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ABSTRACT

Myalgic encephalomyelitis / chronic fatigue syndrome (ME/CFS) is a commoarly
understood disease that hasio effective treatmentsand haslong been underserved by
scientific research and national health systems. Itsgxbiased diseaswwards femaleshat

is often triggered by an infectigandits hallmark symptom is postxertional malaise. People
with ME/CFS often reportheir symptons being disbelieved The biological mechanisms
causing ME/CFS remain unclear. We recruite@21ME/CFS cases and performed geneme
wide association studig§&WASjor up to 15,579 cases and 259,909 population controls with
European genetic ancestrin these GWAS, svdiscovered eightoci that aresignificanty
associa¢d with ME/CFS, including three neBATN2&, OLFM4and RABGAP Igenes thatact
inthe responseo viral or bacterid infection Fourof the eightloci(RABGAP1EBXLA0LFM4
CA10Q were associated ap < 0.05 withcasesascertainedusing postexertional malaise and
fatigue inthe UK Biobank anthe Netherlands biobankifelines We found no evidence of
sexbias amongdiscovered associations, and replicateth males two genetic signals
(ARFGEFRZA1(Qdiscoveredn females.TheME/CFS association neaAlQcolocalises witta
known association tanultisite chronic painWe found no evidence that the eight ME/CFS
genetic signalshare common causal genetic varianigh depression oanxiety.Our findings
suggesthat both immunological and neurological processes involved in the genetic risk
of ME/CFS

LAYSUMMARY

Myalgic encephalomyelitis / chronic fatigue syndrome (ME/CFS) is a common, disabling
illness. It affects more females than males, amchost casesstarts after an infectionLittle

is known about the biological mechanisms that cause ME/CFS telespny attempts to
uncover them, andt hasno effective treatmentsTo understand ME/CFS better, our study,
DecodeME, compared the DNA of 15,579 people with ME/CFS with the DNA of 259,909
peoplewithout ME/CFSall of European descerdNA is a moleculidnat makes up our genes.

Our genes make many different molecules called proteins, ehethichdoes very specific

things in the bodyFndingvariations ingenes thatdiffer betweenpeople withor without a

disease carherefore point to what causes itWe found that people with ME/CFE®e more

likely to carry certain DNA differences in eight regions of their genome, and so these variants
tell us about possible biological causes of ME/CFS. However, as these differences are also
often found in people whout ME/CFS they cannot cleanly separate who is at risk and who is
not, and therefore do not provide a definitive ted¥lost of these regions contain several
genes. Our methosldid not allow us toconclusivelyocate theones most relevant to ME/CFS

in eat region, butpublic dataallowed usto pick out the most likely oree Threeof the most

likely genes produce proteins that respond to an infectidnotherlikely gene is related to
chronic pain. Nonare related to depression or anxiety. We found nothing to explain why
more females than males get ME/CFS. Overall, DecodeME shows that ME/CFS is partly caused
by genes related to thenmune andnervous systers



INTRODUCTION

An estimated67 million people worldwide live with myalgic encephalomyelitishronic
fatigue syndromgME/CF$symptoms(1). Approximately 80%f themare female(2,3)and,

in one surveyabout halfwere housébound or bedbound(4). A keysymptom of ME/CFS is
post-exertional malaiseThis isa worsening of symptoms, both physical and cognitafesr
even minor physical or mental exertion thamn individualwould havetolerated easily when
well (5). The onset opost-exertional malaisés typically delayety 12 to 48 hours after the
triggering activity, and can last for days or even weeks, sometimes leading to a réépse.
symptoms includgpainand profound fatigueinrelieved by sleep(2).

About 10% of people with infectios diseasessuch as glandular fevefinfectious
mononucleosishaveME/CFS symptonwithin 12 monthg(6,7) and13%c45%of people with
Long Covid meet ME/CFS diagnostic crit¢8) There isno positive diagnostic testor
ME/CFSno known causgandwhile it canrelapse and remjtfull recovery is rargat about
5%(9,10)

Identifyinggenetic risk factorfor ME/CF$s ahighresearctpriority for people withthe illness
and their carerq11) and is feasible becausepredispositionto ME/CFS is partly heritable
(12,13) ME/CFSs not a monogenic diseagd4), but rather a multifactorial one whose
geneticsisbest studied using a genonvweide association study (GWAS) design.

Unlike other complex diseases, ME/CFS research hageatditenefited from GWASThis is
likelybecausepreviously studiedohortshave not beerargeenough(15)to identify multiple
diseaseassociatedloci. Studies with fewer than ,000 cases have failed to identify
susceptibilityloci with any confidencg16,17) Sudies with approximately 2000 ME/CFS
casedromthe UK Biobank (UKBavealsonot yielded robust associatior§$8¢21). This could
parttyNSFf SO0 GKS | Y . A 2hedltyyyodtees(2R) Itcouldl alsb beNiRea
toll KSa$sS rliantsoh SHePorted diagnosesr ona hospital episode statistickD10
diagnosis code that is neither specific to ME/CFS nor acc(2aje

Here, we present the genetic results of DecodeME, a large ME/CFS GWiAfslumed by
people with ME/CFS and their careend scientistg24) We aimed to identify common
genetic variants associated with ME/CFS by comparing DNA that we collectedJtom
residents withclearly definedVIE/CFSwith that of population controls from the UKEB25).
Our goal was to find genetitsk factors that pointo biomolecular mechanissof ME/CFS
and that could ultimately lead to diagnostics and effective treatmeaof this debilitating
condition.

Givena 9 Kk / @Gefn&@ledpredominance and frequent infectious triggewe also analysed
females those assigned female at bijtland males those assigned male at birttogether
and then separatelyand stratified by whether disease onset was infectious or Abese
GWAS vyieldedeight genomewide significant associationswhich indicaie a genetic
contribution, andanimmunologicabnd neurological bas to this poorlyunderstood disease.

METHODS

Participant recruitment and data collection
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DecodeME was planned and delivered as a patient and public involvement (PPI) co
production with researcher§24). People with lived experiencef ME/CFSvere an integral

part of the teamthat led the recruitment ofparticipants viasocial and traditional mediaVe
recruited participants between 12 September 2022 and 31 January 2024. We used podcasts,
webinars, blog psts, media interviews, social media, and articles in ME/CFSycHasity 6 S NB& Q
print magazines to build trust and understanding about DecodeMEa@retruit to the study.

Participants completed a phenotype questionnaivhich they couldcompleteeither online

or on paper We gavehe most severely ill telephone suppoit needed. We made it as easy

as possible for people with ME/CFS, especially those housebound or bedbound, to give us
their DNA by using apit and posdesign to collect saliva sanasl (Supplementary
Methods).

Genotyping and analysis

Thermo FishegenotypedDNA fromcasesusingthe UKB Axioft! array, the same platform

used to genotype the UKB participants who wased asontrols in this studyWe published

GKS LINp2SOiQa 514Gl lylrteara tftly 2ytAyS Ay
we received casgenotype dataWe first perfomed data and sample quality control (QC)

We then mergedcase and controjenotype datato perform a jointimputation, using a
reference panel from the whotgenome sequences of more than 2000 gendermatched

UKB sampleSupplementaryMethods).

Wethen compared ase genotypesvith those from UKB controls in a GWésihg agenome
wide significance thresholdf p < 5x 108 for variants with a minor allele frequency (MAK)
1%(SupplementaryMethods). We imputed lumanleukocyteantigen (HLA) lkelesseparately

usingthe HLA*IMP:02 algorithoiwhichthe UKBalsousedf 2 NJ G KA & &G dzRé Qa 02y

(25). Further methodological detail is provided in tBeipplementary Methods
Case and control definitions

For genetic analysesve usedcase inclusion and exclusion criteria based on @amadian
Consensus criteria afal USInstitute of Medicine / National Academy of Medicine criteria
for ME/CFY(5,26) Both require postexertional malaiseas a symptom (Supplementary
Methods). To meet these criteria, wdid not include participantas cases if they reported
that their illnesshad started within the previoussix months, or had lasted their whole life.
Additionally, cases needed tive in the UK, bat least 16 years old, and havereceiveda
diagnosis ofME, CFS, ME/CFS or CFSIMB a health professionalAlsq those with &
ME/CFS diagnosis after SARS8/2 infection needed not tdhave been hospitalisednor to
have heart or lung damage, becausdho$ infection.

We selected gneral population ontrols from UKBparticipants genotyped with the same
Axiom™ arrayif they had no associated evidence for ME/Ci#&J no discrepancies between
seltreportedgenderand genetically determined sgdid not present witha sex chromosome
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aneuploidy were notheterozygosity outliersand were in the list of UKB phased samples
(SupplementaryMethods). In analysesgontrolswere sampled to matckhe femaleto-male
ratio and genetic ancestrgf DecodeME cases

Associationtesting

We performed gnomewide association testingusing REGENIE27), a machinelearning
approach towhole-genome regression on phenotypesingdata from a large number of
individuals for: (i) all DecodeME cases versaslectedUKB controls(ii)) DecodeME cases
versus UKB controls separatéty females and malesand (iii) DecodeME casegersus UKB
controls separately focasesreporting an ifiection at onsetand those not reporting an
infection at onset. We defined infectieonset cases as those who answekgldndular feve®
LCOVIEL9r WHnother infectiorfXo the question Pid you have an infection when, or just
before, your firstME/CFS symptoms starte@®e definednon-infection-onset cases as those
who answeredMNocor 8 2 y Q (i Qoithys guéstion

We used the Firth logistic regression implemented in REG®#Nilth is robust to caseontrol
imbalance.The approach implemented REGENI&soallowed us to account focovariates
such asexandgeneticancestry usingprincipal components (PCiat explaired most of the
inter-individual variationnot due to ME/CFSase statusNot accounting for ancestrgould
influence ME/CFS risdssociatiorand/or confound cas&ontrol genetic associationsn the
REGENImodelling we alsdfitted a polygenic random effect that accowt for cryptic and
non-cryptic relatedness.

ForREGENI&haly®s, cases and controlsere allof European genetic ancestiyefitted sex
(where appropriate) anthe first20geneticPCs as covariat¢28) (SupplementaryMethods).
Wetestedvariantson chromosomes-22, reporting only thosavith imputation INFO scoee
%0.90 and MAPRK1%

Association caseontrol testingamong Europeansf HLAalleleswith AF>1%used a logistic
model, gim(), implementedin Rv4.4, with genetic sex and the fir& PG as covariate@9).

PostGWAS analysis

We used FUMA (V8.0) to annotategenetic associationg30). FUMAIs an integrative web
platform that performs extensive functional annotation for DNA variants in genomic areas
identified by lead variants using multiple resources.

Totest for significant colocaationbetweenthe FUMAdefined ME/CF&ssociatedyenomic
intervalsand a second trajtwe used theR packagecoloc v5.2.3 (31) to calculatethe
approximate Bayes factor posterior probability that both traits are associated and share a
single causal variarfPP.H4.ahfor PPH4).



We investigated colocahtion between ME/CFS and gene expression by considering all
protein-coding genes with one or more GREMO expression quantitative trait loci (eQTLS)
present within theFUMAdefined ME/CF&ssociated genomic intervalg/e then tested for
colocalsation with ME/CFS, as described above, for each of the 50-@DExssuesunder

the single causal variant assumpti(82).

We usedLDS(@33)to estimate the genetic correlation between the phenotype of interest
(ME/CFS)with other traits. We also usedLDSC to estimatdiability-scale SNBased
heritability ('Q).

To seek replicationwe examined databtainedfrom nine large biobankgSupplementary
Methods). Specificallywe examinedwhether the 25 most significant variantdound in
5S02RSa9Qa L esssiEingedt2thregholgy XX de @0T) were significantly
associatedvith ME/CFSelated traitsafter accounting for multiple testdVe defined hese
traits as requiringcases to have reportepostexertional malaise and fatigua two cohorts

¢ Lifelines inthe Netherland<(34)), and the UKBIn seven largeohortsin the USA, Estoaj
Finland and the UKve were only able to applg wider case definitiorincludingpeople with
linked electronic health record data and/or sedfport information consistent with ME/CFS
and/or postviral fatigue syndromé¢SupplementaryMethods).

RESULTS

The DecodeME cohort

Through itsco-production model,DecodeME eared the trust and participationof people
with ME/CF$n the UKand benefied from learning aboutheir experiences of living with this
disease After launch26,901people(84% femalefompleted theonline or papeparticipant
entry questionnaireand consented tdake part Ofthese,21,620(85% femalejnet our study
criteria of havinga diagnosis of ME/CFS from a health professiomaVingpost-exertional
malaiseas a symfpm, and havingsymptoms consistent witl€anadianConsensus and/or
Institute of Medicine / National Academy of Medicinadiagnostic criteria (5,26)
(SupplementaryMethods). Wesentall cases saliva DNA collection KEig 1A).

We received amples from18,051 DecodeME casg84% female)Following genotyping on
UK Biobank AxiofY arrays and qualitcontrol steps $upplementaryMethods), Thermo
Fisher generatedenotype data fol8,266samples includng duplicates
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Fig. 1:DecodeME cohort and characteristicg®)) DecodeME DNA cohort recruitment and genotyping process.
(B) Age comparison of DecodeME participants (those completingodinicipantentry questionnaire) with
DecodeME GWAS casesand withNHS England patientgho hadelectronic healthcare recosdinked to the
ICOMn O2RS Ddodo 064t 2 & aduredfrom NHS DiiTrideS (NHSDT) RO\ Paf&istages of
NHSDT patients with each of fooommon ME/CFS comorbiditiesompared to bth NHSDT patients with a
linked G93.3 code, and DecodeME GWASAses.

Toassessour 02 K2 NIl Q& NB LIWNG éorSparéed aun eSodeMBadticipants to

English patientsvith electronic healthcargecord links to G93.3 This isthe ICD10 code
(Postviral fatigue syndronfpthat best reflects ME/CFS sympton(35). The DecodeME
cohort was broadly similar in agethese patients butontaineda smaller proportion oblder

people with ME/CF@-ig 1B), possiblybecauseour recruitmentmodelwasmostly internet-

based

5S02RSa9 Qa sEafentalBis gbektér tharidr the English G93.3 cohor?¥.4%.
This may be due& females using social media mo{@6) and younger people with ME/CFS
beingmore often female (3). Most cases(59.5%) hd lived with ME/CFS symptoms for at
least ten years Table ). The DecodeME cohomvas disproportionately White (96.5%)
possiblydue to low rates of ME/CFS diagie$or other ethnicitieq3,37) and barriers to
research participatior§38)that the project did not overcome



DecodeMBparticipantsreported being diagnosed witfour common comorbidities isimilar
proportionsto English G93.3 casé?) (Fig 10, exceptthat they were diagnosed more than
twice as often withrritable bowel syndrome

Most ME/CFS casesported that the impact that their symptoms had on their daily lives in

terms of work, education, mobility and activities of daily living placed them in the categories

that the National Institute for Health and Care Excellence classhasving Y%hildQor
$hoderateldmpact of symptoms on everyday functioni(8p)(Table ). However these labels

do not fully match theirlived experiencebecause mosgenotyped caseslescribed their
fatigueasbeingdisabling(92.7%),had muscle pain (88%) andhadc2 y ¥ dza A 2y 2 NJ W0o N
(945%), for exampléTable J.

Aswe reported previousy (2), about 63% of DecodeMEcasesindicatedthat they had an
infectionwhen, or just beforetheir ME/CFS symptonfast started (Table J: glandular fever
(infectious mononucleosis16.3%) the COVIEL9 virus (SARGo0V2, 3.3%) or another
infection @3.1%). ME/CFS symptoms were described by 17.2% as worsening, and by 71.7% as
either fluctuating, or relapsing and remittingigble 1.



Table 1 DecodeME cohort characteristics

DecodeMEcases Female Male Total % of
total

Genotyped and passegliality control 14,140 2,590 16,730 100.0

Median age (years) 52 55

Age quartiles 1 and 3 (years) 41/62 43/65

Comorbidities

Irritable bowel syndrome 6,232 901 7,133 42.6

Clinical depression 4,883 696 5,579 33.3

Fibromyalgia 4,797 477 5,274 315

Anaemia needing treatment or blood transfusions 2,344 75 2,419 14.5

Severity of ME/CF@\ational Institute for Health and Care
Excellencalefinitions)

Mild 4,067 728 4,795 28.7
Moderate 8,187 1,544 9,731 58.2
Severe 1,776 297 2,073 12.4
Very severe 110 21 131 0.8
Selfreported ethnicity

White 13,647 2,499 16,146 96.5
Otherethnicities 493 91 584 3.5
Years of having ME/CFS

0.5¢1 220 34 254 15
1¢3 1,268 224 1,492 8.9
3¢5 1,469 214 1,683 10.1
5¢10 2,848 507 3,355 20.1

> 10 8,335 1,611 9,946 59.5
Pattern of symptoms over time

Getting worse 2,397 475 2,872 17.2
Relapsing and remitting 1,542 286 1,828 10.9
Fluctuating 8,721 1,443 10,164 60.8
Not much change 1,106 310 1,416 8.5
Getting better 369 73 442 2.6
Symptoms

Unrefreshing sleep 13,739 2,523 16,262 97.2
Activities are a littleaffected by fatigue 748 131 879 5.3
Activities are significantly affected by fatigue 13,384 2,456 15,840 94.7
Fatigue (lack of energy) is disabling 13168 2,337 15505 92.7
Muscle pain 12,342 2,058 14,400 86.1
Confusion otBrain fod 13,401 2,402 15,803 94.5
Symptoms get worse with stress 12,151 2,056 14,207 84.9
Infection when, or just before, first ME/CFS symptoms started

Glandular fevefinfectious mononucleosis) 2,311 410 2,721 16.3%
COVIRL9 virus 462 84 546 3.3%
Anotherinfection 6,053 1,160 7,213 43.1%
No infection 2,259 370 2,629 15.7%
Don't know 3,055 566 3,621 21.6%




Genomewide significant ME/CFS loci

Amongthe DecodeMEDNAcohort of 16,730 participants, we inferred 15,579 (93.1%)aee
Eulopean genetic anceses We then used REGENIE to compamguted genotypes ofases
against sexand ancestrymatched UKB controls 8835,520 variantAs required for GWAS,
therewas good ancestry matching between the cases and cordgradsthe PCs we usetid
not capture longrange LD structur@ig. S1, S2, $3

We performedsixGWASnvolving DecodeME cas@&able2), with matched European genetic
ancestry (ongoing analyses amecluding all ancestries) The primary GWASGWASL)
comparedall DecodeME cases withe largest possible numbaf UKB control$o maximise
discovery powerWe did bur additional GWA®at stratified by sexr by infection at disease
onset.We also performed a further GWAS (G\AA*omparing all DecodeME cases with a
limited set of UKB controls, as a comparison GWAS for independent UKB reptitatiosed
the rest of the UKB controlslescribed below: seReplicatior).

Table2. Case and control groups in tlex DecodeMESWAS.

GWAS Case group n Control group n

GWASL All DecodeME cases 15,57¢ All UKB controls 259,90¢
GWAS-emale DecodeME female cases 12,83: UKB femal&ontrols 218,94¢
GWASMale DecodeME male cases 2,74¢ UKB male controls 40,96(
GWASNo-Infection DecodeME nénfection cases 5,841 All UKB controls 259,90¢
GWASInfection DecodeME infection cases 9,73¢ All UKB controls 259,90¢
GWAR AllDecodeME cases 15,57¢ UKB controls subset not usedi  155,79(

UKB caseeplications

DecodeMEsSWASOverall and stratified analyses

Our primary GWAS, GWAScomparedl15,579 DecodeME cases with 259,909 UKB controls
(case:controratio of 1:17),across all autosomedt yieldedsixgenomewide significantoci

(p < 5x 10%, Figs. 2A 2B; Table 3; Table S1Fig. St Two of these locichrép22.2and
chr20q13.13 eachcontained a pair of variantthat were not in LD €< 0.1) andhat were
both associated with ME/CF®/e estimated ME/CFS SNBased heritabilityfrom GWASL,
based onthe LDSC method and reported on a liability sc#levas modest but significantly
different from zerowith "@? = 0.095 $D =0.006)

Twoloci, OLFM4chr13q14.3, andTAOK&UDS3chr12924.23, had not beemgenomewide
significah in GWASL but were significant in GWAS. This brought the total number of
ME/CF&associated loci to eighFig 2B, Table3). We showLocusZoom representations of
these loci inFig.S5
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Fig. 2 Eight genomewide significant associations to ME/CF&\) Manhattan plot of theprimary DecodeME
genomewide association study (GWAS$ showinghe chromosomal position dDNA variantsxaxis) against

b f @pHy-axis) from genomavide association tests accounting for sex and genetic ancestry.upper
horizontal dashedine indicates the threshold used to define genomwide significantassociationsg(f  p ®¥)B M n
the lower horizontal dashetine indicatesp < 1x 10°. Six locivere genomewide significant in GWAS An
additional locusOLFM4was genomewide significant in a GWAS of cases reporting an infection prior to their
ME/CFS symptomBrioritised genes are indicate(B) Eight significant associatiops( p *®)Rversidentified

in GWASL or GWAS®2 (which usal all DecodeME caseg)r in stratified comparisons with controlsising only
female casefGWASFemale)or cases reporting an infection prior to onset of ME/CFS symptoms (GWAS
Infection). Twolead variantawvere associated with ME/CFS in both chrép and chr20 intervals for GVéAS8
GWASFemale We found o associations for GWA®ale or GWASo-Infection.

Femdes and males
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In GWASFemaleswe testedfemales only 12,833 casesand 218949 controls). ThisGWAS
rediscoveredhree of the sixsignificant loci found in GWAS(Fig 2B, Table 3. We identified
no genomewide significant associations when tested males only 2,746 cases and0,960
controls). Nevertheless, two dhe three variants that weregenomewide significantin

femaleswere replicated in malegchr20913.13 and chrl7q22) at Bonferronicorrected
significance op <0.05/3 (Table3).

¢tKS aitdzRéQa €I NAS ydzYoSNAR 2F a9k/ Cc{ OlFasSa I
ME/CFS risk betwedemales and malessing atwell I A f SR t{tedt ¥R Slghé 61 the

eight DecodeME genoraeide significant loci yielded evidence for seasp < 0.05;Table

). This is also seen in the overlappiognfidence intervalof effect estimates between

males and female§Table 3.

GWAS analysedall 15,579 DecodeME cases atbbh,790matched UKB controls (fewer
controlsthan in GWAS). It yielded five genomavide significant associationggble S
They were the thee that were significant in GWAS the additional chr13g14.3 association
found in GWASnfection, and a new association within chr12q24(ZAOKBSUDSBthat in
GWAGSI had fallen just below the significance threshqdd=(1.6 x 10).
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Table 3 Eight genomewide significant ME/CFS loci (GRCh38 coordinates) in six DecodeM@&mnewide association studies (GWAS)he most significant variant in GWAS

1 represents each locyshown as chromosome: location: reffect-allele: effectallele) Lead variants in all GWAS are liste@able S1Case and control numbers for each
GWAS are given ihable 2 Linked variants in chr6p22.2 and chr20g13.13 (6:26329103:A:T and 20:4752994 3:@:3hown hereg were genomewide significant in the
Uhfectionat2 Y & S Q D 2lhfdctibon. BFFREQ is thiequency of the effect allele in the combined cohd@R is the OddRatio of ME/CFS risk in cases versus controls
(with 95% confidence interval, [95% Cljgad genes are those discussed in the main téxigop is the negative log 2 T {1 K $-valiieS theisttistical significance of
association to a variant. Genonvéde significant valuep 5 x 1) are shown in bold.

GRCh38 GWASL GWASFemale GWASMale

SNPid Prioritised genes A1FREQ OR (95% CI)  -Loggp AIFREQ OR (95% Cl)  -Logp A1FRE(C OR (95% CI)  -Logop
1:173846152:T:C chrig25.1 RABGAPI1L 0.325 0.927 (0.903 0.952) 7.59 0.325  0.930(0.9030.958)  5.93 0.325 0.892 (0.83%20.950)  3.40
6:26239176:A:G chrép22.2 BTN2A2 0.261 1.086 (1.0571.116) 8.39 0.262  1.090 (1.0581.124)  7.75 0.258 1.069 (1.0011.142) 1.34
6:97984426:C:CA chr6q16.1 FBXL4 0.546  0.934 (0.91%0.957) 7.31 0.546  0.937(0.9120.963) 5.64 0.548 0.920 (0.8680.975)  2.32
12:118202773:C(T13):C chr12g24.2: SUDS3 0.139 1.100 (1.06% 1.140) 6.78 0.139 1.104(1.06%1.148) 6.14 0.139 1.059 (0.9731.153) 0.73
13:53194927:GT:G chr13q14.3 OLFM4 0.287 1.077 (1.048 1.107) 6.94 0.287 1.080(1.0481.113)  6.32 0.287 1.040(0.9741.110) 0.62
15:54866724:A:G chr15g21.3 CCPG1 0.312 1.082(1.0531.111) 8.12 0.312 1.070(1.0391.102) 5.23 0.310 1.146 (1.0771.219) 4.73
17:52183006:C:T chrl7q22 CA10 0.330 1.084 (1.056 1.113) 8.67 0.329 1.088 (1.05%21.120)  8.02 0.332 1.085(1.0201.155)  2.00
20:48914387:T:TA chr20q13.1:ARFGEF2/CSE1L 0.634 1.095(1.0671.124)  11.02 0.633  1.097 (1.066 1.128)  9.58 0.637 1.103 (1.03721.173) 2.72
GRCh38 GWASInfection GWASNo-Infection GWAS2

SNPid Prioritised genes A1FREQ OR (95% Cl)  -Logop AIFREQ OR (95% Cl)  -Logop AIFRE(C OR (95% Cl)  -Loggp
1:173846152:T:C chrlg25.1 RABGAPIL 0.326  0.939 (0.9090.970)  3.79 0.326  0.899 (0.8630.937)  6.41 0.326 0.921(0.8960.947) 8.18
6:26239176:A:G chrép22.2  BTN2A2 0.261 1.086 (1.05601.123) 5.77 0.261 1.083(1.0381.130)  3.68 0.262 1.080 (1.0561.112) 6.95
6:97984426:C:CA chr6ql6.1 FBXL4 0.547 0.923(0.8950.951) 6.82 0.547 0.948 (0.9130.984) 2.26 0.546 0.936 (0.9120.960)  6.50
12:118202773:C(T~13):C chrl2924.2:sups3 0.139 1.092 (1.0451.141) 4.11 0.138 1.115(1.0561.177)  4.09 0.139 1.111(1.0701.153) 7.51
13:53194927:GT:G chrl3q14.3 OLFM4 0.287 1.100 (1.0641.137)  7.59 0.286 1.034(0.9921.079)  0.93 0.287 1.082(1.0521.114) 7.28
15:54866724:A:G chrl5921.3 ccpPG1 0.311 1.089 (1.0541.125) 6.52 0.311 1.072(1.0291.116)  3.08 0.312 1.087 (1.0581.118)  8.46
17:52183006:C:T chrl7q22  ca10 0.329 1.076(1.0421.112) 5.11 0.329 1.102(1.0581.147)  5.60 0.330 1.079(1.0491.109) 7.21
20:48914387:T:TA chr20q13.1{ ARFGEF2/CSE1L 0.633 1.092 (1.0581.127) 7.18 0.633 1.101 (1.0581.146)  5.67 0.635 1.100 (1.0761.130) 11.15
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Infectionand nonrinfection onset

Next we conducted GWA#fection,a GWAS with cases whieportedan infection when, or
just before their first ME/CFS symptoms starté@l 738cases an@59,909controls). Ityielded

three genomewide significanioci. Theseoverlappedtwo of the initial sixfound in GWAS.

(chrép22.2and chr20g13.13 Fig 2B, Table S) The third significant association BWAS

Infectionlay nearOLFM4chr13q14.3. Thisassociatiorwasstrongerin GWASnfection p =

0.095 + 0.017:logiop = 7.59) than in GWAISo-Infection p =0.034 £ 0.022:logiop = 0.93,

and nearly reached genomgeide significance in GWAISTable3).

We also testedor associations using only cases whad not report infection at onset (5,841
OFasSa YR Hp®dZpNeh YIS OisRd6#E N0 Yghificant associations
(Table3).

ThesesixGWAS above showed little evidence of genomic inflation £.0B¢1.066), which
supports these results being robust to residual population stratification.

Replication

2SS a42dAKG G2 NB lgEnén@wide SignBicauth askdsiatien@ in cases from
groups of biobankgTable 4. We lookedfirst at cases defined to include peskertional
malaiseq the cardinal symptom of ME/CESand then more broadly defined to not require

post-exertional malaise.Ais was because more accurate case definition and larger numbers
of cases could each give more power to detect genetic associations.

Table 4. Case and control groups in the four external replication analyses.

GWAS Case group n Control group n

R1 Lifelines and UKBiobank cases: 13,767 Controls drawn from the same 212,183
required postexertional malaise biobank
like symptomsand fatigue

R2 Seven othercohorta €ases: did 15,251 Controls drawn from the same 1,878,066
not require postexertional cohort

malaise and fatigue

UK Biobank

For our UKB replication attempt, wadantwo GWAS using cases and controls from the UKB,
and created GWAS2, a new DecodeME GWA@escribed above)as an appropriate
comparison for themThis design also makes it appropriate to combine DecodeME &@WVAS
results with UKB ME/CFS in future metaalyss. Results of the replicatiot KBGWASwill be
providedin due course

External replicatiomnalyses
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We attempted to replicate DecodeMEfindings with two analysesusing cases defined in
European and US biobankEable 4. The first, R1 had 13,767 cases and 212,183 controls
from Lifelines and UKR.ifelines cases were clinicalliagnosed with ME/CF&8hd had post
exertional malaise. UKB cases lpsdsistent tiredness that remained after sleep, and were
tired after minimal physical or mental exertiobut were not necessarily diagnosed with
ME/CFSSupplementary Methods The RL GWAS showed no evidence of genomic inflation
(I =1.007. R2 (14,250cases and #33490controlsfrom sixnationalcohorts defined cases
using only electronic health records (ICD10:G93@ PhecodePhe 798 1 or related
SNOMED code without any requirement for poséxertional malaise or fatigue
(Supplementary Methods

InR-1, we tesedfor replication22 of the 25 most significant DecodeME GW&sociations
defined at a less stringent thresholef p XX  dga @Y. We could not test the three other
associations because neither markers nor suitable proxies were available in the results of
these analysedNo replicated associations were identifiedRfL after correcting for multiple
hypothesis testing < 0.0522; Teble S3), and similarly none iR-2 forthe 23 teststhat could

be performed(p < 0.05/23;Table S3). However,9 of the 22 GWASL associations were
associated irR1 with p-values < 0.05, a larg@roportion than expected by chanc&hese

nine includedfour DecodeMHBoci (RABGAPI1IEBXLAOLFM4 CAL(), plusLRRCE a gene
associated by MAGMA geiliased testing (belowTable $4) ¢ and DCCa gene that has
repeatedly been associated with chronic pédi).

MAGMAanalysis

Next, we testedor positive relationships between gene expression in a tissue typgene
basedME/CFS associatiastrengths, using MAGMA42). Thirteen genes wersignificantly

associated with ME/CH$a MAGMA gendased test of 18,637 gengs< 0.05/18637Table

$4). We considereds4 tissue typesand identifiedd A Ay A FA Ol yi Sy NRAR OKYSy i
expressiorfor 13 0 <0.05/54), all of which were brain regiorfad.3). MAGMA analysis found

no significant associamnsbetweenother gene sets anME/CFS after applying the Bonferroni
correction formultiple tests(peonferroni < 0.05.
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Fig.3. MAGMA gendissue analysis shows statistically significant enrichment of ME/€&Sted
genes in all 13 brain tissue®-values for 41 less significantly associated tissues are not shown. The
significance threshold jg< 9.3x 10“ (= 0.05/54), isided test.

Gene prioritisation

Linking GWAS variants tausalgenesthat may provide biological insights and medical
applicationsremains a challenge for the fie({d3). There were43 proteincoding genes with

at least one eQTL withimaME/CFSQenomewide significaninterval,and we prioritised 29
ME/CFandidatecausal geneamong them(Fig.4; TableS5; Table S6Fig.S6. ¢ K S @i W
MQ 3ISySa KI Gbstdrior grobabiity forxalosztisation (H4f a shared causal
variant for their expression and ME/CFS risk in at least one of 50 tid#eesalculated this
probability usingcolog a statistical method that predicts whether two traits are likely to be
influenced by the same genetic variant ingesific chromosomal regio(82). For this step,

we disregarded the histone genes in the chr6p22.2 HIST1 clasteandidatesas their
sequences and functions ahgghly redundan{44).

Tierl genes

The chrlg25.1 interval is associated withTigr1 genes Table b). Of these RABGAP1is
notable for its eQTLs colocstig with ME/CFES risk in 24 of th@ Gissue samplegFig. 4).
RABGAP1lpromotes expulsion of the bacteriurBtreptococcus pyogendsom cells via
endocytosig45)and alsdimits replication omultiple viruseg46). TheME/CFSisk increasing
allele is associated witecreasingRABGAP1gene expressioior GTEw10 eQTLs in the
FUMAdefined interval, and vicgersa (Fig. 4. This suggests that ME/G&Ssociated
RABGAP variantscould enhancesusceptibility to bacterial and viral infection

16



Gene

GPR52- ® Fig. 4 Approximate Bayes factor

8T8 L 4 I I 4 Py 1 posterior probability (PPH4) that
sLcac2- ® s e @ s @ [ ® mRNA expression and ME/CFS
SERPINCT - H H
RcaHl- : L] L] . L] L] . . . ; L] L ] . L] L] : L ] L] L] : ; | : L] . L] : L] L] . . . : L] L] - . L] L] . : . L] L ] Chr1 tra|ts are aSSOCIated and Share a
HABSQS;E: oe o 1 ® e0o® © o o- o0 Py ® LA 1 : e o : = L : ! single causal variantThirty-four
KLHL20- @ @ ® .o . ® protein coding genesyfaxis) with
DARS2- ¢ ¢ o o ¢ s @@ © © o ¢ o @ o o e @ @ ¢ o @+ o @ ¢+ o+ o o . ® o PR . - @ . . .
ANKRDA5 - @ @ @+ v v e e Peps ®- PYPY ® at least one expression QTL_ (eQTL;
INFaze bt P L ‘o ° L Ll L GTEw10) Wlthln a FUMAlefined
TRIM38 - ® ® o0 ® . . ME/CFS interval that show
11 [ I R 11 I o . colocalisatio with the eQTLs for at
6| .
BTNl;gg: . I 0 + —— ® Py ? least one of 49 GTEMO tissuesx:
BIN2AZ-@ » o @ . 00 + =+ @+ ¢ ® -0 - .. . axis). Green circles indicate that
ABT1 - o t ¢ o t increased ME/CFS risk allele is
MMS22L - T S associated with increased gene
VSIG10- ¢ & e e a—s e ¢ P 1 ™ expression for eQTLs in the FUMA
sips3-@+ @ @ @ O O --- 00 o000 ' X ] e o-000 -0 o Chri2 b . Q i
PEBP1- o I R R D S - .o e e s e . defined interval. Blue circles
PCDHs - . e i indicate that increased ME/CFS
OLFM4 - t risk allele is associated with
DNAAF4- + HEhiiS decreased gene expression for
CA10- ® Chr17 eQTLs in the FUMdefined
;Nrgﬁ .z py interval, and viceversa. The area
STAU1 = [ ] e o o o . . . . . ® - [ ] 2-'F SIOK OA NDf S AyRAOl
DDX27 - @ [ ] . [ ] - ® - @ . Chr20 i
CSE1L- & o & & o @ o000 - - o0 . . o e s o O e s o o o 0 s 6 0 s s o e o . Value . Of PPH4 (pOStenor
B4GALTS - . [ ) probability for single shared causal
ARFGEFE'T..S..?.LT..T:.T.T..TT.!T..?T...'..9\7\......T...Tb..fb variant): smaller circles indicate 0 <
& 2 & PP @ @ s+ P PPN P e PR LS @ 220 gF & O RS W W ) SN O e @
O T o S P T i ¢ 8 8 s O G S o s S T S S A o PPH4 < 0.75, and larger ones
S B s e s P S AT 2 TSN ™ S T & AYRAOLGS tt T p D
PR SN e '«:f’,\‘f‘ (\9%‘ 9@‘%?2& ‘o{?")‘o@e‘b?\o‘}%@@e‘bg\‘\g&o I i q°oa,/0\;‘\§\®t§‘ %,a“\}éz\ ¢ b?e o & u n wKoon Tp
() X 7 o N Ny 3 4 Q' & N
v \?9\?}\@@%@ » /Q;‘%é’\(\ ’ ‘37\ R SEL &
& < el ® &
‘\Q/ 60
&
Tissue

17



Thechr6p22.2ocus includesevenTierl geneswith BTNNA2and TRIM38QTL<olocalised
with ME/CFS risk the most tissuesAand 5, respectivelylComplexes involvinigutyrophilin

3 and -2 homologues BTN3A1BTN3A2BTN3A3BTN2Aland BTN2A2 allow innatelike

+ 1 o £T aells todistinguishselfderived from nonrselfderived pyrophosphate antigens
(PAgs) (47). Mouse Btn2a2 knockout model phenotypeg48,49) ¢ together with the
discordance oBTN2AZxpression and ME/CFS risk effe¢igy(4 ¢ imply that the ME/CFS
risk-increasing alleleould impair Tcell responses and worsen autoimmune dised$@IM38

is known to prevent an excessive response to DNA viral infection and uncontrolled
inflammation (50). Depending on tissue, thRIE/CFS riskncreasing allelés associated with
decreased or increasebRIM38xpressior(Fig. 4.

The chrl12g24.23ME/CF&ssociated locus contains three Tier 1 genes, inclu@o®S3
whose genetic expression signal is significantly colocalised and concordant with ME/CFS risk
in 22 GTEx10 tissuesKig. 4. SUDS3®ncodes a protein that is a negative regulator of
microglial inflammaion (51) ME/CFSgenetic risk at this locus, thereforecould act to
suppress the microglial inflammatory response.

The onlyTierl gene in thechrl7g22interval wasCA10Q whose genetic variation could begin
to explain the pain experienced by over 86% & O 2 R $/&/CKBasegTable ). The CA10
protein inhibits the additionof heparan sulfate glycosaminoglycempresynaptic neurexins
Thisposttranslation modificationenablestheir binding to postsynaptic neuroligir§§2,53)
Thistrans-synaptic interaction igritical for synaptic transmissioand, when disrupted in a
rodent model,prevents pain54).

OfsevenTierl genes irthr20q13.13eQTLs foCSE1and ARFGER®localised with ME/CFS
risk in 8 and 7 tissues, respectively. CSE1L helpsaxpatimportin-alpha from the nucleus
to the cytoplasm afteit releases itsmport cargos into the nucleoplas(B5). A small molecule
inhibitor of CSE1L redusethe nuclear translocation of transcriptional factor SRi
macrophages, leading ttecrease TNFh release, a marker of suppresseflammation(56).
ARFGEFB involved in releasing th&NFh receptor in exosomdike vesicleq57) A third
candidate gene in this associated intervaZSFXlan interferonstimulated dsRNA sensor
that restricts the replication of RNA viruses early after infec{t).

Tier2 genes

It might nothave been possible to find Tier 1 genes in intervals associated with our significant
SNPs becausevailableeQTL resourcesre incompletesomeeQTLlare only detectable upon
stimulation of cell{59), or becausethe single causal variant assumptiore wsed does not
alwayshold. For intervalsvithout Tier 1 genesve definedTier2 genes athe closest protein
coding gens to the lead variantthis yieldedFBXL4chr6g16.1),0LFM4(chr13q14.3, and
CCPG{chrl5g21.3)Mutationsin FBXL4£auseincreased mitophagy, anaitochondrial DNA
depletion (60). Olfactomedind (OLFM4) suppressesantibacterial and inflammatory
responses by binding to neutrophil cationproteins and neutrales their ability to Kill
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bacteria and form immunogenic complexes with D{6A). CCPG1 mediates the selective
degradation of the endoplasmic reticulum by autopha(?) This isa host defense
mechanism when pathogens infect cells, and its deficiency facilitatesnfeation (63).

Human leukocyte antigemlleles

We tested for association of ME/CFS status to HLA alleles. For this, we irapeleslincases
following the imputation approach used for UKB cont(@s). A single class Il HLA alldt &
DQA1*05:0) was associated with ME/CFS at genewide significancep(= 1.4x 10, Fig.
S7; TableS7). The frequency oHLADQA1*05:0lamong cases (21.7%paslower than among
controls (23.2%and sois predicted toprotect againstME/CFSThis association was robust
to testingrestricted tothe geneticallymore homogeneous/Nhite British genetic ancestries
subset(Supplementary Methodsp = 7.2 x108). Neverthelesswe did not find associatios
to HLADRB1*03:01=0.27) orHLADQB1*02:01§=0.042) despite expecting thendue to
their stronglinkagedisequilibriumwith HLADQA1*05:01We will need to repeat this analysis
using HLA alleles that have been imputed for cases and controls joirtttder to verify (or
dismiss) the potential association

Shared associations with other traits

Three out of our eight ME/CFS&ssociated intervaldiad previouyy been associa¢d to
depression ¢hr1g25.1 chrl13ql14.3 and chr20g13.13 (64,65) and one locus to pain
(chrl7923 (41) phenotypes Where these studies provideflll summary statistics, wased
coloc(32)to investigatethe level ofsupport forthese genetic signals and our ME/CFS results
beingunderpinned by the same causal variant

The ME/CFS and depression phenotype genetic sighdlsiot colocake at the three loci
investigated(Fig 5; TableS8. Fora region withinchrl7q22(Fig.5E), which wesubdivided
due to its complex association structu(eig 5F), the ME/CFS and multisite chronic pain
associationsilwed significantalocalisationapproximate Bayefactorposterior probability

for sharedcausalvariant, 92.8%. In summary, we found no evidence for the same genetic
variants causing both ME/CFS and depression phenotyfibs the loci tested but we did
find significant evidence foa sharedgenetic signaéxplaining ME/CFS amdultisite chronic
pain phenotypes athr17gq22(CA10.

Two GWAS6,67)reportedassociations to anxiety neBTN2A&. We could not perforntoloc

analysis becaustheir full summary statistics are not availabldowever, low LD between
lead variants € < 0.05 in theBritish in England and Scotlaf@BRJpopulation) indicate that
the genetic signals contributing to ME/CFS and anxiety athin@p22.2ocus are distinct.
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DISCUSSION

DecodeMEsoughtto identify common genetic variantgwked with ME/CFS, and succeeded
in findinga total ofeight significant associationBi@. 2B; Table 3.

DecodeME'sesults, grounded in the principles of statistical genetiwsw place ME/CFS
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component(12,13) they improve the likelihood of finding effective dsipr MECFS(68),

and they place this lorgeglected disease on more equal terms with other common genetic
conditions(69). DecodeMHurther providesa much-neededmanaged resource of genotype
and phenotype datalt also offers researchers a pool of thousands of DecodeME participants
who consented to be recontacted to take part in future epidemiological, genetic, and
biomolecular studies, including clinical trifds diagnostics and therapeutics

5 S 02 R Saceessiis likely to be becauseitsfhigh statistical power, duéoth to our
recruitment methods andise ofwell-definedcase criteria. Direct recruitment to DecodeME
lowered the barriers to engagemergspecially for those who are housebouadbedbound
(Supplementary Method} and 5 O 2 R SRP9 (fsdient and public involvement) probably
also greatly boosted recruitment by helping gtie trust of potential participantsRegarding
case criteria, weised two international sets of criterig,26)and required cases to report a
medical diagnosis and evidence for the key symptom of pgsttional malaise. These
stringent criteria will have prevented the cohort being diluted by less ateaicases. The
resulting cohort of 2520people who met case criteria makes DecodeME the largest ME/CFS
study in the world to date.

Due to its large numbers of cases and controls, our study has substantially &tetistical
power to discover true associations than previ@e@/AS Results fronsmallerscale studies
have not previously been replicated6,21) including here by DecodeMBVe achieved
replication withinour study:after accounting for multiple test$wo of the three signals that
were significantgenomewide in females weralsosignificantin malesat a = 0.05 Also, for
each of two loci, a pair of unlinked variant$< 0.1) were separately associated with ME/CFS,
indicating two causal signals.

Our results were not replicated ian analysis ofdata from 15,251 cases and 1,878,066
controls assembledacrosssevennational biobankgR-2). This could belue to chance, or
differencesin case definitioror ascertainment biadDecodeME BIE/CFSaseselection was
based oninternational criteria, and evidence fax clinical diagnosis anpostexertional
malais€ a9k/ C{ Qa KL Mdnydaded foRR&nelhEvebéen givena clinical
diagnosis oME/CFS yedid not meet international case criteri@gZ0), or had postviral fatigue
syndrome without posexertional malaise, dnadchronic fatigue but not ME/CFS.

In another replication analysis 1), we compared13,767 cases that weremore narrowly
defined and212,183controls,from two biobanks. Thigrovidedevidence of replication for 8
outof 210f GWASIQ & f S & & assokidighdyd ank)aftgt pplyingap-value threshold
of 0.05without correctingfor multiple tests Variation in howpostexertional malaiseand

ME/CFS diagnoses are recorded in clinical practice and biobankkexplairwhy replication

was not stronger

ME/CFS can be misdiagnosed as depres$id). The eight genomewide significant
associationdor ME/CFSare different from genetic associationgeported for depression.
ME/CFS associations neardior1g25.1 chr13ql14.3and chr20q13.13were close tq but did
not significantlycolocalisewith, signals for depressioHowever, ear CA10(chrl7g22) a
region withinthe ME/CFS associatiatid significantly colocalise to known chronic pain
signals.
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Long COVIPa conditionwith similar symptoms and starting, like most cases of ME/CFS, after
an infection has one genetic association nda®XP472), but this was not shared with
ME/CF&p =0.59 forrs93671086.

Brainexpressed genes contribude¢o ME/CFS risk=(g.4). One such gene i€A10 whose
sharedassociatiorbetweenpain and ME/CF&ig.5E) may reflect disruption dfans-synaptic
interactions between neurexins and neuroligildE/CFSassociated intervals also contain
genes involved in innate immunityBTN2A2 OLFM4 RABGAP1lland ZNFXL These
associationgouldshed light on why most people with ME/CFS reortinfection when, or
just before,their first ME/CFS symptoms starte@LFMA affect size is notablgtronger
among cases who reported an infectiat onset than among those who did noRrugs
targeting ttS & S 3 Sy S aniyht héBrotéch agadinsthe consequences of microbial
infection andtherefore could reduce the risk acquiringME/CF{72,73).

TheseDecodeMHEesults havenot shown why ME/CFS is a femdbeaseddisease: none of its
eight genetic signals show significant d@as We have yet to testfor association to
chromosome Xor Y)variants.

We will need to carry outuirther analyses toeplicate results, tdine-map candidatecausal
variants from5 S O 2 R $aag6 ugnber of variantith statistically significanassociations,
to showexperimentallyhow, when and wheréhey might exert their functiopand to analyse
DecodeMEDNA data from all genetic ancestriad/e will also further finemap oureight

associged regions.

Our study was limited to finding statistical associations between relatively common DNA
variants (MAPK1%) and ME/CFS. Future whole genome sequencit§,824DNA samples
stored by DecodeMEouldreveal rare and structural variants thatrtoibute to ME/CFS risk.

DecodeME has providetthe first robust evidence that getie variationcontributes to the
risk of developingME/CFSwhich should help to reduce the stigma of the illned&e are
making Gl summary statisticand consented and pseudonymiseddividuatlevel data
availablevia controlled acces& 3)to accelerate the search for effective treatmerits this
devastating conditior§74).
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Ethics approval
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Fig. S1The principal component (PC) scores along each axi®@t,20. Controls are shown in black,
cases irgreen After filtering, we noted that there is good matching between the cases and controls
across all 20 PCs.
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Fig. S3Scree plot indicating the relative contribution of each principal compondfC) The pot
shows singular values from the singular value decomposition. We elected to use the first 20 PCs, a

common choice in GWAS.
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Fig. S4Quantile-Quantile (QQ) plots for GWAS. The plots show quantiles of observed associafieralues y-
axis, on alogio scale) against the quantiles of the theoretical distribution for DNA variants binned by four
different minor allele frequency (MAF) ranges. The genomic inflation factor calculated based on the 50th

percentile wad =1.066.
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Fig. S5LocusZoom representations of the eight ME/CFS significantly associated loci in @WAS
GWASInfection and GWAS (AH). Significance of associatiodagiop) is indicated on the lefhand
y-axis, and chromosomal location on theaxis. DNA variants are ooled by their linkage
disequilibrium with the lead variant (purple diamond). The horizontal dashed lines indicate a genome
wide significance threshold gf < 5x1@. Exonintron representations of proteiktoding genes are
shown below. Recombination ratese indicated in blue (rightandy-axis).
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Fig.$6: Candidate genes mapped to seven ME/GiSSociated chromosomal intervals by eQTL or
chromatin interactions evidenceThe outermost layer shows a Manhattan plot of variants within or
near seven ME/CF&8ssociated chromosomal intervals; the eighth (chr6gl6.1) has no reported
expression quantitative trait loci (eQTLs) or chromatin interactions. Radial distance represents
the -logiop of variants. Variants within genomic risk loci are colooded by linkage disequilibrium to
independent significant variants: red’(R0.8), orange R 0.6), green ®?> 0.4) and blue @ 0.2);

others are shown in grey. The rsIDs of the lead vasiang displaye@vithin the outermost layer. The

next layer in shows chromosomal location. Genomic risk loci are highlighted in blue. The innermost
circle indicates genes only mapped by chromatin interactions (orange) or only by eQTLs (green). When
a genes mapped by both, its symbol is shown in red.
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