic genes; genes 

Table 1 | Brief description of the seven MDD or major depression cohorts used in the meta-analysis

Sample Country Case ascertainment Cases Controls

PGC2913,a Various Structured diagnostic interviewsb 16,823 25,632
deCODE13 Iceland National inpatient electronic records 1,980 9,536
GenScotland78,79 UK Structured diagnostic interview 997 6,358
GERA80 USA Kaiser Permanente Northern California Healthcare electronic medical records 

(1995–2013)
7,162 38,307

iPSYCH81 Denmark National inpatient electronic records 18,629 17,841
UK Biobank82 (pilot data release) UK From self-reported MDD symptoms or treatment or electronic records69 14,260 15,480
23andMe28 (discovery sample)c USA Self-reported diagnosis or treatment for clinical depression by a medical 

professional
75,607 231,747

Total 135,458 344,901
aNineteen samples in addition to the ten samples published in the first PGC-MDD paper13. bOne sample used natural language processing of electronic medical records followed by expert diagnostic review. 
cIn Hyde et al.28, SNPs in 15 genomic regions met genome-wide significance in the combined discovery and replication samples and 11 regions achieved genome-wide significance in the discovery sample 
made available to the research community and used here. More details are provided in Supplementary Tables 1–3.

NATURE GENETICS | VOL 50 | MAY 2018 | 668–681 | www.nature.com/naturegenetics670
© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/naturegenetics


ARTICLESNATURE GENETICS

involved in neuronal morphogenesis; genes involved in neuron pro-
jection; genes associated with schizophrenia (at P <  10−4)19; genes 
involved in central nervous system (CNS) neuron differentiation; 
genes encoding voltage-gated calcium channels; genes involved in 
cytokine and immune response; and genes known to bind to the ret-
inoid X receptor. Several of these pathways are implicated by GWAS 
of schizophrenia and by rare exonic variation of schizophrenia and 
autism56,57 and immediately suggest shared biological mechanisms 
across these disorders.

A key issue for common variant GWAS is their relevance for 
pharmacotherapy. We conducted gene set analysis that compared 
the major depression genome-wide association results to targets 
of antidepressant medications defined by pharmacological stud-
ies58 and found that 42 sets of genes encoding proteins bound 
by antidepressant medications were highly enriched for smaller 
major depression association P values than expected by chance (42 
drugs, rank enrichment test P =  8.5 ×  10−10). This finding connects  
our major depression genomic findings to MDD therapeutics and 
suggests the salience of these results for new lead compound dis-
covery for MDD59.

Implications based on relationships with other traits. Prior epi-
demiological studies associated MDD with many other diseases 

and traits. Because of limitations inherent to observational stud-
ies, understanding whether a phenotypic correlation is potentially 
causal or if it results from reverse causation or confounding is gen-
erally difficult. Genetic studies now offer complementary strategies 
to assess whether a phenotypic association between MDD and a risk 
factor or a comorbidity is mirrored by a nonzero rg (common vari-
ant genetic correlation) and, for some of these, evaluate the poten-
tial causality of the association given that exposure to genetic risk 
factors begins at conception.

We used LD score regression to estimate the rg of major depres-
sion with 221 psychiatric disorders, medical diseases, and human 
traits22,60. Supplementary Table  12 contains the full results, and 
Table 3 shows the rg values with false discovery rates < 0.01. First, 
the rg values were very high between our major depression genome-
wide association results and those from two studies of current 
depressive symptoms. Both correlations were close to 1 (the samples 
in one report overlapped partially with this meta-analysis16, but the 
samples from the other did not14).

Second, we found significant positive genetic correlations 
between major depression and every psychiatric disorder assessed 
along with smoking initiation. This is a comprehensive and well-
powered evaluation of the relationship of MDD with other psychi-
atric disorders, and these results indicate that the common genetic 
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Table 2 | 44 significantly associated genomic regions in meta-analysis of 135,458 major depression cases and 344,901 controls

Chr. Region (Mb) SNP Location (bp) P A1/
A2

OR 
(A1)

s.e. 
(log(OR))

Freq. Prev. Gene context

1 8.390–8.895 rs159963 8,504,421 3.2 ×  10–8 A/C 0.97 0.0049 0.56 H,S [RERE]; SLC45A1, 100,194
1 72.511–73.059 rs1432639 72,813,218 4.6 ×  10 –15 A/C 1.04 0.0050 0.63 H NEGR1, –64,941
1 73.275–74.077 rs12129573 73,768,366 4.0 ×  10–12 A/C 1.04 0.0050 0.37 S LINC01360, –3,486
1 80.785–80.980 rs2389016 80,799,329 1.0 ×  10–8 T/C 1.03 0.0053 0.28 H
1 90.671–90.966 rs4261101 90,796,053 1.0 ×  10–8 A/G 0.97 0.0050 0.37
1 197.343–197.864 rs9427672 197,754,741 3.1 ×  10–8 A/G 0.97 0.0058 0.24 DENND1B, –10,118
2 57.765–58.485 rs11682175 57,987,593 4.7 ×  10–9 T/C 0.97 0.0048 0.52 H,S VRK2, –147,192
2 156.978–157.464 rs1226412 157,111,313 2.4 ×  10–8 T/C 1.03 0.0059 0.79 [LINC01876]; NR4A2, 

69,630; GPD2, –180,651
3 44.222–44.997 chr3_44287760_I 44,287,760 4.6 ×  10–8 I/D 1.03 0.0051 0.34 T [TOPAZ1]; TCAIM, 

–91,850; ZNF445, 193,501
3 157.616–158.354 rs7430565 158,107,180 2.9 ×  10–9 A/G 0.97 0.0048 0.58 H [RSRC1]; LOC100996447, 

155,828; MLF1, –181,772
4 41.880–42.189 rs34215985 42,047,778 3.1 ×  10–9 C/G 0.96 0.0063 0.24 [SLC30A9]; LINC00682, 

–163,150; DCAF4L1, 
59,294

5 87.443–88.244 chr5_87992715_I 87,992,715 7.9 ×  10–11 I/D 0.97 0.0050 0.58 H LINC00461, –12,095; 
MEF2C, 21,342

5 103.672–104.092 chr5_103942055_D 103,942,055 7.5 ×  10–12 I/D 1.03 0.0048 0.48 C
5 124.204–124.328 rs116755193 124,251,883 7.0 ×  10–9 T/C 0.97 0.0050 0.38 LOC101927421, –120,640
5 164.440–164.789 rs11135349 164,523,472 1.1 ×  10–9 A/C 0.97 0.0048 0.48 H
5 166.977–167.056 rs4869056 166,992,078 6.8 ×  10–9 A/G 0.97 0.0050 0.63 [TENM2]
6 27.738–32.848 rs115507122 30,737,591 3.3 ×  10–11 C/G 0.96 0.0063 0.18 S Extended MHC
6 99.335–99.662 rs9402472 99,566,521 2.8 ×  10–8 A/G 1.03 0.0059 0.24 FBXL4, –170,672; 

C6orf168, 154,271
7 12.154–12.381 rs10950398 12,264,871 2.6 ×  10–8 A/G 1.03 0.0049 0.41 [TMEM106B]; VWDE, 

105,637
7 108.925–109.230 rs12666117 109,105,611 1.4 ×  10–8 A/G 1.03 0.0048 0.47
9 2.919–3.009 rs1354115 2,983,774 2.4 ×  10–8 A/C 1.03 0.0049 0.62 H PUM3, –139,644; 

LINC01231, –197,814
9 11.067–11.847 rs10959913 11,544,964 5.1 ×  10–9 T/G 1.03 0.0057 0.76
9 119.675–119.767 rs7856424 119,733,595 8.5 ×  10–9 T/C 0.97 0.0053 0.29 [ASTN2]
9 126.292–126.735 rs7029033 126,682,068 2.7 ×  10–8 T/C 1.05 0.0093 0.07 [DENND1A]; LHX2, 

–91,820
10 106.397–106.904 rs61867293 106,563,924 7.0 ×  10–10 T/C 0.96 0.0061 0.20 H [SORCS3]
11 31.121–31.859 rs1806153 31,850,105 1.2 ×  10–9 T/G 1.04 0.0059 0.22 [DKFZp686K1684]; 

[PAUPAR]; ELP4, 44,032; 
PAX6, –10,596

12 23.924–24.052 rs4074723 23,947,737 3.1 ×  10–8 A/C 0.97 0.0049 0.41 [SOX5]
13 44.237–44.545 rs4143229 44,327,799 2.5 ×  10–8 A/C 0.95 0.0091 0.92 [ENOX1]; LACC1, 

–125,620; CCDC122, 
82,689

13 53.605–54.057 rs12552 53,625,781 6.1 ×  10–19 A/G 1.04 0.0048 0.44 H [OLFM4]; LINC01065, 
80,099

14 41.941–42.320 rs4904738 42,179,732 2.6 ×  10–9 T/C 0.97 0.0049 0.57 [LRFN5]
14 64.613–64.878 rs915057 64,686,207 7.6 ×  10–10 A/G 0.97 0.0049 0.42 [SYNE2]; MIR548H1, 

–124,364; ESR2, 7,222
14 75.063–75.398 chr14_75356855_I 75,356,855 3.8 ×  10–9 D/I 1.03 0.0049 0.49 [DLST]; PROX2, –26,318; 

RPS6KL1, 13,801
14 103.828–104.174 rs10149470 104,017,953 3.1 ×  10–9 A/G 0.97 0.0049 0.49 S BAG5, 4,927; APOPT1, 

–11,340
15 37.562–37.929 rs8025231 37,648,402 2.4 ×  10–12 A/C 0.97 0.0048 0.57 H

Continued
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variants that predispose to MDD overlap substantially with those 
for adult- and childhood-onset psychiatric disorders, although they 
remain substantially distinct as well.

Third, the common variant genetic architecture of major  
depression was positively correlated with multiple measures of  
sleep quality (daytime sleepiness, insomnia, and tiredness). The 
first two of these correlations used UK Biobank data with people 
endorsing major depression or other major psychiatric disorders, 
shift workers, and those taking hypnotics excluded. This pattern 
of correlations combined with the importance of sleep and fatigue 
in major depression (two criteria for MDD) suggests a close and 
potentially profound mechanistic relationship. Major depression 
also had a strong genetic correlation with neuroticism (a person-
ality dimension assessing the degree of emotional instability); this 
is consistent with the literature showing a close interconnection of 
MDD and this personality trait. The strong negative rg with sub-
jective well-being underscores the capacity of major depression to 
impact human health.

Finally, major depression had significant negative genetic cor-
relations with data from two studies of educational attainment, 
which while often considered at the genetic level as proxy measures 
of intelligence also likely includes more complex personality con-
structs. With this in mind, it is relevant to note that the rg between 
major depression and IQ61 was not significantly different from zero, 
despite the rg between years of education and IQ being 0.7, implying 
complex relationships between these traits worthy of future investi-
gation. We also found significant positive correlations with multiple 
measures of adiposity, relationship to female reproductive behavior 
(decreased age at menarche, age at first birth, and increased number 
of children), and positive correlations with coronary artery disease 
and lung cancer.

We used bidirectional Mendelian randomization (MR) to inves-
tigate the relationships between four traits genetically correlated 
with major depression: years of education (EDY)62, body mass 
index (BMI)29, coronary artery disease (CAD)63, and schizophre-
nia19. These traits were selected because all of the following were 
true: they were phenotypically associated with MDD, had signifi-
cant rg with MDD, and had > 30 independent genome-wide sig-
nificant associations from large GWAS. We report GSMR64 results 
but obtained qualitatively similar results with other MR methods 
(Supplementary Fig. 4 and Supplementary Table 13). MR analyses 
provided evidence for a 1.12-fold increase in major depression per 
s.d. of BMI (PGSMR =  1.2 ×  10−7) and a 0.84-fold decrease in major 
depression per s.d. of EDY (PGSMR =  2.3 ×  10−6). There was no evi-
dence of reverse causality of major depression for BMI (PGSMR =  
0.53) or EDY (PGSMR =  0.11). For BMI, there was some evidence of 
pleiotropy, as six BMI-associated SNPs were excluded by the HEIDI 
outlier test including SNPs near OLFM4 and NEGR1. Thus, these 
results are consistent with EDY and BMI as either causal risk factors 
or correlated with causal risk factors for major depression. These 
results provide hypotheses for future research to understand these 
potentially directional relationships.

For CAD, the MR analyses were not significant when con-
sidering major depression as an outcome (PGSMR =  0.30) or as  
an exposure (PGSMR =  0.12); however, the high standard error  
of the estimates using MDD SNP instruments implies that this 
analysis should be revisited when more major genome-wide sig-
nificant SNP instruments for depression become available from  
future GWAS.

We used MR to investigate the relationship between major 
depression and schizophrenia. Although major depression had 
positive rg with many psychiatric disorders, only schizophrenia had 

Chr. Region (Mb) SNP Location (bp) P A1/
A2

OR 
(A1)

s.e. 
(log(OR))

Freq. Prev. Gene context

16 6.288–6.347 rs8063603 6,310,645 6.9 ×  10–9 A/G 0.97 0.0053 0.65 [RBFOX1]
16 7.642–7.676 rs7198928 7,666,402 1.0 ×  10–8 T/C 1.03 0.0050 0.62 [RBFOX1]
16 13.022–13.119 rs7200826 13,066,833 2.4 ×  10–8 T/C 1.03 0.0055 0.25 [SHISA9]; CPPED1, 

–169,089
16 71.631–72.849 rs11643192 72,214,276 3.4 ×  10–8 A/C 1.03 0.0049 0.41 PMFBP1, –7,927; DHX38, 

67,465
17 27.345–28.419 rs17727765 27,576,962 8.5 ×  10–9 T/C 0.95 0.0088 0.92 [CRYBA1]; MYO18A, 

–69,555; NUFIP2, 5,891
18 36.588–36.976 rs62099069 36,883,737 1.3 ×  10–8 A/T 0.97 0.0049 0.42 [MIR924HG]
18 50.358–50.958 rs11663393 50,614,732 1.6 ×  10–8 A/G 1.03 0.0049 0.45 O [DCC]; MIR4528, 

–148,738
18 51.973–52.552 rs1833288 52,517,906 2.6 ×  10–8 A/G 1.03 0.0054 0.72 [RAB27B]; CCDC68, 

50,833
18 52.860–53.268 rs12958048 53,101,598 3.6 ×  10–11 A/G 1.03 0.0051 0.33 S [TCF4]; MIR4529, 

–44,853

22 40.818–42.216 rs5758265 41,617,897 7.6 ×  10–9 A/G 1.03 0.0054 0.28 H,S [L3MBTL2]; EP300-AS1, 
–24,392; CHADL, 7,616

Chr. (chromosome) and region (boundaries in Mb; hg19) are shown, defined by the locations of SNPs with P <  1 ×  10−5 and LD r2 >  0.1 with the most strongly associated SNP (logistic regression; the lowest 
P value in the region listed is not corrected for multiple testing), whose location is given in base pairs. In three regions, a second SNP fulfilled the filtering criteria and was followed up with conditional 
analyses: chr. 1, conditional analysis selected only rs1432639 as significant, with P =  2.0 ×  10−4 for rs12134600 after fitting rs1432639; chr. 5, conditional analysis showed two independent associations 
selecting rs247910 and rs10514301 as the most strongly associated SNPs; chr. 10, conditional analysis selected only rs61867293 with P =  8.6 ×  10−5 for rs1021363 after conditioning on rs61867293. 
For each of the 47 SNPs, there was at least one additional genome-wide significant SNP in the cluster of surrounding SNPs with low P values. Chromosome X was analyzed but had no findings that met 
genome-wide significance. Entries in the “Prev.” column indicate which of four previous studies identified genome-wide significant associations in a region: H, Hyde et al.28, 23andMe genome-wide 
association of self-reported clinical depression (the discovery sample overlaps with this paper); O, Okbay et al.16, meta-analysis of genome-wide association of MDD, depressive symptoms, psychological 
well-being, and neuroticism (includes many PGC29 samples); S, PGC report on 108 schizophrenia-associated loci19; C, CHARGE Consortium meta-analysis of depressive symptoms14. The “Gene context” 
column shows the distances between the peak SNP and the closest genes; brackets indicate that the peak SNP was within that gene. The closest genes upstream (taking strand into account; a negative 
number indicates distance in base pairs between the peak SNP and the nearest gene boundary) and downstream (positive distance in base pairs) are also shown if there was a flanking gene within 200 kb. 
The name of the closest gene is in brackets. Note that it is generally not known whether associated SNPs have biological effects on these or other more distant genes. A1/A2, the two alleles (or insertion–
deletion) at each SNP; A1 was tested for association and its OR (odds ratio) and s.e. are shown; Freq., the frequency of A1 in controls across all cohorts.

Table 2 | 44 significantly associated genomic regions in meta-analysis of 135,458 major depression cases and 344,901 controls (continued)
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sufficient associations for MR analyses. We found significant bidi-
rectional correlations in SNP effect sizes for schizophrenia loci in 
major depression (PGSMR =  1.1 ×  10−40) and for major depression 
loci in schizophrenia (PGSMR =  1.5 ×  10−11). These results suggest 
that the major depression–schizophrenia rg of 0.34 is consistent with 
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Fig. 3 | Analyses exploring enrichment of major depression association 
results based on different SNP annotations. a, Enrichment in bulk tissue 
mRNA-seq data from GTEx shown as t statistics; sample sizes in the GTEx 
database range from n =  75–564. The threshold for significance accounting 
for multiple testing is shown by the vertical line. b, Major depression 
results and enrichment in three major brain cell types shown as t statistics; 
the threshold for significance accounting for multiple testing is shown by 
the horizontal line. Sample sizes vary as these data were aggregated from 
many different sources. c, Partitioned LDSC to evaluate enrichment of the 
major depression genome-wide association findings in over 50 functional 
genomic annotations (Supplementary Table 8) shown as enrichment 
statistics; the threshold for significance accounting for multiple testing is 
shown by the horizontal dashed line. Sample sizes vary as these data were 
aggregated from many different sources.

Table 3 | LDSC genetic correlations of MDD with other 
disorders, diseases, and human traits

Trait rg s.e. FDR hSNP
2 Ref.

Depressive symptoms, 
CHARGE

0.91 0.123 3.2 ×  10−12 0.04 14

Depressive symptoms, 
SSGAC

0.98 0.034 1.3 ×  10–176 0.05 16

ADHD (iPSYCH-PGC) 0.42 0.033 6.1 ×  10–36 0.24 83

Anorexia nervosa 0.13 0.028 7.1 ×  10–5 0.55 84

Anxiety disorders 0.80 0.140 2.0 ×  10–7 0.06 85

Autism spectrum  
disorders (iPSYCH- 
PGC)

0.44 0.039 8.4 ×  10–28 0.20 86

Bipolar disorder 0.32 0.034 3.3 ×  10–19 0.43 20

Schizophrenia 0.34 0.025 7.7 ×  10–40 0.46 19

Smoking, ever versus  
never

0.29 0.038 7.0 ×  10–13 0.08 87

Daytime sleepinessa 0.19 0.048 5.7 ×  10–4 0.05 –
Insomniaa 0.38 0.038 4.0 ×  10–22 0.13 –
Tiredness 0.67 0.037 6.2 ×  10–72 0.07 88

Subjective well-being –0.65 0.035 7.5 ×  10–76 0.03 16

Neuroticism 0.70 0.031 2.5 ×  10–107 0.09 16

College completion –0.17 0.034 6.7 ×  10–6 0.08 89

Years of education –0.13 0.021 1.6 ×  10–8 0.13 62

Body fat 0.15 0.038 6.5 ×  10–4 0.11 90

Body mass index 0.09 0.026 3.6 ×  10–3 0.19 32

Obesity class 1 0.11 0.029 1.6 ×  10–3 0.22 30

Obesity class 2 0.12 0.033 3.0 ×  10–3 0.18 30

Obesity class 3 0.20 0.053 1.6 ×  10–3 0.12 30

Overweight 0.13 0.030 1.4 ×  10–4 0.11 30

Waist circumference 0.11 0.024 8.2 ×  10–5 0.12 91

Waist-to-hip ratio 0.12 0.030 2.9 ×  10–4 0.11 91

Triglycerides 0.14 0.028 1.0 ×  10–5 0.17 92

Age at menarche –0.14 0.023 6.3 ×  10–8 0.20 93

Age of first birth –0.29 0.029 6.1 ×  10–22 0.06 94

Father’s age at death –0.28 0.058 3.0 ×  10–5 0.04 95

Number of children  
ever born

0.13 0.036 2.4 ×  10–3 0.03 94

Coronary artery  
disease

0.12 0.027 8.2 ×  10–5 0.08 63

Squamous cell lung  
cancer

0.26 0.075 3.6 ×  10–3 0.04 96

All genetic correlations (rg) estimated using bivariate LDSC applied to major depression genome-
wide association results are in Supplementary Table 12. Shown above are the rg values of major 
depression with false discovery rate (FDR) <  0.01 (FDR estimated for 221 genetic correlations; H0: 
rg =  0). Thematically related traits are indicated by bold font. iPSYCH is a nationally representative 
cohort based on blood spots collected at birth. Within iPSYCH, rg with ADHD was 0.58 (s.e. =  
0.050) and with ASD was 0.51 (s.e. =  0.07); these values are larger than those listed above and 
are inconsistent with artifactual correlations. hSNP

2  is shown to aid interpretation as high rg in the 
context of high hSNP

2  is more noteworthy than when hSNP
2 is low.aSelf-reported daytime sleepiness 

and insomnia from UK Biobank excluding subjects with major depression, other psychiatric 
disorders (bipolar disorder, schizophrenia, autism, intellectual disability), shift workers, and those 
taking hypnotics.
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partially shared biological pathways being causal for both disorders. 
Although it is plausible that diagnostic misclassification/ambigu-
ity (for example, misdiagnosis of MDD as schizoaffective disorder) 
could contaminate these analyses, levels of misclassification would 
need to be implausibly high (30% unidirectional, 15% bidirectional) 
to result in an rg of ~0.365.

All MR analyses were repeated after excluding the 23 and  
Me cohort, and the pattern of the results was the same 
(Supplementary Table 13).

Discussion
The nature of severe depression has been discussed for millennia66. 
This genome-wide association meta-analysis is among the larg-
est ever conducted in psychiatric genetics and provides a body of 
results that helps refine the fundamental basis of major depression.

In conducting this meta-analysis of major depression, we 
employed a pragmatic approach by including cohorts that met 
empirical criteria for sufficient genetic and phenotypic similarity. 
Our approach was cautious, clinically informed, guided by empiri-
cal data, and selective (for example, we did not include cohorts with 
bipolar disorder (which requires MDD), depressive symptoms, neu-
roticism, or well-being). Approximately 44% of all major depression 
cases were assessed using traditional methods (PGC29, GenScot), 
treatment registers (iPSYCH, GERA; such approaches have been 
extensively used to elucidate the epidemiology of major depression), 
or a combination of methods (deCODE, UK Biobank), whereas 
~56% of cases were from 23andMe (via self-report)28. Multiple lines 
of genetic evidence supported conducting meta-analysis of these 
seven cohorts (for example, out-of-sample prediction, sign tests, 
and genetic correlations).

However, our approach may be controversial to some readers 
given the unconventional reliance on self-report of major depres-
sion. We would reframe the issue: we hypothesize that brief meth-
ods of assessing major depression are informative for the genetics 
of MDD. We present a body of results that is consistent with this 
hypothesis. Even if unconventional, our hypothesis is testable and 
falsifiable, and we invite and welcome empirical studies to further 
support or refute this hypothesis.

Our results lead us to draw some broad conclusions. First, major 
depression is a brain disorder. Although this is not unexpected, 
some past models of MDD have had little or no place for heredity 
or biology. The genetic results best match gene expression patterns 
in the prefrontal and anterior cingulate cortex, anatomical regions 
that show differences between MDD cases and controls. The genetic 
findings implicated neurons (not microglia or astrocytes), and we 
anticipate more detailed cellular localization when sufficient single-
cell and single-nucleus RNA-seq datasets become available67.

Second, the genetic associations for major depression (as with 
schizophrenia)46 tend to occur in genomic regions conserved across 
a range of placental mammals. Conservation suggests important 
functional roles. Notably, our analyses did not implicate exons or 
coding regions.

Third, the results also implicated developmental gene regulatory 
processes. For instance, the genetic findings pointed at the splicing 
regulator RBFOX1 (the presence of two independent genetic asso-
ciations in RBFOX1 strongly suggests that it is the relevant gene). 
Gene set analyses implicated genes containing binding sites to the 
protein product of RBFOX1, and this gene set is also significantly 
enriched for rare exonic variation in autism and schizophrenia56,57. 
These analyses highlight the potential importance of splicing to 
generate alternative isoforms; risk for major depression may be 
mediated not by changes in isolated amino acids but rather by 
changes in the proportions of isoforms coming from a gene, given 
that isoforms often have markedly different biological functions68,69.  
These convergent results provide possible clues to a biological 
mechanism common to multiple severe psychiatric disorders that 
merits future research.

Fourth, in the most extensive analysis of the genetic ‘connec-
tions’ of major depression with a wide range of disorders, diseases, 
and human traits, we found significant positive genetic correlations 
with measures of body mass and negative genetic correlations with 
years of education, while showing no evidence of genetic correla-
tion with IQ. MR analysis results are consistent with both BMI and 
years of education being causal, or correlated with causal, risk fac-
tors for major depression, and our results provide hypotheses and 
motivation for more detailed prospective studies, as currently avail-
able data may not provide insight about the fundamental driver or 
drivers of causality. The underlying mechanisms are likely more 
complex, as it is difficult to envision how genetic variation in educa-
tional attainment or body mass alters risk for MDD without invok-
ing an additional mechanistic component. While the significant MR 
analyses need further investigations to fully understand, the nega-
tive MR results provide important evidence that there is not a direct 
causal relationship between MDD and subsequent changes in body 
mass or education years. If such associations are observed in epi-
demiological or clinical samples, then other factors must drive the 
association.

Fifth, we found significant positive correlations of major depres-
sion with all psychiatric disorders that we evaluated, including dis-
orders prominent in childhood. This pattern of results indicates 
that the current classification scheme for major psychiatric disor-
ders does not align well with the underlying genetic basis of these 
disorders. Currently, only schizophrenia has a sufficient number of 
genome-wide significant loci to conduct MR analysis, but the bidi-
rectionally significant MR results are consistent with a shared bio-
logical basis for major depression and schizophrenia.
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Fig. 4 | Generative topographic mapping of the 19 significant pathway 
results. The average position of each pathway on the map is represented 
by a point. The map is colored by the –log10 P value obtained using 
MAGMA. The x and y coordinates were obtained from a kernel generative 
topographic mapping algorithm (GTM) that reduces high-dimensional gene 
sets to a 2D scatterplot by accounting for gene overlap between gene sets. 
Each point represents a gene set. Nearby points are more similar in gene 
overlap than more distant points. The color surrounding each point (gene 
set) corresponds to significance according to the scale on the right. The 
significant pathways (Supplementary Table 11) fall into nine main clusters 
as described in the text.
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The dominant psychiatric nosological systems were principally 
designed for clinical utility and are based on data that emerge dur-
ing human interactions (i.e., observable signs and reported symp-
toms) and not objective measurements of pathophysiology. MDD is 
frequently comorbid with other psychiatric disorders, and the phe-
notypic comorbidity has an underlying structure that reflects shared 
origins (as inferred from factor analyses and twin studies)70–73. Our 
genetic results add to this knowledge: major depression is not a dis-
crete entity at any level of analysis. Rather, our data strongly suggest 
the existence of biological processes common to major depression 
and schizophrenia (and likely other psychiatric disorders).

Finally, as expected, we found that major depression had mod-
est hSNP

2  (8.7%), as it is a complex malady with both genetic and 
environmental determinants. We found that major depression 
has a very high genetic correlation with proxy measures that can 
be briefly assessed. Lifetime major depressive disorder requires a 
constellation of signs and symptoms whose reliable scoring requires 
an extended interview with a trained clinician. However, the com-
mon variant genetic architecture of lifetime major depression in 
these seven cohorts (containing many subjects medically treated for 
MDD) has strong overlap with that of current depressive symptoms 
in general community samples. Similar relationships of clinically 
defined ADHD or autism with quantitative genetic variation in the 
population have been reported74,75. The ‘disorder-versus-symptom’ 
relationship has been debated extensively76, but our data indicate 
that the common variant genetic overlap is very high. This finding 
has important implications.

One implication is for future genetic studies. In a first phase, 
it should be possible to elucidate the bulk of the common variant 
genetic architecture of MDD using a cost-effective shortcut—large 
studies of genotyped individuals who complete online self-report 
assessments of lifetime MDD (a sample size approaching 1 million 
MDD cases may be achievable by 2020). Use of online assessment 
could allow for recording of a broad range of phenotypes including 
comorbidities and putative environmental exposures, but with the 
key feature being large samples with consistently assessed measures. 
In a second phase, with a relatively complete understanding of the 
genetic basis of major depression, one could then evaluate smaller 
samples of carefully phenotyped individuals with MDD to under-
stand the clinical importance of the genetic results. Subsequent 
empirical studies may show that it is possible to stratify MDD cases 
at first presentation to identify individuals at high risk for recur-
rence, poor outcome, poor treatment response, or who might 
subsequently develop a psychiatric disorder requiring alternative 
pharmacotherapy (for example, schizophrenia or bipolar disorder). 
This could form a cornerstone of precision medicine in psychiatry.

In summary, this genome-wide association meta-analysis of 
135,438 MDD and major depression cases and 344,901 controls 
identified 44 loci. An extensive set of companion analyses pro-
vide insights into the nature of MDD as well as its neurobiology, 
therapeutic relevance, and genetic and biological interconnections 
to other psychiatric disorders. Comprehensive elucidation of these 
features is the primary goal of our genetic studies of MDD.

URLs. 1000 Genomes Project multi-ancestry imputation panel, 
https://mathgen.stats.ox.ac.uk/impute/data_download_1000G_
phase1_integrated.html; 23andMe privacy policy, https://
www.23andme.com/en-eu/about/privacy; Bedtools, https://bed-
tools.readthedocs.io; dbGaP, https://www.ncbi.nlm.nih.gov/gap; 
genotype-based checksums for relatedness determination, http://
www.broadinstitute.org/~sripke/share_links/checksums_down-
load; GSMR, http://cnsgenomics.com/software/gsmr/; GTEx, 
http://www.gtexportal.org/home/datasets; GTMapTool, http://
infochim.u-strasbg.fr/mobyle-cgi/portal.py#forms::gtmaptool; 
LD-Hub, http://ldsc.broadinstitute.org/; PGC, http://www.med.
unc.edu/pgc; NIH NeuroBiobank, https://neurobiobank.nih.gov/; 

PGC ricopili genome-wide association analysis pipeline, https://
github.com/Nealelab/ricopili; SMR, http://cnsgenomics.com/soft-
ware/smr/#Overview; TWAS, http://gusevlab.org/projects/fusion/; 
UK Biobank, http://www.ukbiobank.ac.uk/.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0090-3.
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PGC29 cohort. Our analysis was anchored in a genome-wide association mega-
analysis of 29 samples of European ancestry (16,823 MDD cases and 25,632 
controls). Supplementary Table 1 summarizes the source and inclusion/exclusion 
criteria for cases and controls for each sample. All PGC29 samples passed a 
structured methodological review by MDD assessment experts (D.F.L. and K.S.K.). 
Cases were required to meet international consensus criteria (DSM-IV, ICD-9, 
or ICD-10)97–99 for a lifetime diagnosis of MDD established using structured 
diagnostic instruments from assessments by trained interviewers, clinician-
administered checklists, or medical record review. All cases met standard criteria 
for MDD, were directly interviewed (28/29 samples), or had medical record review 
by an expert diagnostician (1/29 samples), and most were ascertained from clinical 
sources (19/29 samples). Controls in most samples were screened for the absence 
of lifetime MDD (22/29 samples) and randomly selected from the population.

Additional cohorts. We critically evaluated six independent European-ancestry 
cohorts (118,635 cases and 319,269 controls). Supplementary Table 2 summarizes 
the source and inclusion/exclusion criteria for cases and controls for each cohort. 
These cohorts used a range of methods for assessing MDD or major depression. 
Most studies included here applied otherwise typical inclusion and exclusion 
criteria for both cases and controls (for example, excluding cases with lifetime 
bipolar disorder or schizophrenia and excluding controls with major depression).

Cohort comparability. Supplementary Table 3 summarizes the numbers of 
cases and controls in PGC29 and the six additional cohorts. The most direct 
and important way to evaluate the comparability of these cohorts for a genome-
wide association meta-analysis is using SNP genotype data22,24. We used LD 
score (LDSC) regression (described below) to estimate hSNP

2  for each cohort 
(Supplementary Fig. 1 and Supplementary Table 3) and rg for all pairwise 
combinations of the cohorts (Supplementary Table 3b) and to demonstrate 
no evidence of sample overlap. We used leave-one-sample-out GRSs, finding 
significant differences in case–control GRS distributions of the left-out sample for 
all but one PGC29 sample (Supplementary Table 4). For full details of the cohort 
comparability analyses including GRS analyses, see the Supplementary Note. In 
GRS analyses, the discovery sample was the genome-wide association sample that 
provided the allelic weightings for each SNP, used to generate a sum score for each 
individual in the independent target sample.

Genotyping and quality control. Genotyping procedures can be found in 
the primary reports for each cohort (summarized in Supplementary Table 3). 
Individual genotype data for all PGC29 samples, GERA, and iPSYCH were 
processed using the PGC ricopili pipeline (see URLs) for standardized quality 
control, imputation, and analysis19. The cohorts from deCODE, Generation 
Scotland, UK Biobank, and 23andMe were processed by the collaborating research 
teams using comparable procedures. SNPs and insertion–deletion polymorphisms 
were imputed using the 1000 Genomes Project multi-ancestry reference panel 
(see URLs)100. More detailed information on sample quality control is provided in 
the Supplementary Note.

LD score regression. LDSC was used to estimate hSNP
2  from genome-wide 

association summary statistics. Estimates of hSNP
2  on the liability scale depend on 

the assumed lifetime prevalence of MDD in the population (K), and we assumed 
K =  0.15 but also evaluated a range of estimates of K to explore sensitivity, 
including 95% confidence intervals (Supplementary Fig. 1). LDSC bivariate genetic 
correlations attributable to genome-wide SNPs (rg) were estimated across all MDD 
and major depression cohorts and between the full cohort subjected to meta-
analysis and other traits and disorders.

LDSC was also used to partition hSNP
2  by genomic features24,46. We tested for 

enrichment of hSNP
2  based on genomic annotations, partitioning hSNP

2  proportional 
to the base-pair length represented by each annotation. We used the ‘baseline 
model’, which consists of 53 functional categories. The categories are fully 
described elsewhere46 and included conserved regions47, USCC gene models (exons, 
introns, promoters, UTRs), and functional genomic annotations constructed 
using data from ENCODE101 and the Roadmap Epigenomics Consortium102. 
We complemented these annotations by adding introgressed regions from the 
Neanderthal genome in European populations103 and open chromatin regions from 
the brain dorsolateral prefrontal cortex. The open chromatin regions were obtained 
from an ATAC–seq experiment performed in 288 samples (n =  135 controls, 137 
schizophrenia cases, 10 bipolar cases, and 6 affective disorder cases)104. Peaks called 
with MACS105 (1% FDR) were retained if their coordinates overlapped in at least 
two samples. The peaks were recentered and set to a fixed width of 300 bp using the 
diffbind R package106. To prevent upward bias in heritability enrichment estimation, 
we added two categories created by expanding both the Neanderthal introgressed 
regions and open chromatin regions by 250 bp on each side.

We used LDSC to estimate rg between major depression and a range of other 
disorders, diseases, and human traits22. The intent of these comparisons was to 
evaluate the extent of shared common variant genetic architectures to suggest 
hypotheses about the fundamental genetic basis of major depression (given its 
extensive comorbidity with psychiatric and medical conditions and its association 

with anthropometric and other risk factors). Subject overlap of itself does not bias 
rg. These rg values were mostly based on studies of independent subjects, and the 
estimates should be unbiased by confounding of genetic and non-genetic effects 
(except if there is genotype by environment correlation). When GWAS include 
overlapping samples, rg remains unbiased but the intercept of the LDSC regression 
is an estimate of the correlation between the association statistics attributable to 
sample overlap. These calculations were done using the internal PGC genome-wide 
association library and with LD-Hub (see URLs)60.

Integration of genome-wide association findings to tissue and cellular gene 
expression. We used partitioned LDSC to evaluate which somatic tissues were 
enriched for major depression heritability107. Gene expression data generated 
using mRNA-seq from multiple human tissues were obtained from GTEx v6p (see 
URLs). Genes for which < 4 samples had at least one read count per million were 
discarded, and samples with < 100 genes with at least one read count per million 
were excluded. The data were normalized, and a t statistic was obtained for each 
tissue by comparing the expression in each tissue with the expression of all other 
tissues with the exception of tissues related to the tissue of interest (for example, 
brain cortex versus all other tissues excluding other brain samples), using sex and 
age as covariates. A t statistic was also obtained for each tissue among its related 
tissues (for example, cortex versus all other brain tissues) to test which brain 
region was the most associated with major depression, also using sex and age as 
covariates. The top 10% of the genes with the most extreme t statistic were defined 
as tissue specific. The coordinates for these genes were extended by a 100-kb 
window and tested using LD score regression. Significance was obtained from the 
coefficient z score, which corrects for all other categories in the baseline model.

Lists of genes specifically expressed in neurons, astrocytes, and 
oligodendrocytes were obtained from Cahoy et al.45. As these experiments were 
done in mice, genes were mapped to human orthologous genes using Ensembl. The 
coordinates for these genes were extended by a 100-kb window and tested using 
LD score regression as for the GTEx tissue-specific genes.

We conducted eQTL lookups of the most associated SNPs in each region and 
report genome-wide association SNPs in LD (r2 >  0.8) with the top eQTLs in the 
following datasets: eQTLGen Consortium (Illumina arrays in whole blood,  
n =  14,115), BIOS (RNA-seq in whole blood, n =  2,116)108, NESDA/NTR 
(Affymetrix arrays in whole blood, n =  4,896)109, GEUVADIS (RNA-seq in LCLs,  
n =  465)110, Rosmap (RNA-seq in cortex, n =  494)111, GTEx (RNA-seq in 44 tissues, 
n >  70)43, and Common Mind Consortium (CMC; prefrontal cortex, Sage Synapse 
accession syn5650509, n =  467)51.

We used SMR49 to identify loci with strong evidence of causality via gene 
expression and DNA methylation (eQTLs and meQTLs). SMR analysis is limited 
to significant cis-SNP expression (FDR <  0.05) and SNPs with MAF > 0.01 at a 
Bonferroni-corrected pSMR. Owing to LD, multiple SNPs may be associated with 
the expression of a gene, and some SNPs are associated with the expression of more 
than one gene. The aim of SMR is to prioritize variants and genes for subsequent 
studies, and a test for heterogeneity excludes regions that may harbor multiple 
causal loci (pHET <  0.05; a very conservative threshold). SMR analyses were 
conducted using eQTLs from the eQTLGen Consortium (whole blood), GTEx  
(11 brain tissues), and the CMC43,51 as well as meQTLs from whole blood112.

We conducted a transcriptome-wide association study50 using precomputed 
expression reference weights for CMC data (5,420 genes with significant cis-
SNP heritability) provided with the TWAS/FUSION software. The significance 
threshold was 0.05/5,420.

DNA looping using Hi-C. Dorsolateral prefrontal cortex (Brodmann area 9) was 
dissected from post-mortem samples from three adults of European ancestry 
(C.S.). Cerebra from three fetal brains were obtained from the NIH NeuroBiobank 
(see URLs; gestation age 17–19 weeks, African ancestry). We used ‘easy Hi-C’ to 
assess DNA chromatin (looping) interactions (Supplementary Note).

Gene-wise and pathway analyses. Our approach was guided by rigorous method 
comparisons conducted by PGC members55,113. P values quantifying the degree 
of association of genes and gene sets with MDD were generated using MAGMA 
(v1.06)114. MAGMA uses Brown’s method to combine SNP P values and account 
for LD. We used Ensembl gene models for 19,079 genes, giving a Bonferroni-
corrected P-value threshold of 2.6 ×  10−6. Gene set P values were obtained using 
a competitive analysis that tests whether genes in a gene set are more strongly 
associated with the phenotype than other gene sets. We used European-ancestry 
subjects from the 1000 Genomes Project (Phase 3 v5a, MAF ≥  0.01)115 for the LD 
reference. The gene window used was 35 kb upstream and 10 kb downstream to 
include regulatory elements.

Gene sets were from two main sources. First, we included gene sets previously 
shown to be important for psychiatric disorders (71 gene sets; for example, FMRP 
binding partners, de novo mutations, GWAS top SNPs, ion channels)57,116,117. 
Second, we included gene sets from MSigDB (v5.2)118, which includes canonical 
pathways and Gene Ontology gene sets. Canonical pathways were curated from 
BioCarta, KEGG, Matrisome, the Pathway Interaction Database, Reactome, Sigma-
Aldrich, Signaling Gateway, Signal Transduction KE, and SuperArray. Pathways 
containing from 10–10,000 genes were included.
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To evaluate gene sets related to antidepressants, gene sets were extracted from 
the Drug–Gene Interaction database (DGIdb v.2.0)119 and the NIMH Psychoactive 
Drug Screening Program Ki DB120 downloaded in June 2016. The association of 
3,885 drug gene sets with major depression was estimated using MAGMA (v1.6). 
The drug gene sets were ordered by P value, and the Wilcoxon–Mann–Whitney 
test was used to assess whether the 42 antidepressant gene sets in the dataset (ATC 
code N06A in the Anatomical Therapeutic Chemical Classification System) had a 
higher ranking than expected by chance.

One issue is that some gene sets contain overlapping genes, and these may 
reflect largely overlapping results. The pathway map was constructed using the 
kernel generative topographic mapping algorithm (k-GTM) as described by  
Olier et al.121. GTM is a probabilistic alternative to Kohonen maps: the kernel 
variant is used when the input is a similarity matrix. The GTM and k-GTM 
algorithms are implemented in GTMapTool (see URLs). We used the Jaccard 
similarity matrix of FDR-significant pathways as input for the algorithm, where 
each pathway is encoded by a vector of binary values representing the presence  
(1) or absence (0) of a gene. The parameters for the k-GTM algorithm are the 
square root of the number of grid points (k), the square root of the number of  
RBF functions (m), the regularization coefficient (l), the RBF width factor (w),  
and the number of feature space dimensions for the kernel algorithm (b). We  
set k equal to the square root of the number of pathways, m equal to the square 
root of k, l =  1 (default), w =  1 (default), and b equal to the number of principal 
components explaining 99.5% of the variance in the kernel matrix. The output  
of the program is a set of coordinates representing the average positions of 
pathways on a 2D map. The x and y axes represent the dimensions of a 2D latent 
space. The pathway coordinates and corresponding MAGMA P values were used 
to build the pathway activity landscape using the kriging interpolation algorithm 
implemented in the R gstat package.

Mendelian randomization. We conducted bidirectional MR122 analysis for  
four traits: years of education (EDY)62, body mass index (BMI)29, coronary  
artery disease (CAD)63, and schizophrenia (SCZ)19. We denote z as a genetic 
variant (a SNP) that is significantly associated with x, an exposure or putative 
causal trait for y (the disease/trait outcome). The effect size of x on y can be 
estimated using a two-step least-squares (2SLS)123 approach: = ∕! ! !b b bxy zy zx,  
where !bzx is the estimated effect size for the SNP–trait association for the 
exposure trait and !bzy is the effect size estimated for the same SNP in the  
GWAS of the outcome trait.

We used generalized summary statistics–based MR (GSMR)64 to estimate !bxy 
and its standard error from multiple SNPs associated with the exposure trait at 
a genome-wide significance level. We conducted bidirectional GSMR analyses 
for each pair of traits and report results after excluding SNPs that failed the 
HEIDI outlier heterogeneity test (which is more conservative than excluding 
SNPs that have an outlying association likely driven by locus-specific pleiotropy). 
GSMR is more powerful than inverse-weighted MR (IVW-MR) and MR-Egger 
because it takes account of the sampling variation of both !bzx and !bzy. GSMR also 
accounts for residual LD between the clumped SNPs. For comparison, we also 
conducted IVW-MR and MR-Egger analyses124. More details are provided in 
the Supplementary Note.

Genome build. All genomic coordinates are given in NCBI Build 37/UCSC hg19.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. The PGC’s policy is to make genome-wide summary results 
public. Summary statistics for a combined meta-analysis of PGC29 with five of the 
six expanded samples (deCODE, Generation Scotland, GERA, iPSYCH, and UK 
Biobank) are available on the PGC website (see URLs). Results for 10,000 SNPs for 
all seven cohorts are also available on the PGC website.

Genome-wide association summary statistics for the Hyde et al. cohort 
(23andMe, Inc.) must be obtained separately. These can be obtained by qualified 
researchers under an agreement with 23andMe that protects the privacy of the 
23andMe participants. Contact David Hinds (dhinds@23andme.com) to apply 
for access to the data. Researchers who have the 23andMe summary statistics can 
readily recreate our results by performing meta-analysis of the six-cohort results 
file with the Hyde et al. results file from 23andMe28.

The availability of genotype data for PGC29 is described in Supplementary 
Table 15. For the expanded cohorts, interested users should contact the lead 
principal investigators of these cohorts (which are separate from the PGC).
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Genome-wide association study of more than 
40,000 bipolar disorder cases provides new 
insights into the underlying biology
Bipolar disorder is a heritable mental illness with complex etiology. We performed a genome-wide association study of 41,917 
bipolar disorder cases and 371,549 controls of European ancestry, which identified 64 associated genomic loci. Bipolar disor-
der risk alleles were enriched in genes in synaptic signaling pathways and brain-expressed genes, particularly those with high 
specificity of expression in neurons of the prefrontal cortex and hippocampus. Significant signal enrichment was found in genes 
encoding targets of antipsychotics, calcium channel blockers, antiepileptics and anesthetics. Integrating expression quantitative 
trait locus data implicated 15 genes robustly linked to bipolar disorder via gene expression, encoding druggable targets such 
as HTR6, MCHR1, DCLK3 and FURIN. Analyses of bipolar disorder subtypes indicated high but imperfect genetic correlation 
between bipolar disorder type I and II and identified additional associated loci. Together, these results advance our understanding 
of the biological etiology of bipolar disorder, identify novel therapeutic leads and prioritize genes for functional follow-up studies.

Bipolar disorder (BD) is a complex mental disorder character-
ized by recurrent episodes of (hypo)mania and depression. It 
is a common condition affecting an estimated 40 to 50 million 

people worldwide1. This, combined with the typical onset in young 
adulthood, an often chronic course and increased risk of suicide2, 
makes BD a major public health concern and a major cause of global 
disability1. Clinically, BD is classified into two main subtypes: bipo-
lar I disorder (BD I), in which manic episodes typically alternate 
with depressive episodes, and bipolar II disorder (BD II), character-
ized by the occurrence of at least one hypomanic and one depressive 
episode3. These subtypes have a lifetime prevalence of ~1% each in 
the population4,5.

Family and molecular genetic studies provide convincing evi-
dence that BD is a multifactorial disorder, with genetic and envi-
ronmental factors contributing to its development6. On the basis 
of twin and family studies, the heritability of BD is estimated at 
60–85%7,8. Genome-wide association studies (GWASs)9–23 have led 
to valuable insights into the genetic etiology of BD. The largest such 
study has been conducted by the Psychiatric Genomics Consortium 
(PGC), in which genome-wide SNP data from 29,764 patients with 
BD and 169,118 controls were analyzed and 30 genome-wide sig-
nificant loci were identified (PGC2)24. SNP-based heritability 
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estimation using the same data suggested that common genetic 
variants genome-wide explain ~20% of BD’s phenotypic variance24. 
Polygenic risk scores (PRSs) generated from the results of this study 
explained ~4% of phenotypic variance in independent samples. 
Across the genome, genetic associations with BD converged on 
specific biological pathways including regulation of insulin secre-
tion25,26, retrograde endocannabinoid signaling24, glutamate recep-
tor signaling27 and calcium channel activity9.

Despite this considerable progress, only a fraction of the genetic 
etiology of BD has been identified, and the specific biological 
mechanisms underlying the development of the disorder are still 
unknown. In the present study, we report the results of the third 
GWAS meta-analysis of the PGC Bipolar Disorder Working Group, 
comprising 41,917 individuals with BD and 371,549 controls. These 
results confirm and expand on many previously reported findings, 
identify novel therapeutic leads and prioritize genes for functional 

follow-up studies28,29. Thus, our results further illuminate the bio-
logical etiology of BD.

Results
GWAS results. We conducted a GWAS meta-analysis of 57 BD cohorts 
collected in Europe, North America and Australia (Supplementary 
Table 1), totaling 41,917 individuals with BD (cases) and 371,549 
controls of European descent (effective n = 101,962, see Methods). 
For 52 cohorts, individual-level genotype and phenotype data were 
shared with the PGC and cases met international consensus criteria 
(DSM-IV, ICD-9 or ICD-10) for lifetime BD, established using struc-
tured diagnostic interviews, clinician-administered checklists or med-
ical record review. BD GWAS summary statistics were received for five 
external cohorts (iPSYCH30, deCODE genetics31, Estonian Biobank32, 
Trøndelag Health Study (HUNT)33 and UK Biobank34), in which most 
cases were ascertained using ICD codes. The GWAS meta-analysis 
identified 64 independent loci associated with BD at genome-wide 
significance (P < 5 × 10−8; Fig. 1, Table 1 and Supplementary Table 
2). Using linkage disequilibrium score regression (LDSC)35, the h2

SNP

 
of BD was estimated to be 18.6% (s.e. = 0.008, P = 5.1 × 10−132) on 
the liability scale, assuming a BD population prevalence of 2%, and 
15.6% (s.e. = 0.006, P = 5.0 × 10−132) assuming a population prevalence 
of 1% (Supplementary Table 3). The genomic inflation factor (λGC) 
was 1.38 and the LDSC intercept was 1.04 (s.e. = 0.01, P = 2.5 × 10−4; 
Supplementary Fig. 1). While the intercept has frequently been used 
as an indicator of confounding from population stratification, it can 
rise above 1 with increased sample size and heritability. The attenu-
ation ratio—(LDSC intercept − 1)/(mean of association chi-square 
statistics − 1)—which is not subject to these limitations, was 0.06 
(s.e. = 0.02), indicating that the majority of inflation of the GWAS test 
statistics was due to polygenicity35,36. Of the 64 genome-wide signifi-
cant loci, 33 are novel discoveries (that is, loci not overlapping with any 
locus previously reported as genome-wide significant for BD). Novel 
loci include the major histocompatibility complex (MHC) and loci 
previously reaching genome-wide significance for other psychiatric 
disorders, including ten for schizophrenia, four for major depression 
and three for childhood-onset psychiatric disorders or problematic 
alcohol use (Table 1).
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Enrichment analyses. Genome-wide analyses using MAGMA37 
indicated significant enrichment of BD associations in 161 
genes (Supplementary Table 4) and 4 gene sets related to synap-
tic signaling (Supplementary Table 5). The BD association signal 
was enriched among genes expressed in different brain tissues 
(Supplementary Table 6), especially genes with high specificity of 
gene expression in neurons (both excitatory and inhibitory) ver-
sus other cell types, within cortical and subcortical brain regions 
in mice (Supplementary Fig. 2)38. In human brain samples, signal 
enrichment was also observed in hippocampal pyramidal neurons 
and interneurons of the prefrontal cortex and hippocampus, com-
pared with other cell types (Supplementary Fig. 2).

In a gene-set analysis of the targets of individual drugs (from 
the Drug–Gene Interaction Database DGIdb v.2 (ref. 39) and the 
Psychoactive Drug Screening Database Ki DB40), the targets of the 
calcium channel blockers mibefradil and nisoldipine were signifi-
cantly enriched (Supplementary Table 7). Grouping drugs accord-
ing to their anatomical therapeutic chemical classes41, there was 
significant enrichment in the targets of four broad drug classes 
(Supplementary Table 8): psycholeptics (drugs with a calming effect 
on behavior; especially hypnotics and sedatives, antipsychotics and 
anxiolytics), calcium channel blockers, antiepileptics and (general) 
anesthetics (Supplementary Table 8).

Expression quantitative trait locus integrative analyses. We 
conducted a transcriptome-wide association study (TWAS) using 
FUSION42 and expression quantitative trait locus (eQTL) data 
from the PsychENCODE Consortium (1,321 brain samples)43. 
BD-associated alleles significantly influenced expression of 77 genes 
in the brain (Supplementary Table 9 and Supplementary Fig. 3). 
These genes encompassed 40 distinct regions. We performed TWAS 
fine-mapping using FOCUS44 to model the correlation among the 
TWAS signals and prioritize the most likely causal gene(s) in each 
region. Within the 90%-credible set, FOCUS prioritized 22 genes 
with a posterior inclusion probability (PIP) > 0.9 (encompassing 20 

distinct regions) and 32 genes with a PIP > 0.7 (29 distinct regions; 
Supplementary Table 10).

We used summary-data-based Mendelian randomization 
(SMR)45,46 to identify putative causal relationships between SNPs 
and BD via gene expression by integrating the BD GWAS results 
with brain eQTL summary statistics from the PsychENCODE43 
Consortium and blood eQTL summary statistics from the eQTLGen 
consortium (31,684 whole blood samples)47. The eQTLGen results 
represent the largest existing eQTL study and provide independent 
eQTL data. Of the 32 genes fine-mapped with PIP > 0.7, 15 were 
significantly associated with BD in the SMR analyses and passed the 
heterogeneity in dependent instruments (HEIDI) test45,46, suggest-
ing that their effect on BD is mediated via gene expression in the 
brain and/or blood (Supplementary Table 11). The genes located in 
genome-wide significant loci are labeled in Fig. 1. Other significant 
genes included HTR6, DCLK3, HAPLN4 and PACSIN2.

MHC locus. Variants within and distal to the MHC locus were asso-
ciated with BD at genome-wide significance. The most highly asso-
ciated SNP was rs13195402, 3.2 megabases (Mb) distal to any HLA 
gene or the complement component 4 (C4) genes (Supplementary 
Fig. 4). Imputation of C4 alleles using SNP data uncovered no 
association between the five most common structural forms of the 
C4A/C4B locus (BS, AL, AL–BS, AL–BL and AL–AL) and BD, either 
before or after conditioning on rs13195402 (Supplementary Fig. 5). 
While genetically predicted C4A expression initially showed a weak 
association with BD, this association was nonsignificant after con-
trolling for rs13195402 (Supplementary Fig. 6).

Polygenic risk scoring. The performance of PRSs based on these 
GWAS results was assessed by excluding cohorts in turn from the 
meta-analysis to create independent test samples. PRSs explained 
~4.57% of phenotypic variance in BD on the liability scale (at 
GWAS P-value threshold (GWAS PT) < 0.1, BD population preva-
lence 2%), based on the weighted mean R2 across cohorts (Fig. 2 
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Fig. 1 | Manhattan plot of genome-wide association meta-analysis of 41,917 BD cases and 371,549 controls. The x axis shows genomic 
position (chromosomes 1–22 and X), and the y axis shows statistical significance as –log10[P value]. P values are two-sided and based on an 
inverse-variance-weighted fixed-effects meta-analysis. The red line shows the genome-wide significance threshold (P!<!5!×!10−8). SNPs in genome-wide 
significant loci are colored green for loci previously associated with BD and yellow for novel associations from this study. The genes labeled are those 
prioritized by integrative eQTL analyses or notable genes in novel loci (MHC, CACNB2 and KCNB1).
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Table 1 | Genome-wide significant loci for BD from meta-analysis of 41,917 cases and 371,549 controls

Locus CHR BP SNP P OR s.e. A1/
A2

A1 
freq in 
controls

Previous reporta 
for BD (citation)

Name for novel locusb Previous 
reporta for 
psychiatric 
disorders

1 1 61105668 rs2126180 1.6!×!10−9 1.058 0.009 A/G 0.457 LINC01748
2 1 163745389 rs10737496 7.2!×!10−9 1.056 0.009 C/T 0.444 NUF2 CDG
3c 2 97416153 rs4619651 4.8!×!10−11 1.068 0.010 G/A 0.670 LMAN2L (PGC2) CDG
4 2 166152389 rs17183814 2.7!×!10−8 1.108 0.019 G/A 0.924 SCN2A (PGC2)
5 2 169481837 rs13417268 2.1!×!10−8 1.064 0.011 C/G 0.758 CERS6
6 2 193738336 rs2011302 4.3!×!10−8 1.055 0.010 A/T 0.377 PCGEM1 CDG
7 2 194437889 rs2719164 4.9!×!10−8 1.053 0.010 A/G 0.564 Intergenic (PGC2) CDG
8c 3 36856030 rs9834970 6.6!×!10−19 1.087 0.009 C/T 0.481 TRANK1 (PGC2) SCZ, CDG
9c 3 52626443 rs2336147 3.6!×!10−13 1.070 0.009 T/C 0.498 ITIH1 (PGC2) SCZ, CDG
10 3 70488788 rs115694474 2.4!×!10−8 1.068 0.012 T/A 0.799 MDFIC2
11 3 107757060 rs696366 4.5!×!10−8 1.053 0.009 C/A 0.550 CD47 (PGC2)
12c 4 123076007 rs112481526 1.9!×!10−9 1.065 0.011 G/A 0.256 KIAA1109 MD
13c 5 7542911 rs28565152 2.0!×!10−9 1.070 0.011 A/G 0.238 ADCY2 (PGC2)
14c 5 78849505 rs6865469 1.7!×!10−8 1.060 0.010 T/G 0.274 HOMER1
15 5 80961069 rs6887473 8.8!×!10−9 1.062 0.011 G/A 0.739 SSBP2 (PGC2)
16c 5 137712121 rs10043984 3.7!×!10−8 1.062 0.011 T/C 0.236 KDM3B CDG
17 5 169289206 rs10866641 2.8!×!10−11 1.065 0.009 T/C 0.575 DOCK2
18c 6 26463575 rs13195402 5.8!×!10−15 1.146 0.018 G/T 0.919 MHC MD, SCZ, 

CDG, 
MOOD

19c 6 98565211 rs1487445 1.5!×!10−15 1.078 0.009 T/C 0.487 POU3F2 (PGC2) CDG
20 6 152793572 rs4331993 2.0!×!10−8 1.056 0.010 A/T 0.382 SYNE1 (Green et al. 

2013)
21c 6 166995260 rs10455979 4.2!×!10−9 1.057 0.010 G/C 0.500 RPS6KA2 (PGC2)
22c 7 2020995 rs12668848 1.9!×!10−9 1.059 0.010 G/A 0.575 MAD1L1 (Hou et al. 

2016, Ikeda et al. 
2018)

MD, SCZ, 
CDG

23c 7 11871787 rs113779084 1.4!×!10−13 1.079 0.010 A/G 0.299 THSD7A (PGC2)
24c 7 21492589 rs6954854 5.9!×!10−10 1.060 0.009 G/A 0.425 SP4
25 7 24647222 rs12672003 2.7!×!10−9 1.096 0.016 G/A 0.113 MPP6 SCZ, CDG, 

MOOD
26 7 105043229 rs11764361 3.5!×!10−9 1.063 0.010 A/G 0.668 SRPK2 (PGC2) SCZ, ASD, 

CDG
27 7 131870597 rs6946056 3.7!×!10−8 1.055 0.010 C/A 0.623 PLXNA4
28 7 140676153 rs10255167 1.6!×!10−8 1.068 0.012 A/G 0.778 MRPS33 (PGC2) CDG
29c 8 9763581 rs62489493 2.6!×!10−11 1.094 0.014 G/C 0.128 miR124-1 SCZ, ALC, 

ASD
30c 8 10226355 rs3088186 2.1!×!10−8 1.058 0.010 T/C 0.287 MSRA SCZ, ALC, 

ASD
31 8 34152492 rs2953928 6.3!×!10−9 1.124 0.020 A/G 0.067 RP1-84O15.2 (lincRNA) SCZ, 

ADHD, 
CDG

32c 8 144993377 rs6992333 1.6!×!10−9 1.062 0.010 G/A 0.410 PLEC
33 9 37090538 rs10973201 2.5!×!10−8 1.101 0.017 C/T 0.110 ZCCHC7 MD, CDG, 

MOOD
34c 9 141066490 rs62581014 2.8!×!10−8 1.067 0.012 T/C 0.366 TUBBP5
35c 10 18751103 rs1998820 4.1!×!10−8 1.087 0.015 T/A 0.886 CACNB2 SCZ, CDG
36c 10 62322034 rs10994415 1.1!×!10−11 1.125 0.017 C/T 0.082 ANK3 (PGC2)
37 10 64525135 rs10761661 4.7!×!10−8 1.053 0.009 T/C 0.472 ADO

Continued
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and Supplementary Table 12). This corresponds to a weighted mean 
area under the curve of 65%. Results per cohort and per wave of 
recruitment to the PGC are in Supplementary Tables 12 and 13 and 
Supplementary Fig. 7. At GWAS PT < 0.1, individuals in the top 10% 
of BD PRSs had an odds ratio of 3.5 (95% confidence interval (CI) 
1.7–7.3) of being affected with the disorder compared with indi-
viduals in the middle decile (based on the weighted mean OR across 
PGC cohorts), and an odds ratio of 9.3 (95% CI 1.7–49.3) compared 
with individuals in the lowest decile. The generalizability of PRSs 
from this meta-analysis was examined in several non-European 
cohorts. PRSs explained up to 2.3% and 1.9% of variance in BD 
in two East Asian samples, and 1.2% and 0.4% in two admixed 
African American samples (Fig. 2 and Supplementary Table 14). 

The variance explained by the PRSs increased in every cohort with 
increasing sample size of the PGC BD European discovery sample 
(Supplementary Fig. 8 and Supplementary Table 14).

Genetic architecture of BD and other traits. The genome-wide 
genetic correlation (rg) of BD with a range of diseases and traits 
was assessed on LD Hub48. After correction for multiple testing, BD 
showed significant rg with 16 traits among 255 tested from published 
GWASs (Supplementary Table 15). Genetic correlation was positive 
with all psychiatric disorders assessed, particularly schizophrenia 
(rg = 0.68) and major depression (rg = 0.44), and to a lesser degree 
anorexia, attention deficit/hyperactivity disorder and autism spec-
trum disorder (rg ≈ 0.2). We found evidence of positive rg between BD 

Locus CHR BP SNP P OR s.e. A1/
A2

A1 
freq in 
controls

Previous reporta 
for BD (citation)

Name for novel locusb Previous 
reporta for 
psychiatric 
disorders

38c 10 111648659 rs2273738 1.6!×!10−11 1.096 0.014 T/C 0.135 ADD3 (Charney 
et al. 2017, PGC2)

39c 11 61618608 rs174592 9.9!×!10−14 1.074 0.010 G/A 0.395 FADS2 (PGC2) MD, CDG, 
MOOD

40 11 64009879 rs4672 3.4!×!10−9 1.107 0.017 A/G 0.083 FKBP2
41c 11 65848738 rs475805 2.0!×!10−9 1.070 0.011 A/G 0.767 PACS1 (PGC2)
42c 11 66324583 rs678397 5.5!×!10−9 1.056 0.009 T/C 0.457 PC (PGC1, PGC2)
43c 11 70517927 rs12575685 1.2!×!10−10 1.067 0.010 A/G 0.327 SHANK2 (PGC2) MD
44 11 79092527 rs12289486 3.3!×!10−8 1.086 0.015 T/C 0.115 ODZ4 (PGC1)
45c 12 2348844 rs11062170 1.9!×!10−15 1.081 0.010 C/G 0.333 CACNA1C (PGC2) SCZ, CDG, 

MOOD
46 13 113869045 rs35306827 3.6!×!10−9 1.068 0.011 G/A 0.775 CUL4A
47 14 99719219 rs2693698 2.0!×!10−8 1.055 0.009 G/A 0.551 BCL11B SCZ, CDG
48c 15 38973793 rs35958438 3.8!×!10−8 1.066 0.012 G/A 0.772 C15orf53 CDG
49c 15 42904904 rs4447398 2.6!×!10−9 1.086 0.014 A/C 0.131 STARD9 (PGC2)
50 15 83531774 rs62011709 1.4!×!10−8 1.064 0.011 T/A 0.747 HOMER2 SCZ
51c 15 85149575 rs748455 5.0!×!10−11 1.070 0.010 T/C 0.719 ZNF592 (PGC2) SCZ, CDG
52 15 91426560 rs4702 3.5!×!10−9 1.059 0.010 G/A 0.446 FURIN SCZ, CDG
53 16 9230816 rs28455634 2.6!×!10−10 1.065 0.010 G/A 0.620 C16orf72
54 16 9926348 rs7199910 1.7!×!10−8 1.057 0.010 G/T 0.312 GRIN2A (PGC2) SCZ, CDG
55 16 89632725 rs12932628 6.7!×!10−9 1.058 0.010 T/G 0.487 RPL13
56 17 1835482 rs4790841 3.1!×!10−8 1.075 0.013 T/C 0.151 RTN4RL1
57 17 38129841 rs11870683 2.8!×!10−8 1.059 0.010 T/A 0.650 ERBB2 (Hou et al. 

2016)
58 17 38220432 rs61554907 1.6!×!10−8 1.091 0.015 T/G 0.124 ERBB2 (Hou et al. 

2016)
59c 17 42191893 rs228768 2.8!×!10−10 1.067 0.010 G/T 0.294 HDAC5 (PGC2)
60c 20 43682551 rs67712855 4.2!×!10−11 1.070 0.010 T/G 0.687 STK4 (PGC2)
61c 20 43944323 rs6032110 1.0!×!10−9 1.059 0.009 A/G 0.512 WFDC12 (PGC2)
62c 20 48033127 rs237460 4.3!×!10−9 1.057 0.009 T/C 0.412 KCNB1 CDG
63 20 60865815 rs13044225 8.5!×!10−9 1.056 0.010 G/A 0.440 OSBPL2

64 22 41153879 rs5758064 2.0!×!10−8 1.054 0.009 T/C 0.523 SLC25A17 MD, SCZ, 
CDG, 
MOOD

aPrevious report refers to previous association of a SNP in the locus with the psychiatric disorder at genome-wide significance. PGC1, ref.!9; PGC2, ref.!24; Hou et al. 2016, ref.!17; Ikeda et al. 2018, ref.!59; 
Green et al. 2013, ref.!15; Charney et al. 2017, ref.!11. bNovel loci are named using the nearest gene to the index SNP. cLocus overlaps with a genome-wide significant locus for BD I. CHR, chromosome; BP, 
GRCh37 base-pair position; OR, odds ratio; A1, tested allele; A2, other allele; freq, frequency; CDG, cross-disorder GWAS of the PGC; MD, major depression; SCZ, schizophrenia; MOOD, mood disorders; 
ASD, autism spectrum disorder; ALC, alcohol use disorder or problematic alcohol use; ADHD, attention deficit/hyperactivity disorder. P values are two-sided and based on an inverse-variance-weighted 
fixed-effects meta-analysis.

Table 1 | Genome-wide significant loci for BD from meta-analysis of 41,917 cases and 371,549 controls (Continued)
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and smoking initiation, cigarettes per day, problematic alcohol use 
and drinks per week (Fig. 3). BD was also positively genetically cor-
related with measures of sleep quality (daytime sleepiness, insomnia 
and sleep duration; Fig. 3). Among 514 traits measured in the gen-
eral population of the UK Biobank, there was significant rg between 
BD and many psychiatric-relevant traits or symptoms, dissatisfaction 
with interpersonal relationships, poorer overall health rating and 
feelings of loneliness or isolation (Supplementary Table 16).

Bivariate gaussian mixture models were applied to the GWAS 
summary statistics for BD and other complex traits using the 
MiXeR tool49,50 to estimate the number of variants influencing each 
trait that explain 90% of h2

SNP

 and their overlap between traits. 
MiXeR estimated that approximately 8,600 (s.e. = 200) variants 
influence BD, which is similar to the estimate for schizophrenia 
(9,700, s.e. = 200) and lower than that for major depression (12,300, 
s.e. = 600; Supplementary Table 17 and Supplementary Fig. 9). 
When considering the number of shared loci as a proportion of the 
total polygenicity of each trait, the vast majority of loci influencing 
BD were also estimated to influence major depression (97%) and 
schizophrenia (96%; Supplementary Table 17 and Supplementary 
Fig. 9). Interestingly, within these shared components, the variants 
that influenced both BD and schizophrenia had high concordance 
in direction of effect (80%, s.e. = 2%), while the portion of concor-
dant variants between BD and major depressive disorder was only 
69% (s.e. = 1%; Supplementary Table 17).

Genetic and causal relationships between BD and modifiable risk 
factors. Ten traits associated with BD from clinical and epidemio-
logical studies were investigated in detail for genetic and potentially 
causal relationships with BD via LDSC35, generalized summary 
statistics–based Mendelian randomization (GSMR)51 and bivari-
ate gaussian mixture modeling49. BD has been strongly linked with 
sleep disturbances52, alcohol use53, smoking54, higher educational 
attainment55,56 and mood instability57. Most of these traits had mod-
est but significant genetic correlations with BD (rg = −0.05 to 0.35;  
Fig. 3). Examining the effects of these traits on BD via GSMR, smok-
ing initiation was associated with BD, corresponding to an OR of 
1.49 (95% CI 1.38–1.61) for developing the disorder (P = 1.74 × 10−22; 

Fig. 3). Testing the effect of BD on the traits, we found that BD was 
significantly associated with reduced likelihood of being a morning 
person and increased number of drinks per week (P < 1.47 × 10−3; 
Fig. 3). Positive bidirectional relationships were identified between 
BD and longer sleep duration, problematic alcohol use, educa-
tional attainment and mood instability (Fig. 3). Notably, the instru-
mental variables for mood instability were selected from a GWAS 
conducted in the general population, excluding individuals with 
psychiatric disorders58. For all of the aforementioned BD–trait 
relationships, the effect size estimates from GSMR were consistent 
with those calculated using the inverse-variance-weighted regres-
sion method, and there was no evidence of bias from horizontal 
pleiotropy. Full MR results are in Supplementary Tables 18 and 19. 
Bivariate gaussian mixture modeling using MiXeR indicated large 
proportions of variants influencing both BD and all other traits 
tested, particularly educational attainment, where approximately 
98% of variants influencing BD were estimated to also influence 
educational attainment. While cigarettes per day was a trait of inter-
est, MiXeR could not model these data due to low polygenicity and 
heritability, and the effect of cigarettes per day on BD was inconsis-
tent between MR methods, suggesting a violation of MR assump-
tions (Supplementary Tables 18–20).

BD subtypes. We conducted GWAS meta-analyses of BD I 
(25,060 cases, 449,978 controls) and BD II (6,781 cases, 364,075 
controls). The BD I analysis identified 44 genome-wide signifi-
cant loci, 31 of which overlapped with genome-wide significant 
loci from the main BD GWAS (Table 1 and Supplementary Table 
21). The remaining 13 genome-wide significant loci for BD I all 
had P < 4.0 × 10−5 in the main BD GWAS. One genome-wide sig-
nificant locus was identified in the GWAS meta-analysis of BD II 
and had a P < 1.1 × 10−4 in the main GWAS of BD (Supplementary 
Table 21). The h2

SNP

 estimates on the liability scale for BD I 
and BD II were 20.9% (s.e. = 0.009, P = 1.0 × 10−111) and 11.6% 
(s.e. = 0.01, P = 3.9 × 10−15), respectively, assuming a 1% popu-
lation prevalence of each subtype. These heritability values are 
significantly different from each other (P = 2.4 × 10−25, block jack-
knife). The genetic correlation between BD I and BD II was 0.85 
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(s.e. = 0.05, P = 2.88 × 10−54), which is significantly different from 
1 (P = 1.6 × 10−3). The genetic correlation of BD I with schizophre-
nia (rg = 0.66, s.e. = 0.02) was higher than that of BD II (rg = 0.54, 
s.e. = 0.05), whereas major depression was more strongly geneti-
cally correlated with BD II (rg = 0.66, s.e. = 0.05) than with BD I 
(rg = 0.34, s.e. = 0.03; Supplementary Table 22).

Discussion
In a GWAS of 41,917 BD cases, we identified 64 associated genomic 
loci, 33 of which are novel discoveries. With a 1.5-fold increase in 
effective sample size compared with the PGC2 BD GWAS, this study 
more than doubled the number of associated loci, representing an 
inflection point in the rate of risk variant discovery. We observed 
consistent replication of known BD loci, including 28/30 loci from 
the PGC2 GWAS24 and several implicated by other BD GWAS15–17, 
including a study of East Asian cases59.

The 33 novel loci discovered here encompass genes of expected 
biological relevance to BD, such as the ion-channel-encoding 

genes CACNB2 and KCNB1. Among the 64 BD loci, 17 have pre-
viously been implicated in GWAS of schizophrenia60, and 7 in 
GWAS of major depression61, representing the first overlap of 
genome-wide significant loci between the mood disorders. For 
these genome-wide significant loci shared across disorders, 17/17 
and 5/7 of the BD index SNPs had the same direction of effect on 
schizophrenia and major depression, respectively (Supplementary 
Table 23). More generally, 50/64 and 62/64 BD loci had a consistent 
direction of effect on major depression and schizophrenia, respec-
tively, considerably greater than chance (P < 1 × 10−5, binomial 
test). Bivariate gaussian mixture modeling estimated that across the 
entire genome, almost all variants influencing BD also influence 
schizophrenia and major depression, albeit with variable effects62. 
SNPs in and around the MHC locus reached genome-wide signifi-
cance for BD for the first time. However, unlike in schizophrenia, 
we found no influence of C4 structural alleles or gene expression63. 
Rather, the association was driven by variation outside the classi-
cal MHC locus, with the index SNP (rs13195402) being a missense 
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variant in BTN2A1, a brain-expressed gene64 encoding a plasma  
membrane protein.

The genetic correlation of BD with other psychiatric disorders 
was consistent with previous reports65,66. Our results also corrobo-
rate previous genetic and clinical evidence of associations between 
BD and sleep disturbances67, problematic alcohol use68 and smok-
ing69. While the genome-wide genetic correlations with these traits 
were modest (rg = −0.05 to 0.35), MiXeR estimated that, for all 
traits, more than 55% of trait-influencing variants also influence 
BD (Fig. 3). Taken together, these results point to shared biology as 
one possible explanation for the high prevalence of substance use in 
BD. However, excluding genetic variants associated with both traits, 
MR analyses suggested that smoking is also a putatively ‘causal’ risk 
factor for BD, while BD has no effect on smoking, consistent with 
a previous report70. (We use the word ‘causal’ with caution here 
as we consider MR an exploratory analysis to identify potentially 
modifiable risk factors that warrant more detailed investigations 
to understand their complex relationship with BD.) In contrast, 
MR indicated that BD had bidirectional ‘causal’ relationships with 
problematic alcohol use, longer sleep duration and mood instabil-
ity. Insights into the relationship of such behavioral correlates with 
BD may have future impact on clinical decision-making in the pro-
phylaxis or management of the disorder. Higher educational attain-
ment has previously been associated with BD in epidemiological 
studies55,56, while lower educational attainment has been associated 
with schizophrenia and major depression71,72. Here, educational 
attainment had a significant positive effect on risk of BD and vice 
versa. Interestingly, MiXeR estimated that almost all variants that 
influence BD also influence educational attainment. The substan-
tial genetic overlap observed between BD and the other phenotypes 
suggests that many variants likely influence multiple phenotypes, 
which may be differentiated by phenotype-specific effect size distri-
butions among the shared influencing variants.

The integration of eQTL data with our GWAS results yielded 15 
high-confidence genes for which there was converging evidence that 
their association with BD is mediated via gene expression. Among 
these were HTR6, encoding a serotonin receptor targeted by antipsy-
chotics and antidepressants73, and MCHR1 (melanin-concentrating 
hormone receptor 1), encoding a target of the antipsychotic halo-
peridol73. We note that, for both of these genes, their top eQTLs 
have opposite directions of effect on gene expression in the brain 
and blood, possibly playing a role in the tissue-specific gene regula-
tion influencing BD74. BD was associated with decreased expression 
of FURIN, a gene with a neurodevelopmental role that has already 
been the subject of functional genomics experiments in neuronal 
cells following its association with schizophrenia in GWAS75. The 
top association in our GWAS was in the TRANK1 locus on chromo-
some 3, which has previously been implicated in BD12,18,59. Although 
BD-associated SNPs in this locus are known to regulate TRANK1 
expression76, our eQTL analyses support a stronger but correlated 
regulation of DCLK3, located 87 kilobases (kb) upstream of TRANK1 
(refs. 43,77). Both FURIN and DCLK3 also encode druggable proteins 
(although they are not targets for any current psychiatric medica-
tions)73,78. These eQTL results provide promising BD candidate genes 
for functional follow-up experiments29. While several of these are in 
genome-wide significant loci, many are not the closest gene to the 
index SNP, highlighting the value of probing underlying molecular 
mechanisms to prioritize the most likely causal genes in the loci.

GWAS signals were enriched in the gene targets of existing 
BD pharmacological agents, such as antipsychotics, mood stabi-
lizers and antiepileptics. However, enrichment was also found in 
the targets of calcium channel blockers used to treat hypertension 
and GABA-receptor-targeting anesthetics (Supplementary Table 
8). Calcium channel antagonists have long been investigated for 
the treatment of BD, without becoming an established therapeu-
tic approach, and there is evidence that some antiepileptics have 

calcium-channel-inhibiting effects79,80. These results underscore the 
opportunity for repurposing some classes of drugs, particularly cal-
cium channel antagonists, as potential BD treatments81.

BD associations were enriched in gene sets involving neuronal 
parts and synaptic signaling. Neuronal and synaptic pathways have 
been described in cross-disorder GWAS of multiple psychiatric dis-
orders including BD82–84. Dysregulation of such pathways has also 
been suggested by previous functional and animal studies85. Analysis 
of single-cell gene expression data revealed enrichment in genes 
with high specificity of gene expression in neurons (both excitatory 
and inhibitory) of many brain regions, in particular the cortex and 
hippocampus. These findings are similar to those reported in GWAS 
data of schizophrenia86 and major depressive disorder38.

PRSs for BD explained on average 4.57% of phenotypic variance 
(liability scale) across European cohorts, although this varied in 
different waves of the BD GWAS, ranging from 6.6% in the PGC1 
cohorts to 2.9% in the external biobank studies (Supplementary 
Fig. 7 and Supplementary Table 12). These results are in line with 
the h2

SNP

 of BD per wave, which ranged from 24.6% (s.e. = 0.01) 
in PGC1 to 11.9% (s.e. = 0.01) in external studies (Supplementary 
Table 3). Some variability in h2

SNP

 estimates may arise from the 
inclusion of cases from population biobanks, who may have more 
heterogeneous clinical presentations or less severe illness than 
patients with BD ascertained via inpatient or outpatient psychiat-
ric clinics. Across the waves of clinically ascertained samples within 
the PGC, h2

SNP

 and the R2 of PRSs also varied, likely reflecting clini-
cal and genetic heterogeneity in the type of BD cases ascertained; 
the PGC1 cohorts consisted mostly of BD I cases9, known to be the 
most heritable of the BD subtypes11,24, while later waves included 
more individuals with BD II24. Overall, the h2

SNP

 of BD calculated 
from the meta-analysis summary statistics was 18% on the liability 
scale, a decrease of ~2% compared with the PGC2 GWAS24, which 
may be due to the addition of cohorts with lower h2

SNP

 estimates and 
heterogeneity between cohorts (Supplementary Table 3). However, 
despite differences in h2

SNP

 and R2 of PRSs per wave, the genetic cor-
relation of BD between all waves was high (weighted mean rg = 0.94, 
s.e. = 0.03), supporting our rationale for combining cases with dif-
ferent BD subtypes or ascertainment to increase power for discov-
ery of risk variants. In Europeans, individuals in the top 10% of 
PRSs had an OR of 3.5 for BD, compared with individuals with aver-
age PRSs (middle decile), which translates into a modest absolute 
lifetime risk of the disorder (7% based on PRSs alone). While PRSs 
are invaluable tools in research settings, the current BD PRSs lack 
sufficient power to separate individuals into clinically meaningful 
risk categories, and therefore have no clinical utility at present87,88. 
PRSs from this European BD meta-analysis yield higher R2 values in 
diverse ancestry samples than PRSs based on any currently available 
BD GWAS within the same ancestry59. However, performance still 
greatly lags behind that in Europeans, with ~2% variance explained 
in East Asian samples and substantially less in admixed African 
American samples, likely due to differences in allele frequencies 
and LD structures, consistent with previous studies89,90. There is a 
pressing need for more and larger studies in other ancestry groups 
to ensure that any future clinical utility is broadly applicable. 
Exploiting the differences in LD structure between diverse ancestry 
samples will also assist in the fine-mapping of risk loci for BD.

Our analyses confirmed that BD is a highly polygenic disorder, 
with an estimated 8,600 variants explaining 90% of its h2

SNP

. Hence, 
many more SNPs than those identified here are expected to account 
for the common variant architecture underlying BD. This GWAS 
marks an inflection point in risk variant discovery, and we expect 
that, from this point forward, the addition of more samples will 
lead to a dramatic increase in genetic findings. Nevertheless, fewer 
genome-wide significant loci have been identified in BD than in a 
schizophrenia GWASs of comparable sample size60. This may be due 
to the clinical and genetic heterogeneity that exists in BD.
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Our GWAS of subtypes BD I and BD II identified additional 
associated loci. Consistent with previous findings24, our analy-
sis showed that the two subtypes were highly but imperfectly 
genetically correlated (rg = 0.85), and that BD I is more genetically 
correlated with schizophrenia, while BD II has stronger genetic cor-
relation with major depression. The subtypes are sufficiently similar 
to justify joint analysis as BD, but are not identical in their genetic 
composition, and as such contribute to the genetic heterogeneity of 
BD91. We identified 13 loci passing genome-wide significance for 
BD I, and one for BD II, which did not reach significance in the 
main BD GWAS, further illustrating the partially differing genetic 
composition of the two subtypes. Understanding the shared and 
distinct genetic components of BD subtypes and symptoms requires 
detailed phenotyping efforts in large cohorts and is an important 
area for future psychiatric genetics research.

In summary, these new data advance our understanding of the 
biological etiology of BD and prioritize a set of candidate genes for 
functional follow-up experiments. Several lines of evidence con-
verge on the involvement of calcium channel signaling, providing a 
promising avenue for future therapeutic development.
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Methods
Sample description. $e meta-analysis sample comprises 57 cohorts collected 
in Europe, North America and Australia, totaling 41,917 BD cases and 
371,549 controls of European descent (Supplementary Table 1). $e total 
e#ective n, equivalent to an equal number of cases and controls in each cohort 
(4 × ncases × ncontrols/(ncases + ncontrols)), is 101,962. For 52 cohorts, individual-level 
genotype and phenotype data were shared with the PGC. Cohorts have been added 
to the PGC in "ve waves (PGC1 (ref. 9), PGC2 (ref. 24), PGC PsychChip, PGC3 and 
External studies); all cohorts from previous PGC BD GWASs were included. $e 
source and inclusion/exclusion criteria for cases and controls for each cohort are 
described in the Supplementary Note. Cases were required to meet international 
consensus criteria (DSM-IV, ICD-9 or ICD-10) for a lifetime diagnosis of BD, 
established using structured diagnostic instruments from assessments by trained 
interviewers, clinician-administered checklists or medical record review. In most 
cohorts, controls were screened for the absence of lifetime psychiatric disorders 
and randomly selected from the population. For "ve cohorts (iPSYCH30, deCODE 
genetics31, Estonian Biobank32, HUNT33 and UK Biobank34), GWAS summary 
statistics for BD were shared with the PGC. In these cohorts, BD cases were 
ascertained using ICD codes or self-report during a nurse interview, and the 
majority of controls were screened for the absence of psychiatric disorders via ICD 
codes. Follow-up analyses included four non-European BD case–control cohorts, 
two from East Asia (Japan59 and Korea92) and two admixed African American 
cohorts22,93, providing a total of 5,847 cases and 65,588 controls. $ese BD cases 
were ascertained using international consensus criteria (DSM-IV)22,93 through 
psychiatric interviews (Supplementary Note).

Genotyping, quality control and imputation. For 52 cohorts internal to the PGC, 
genotyping was performed following local protocols and genotypes were called 
using standard genotype calling software from commercial sources (Affymetrix 
and Illumina). Subsequently, standardized quality control, imputation and 
statistical analyses were performed centrally using Rapid Imputation for Consortias 
Pipeline (RICOPILI; version 2018_Nov_23.001)94, separately for each cohort. 
Briefly, the quality control parameters for retaining SNPs and subjects were: SNP 
missingness < 0.05 (before sample removal), subject missingness < 0.02, autosomal 
heterozygosity deviation (Fhet < 0.2), SNP missingness < 0.02 (after sample 
removal), difference in SNP missingness between cases and controls < 0.02, SNP 
Hardy–Weinberg equilibrium (P > 10 × 10−10 in psychiatric cases and P > 10 × 10−6 
in controls). Relatedness was calculated across cohorts using identity by descent 
and one of each pair of related individuals (pi_hat > 0.2) was excluded. Principal 
components (PCs) were generated using genotyped SNPs in each cohort separately 
using EIGENSTRAT v6.1.4 (ref. 95). On the basis of visual inspection of plots of 
PCs for each dataset (which were all of European descent according to self-report/
clinical data), we excluded samples to obtain more clearly homogeneous datasets. 
Genotype imputation was performed using the prephasing/imputation stepwise 
approach implemented in Eagle v2.3.5 (ref. 96) and Minimac3 (ref. 97) to the 
Haplotype Reference Consortium (HRC) reference panel v1.0 (ref. 98). Data on the 
X chromosome were available for 50 cohorts internal to the PGC and one external 
cohort (HUNT), and the X chromosome was imputed to the HRC reference panel 
in males and females separately within each cohort. The five external cohorts 
were processed by the collaborating research teams using comparable procedures 
and imputed to the HRC or a custom reference panel as appropriate. Full details 
of the genotyping, quality control and imputation for each of these cohorts 
are available in the Supplementary Note. Identical individuals between PGC 
cohorts and the Estonian Biobank and UK Biobank cohorts were detected using 
genotype-based checksums (https://personal.broadinstitute.org/sripke/share_links/
zpXkV8INxUg9bayDpLToG4g58TMtjN_PGC_SCZ_w3.0718d.76) and removed 
from PGC cohorts.

GWAS. For PGC cohorts, GWASs were conducted within each cohort using an 
additive logistic regression model in PLINK v1.90 (ref. 99), covarying for PCs 
1–5 and any others as required. Association analyses of the X chromosome were 
conducted in males and females separately using the same procedures, with males 
coded as 0 or 2 for 0 or 1 copies of the reference allele. Results from males and 
females were then meta-analyzed within each cohort. For external cohorts, GWASs 
were conducted by the collaborating research teams using comparable procedures 
(Supplementary Note). To control test statistic inflation at SNPs with low minor 
allele frequency (MAF) in small cohorts, SNPs were retained only if cohort MAF 
was >1% and minor allele count was >10 in either cases or controls (whichever 
had smaller n). There was no evidence of stratification artifacts or uncontrolled 
inflation of test statistics in the results from any cohort (λGC = 0.97–1.05; 
Supplementary Table 1). Meta-analysis of GWAS summary statistics was conducted 
using an inverse-variance-weighted fixed-effects model in METAL (version 
2011-03-25)100 across 57 cohorts for the autosomes (41,917 BD cases and 371,549 
controls) and 51 cohorts for the X chromosome (35,691 BD cases and 96,731 
controls). A genome-wide significant locus was defined as the region around a SNP 
with P < 5 × 10−8, with LD r2 > 0.1, within a 3,000-kb window. Regional association 
plots and forest plots of the index SNPs for all genome-wide significant loci are 
presented in Supplementary Data 1 and 2, respectively.

Overlap of loci with other psychiatric disorders. Genome-wide significant 
loci for BD were assessed for overlap with genome-wide significant loci for 
other psychiatric disorders, using the largest available GWAS results for major 
depression61, schizophrenia60, attention deficit/hyperactivity disorder101, 
post-traumatic stress disorder102, lifetime anxiety disorder103, Tourette’s 
syndrome104, anorexia nervosa105, alcohol use disorder or problematic alcohol use68, 
autism spectrum disorder106, mood disorders91 and the cross-disorder GWAS of the 
PGC66. The boundaries of the genome-wide significant loci were calculated in the 
original publications. Overlap of loci was calculated using bedtools v2.29.2 (ref. 107).

Enrichment analyses. P values quantifying the degree of association of genes and 
gene sets with BD were calculated using MAGMA v1.08 (ref. 37), implemented 
in FUMA v1.3.6a (refs. 64,108). Gene-based tests were performed for 19,576 genes 
(Bonferroni-corrected P-value threshold = 2.55 × 10−6). A total of 11,858 curated 
gene sets including at least 10 genes from MSigDB V7.0 were tested for association 
with BD (Bonferroni-corrected P-value threshold = 4.22 × 10−6). Competitive 
gene-set tests were conducted correcting for gene size, variant density and LD 
within and between genes. Tissue-set enrichment analyses were also performed 
using MAGMA implemented in FUMA, to test for enrichment of association 
signal in genes expressed in 54 tissue types from GTEx V8 (Bonferroni-corrected 
P-value threshold = 9.26 × 10−4)64,108.

For single-cell enrichment analyses, publicly available single-cell 
RNA-sequencing data were compiled from five studies of the adult human and 
mouse brain86,109–112. The mean expression for each gene in each cell type was 
computed from the single-cell expression data (if not provided). For the Zeisel 
dataset109, we used the mean expression at level 4 (39 cell types from 19 regions for 
the mouse nervous system). For the Saunders dataset110, we computed the mean 
expression of the different classes in each of the 9 different brain regions sampled 
(88 cell types in total). We filtered out any genes with nonunique names, genes 
not expressed in any cell types, non-protein-coding genes and, for mouse datasets, 
genes that had no expert-curated 1:1 orthologs between mouse and human (Mouse 
Genome Informatics, The Jackson Laboratory, version 11/22/2016, http://www.
informatics.jax.org/downloads/reports/index.html#homology), resulting in 16,472 
genes. Gene expression was then scaled to a total of 1 million unique molecular 
identifiers (or transcripts per million) for each cell type/tissue. Using a previously 
described method38, a metric of gene expression specificity was calculated by 
dividing the expression of each gene in each cell type by the total expression of 
that gene in all cell types, leading to values ranging from 0 to 1 for each gene (0 
meaning that the gene is not expressed in that cell type and 1 meaning that all of 
the expression of the gene is in that cell type). We then selected the top 10% most 
specific genes for each cell type/tissue for enrichment analysis. MAGMA v1.08 
(ref. 37) was used to test gene-set enrichment using GWAS summary statistics, 
covarying for gene size, gene density, mean sample size for tested SNPs per gene, 
the inverse of the minor allele counts per gene and the log of these metrics. We 
excluded any SNPs with INFO score < 0.6, with MAF < 1% or with estimated 
odds ratio > 25 or smaller than 1/25, as well as SNPs located in the MHC region 
(chr6:25–34 Mb). We set a window of 35 kb upstream to 10 kb downstream of 
the gene coordinates to compute gene-level association statistics and used the 
European reference panel from phase 3 of the 1000 Genomes Project as the 
reference population113. We then used MAGMA to test whether the 10% most 
specific genes (with an expression of at least 1 transcript per million or 1 unique 
molecular identifier per million) for each cell type/tissue were associated with BD. 
The P-value threshold for significance was P < 9.1 × 10−3, representing a 5% false 
discovery rate across datasets.

Further gene-set analyses were performed restricted to genes targeted by drugs, 
assessing individual drugs and grouping drugs with similar actions. This approach 
has been described previously41. Gene-level and gene-set analyses were performed 
in MAGMA v1.08 (ref. 37). Gene boundaries were defined using build 37 reference 
data from the National Center for Biotechnology Information, available on the 
MAGMA website (https://ctg.cncr.nl/software/magma), extended 35 kb upstream 
and 10 kb downstream to include regulatory regions outside the transcribed region. 
Gene-level association statistics were defined as the aggregate of the mean and 
the lowest variant-level P value within the gene boundary, converted to a Z value. 
Gene sets were defined comprising the targets of each drug in the Drug–Gene 
Interaction database DGIdb v.2 (ref. 39) and in the Psychoactive Drug Screening 
Database Ki DB40, both downloaded in June 201641. Analyses were performed using 
competitive gene-set analyses in MAGMA. Results from the drug-set analysis 
were then grouped according to the Anatomical Therapeutic Chemical class of 
the drug41. Only drug classes with at least ten valid drug gene sets within them 
were analyzed. Drug-class analysis was performed using enrichment curves. All 
drug gene sets were ranked by their association in the drug-set analysis, and then 
for a given drug class an enrichment curve was drawn scoring a ‘hit’ if the drug 
gene set was within the class, or a ‘miss’ if it was outside the class. The area under 
the curve was calculated, and a P value for this was calculated using the Wilcoxon 
Mann–Whitney test comparing drug gene sets within the class to drug gene sets 
outside the class41. Multiple testing was controlled using a Bonferroni-corrected 
significance threshold of P < 5.60 × 10−5 for drug-set analysis and P < 7.93 × 10−4 for 
drug-class analysis, accounting for 893 drug sets and 63 drug classes tested.
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eQTL integrative analysis. A TWAS was conducted using the precomputed gene 
expression weights from PsychENCODE data (1,321 brain samples)43, available 
online with the FUSION software42. For genes with significant cis-SNP heritability 
(13,435 genes), FUSION software (vOct 1, 2019) was used to test whether SNPs 
influencing gene expression are also associated with BD (Bonferroni-corrected 
P-value threshold < 3.72 × 10−6). For regions including a TWAS-significant gene, 
TWAS fine-mapping of the region was conducted using FOCUS (fine-mapping 
of causal gene sets, v0.6.10)44. Regions were defined using the correlation matrix 
of predicted effects on gene expression around TWAS-significant genes44. A PIP 
was assigned to each gene for being causal for the observed TWAS association 
signal. Based on the PIP of each gene and a null model, whereby no gene in the 
region is causal for the TWAS signal, the 90%-credible gene set for each region was 
computed44.

SMR (v1.03)45,46 was applied to further investigate putative causal 
relationships between SNPs and BD via gene expression. SMR was performed 
using eQTL summary statistics from the eQTLGen (31,684 blood samples)47 
and PsychENCODE43 consortia. SMR analysis is limited to transcripts with at 
least one significant cis-eQTL (P < 5 × 10−8) in each dataset (15,610 in eQTLGen; 
10,871 in PsychENCODE). The Bonferroni-corrected significance threshold was 
P < 3.20 × 10−6 and P < 4.60 × 10−6 for eQTLGen and PsychENCODE, respectively. 
The significance threshold for the HEIDI test was PHEIDI ≥ 0.01 (ref. 46). While 
the results of TWAS and SMR indicate an association between BD and gene 
expression, a nonsignificant HEIDI test additionally indicates either a direct causal 
role or a pleiotropic effect of the BD-associated SNPs on gene expression.

C4 imputation. To investigate the MHC (chr6:24–34 Mb on hg19), the alleles of C4 
genes (C4A and C4B) were imputed in 47 PGC cohorts for which individual-level 
genotype data were accessible, totaling 32,749 BD cases and 53,370 controls. The 
imputation reference panel comprised 2,530 reference haplotypes of MHC SNPs 
and C4 alleles, generated using a sample of 1,265 individuals with whole-genome 
sequence data, from the Genomic Psychiatry cohort114. Briefly, imputation of C4 
as a multiallelic variant was performed using Beagle v4.1 (refs. 115,116), using SNPs 
from the MHC region that were also in the haplotype reference panel. Within the 
Beagle pipeline, the reference panel was first converted to bref format. We used 
the conform-gt tool to perform strand-flipping and filtering of specific SNPs for 
which the strand remained ambiguous. Beagle was run using default parameters 
with two key exceptions: we used the GRCh37 PLINK recombination map, and we 
set the output to include genotype probability (that is, GP field in VCF) for correct 
downstream probabilistic estimation of C4A and C4B joint dosages. The output 
consisted of dosage estimates for each of the common C4 structural haplotypes 
for each individual. The five most common structural forms of the C4A/C4B 
locus (BS, AL, AL–BS, AL–BL and AL–AL) could be inferred with reasonably 
high accuracy (generally 0.70 < r2 < 1.00). The imputed C4 alleles were tested for 
association with BD in a joint logistic regression that included terms for dosages of 
the five most common C4 structural haplotypes (AL–BS, AL–BL, AL–AL, BS and 
AL), rs13195402 genotype (top lead SNP in the MHC) and PCs as per the GWAS. 
The genetically regulated expression of C4A was predicted from the imputed C4 
alleles using a model previously described63. Predicted C4A expression was tested 
for association with BD in a joint logistic regression that included predicted C4A 
expression, rs13195402 genotype (top lead SNP in the MHC) and PCs as per the 
GWAS.

Polygenic risk scoring. PRSs from our GWAS meta-analysis were tested for 
association with BD in individual cohorts, using a discovery GWAS where the 
target cohort was left out of the meta-analysis. Briefly, the GWAS results from 
each discovery GWAS were pruned for LD using the P-value-informed clumping 
method in PLINK v1.90 (ref. 99; r2 0.1 within a 500-kb window) based on the LD 
structure of the HRC reference panel98. Subsets of SNPs were selected from the 
results below nine increasingly liberal P-value thresholds (GWAS PT; 5 × 10−8, 
1 × 10−4, 1 × 10−3, 0.01, 0.05, 0.1, 0.2, 0.5, 1). Sets of alleles, weighted by their log 
odds ratios from the discovery GWAS, were summed into PRSs for each individual 
in the target datasets, using PLINK v1.90 implemented via RICOPILI94,99. PRSs 
were tested for association with BD in the target dataset using logistic regression, 
covarying for PCs as per the GWAS in each cohort. PRSs were tested in the 
external cohorts by the collaborating research teams using comparable procedures. 
The variance explained by the PRSs (R2) was converted to the liability scale to 
account for the proportion of cases in each target dataset, using a BD population 
prevalence of 2% and 1%117. The weighted average R2 values were calculated using 
the effective n for each cohort. The odds ratios for BD for individuals in the 
top decile of PRSs compared with those in the lowest decile and middle decile 
were calculated in the 52 datasets internal to the PGC. To assess cross-ancestry 
performance, PRSs generated from the meta-analysis results were tested for 
association with BD using similar methods in a Japanese sample59, a Korean 
sample92 and two admixed African American samples. Full details of the QC, 
imputation and analysis of these samples are in the Supplementary Note.

LDSC. LDSC35 was used to estimate the h2
SNP

 of BD from GWAS summary 
statistics. h2

SNP

 was converted to the liability scale, using a lifetime BD prevalence of 
2% and 1%. LDSC bivariate genetic correlations attributable to genome-wide SNPs 

(rg) were estimated with 255 human diseases and traits from published GWASs 
and 514 GWASs of phenotypes in the UK Biobank from LD Hub48. Adjusting for 
the number of traits tested, the Bonferroni-corrected P-value thresholds were 
P < 1.96 × 10−4 and P < 9.73 × 10−5, respectively.

MiXeR. We applied causal mixture models49,50 to the GWAS summary statistics, 
using MiXeR v1.3. MiXeR provides univariate estimates of the proportion of 
non-null SNPs (‘polygenicity’) and the variance of effect sizes of non-null SNPs 
(‘discoverability’) in each phenotype. For each SNP, i, univariate MiXeR models 
its additive genetic effect of allele substitution, βi, as a point-normal mixture, 
β

i

= (1 − π

1

)N (0, 0) + π

1

N(0, σ2

β

), where π1 represents the proportion of 
non-null SNPs (‘polygenicity’) and σ2

β

 represents variance of effect sizes of 
non-null SNPs (‘discoverability’). Then, for each SNP, j, MiXeR incorporates LD 
information and allele frequencies for M = 9,997,231 SNPs extracted from 1000 
Genomes phase 3 data to estimate the expected probability distribution of the 
signed test statistic, z

j

= δ

j

+ ε

j

= N

∑
i

√

H

i

r

ij

β

i

+ ε

j

, where N is sample size, 
Hi indicates heterozygosity of the ith SNP, rij indicates allelic correlation between 
the ith and jth SNPs and ε

j

∼ N(0, σ2

0

) is the residual variance. Further, the three 
parameters, π

1

, σ2

β

 and σ2

0

, are fitted by direct maximization of the likelihood 
function. The optimization is based on a set of approximately 600,000 SNPs, 
obtained by selecting a random set of 2,000,000 SNPs with MAF of 5% or higher, 
followed by LD pruning at LD r2 = 0.8 threshold. The random SNP selection 
and full optimization procedure are repeated 20 times to obtain the means and 
standard errors of model parameters. The log-likelihood figures show individual 
curves for each of the 20 runs, each shifted vertically so that the best log-likelihood 
point is shown at the zero ordinate.

The total number of trait-influencing variants is estimated as Mπ1, where 
M = 9,997,231 gives the number of SNPs in the reference panel. MiXeR Venn 
diagrams report the effective number of influencing variants, ηMπ1, where η 
is a fixed number, η = 0.319, which gives the fraction of influencing variants 
contributing to 90% of the trait’s heritability (with rationale for this adjustment 
being that the remaining 68.1% of influencing variants are small and cumulatively 
explain only 10% of the trait’s heritability). Phenotypic variance explained 
on average by an influencing genetic variant is calculated as Hσ

2

β

, where 
H = 1

M

∑
i

H

i

= 0.2075 is the average heterozygosity across SNPs in the reference 
panel. Under the assumptions of the MiXeR model, SNP heritability is then 
calculated as h2

SNP

= Mπ

1

× Hσ

2

β

.
In the cross-trait analysis, MiXeR models additive genetic effects as a mixture  

of four components, representing null SNPs in both traits (π0); SNPs with a  
specific effect on the first and on the second trait (π1 and π2, respectively); and  
SNPs with nonzero effect on both traits (π12). In the last component, MiXeR  

models the variance–covariance matrix as 
Σ

12
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12
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12
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]

, where  

ρ12 indicates correlation of effect sizes within the shared component, and σ2

1

 
and σ2

2

 correspond to the discoverability parameter estimated in the univariate 
analysis of the two traits. These components are then plotted in Venn diagrams. 
After fitting parameters of the model, the Dice coefficient of polygenic overlap 
is then calculated as 2π

12

π

1

+2π

12

+π

2

, and genetic correlation is calculated as 
r

g

=
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12
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12

)(π

2
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12

)
. The fraction of influencing variants with concordant 

effect direction is calculated as twice the multivariate normal cumulative 
distribution function at point (0, 0) for the bivariate normal distribution with  
zero mean and variance–covariance matrix Σ12. All code is available online  
(https://github.com/precimed/mixer).

MR. We selected 17 traits associated with BD in clinical or epidemiological studies 
for MR to dissect their relationship with BD (Supplementary Note). Bidirectional 
GSMR51 analyses were performed between BD and the traits of interest using 
GWAS summary statistics, implemented in GCTA software (v1.93.1f beta). The 
instrumental variables were selected by a clumping procedure internal to the 
GSMR software with parameters: --gwas-thresh 5 × 10−8 --clump-r2 0.01. Traits 
with fewer than 10 instrumental variables available were excluded from the GSMR 
analyses to avoid conducting underpowered tests51, resulting in 10 traits tested 
(Bonferroni-corrected P-value threshold < 2.5 × 10−3). The HEIDI-outlier test 
was applied to test for horizontal pleiotropy (PHEIDI < 0.01)51. For comparison, the 
MR analyses were also performed using the inverse-variance-weighted regression 
method, implemented via the TwoSampleMR R package, using the instrumental 
variables selected by GSMR118,119. To further investigate horizontal pleiotropy, the 
MR Egger intercept test was conducted using the TwoSampleMR package118,119 and 
MR-PRESSO software was used to perform the global test and the distortion test120.

BD subtypes. GWAS meta-analyses were conducted for BD I (25,060 cases, 
449,978 controls from 55 cohorts, effective n = 64,802) and BD II (6,781 cases, 
364,075 controls from 31 cohorts, effective n = 22,560; Supplementary Table 1) 
using the same procedures described for the main GWAS. BD subtypes were 
defined based on international consensus criteria (DSM-IV, ICD-9 or ICD-10),  
established using structured diagnostic instruments from assessments by 

NATURE GENETICS | www.nature.com/naturegenetics

https://www.ncbi.nlm.nih.gov/snp/?term=rs13195402
https://www.ncbi.nlm.nih.gov/snp/?term=rs13195402
https://github.com/precimed/mixer
http://www.nature.com/naturegenetics


ARTICLES NATURE GENETICS

trained interviewers, clinician-administered checklists or medical record review. 
In the external biobank cohorts, BD subtypes were defined using ICD codes 
(Supplementary Note). LDSC35 was used to estimate the h2

SNP

 of each subtype, and 
the genetic correlation between the subtypes. The difference between the LDSC 
h

2

SNP

 estimates for BD I and BD II was tested for deviation from 0 using the block 
jackknife121. The LDSC genetic correlation (rg) was tested for difference from 1 by 
calculating a chi-square statistic corresponding to the estimated rg as ((rg − 1)/s.e.)2.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
GWAS summary statistics are publicly available on the PGC website (https://
www.med.unc.edu/pgc/results-and-downloads). Individual-level data are 
accessible through collaborative analysis proposals to the Bipolar Disorder 
Working Group of the PGC (https://www.med.unc.edu/pgc/shared-methods/
how-to/). This study included some publicly available datasets accessed through 
dbGaP (PGC bundle phs001254) and the HRC reference panel v1.0 (http://
www.haplotype-reference-consortium.org/home). Databases used: Drug–Gene 
Interaction Database DGIdb v.2 (https://www.dgidb.org); Psychoactive Drug 
Screening Database Ki DB (https://pdsp.unc.edu/databases/kidb.php); DrugBank 
5.0 (https://www.drugbank.ca); LD Hub (http://ldsc.broadinstitute.org); FUMA 
(https://fuma.ctglab.nl).

Code availability
All software used is publicly available at the URLs or references cited.
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4 DISCUSSION 
 
The projects presented herein have an important unifying factor in that they have all 

contributed to a better understanding the complete genetic architecture of a range 

of different common, genetically complex neuropsychiatric traits. They are all puzzle 

pieces affirming that the current concept of the genetic framework underlying these 

disorders is one of a spectrum of genetic variation of all frequencies and effect sizes 

that jointly make-up the genetic puzzle of these disorders, independent of the 

diagnostic categories used clinically.  Although this work includes a number of studies 

that were able to confidently and robustly link specific genes or variants to a given 

phenotype across the frequency spectrum, they also illustrate the conundrums 

commonly encountered in the study of the genetic underpinnings of common, 

complex disorders. For one, extremely large, ideally very deeply phenotyped cohorts 

are needed to robustly associate variants of different frequencies with common 

complex disorders. This is illustrated by the fact that some of the largest GWAS are 

currently performed on > 1.5 million individuals (Initiative, 2021) and that equally large 

or larger numbers are likely to be needed for successful genome-wide rare variant 

associations as well. While massive efforts are already underway in the field of 

neuropsychiatric genetics to perform such RVAS(e.g.(Fu, 2021b; Palmer, 2020; 

Satterstrom et al., 2019; Singh, 2020)), currently these “only” assess up to 200,000 

individuals and focus only on coding variation. Accordingly, even nearly two decades 

into the genomic era, relevant samples sizes and financial resources are important 

limiting factors to a fuller understanding of the genetics of neuropsychiatric traits. 

When smaller sample sizes are used in more focused analyses, results tend to be less 

reliable. One reason for this is the so-called “winner’s curse” or regression towards the 

mean, which in genetics refers to the statistical tendency of an extreme event (such 

as the occurrence of a number of rare variants in a given gene or the identification 

of a locus of genome-wide significance in a GWAS) to be followed by a less extreme 

event. This has led to the report of false positive association findings and the failure of 

studies to replicate in the field of common, complex genetics(Grinde et al., 2017; 

Kesselmeier and Lorenzo Bermejo, 2017; Marigorta et al., 2018).  The projects depicted 

herein have contributed to uncovering such—likely—false positives(Schulte et al., 

2012), but they have also generated genetic candidates that await—and may never 
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see—replication(Schulte et al., 2014a). It is important to remain cognizant of this, 

especially in the study of rare variants.  

Establishing statistical evidence for association is further complicated by the fact that 

many genes are likely to harbor both protective and predisposing variants for a given 

phenotype, a phenomenon which has prominently been shown for the Alzheimer’s 

disease gene APP, for example(Jonsson et al., 2012). Here, more advanced statistical 

approaches—like the SKAT/SKAT-O test used in the study of rare variation in RLS-linked 

genes(Schulte et al., 2014b)–that are currently being developed may help to alleviate 

this problem. Also, the inclusion of synonymous variants in burden analyses yielded, in 

many instances, a more significant signal for an enrichment of rare coding variants. 

While this deserves attention, the true reason for this could not be established and 

could range from statistical to fine-scale population substructure to LD-dependent 

signal amplification to a true causal contribution as has been illustrated for other 

neuropsychiatric disorders(Cruchaga et al., 2014).  

Next to the “winner’s curse”, the phenomenon that rare variants are more likely to be 

functionally relevant further hinders translation of genetic findings. This means that 

rare, functionally relevant variants are more likely to bridge the existing gap in our 

understanding between genetic variation and pathophysiology while it is, at the same 

time, very difficult to statistically link rare variants to a given phenotype simply because 

of the fact that they are so rare.  This is a phenomenon that has been widely reported 

for, for example, drug target genes(Nelson et al., 2012). Even if variants are identified 

in an unbiased, comprehensive approach like WES and are located in functionally 

plausible genes like PLXNA4(Schulte et al., 2013b), LRRK1(Schulte et al., 2014a), or 

APP(Schulte et al., 2015a), firmly establishing causality of the given rare and very rare 

variants is very difficult. Yet, sometimes important novel genetic factors can robustly 

be identified by the approaches used. Rare variants in VPS35, for instance, have, since 

we first linked the gene to PD(Zimprich et al., 2011), been established as the cause of 

0.3 to 1.3% of late-onset PD cases (Guella et al., 2012; Kumar et al., 2012) and more 

than 200 articles have been published that investigate VPS35 in the context of PD.  
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The works presented herein investigated neuropsychiatric disorders belonging to the 

neurologic as well as the psychiatric spectrum. While the vast majority of investigated 

disorders is deemed to be common and genetically complex, it is interesting to note 

that the underlying genetic 

architecture still seems to differ. 

Overall, complex, common 

psychiatric disorders seem to have a 

much higher polygenicity(Smeland 

et al., 2020; Sullivan and Geschwind, 

2019) than neurological disorders 

and, at the same time, a much higher 

genetic overlap than neurologic 

conditions (Brainstorm, 2018; PGC, 

2019). As already mentioned above, 

this is reflected in the size and timing 

dynamics of GWAS, where we see 

that large differences exist between 

the neurologic and psychiatric 

conditions addressed in this work. However, there are also important differences 

between the three common severe psychiatric disorders themselves when it comes 

to the number of study participants needed to identify loci of genome-wide 

significance (Kendall et al., 2021)(Figure 3).  

While some of these differences can likely be ascribed to true differences in genetic 

architecture, one also needs to be aware of the fact that many other variables can 

influence the perceived polygenicity and genetic architecture depicted in these 

studies. The list of potential confounds is long and includes biases in the selection of 

cases, heterogeneous case definitions, phenotypic heterogeneity—especially in 

psychiatric disorders where not all disorders receiving the same diagnostic code are 

also the same underlying disorder—, environmental confounders, sex differences, and 

epistatic effects, among others(Cai et al., 2020; Converge, 2015; Iwaki et al., 2020). 

High polygenicity with contributions of hundreds, thousands, or tens of thousands of 

common variants of very small effect on the phenotype has been firmly established 

for many common, complex psychiatric disorders. In addition, the works depicted 

herein but also those of many others (e.g.(Fu, 2021b; Palmer, 2020; Satterstrom et al., 

Figure 3: Relationship between GWAS case sample size 
and number of identified loci of genome-wide 
significance for different neuropsychiatric disorders. SCZ 
(green), BPD (purple), and MDD (orange)(taken from 
(Kendall et al., 2021)).  
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2019; Singh, 2020)) have confidently placed rare variants on the genomic map of 

common complex neuropsychiatric disorders. For many of these disorders, it has been 

shown that rare and common variants converge on the same pathways and, 

accordingly, the same pathophysiologic mechanisms (e.g. (Schulte et al., 2014b; 

Singh, 2020)). Some even go so far as to postulate that all genetic variants in all genes 

expressed in a disease-relevant cell type contribute to bringing about a given 

phenotype under what is referred to as the “omnigenic” model (Boyle et al., 2017). 

The ability to now whole genome sequence tens and eventually hundreds of 

thousands and millions of individuals will ultimately bridge many—though certainly not 

all—gaps still present in our understanding of the genetic architecture of 

neuropsychiatric disorders.  

 

 
5         PERSPECTIVES 
 
While the identification of genomic loci associated with neuropsychiatric disorders 

represents an important component of the journey towards the full comprehension of 

the genetic framework of these disorders, the translation of the acquired knowledge 

into changes in the clinical management of individuals with these disorders is of equal 

if not greater importance. The past 10 or 15 years have seen genetic discoveries at an 

unprecedented scale. By 2020, for example, GWAS had reported more than 55,000 

unique loci for almost 5,000 traits(Loos, 2020; MacArthur et al., 2017). Yet, clinical 

translation of genetic findings has not been able to keep up with the enormous speed 

at which new risk loci are discovered(Visscher et al., 2017; Zeggini et al., 2019).    

To date, most studies in the field have investigated variants of different frequencies 

separately. Yet, a more accurate and complete model of the genetic architecture 

underlying common complex genetic disorders would require an integration of 

variants of all different frequencies and—ideally—also structural variation like CNVs. In 

the context of COVID-19, machine learning approaches have been used to generate 

first integrated scores which use coding genetic variants of all different frequencies as 

features to model the contribution of common, low-frequency, rare, and ultra-rare 

variants to disease severity(Fallerini et al., 2022). Similarly, in a preprint, one of the 

largest WES studies conducted to date utilized a Bayesian model to jointly analyze 

rare coding variants and CNVs for a given gene in the exomes of 63,237 individuals 

with autism spectrum disorders(Fu, 2021b). This led to the identification of 71 genes 
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associated with autism spectrum disorders at a false-discovery-rate (FDR)-corrected 

p-value < 0.001(Fu, 2021b). First frameworks for such integrated analyses are beginning 

to be explored but will surely become more sophisticated and powerful in coming 

years.  

Despite the undisputedly great successes of genetic studies since the turn of the 

millennium, the road to a full biological understanding of the effects of the genetic 

variants in most neuropsychiatric disorders is still long. The integration of large, often 

publicly available omics datasets, such as from the Genotype-Tissue Expression 

(GTEx)(GTEx, 2013) or the ENCODE(ENCODE, 2012) projects, has led to a much better 

understanding of the pathophysiologic changes linked to genetic risk variants(Zeggini 

et al., 2019). RNA expression data, for example, was used to show that common risk 

factors involved in BPD show enriched expression in hippocampal pyramidal neurons 

and interneurons of the hippocampus and prefrontal cortex, implicating these cell 

types in BPD pathogenesis(Mullins et al., 2021). Prospectively, single-cell and single-

nucleus RNA sequencing data in conjunction with, for instance, unsupervised 

clustering approaches can add even more detail and, thus, biological insights to such 

“in silico” functional follow-ups(Fu, 2021b; Peng et al., 2021) and large-scale efforts like 

the Human Cell Atlas(Rozenblatt-Rosen et al., 2017) will provide the highest-resolution 

tissue reference map yet using single-cell omics techniques.  

Still, these approaches cannot fully replace functional, molecular biology follow-ups 

to truly understand the biological consequences of specific genetic variants in most 

disease contexts. Especially rare coding genetic variants of large effect harbor great 

potential to further our knowledge of the pathophysiology underlying 

neuropsychiatric disorders because larger effects are much more readily and more 

robustly detected in model systems. The individual analysis of all potentially relevant 

genetic variants in a given phenotype has become near impossible due to the vast 

number of genetic variants that have been linked to different traits. One way out of 

this dilemma are large-scale functional screens. Currently, this is an area of highly 

dynamic methodological development.  One such methodology are pooled screens 

using CRISPR-base editors that introduce transition mutations at specific locations in 

the genome(Gaudelli et al., 2017; Hanna et al., 2021; Komor et al., 2016). Using this 

approach, Hanna et al., in a proof-of-principle study, generated a library of single 

guide RNAs—RNAs used to target specific genomic base pairs in CRISPR-Cas9 

genome editing—for 52,034 genetic variants of known clinical importance in 3,584 
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genes followed by cellular screens to identify loss-of-function phenotypes in several 

DNA damage repair genes(Hanna et al., 2021). This and several other very recent 

studies provide a glimpse into future opportunities in translating genetic risk variation 

into meaningful biological insights at a massively parallel scale(Klein et al., 2020; 

Zeggini et al., 2019).  

In order for the genetic findings of the past decade to become more clinically 

translatable, it is also of vital importance to increase the ancestral representativeness 

of participants in these studies. Most genetic studies performed over the last decade 

have focused solely on individuals of European ancestry. Currently, only 

approximately 20% of all participants in GWAS are of non-European ancestry, while 

individuals of non-European descent represent 84% of the world’s population(Loos, 

2020; Martin et al., 2019; Mills and Rahal, 2020). This precludes in-depth insights to be 

gained from more genetically diverse and more ancient human populations such as 

many of those found on the African continent whose study could be vital  in gaining 

a truly complete picture of the genetic architecture underlying a trait(Gurdasani et 

al., 2015; Zeggini et al., 2019). More importantly, though, it also generates biases and 

decreased transferability of genetic results that may also result in inequalities in access 

to clinical care informed by genetic findings(Loos, 2020; Martin et al., 2019). One 

example for this are polygenic risk scores (PRS), which represent a cumulative estimate 

of the total genetic risk derived from the common genetic variants an individual 

carries and which may be used in the future as part of risk prediction and personalized 

clinical management(Khera et al., 2018; Zeggini et al., 2019). PRS perform much worse 

if applied to individuals of ancestries different from those used to establish the scores 

(i.e. mostly European-only)(Martin et al., 2019).  For BPD, the PRS derived from the most 

recent GWAS explain about 4.6% of the phenotypic variance in cohorts of European 

ancestry, but only a maximum of 2.3% in those of East Asian or 1.2% in those of 

admixed American ancestry(Mullins et al., 2021). The only remedy is to increase the 

participation of non-Europeans in genetic studies with several important efforts to do 

so already underway(Gurdasani et al., 2015; Stevenson et al., 2019) but many more 

needed. 
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