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A bstract

ChronicO bstructiveP ulm onary Disease(CO P D)ischaracterisedby reducedlungfunctionandisthe

thirdleadingcauseofdeathglobally.T hroughgenom e-w ideassociationdiscovery in48,943

individuals,selectedfrom extrem esofthelungfunctiondistributioninU KBiobank,andfollow -upin

95,375 individuals,w eincreasedtheyieldofindependentsignalsforlungfunctionfrom 54 to97.A

geneticriskscorew asassociatedw ithCO P D susceptibility (oddsratiosperstandarddeviationofthe

riskscore(~6 alleles)(95% confidenceinterval)1.24 (1.20-1.27),P =5.05x10-49)andw eobserveda3.7

folddifferenceinCO P D riskbetw eenhighestandlow estgeneticriskscoredecilesinU KBiobank.T he

97 signalsshow enrichm entindevelopm ent,elasticfibresandepigeneticregulationpathw ays.W e

highlighttargetsfordrugsandcom poundsindevelopm entforCO P D andasthm a(genesinthe

inositolphosphatem etabolism pathw ay andCHRM3)anddescribetargetsforpotentialdrug

repositioningfrom otherclinicalindications.
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M aintext

M axim ally attainedlungfunctionandsubsequentlungfunctiondeclinetogetherdeterm inetherisk

ofdevelopingChronicO bstructiveP ulm onary Disease(CO P D)1,2.CO P D,characterisedby irreversible

airflow obstructionandchronicairw ay inflam m ation,isthethirdleadingcauseofdeathglobally3.

S m okingistheprim ary riskfactorforCO P D butnotallsm okersdevelopCO P D andm orethan25% of

CO P D casesoccurinnever-sm okers4.P atientsw ithCO P D exhibitvariablepresentationofsym ptom s

andpathology,w ithorw ithoutexacerbations,w ithvariableam ountsofem physem aandw ith

differingratesofprogression.AlthoughriskfactorsforCO P D areknow n,includingsm okingand

environm entalexposuresinearly5,6 andlaterlife,thecausalm echanism sarenotw ellunderstood7.

Disease-m odifyingtreatm entsforCO P D arerequired7.

U nderstandinggeneticfactorsassociatedw ithreducedlungfunctionandCO P D susceptibility could

inform drugtargetidentification,riskpredictionandstratifiedpreventionortreatm ent.P revious

genom e-w ideassociationstudies(GW AS )ofCO P D identifiedseveralindependentCO P D-associated

variants8-10 buttherateandscaleofdiscovery hasbeenlim itedby availablesam plesizes.W e

conductedapow erfulGW AS forlungfunction,andfollow eduptherobustly-associatedvariantsin

CO P D case-controlstudies.AlthoughpreviousGW AS havereportedgenom e-w idesignificant

associationsw ithlungfunction11-16,therehasnotbeenacom prehensivestudy confirm ingtheeffect

ofthesevariantsonCO P D susceptibility.Inthisstudy,w ehypothesisedthat:(i)undertakingGW AS

oflungfunctionofunprecedentedpow erandscalew oulddetectnovellociassociatedw ith

quantitativem easuresoflungfunction;(ii)collectively thesevariantsw ouldbeassociatedw iththe

riskofdevelopingCO P D,and(iii)aggregateanalysesofallnovelandpreviously-reportedsignalsof

association,andtheidentificationofgenesthroughw hichtheireffectsarem ediated,w ouldreveal

furtherinsightintobiologicalm echanism sunderlyingtheassociations.T ogetherthesefindingscould

providepotentialnoveltargets17 fortherapeuticinterventionandpinpointexistingdrugsw hich

couldbecandidatesforrepositioning18 forthetreatm entofCO P D.

R esults

43 new signalsforlung function

Forstage1,genom e-w ideassociationanalysesofforcedexpiredvolum ein1 second(FEV1),forced

vitalcapacity (FVC)andFEV1/FVC w ereundertakenin48,943 individualsfrom theU KBiL EVEstudy16

w how ereselectedfrom theextrem esofthelungfunctiondistributioninU KBiobank(total

n=502,682).From analysisof27,624,732 variants,81 independentvariantsassociatedw ithoneor

m oretraitsw ithP <5x10-7 w ereselectedforfollow -upinstage2,consistingofafurther95,375

independentindividualsfrom U KBiobank,theS piroM etaconsortium andU KHouseholds

L ongitudinalS tudy (U KHL S )(S upplem entary T able1).N oevidenceofsam pleoverlapbetw eenstage

1 andstage2 studiesorbetw eenstage2 studiesw asidentifiedusingL D scoreregression

(S upplem entary T able2).Follow ingm eta-analysisofstage1 andstage2 results,43 signalsshow ed

genom e-w idesignificant(P <5x10-8)associationw ithoneorm oreofFEV1,FVC orFEV1/FVC (T able1,

S upplem entary T able3 and S upplem entary Figure1).W ereportthese43 signalsasnovel

independentsignals(Figure1),alm ostdoublingthenum berofconfirm edindependentgenom ic

signalsforlungfunctionto97(S upplem entary T able4).O fthe43 novelsignals,33 represented
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novellociw hilst10 w erestatistically independentsignals(conditionalP <5x10-7)w ithin500kbof

anotherassociationsignal.Basedonanassum edheritability of40% 19,20 foreachlungfunctiontrait,

thenovelsignalsexplained4.3% oftheheritability ofFEV1,3.2% forFVC and5.2% forFEV1/FVC

bringingthetotalheritability explainedby the97signalsto9.6% ,6.4% and14.3% ,respectively.T he

estim atedeffectsizesoflungfunctionassociatedvariantsinchildrenw erecorrelatedw iththosein

adults(r=0.65,73 variantsw ithhighim putationquality,S upplem entary Figure2).A geneticrisk

scorebasedonthese73 variants,w asalsosignificantly associatedw ithFEV1 andFEV1/FVC in

children,(perriskalleleβ (s.e.)= -0.0177(0.0040),P =1.03x10-5 andperriskalleleβ (s.e.)= -0.0213

(0.0037),P =1.27x10-8,respectively),butnotw ithFVC (perriskalleleβ (s.e.)= -0.0037(0.0041),

P =0.366).

U singthestage1 results,a95% ‘credibleset’ ofvariants(i.e.thesetofvariantsthatw ere95% likely

tocontaintheunderlyingcausalvariant,basedonBayesianrefinem ent)w asdefinedforall(novel

andpreviously reported)associationsignalsforw hichthisw asfeasible(67signals,O nlineM ethods

S upplem entary Figures3,4 and5and S upplem entary T able5);13 ofthesesignalsw erefine-

m appedto<=10 plausiblecausalvariantsandfor63 ofthe67signalsfine-m apped,thesentinel

(low estP value)variantw asalsothetoprankedvariantby posteriorprobability.Inaddition,by

refiningsix chrom osom e6 M HC regionassociationsignalsusingim putationofclassicalallelesand

am inoacidchanges(O nlinem ethods),w eidentifiedtheM HC classIIHLA-DQB1 geneproduct,HL A-

DQ β 1, am ino acid change at position 57 (alanine com pared to non-alanine) as the m ain driver of 

signalsintheM HC regionforbothFEV1 (β (s.e.)= 0.048 (0.007),P =5.71×10-13,S upplem entary Figure

6a)andFEV1/FVC (β (s.e.)= 0.062 (0.007),P =1.17×10-20,S upplem entary Figure6c)w ithsecondary

non-HL A gene signals in the M HC region rem aining after conditioning on the HL A-DQ β 1 position 57 

variantforrs34864796:G>A (nearZKSCAN3, FEV1;conditionalβ (s.e.)= -0.058(0.01),P =1.26x10-9,

S upplem entary Figure6b)andrs2070600:C>T (inAGER,FEV1/FVC;conditionalβ (s.e.)= 0.120

(0.013),P =4.23x10-20,S upplem entary Figure6d),(S upplem entary T able6).

W eidentifiedthat29 ofthelungfunction-associatedsignalshadpreviously show ngenom e-w ide

significantassociationinGW AS oftraitsotherthanlungfunctionorCO P D.T hisincludedassociations

w ithinflam m atory bow eldisease(Crohn’sdiseaseand/orulcerativecolitis,3 signals)andheight(9

signals,3 ofw hichshow edaconsistentdirectionofeffectonheightandthelungfunctionm easure

w ithw hichthey w erem oststrongly associated)(S upplem entary T able7).W iththeexceptionof

KANSL116,therew asnosignificant(P <5.15x10-4)associationw ithsm okingforany ofthesignals

(S upplem entary T able8).

95variantsandCO P D susceptibility

T hedisease-relevanceoflungfunction-associatedvariantshasbeenquestioned21.T hereforew e

testedassociationw ithCO P D susceptibility forvariantsrepresenting95 ofthe97lungfunction

associatedsignalsinupto20,086 CO P D casesand215,630 controls(dataw ereunavailablefor

furtherstudy fortheX -chrom osom evariant,rs7050036:A>T nearAP1S2,andararevariant,

chr12:114743533:C>T )(S upplem entary T able9).T hesecasesandcontrolscom prisedtheCO P D

study atdeCO DEGenetics22,(CO P D casesdefinedusingspirom etry,population-basedcontrols

excludingknow ncases,upto1,964 m oderate-severecases,upto142,262 controls),threelung

resectioncohorts23-25 (CO P D definitionbasedonspirom etry,310 m oderate-severecases,332

controls),fourcase-controlstudiesem ployingpost-bronchodilatorspirom etry8-10,26-29 (5,778
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m oderate-severecases,3,950 controls),tw ostudiesw ithinw hichCO P D w asdeterm inedfrom

electronicm edicalrecords30 (eM R ,total1,487cases,15,138controls),additionalU KBiobank

sam ples(CO P D definitionbasedonspirom etry,984 m oderate-severe31 casesand26,561 controls)

andU KBiL EVE(CO P D definitionbasedonspirom etry,9,563 m oderate-severecases,27,387

controls).U KBiL EVECO P D casesandcontrolsw ereonly usedforsinglevariantCO P D association

testsforthesubsetof47variantsdiscoveredindependently from U KBiL EVE(thatisexcludingthe43

variantsdiscoveredusingtheU KBiL EVEdatadescribedinthispaperand5 variantsreportedinour

previousstudy intheU KBiL EVEpopulation16).Acrossall95 variants,51 show ednom inalCO P D

association(P <0.05)and30 show edassociationsw ithCO P D susceptibility reachingaBonferroni

correctedthresholdfor95 tests(P <5.26x10-4,S upplem entary T able10).O fthese30,27w ere

variantsdiscoveredindependently from U KBiL EVEand3 w erefrom the48 low erpow ered

associationtestsnotincludingU KBiL EVEcasesandcontrols.

U singariskscorebasedontheavailable95 sentinelvariantsortheirbestproxies,andusingdata

from upto9791 CO P D casesand120,462 controls(O nlineM ethods),forthem eta-analysistheO R

(95% CI)perstandarddeviationchangeinriskscore(~6 alleles)w as1.24 (1.20-1.27),P =5.05x10-49

(Figure2a,S upplem entary T able11).W eobservedconsiderableheterogeneity ineffectestim ates

betw eenthedifferentCO P D studies(I2=92% )w hichhaddifferentapproachestoascertainm entof

CO P D casesandvariablediseaseseverity.InU KBiobank(includingU KBiL EVE)w efoundbroadly

sim ilareffectsizeestim atesofm oderate-severeCO P D tothoseinCO P D case-controlstudies

em ployingpost-bronchodilatorspirom etry (O R =1.42 versus1.36)andthereforew eundertook

furtherm odellingshow ingagradationinsusceptibility tom oderate-severeCO P D acrossdecilesof

allelicriskscore(O nlineM ethods).T heriskofm oderate-severeCO P D w asm orethanthreetim es

higherinthetopdecilethanthebottom decile(O R 3.71,95% CI3.33 to4.12,Figure2b).T he

estim atedproportionofCO P D casesattributabletoallelicriskscoresabovethefirstdecile

(populationattributableriskfraction)w as48.0% (95% CI43.6 to52.2% ).

W etestedassociationofindividualvariantsandthe95-variantriskscorew ithCO P D exacerbationsin

subsetsofindividualsfrom U KBiobank,deCO DE,fourCO P D case-controlstudiesandtw oeM R

studies(total2,462 CO P D exacerbationcases,15,288CO P D non-exacerbationcontrols)andtheL ung

HealthS tudy (100 exacerbationcases,4,002 controls).T herew asnoassociationofindividual

variantsorgeneticriskscorew ithacuteexacerbationsofCO P D (S upplem entary T ables12 and13).

T oevaluatew hetherthesevariantsshow eddisease-relevantassociationsinanon-European

population,w estudied71 variantsforw hichdataw ereavailablein7,116 CO P D cases(20,919

controls)and5,292 exacerbationcases(1,824 controls)from theChinaKadoorieBiobankcohort

(CKB)(S upplem entary T ables10 to13).T heallelicriskscorew asassociatedw ithCO P D susceptibility

(O R perstandarddeviationchangeinriskscore(95% CI)= 1.08 (1.04-1.11),P =4.2x10-6)suggesting

som esharedgeneticcontributionstoCO P D inEuropeanandEastAsiandescentpopulations.T hirty-

nineofthevariantsshow edaconsistentdirectionofeffectonCO P D inEuropeanandChinese

sam plesandsevenofthesew eresignificant(P <0.05).T w osignalsw eresignificantaftercorrection

form ultipletesting(S upplem entary T able10c).

T oassesstheim pactofincludingindividualsw ithasthm ainaCO P D case-controlanalysis,w etested

forassociationw ithCO P D inU KBiobankbothbeforeandafterexcludingindividualsw ithself-
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reporteddoctor-diagnosedasthm aandshow thattheeffectsizeestim atesw eresim ilar

(S upplem entary Figure7).

Im plicatedgeneshighlightpathw aysanddruggabletargets

Geneexpressionandgenotypedatafrom lung,bloodandm ulti-tissueresourcesw erequeriedto

identify w hetherthetopvariantateachofthe97 signals,oraproxy,w eresignificantly associated

w ithchangesinexpressionofany gene(i.e.w ereaneQ T L forany gene).U singthisapproach,and

identificationofdeleteriousvariantsw ithintheassociationsignal(O nlinem ethods,S upplem entary

T able14),w eim plicated234 genesw ithpotentially causaleffectsonlungfunction(S upplem entary

T able15). T hese 234 genes w ere enriched (False Discovery R ate (FDR ) ≤5% ) in elastic fibre pathw ays 

andin“ signallingeventsm ediatedby theHedgehogfam ily” ,thelatterincludingCDON im plicatedby

anovelintergenicsignal(rs567508,betw eenCDON andRPUSD4)onchrom osom e11.W enarrow ed

thisgroupof234 genesto68 high-priority genesw hichw ereim plicatedviaadeleteriousvariantor

onstrictercriteriaforgeneexpressionco-localisation(sentinelvariantandtopexpressionvariant

r2≥0.9, T able2). W e found that the 68 high-priority genes w ere overrepresented (FDR ≤5% ) am ong a 

num berofgeneontology term sincludingS H3 dom ainbinding,GT P asebinding,actinbindingand

fibroblastm igration(S upplem entary T able16).Alternativeapproachestopathw ay analyses,w hich

insteaduseallgenom e-w ideassociationresults,supportedpreviousreportsofenrichm entof

histoneandsystem iclupuserythem atosuspathw ays14-16 andadditionalautoim m uneand

inflam m atory pathw ays(S upplem entary T able17).T estsfortissue-specificenrichm entoflung

functionsignalsoverlappinghistonem arksidentifiedenrichm entinfetallung,fetalheartand

fibroblasts(H3K4m e1),andstom achsm oothm uscle(H3K4m e1 andH3K4m e3)(S upplem entary

T able18).

Approveddrugs,ordrugsindevelopm ent,targettheproteinproductsof7ofthe234 genes

(S upplem entary T able19a).T hisincludes3 high-priority genesCHRM3,SLC6A4 andCRHR1.CHRM3

andSLC6A4 w erebothim plicatedby novelsignals(rs6688537:C>A inanintronofCHRM3 and

rs59835752:-/A inanintronofEFCAB5)andencodetargetsfordrugsapprovedforthetreatm entof

asthm aandCO P D (CHRM3,m uscarinicacetylcholinereceptorM 3)andanxiety anddepression

(SLC6A4,serotonintransporter).CRHR1 (im plicatedby rs35524223:T >A inanintronofKANSL1)

encodesthecorticotropinreleasingfactorreceptor1 w hichisatargetforcom poundsin

developm entforthetreatm entofanxiety,depressionandirritablebow elsyndrom e.T heother4

genesincludeNDUFA12 (im plicatedby rs113745635:C>T inanintronofFGD6)encodinganN ADH

dehydrogenasew hichisatargetform etform inhydrochloride,prim arily usedtotreattype2

diabetes,and ITK (im plicatedby rs10515750 inanintronofCYFIP2)encodingatyrosine-protein

kinase,atargetforthecancerdrugP azopanib.

U singS T R IN G32 tofindproteinsthatinteractw iththeproteinsencodedby thehighpriority genes,

w ehighlightedfurtherdruggabletargets(S upplem entary T able19b).T heseincludedtheP I3-kinase

p110-deltasubunit(partoftheinositolphosphatem etabolism pathw ay w ith INPP5E, w hichw as

im plicatedasahigh-priority geneby rs10870202 inanintronofDNLZ,andatargetforcom poundsin

developm entforthetreatm entofCO P D andasthm a),andm atrixm etalloproteinases1,8and7

(targetsfordoxycycline,w hichisanantibioticandanti-m alarial).
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Discussion

Inthisstudy,thepow ergainedby sam plingfrom theextrem esofalargebiobankw hilstretaining

thepow erofaquantitativetraitanalysis,coupledw ithstrategiestoim provecoverageofthe

genom eandextensivefollow -up,enabledanear-doublingofthenum berofsignalsofassociation

w ithlungfunctionidentifiedtodate.W efurtherexplored95 variants,representing43 novelsignals

and52 previously reportedsignals,andshow edthatcollectively thesevariantsarestrongly

associatedw ithCO P D susceptibility.

U singfunctionalevidencefrom eQ T L studiesanddeleteriousvariantstolinksignalstogenes,w e

identifiedthat41 ofthe97lungfunctionsignalsarealsothestrongestsignalsofassociationfor

expressionof,orcontaindeleteriousvariantsw ithin,68 genes(w hichw eterm “ high-priority

genes” ).Am ongstthese,novelsignalsinornearFAM13A andADAM19,bothpreviously associated

w ithlungfunctionandCO P D susceptibility9,33,alongw ithevidencethatthesesignalsarethem selves

eQ T L sforFAM13A andADAM19,providefurtherevidenceforFAM13A andADAM19 them selves

beingthedriversofthosesignals.T herew assignificantenrichm entam ongstthe68 genesforS H3

dom ain(includingADAM19),GT P aseandactinbinding,andfibroblastm igration,highlightingthe

potentialim portanceofpathw aysrelatingtothecytoskeleton.

T he68 genesidentifiedashigh-priority includedgenesatnovelsignalsencodingtargetsforw hich

thereareapproveddrugsordrugsindevelopm ent(S upplem entary T able19).O fnote,the

m uscarinicacetylcholinereceptorM 3,encodedby CHRM3,isaw ell-characteriseddrugtargetfor

w hichm any approveddrugsexist,includingforthetreatm entofasthm aandobstructivelung

disease.SLC6A4 encodesaserotonintransporter,atargetforanum berofdrugsapprovedfor

treatingdepressionandanxiety disorders,oneofw hich(nortriptylinehydrochloride)hasbeen

trialedforuseininflam m atory skindisorders(psoriasisandeczem a);HTR4,w hichencodesa

serotoninreceptor,w asidentifiedinoneoftheearliestlungfunctionGW AS 13.INPP5E, identifiedas

ahigh-priority geneforanovelsignalofassociationw ithFVC (andFEV1)onchrom osom e9,encodes

inositolpolyphosphate-5-phosphataseE,acom ponentoftheinositolphosphatem etabolism

pathw ay.Anothercom ponentofthesam epathw ay,phosphoinositide3-kinase(P I3K)deltaisa

targetofdrugsunderdevelopm entforthetreatm entofarangeofindicationsincludingCO P D and

asthm a.M utationsin INPP5E causeciliopathy (JoubertandM O R M syndrom es).

P rotectivegeneticvariantsthatreducethefunctionorexpressionofatargetproteincouldbe

m im ickedby drugsandsoareofparticularinterest.T hem inorallele(M AF17% )atthenovelsignalin

anintronofFAM13A w asassociatedw ithdecreasedexpressionofFAM13A inlungtissueand

reducedriskofCO P D.T his,togetherw ithrecentevidencefrom astudy oftheFam13a knockout

m ouse34,suggeststhatpharm acologicalinhibitionofFAM13A m ay beprotective.

Extendingourpathw ay analysestoall234 genesim plicatedby geneexpressionordeleterious

variants,w eobservedenrichm entofgenesrelatedto“ signallingeventsm ediatedby theHedgehog

fam ily” pathw ay.Hedgehogsignallingplaysacrucialroleinearly developm ent.T hreem em bersof

thispathw ay,PTCH1,TGFB2 andHHIP, havebeenpreviously reportedaslikely causalgenes

underlyinglungfunctionassociationsignals35.Inthisstudy,w eadditionally reportPTHLH, encodinga

parathyroidhorm one-likehorm one,and CDON¸encodingaHedgehogco-receptor,aslikely causal

genes(thelatteratanovelsignal).O fthe73 w ell-im putedvariantsavailableinchildren,w eshow

correlation(r=0.62)betw eenvarianteffectsizeestim atesw iththoseinadults.S houldthispatternof
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correlationapply acrossall97 lung-function-associatedvariants,thenthisw ouldsuggestthatm any

ofthesevariantsm ay act,atleastinpart,viaeffectsonlungdevelopm ent.Elasticfibrepathw ays

w ereover-represented;productsofelastindegradationhavebeenshow ntobeelevatedduring

acuteexacerbationsofCO P D 36,37.Inaddition,degradationofelastinby excessneutrophil-released

elastaseinthelungleadstoem physem ainindividualsw ithalpha-1 antitrypsindeficiency.CARD9,

anotherhigh-priority geneatanovelsignal,encodesanadaptorproteininvolvedinneutrophil

recruitm entinrespiratory fungalinfection38.T issue-specificenrichm entoflungfunctionsignals

overlappingH3K4m e1 w asseeninstom achsm oothm uscle.Althoughcom parableH3K4m e1 data

w erenotavailableforairw ay sm oothm uscle,sim ilarfindingshavebeenreportedpreviously for

rectalsm oothm uscle39.

T he17q21.31 inversionhaspreviously beenassociatedw ithlungfunction.Custom im putationof

additionalstructuralvariationatthelocus,alongw itheQ T L evidenceanddeleteriousvariantsinthe

gene,suggestedthatKANSL1 m ay drivetheassociation.Am ongstthenovelsignalsreportedinthis

study,S N P sinanintronofEEFSEC onchrom osom e3 arecorrelatedw ithexpressionofnearby gene

RUVBL1.BothKANSL1 andRUVBL1 encodem em bersofhistonem odificationcom plexes.

A novelsignalonchrom osom e20 (rs72448466,intronicinZGPAT),w hichshow edassociationw ith

FVC alm ostasstrongasitsassociationw ithFEV1,isaneQ T L forthetelom eregene,RTEL1.Although

rs72448466:->GT w asnotthestrongesteQ T L forRTEL1 (r2=0.6 w iththetopeQ T L variant),RTEL1 is

ofinterestasithasrecently beenim plicatedinfam ilialpulm onary fibrosis40.Variantrs72448466 has

alsobeenassociatedw ithinflam m atory bow eldisease,prostatecancerandatopicderm atitis.

O urim plicationofgenesofpotentialfunctionalrelevancetothe97 signalsw asbasedongene

expressiondata(eQ T L )andassociateddeleteriousvariantsw ithinagene.AlthougheQ T L evidence

currently givesthebestin silico indicationofw hichgene(orgenes)m ightbefunctionally relevantto

asignal,conclusiveevidenceforacausalrelationshipbetw eenS N P genotypeandgeneexpression

canonly beobtainedthroughdirectm olecularexperim ents.

S ix signalsofassociationhavebeenpreviously identifiedw ithintheHL A region.U singacustom

im putationapproach,w eidentifiedthepresenceofalanine(com paredtoasparticacid,valineor

serine)atam inoacidposition57 inHL A-DQ β1 asassociatedw ithdecreasedlungfunctionandthe

m aindriverofsignalsinthisregion.T hepresenceofalanineisalsostrongly associatedw ithriskof

type1 diabetes41.

T hethreelungfunctiontraitsw estudiedarecorrelated.T heoverallandgeneticcorrelationsw ere:

0.88and0.87betw eenFEV1 andFVC;0.46 vs0.35 betw eenFEV1 andFEV1/FVC and;0.038and-0.17

betw eenFVC andFEV1/FVC (transform edtraits,asstudiedinU KBiobankandS piroM eta15,

respectively).O nem ightexpectvariantsshow ingstrongestassociationw ithFEV1 andFEV1/FVC tobe

ofgreatestrelevanceforCO P D andgeneticcorrelationsof-0.76 and-0.9 havebeenreported

betw eenCO P D andFEV1 andFEV1/FVC,respectively42.W eshow ,how ever,thatvariantsassociated

w ithoneofthesetraitsalsotendtobeassociatedw ithoneoftheothertw olungfunctiontraits

studied(forexam ple,allbut2 signalsforFVC arealsoassociated(P <0.05)w ithFEV1,S upplem entary

T able4).AlthoughclassificationofCO P D inU KBiobankw asbasedonpre-bronchodilator

spirom etry,w ehavepreviously show nthatthisleadstom inim alm isclassificationofm oderate-

severe(GO L D 2-4)CO P D43.T heeffectsizeestim atesforCO P D associationscouldbeinfluencedby

differencesincaseascertainm entbetw eenthefollow -upstudies.M otivatedby avoidanceof



12

potentialw inner’scursebiasforthe48variantsdiscoveredusingU KBiL EVE,w eexcludedU KBiL EVE

from individualvariantanalyses.How ever,thisexcluded9,563 m oderatetosevereCO P D cases,and

thereforethesignificanceofCO P D associationtestsforthesevariantsshouldbeinterpretedw ith

caution.N otably,w efoundeffectsizeestim atesonly slightly sm allerindeeply-characterisedCO P D

case-controlstudiesthaninU KBiobank(O R perS D changeinallelicriskscore1.36 com paredto

1.42).W hilstw eshow anappreciableproportionofCO P D casescouldbeattributabletoallelicrisk

scoresabovethefirstdecile,greatcautionm ustbeexercisedininterpretationofpopulation

attributableriskfractionestim atesgivenconsiderationsofsharedetiologicresponsibility44.T helung

function-associatedvariantsw ereportw erenotassociatedw ithacuteexacerbationsofCO P D.

Althoughm orepow erfulstudiesofexacerbationsw illberequired,thissuggeststhatdifferent

geneticm echanism scouldunderlieriskofacuteexacerbations.

A thresholdofP <5x10-8 isavalidthresholdforgenom e-w idesignificanceinGW AS analysesof

com m onvariants45.O urgenotypingandim putationstrategy resultedintestingof27.6 m illion

variantsofw hich21.6 m illionhadM AF<5% and18.2 m illionhadM AF<1% .Althoughallofour43

signalsw erecom m on,hadw eadoptedastricterthresholdforgenom e-w idesignificance,for

exam ple,P <1x10-8 (recom m endedinarecentreportofsignificancethresholdsinw holegenom e

sequencing45),only tw oofoursignals(rs10246303:A>T inthe3’ U T R ofC1GALT1 onchrom osom e7,

andrs1698268:A>T nearLINC00911 onchrom osom e14)w ouldnothavereachedsignificance.

T hirty-nineofthe43 signalsw ereadditionally supportedby statistically significantindependent

replicationinstage2 (P <0.05/43,S upplem entary T able3).

Insum m ary,ourstudy providesthem ostcom prehensiveevidenceyetregardinggeneticvariants

associatedw ithlungfunctionandtheirassociationw ithsusceptibility toCO P D,w itham orethan

threefolddifferenceinCO P D riskbetw eenhighestandlow estallelicriskscoredeciles.W hilst

translationofGW AS findingscantakesom eyearsandrequiresextensiveadditionalw ork,selecting

genetically supportedtargetscoulddoublethedrugdevelopm entsuccessrate17.T hefutureclinical

relevanceofourfindingsincludecontributionstow ardsunderstandingofdiseasepathogenesis,

identificationofdrugtargetsfortargetingorrepositioningofdrugs18,andpotentially im proved

predictionofCO P D oritssubtypes.
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U KBiobankgeneticdatareleasehttp://w w w .ukbiobank.ac.uk/scientists-3/genetic-data/

L D S coreregression,BroadInstitutehttp://w w w .broadinstitute.org/~bulik/eur_ldscores/

DAT A AVAIL ABIL IT Y S T AT EM EN T
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Figure1:M anhattanplotsofgenom e-w ideassociationresultsforFEV1 (top),FEV1/FVC (m iddle)and

FVC (bottom ).P reviously reportedsignalsarehighlightedindarkblue(exceptsignalsw ithP >5x10-4

inthisstudy);andnovelsignalsarecolouredinred.S ignalsarehighlightedforthetraitw ithw hich

they show edstrongestassociationonly.T heredandbluelinescorrespondtothegenom e-w ide

significancelevel(P =5x10-8,-log10P =7.3)andthethresholdusedtoselectsignalsforfollow upin

stage2 (P =5x10-7,-log10P =6.3)respectively.L abelsshow thenearestgenetothenovelsentinel

variants.T herew ere2 independentnovelsignalsnearCDC7 andTGFBR3 onchrom osom e1 (labelled

asCDC7/TGFBR3).S ee S upplem entary T able3 forfullresults.Im agew ascreatedusingam odified

versionoftheR packageqqm an.

Figure2 GeneticR iskS coreassociationsw ithCO P D susceptibility (a)ForestplotofCO P D resultsfor

theriskscoreanalysis.O ddsratiosperstandarddeviationoftheriskscore(~6 alleles)arepresented

foreachstudy.S tudiesaregroupedaccordingtostudy designandphenotyping:“ eM R ” ,electronic

m edicalrecords,w hichusedICD codestodefineCO P D (DiscovEHR alsousedspirom etry torefinethe

CO P D definition);“ case-control” ,CO P D case-control,w hichusedpost-bronchodilatorspirom etry to

defineCO P D;“ lungresectioncohort” ,w hichusedacom binationofpreandpost-bronchodilator

spirom etry todefineCO P D;theIcelandicBiobank,deCO DE,w herecasesw ereselectedfrom a

populationbasedstudy andastudy ofCO P D patientsanddefinedusingaspirom etricdefinition,

controlsw ereselectedasindividualsw ithinthecohortthatw erenotknow ncases(nospirom etric

definitionw asusedforcontrols);andU KBiobank(excludingU KBiL EVE),w hichusedspirom etry to

definebothCO P D casesandcontrols.Furtherdetailsareprovidedinthe S upplem entary N ote. (b)

O ddsratiosforspirom etrically-definedCO P D forw eightedgeneticriskscoredecilesinU KBiobank

(10,547cases,pre-bronchodilator% predictedFEV1<80% andFEV1/FVC<0.7,and53,948 controls,

FEV1/FVC>0.7and% predictedFEV1>80% ,w eightsderivedfrom non-discovery populations).For

eachdecile,oddsratiosw ereobtainedusingalogisticregressionadjustedforage,age2,sex,height,

sm okingstatus,pack-yearsandthefirst10 ancestry principalcom ponents.T heO R com paringthe

10th andthe1st decileinever-sm okersonly w as3.35 (95% CI2.93 to3.84)andinnever-sm okersonly

w as4.27(95% CI3.61 to5.06).

T able1:S tage1 andstage2 associationresultsforthe43 novelsignalsofassociationw ithlung

function.

W herethediscovery variantw asnotavailableinreplicationcohortsbutaproxy w ithr2 > 0.7w as

available,theproxy w asusedforreplicationinallcohorts(proxiesarem arkedw ith* inrsidcolum n).

Fordiscovery thestandarderrorsandP valuesaregenom iccontrolledexceptforconditional

analyses(“ Conditionedon” S N P isgiveninrsidcolum n)w hereunadjustedstandarderrorsandP

valuesaregiven.Genom iccontrolledresultsw ereusedforS piroM eta.U nadjustedresultsw ereused

forU KBiobankorU KHL S w heregenom e-w ideinflationfactorsw erenotavailable.Valuesare

m issingfrom stage2 studiesw heretherew asquality controlfailureduetopoorim putation(info<

0.5)orlow m inorallelecount(M AC < 3).Inthem eta-analysisoftheS tage2 replicationcohortsthe

39 variantsshow ingindependentreplication(Bonferronicorrectionfor81 tests:P <6.17×10-4)haveP

valueinbold.N earestgenegiveseitherthenearestgeneseithersideorthegeneandlocationw ithin

thegene.S tage1 associationresults(FEV1,FVC andFEV1/FVC)forthe54 signalsofassociationthat

havebeenpreviously reportedaregivenin S upplem entary T able4b.
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FEV1/

FVC
rs1 7 5 1 3 1 3 5

1 :4 0 0 3 5 6 8

6

LOC10192951

6 (intron)
C /T 2 3 .1 5 % - 0 .0 4 7 0 .0 0 8 1 .2 5 E - 0 9 - 0 .0 3 4 0 .0 0 8 - 0 .0 2 5 0 .0 0 9 - 0 .0 3 0 0 .0 2 0 - 0 .0 3 3 0 .0 0 6 1 .1 7 E -0 8 - 0 .0 3 8 0 .0 0 5 2 .3 1 E -1 6

FEV1/

FVC

rs1 1 9 2 4 0 4

(rs1 2 1 4 0 6 3 7 )

1 :9 2 0 6 8 9 6

7

CDC7/TGFBR

3
A /G 1 6 .2 1 % - 0 .0 4 6 0 .0 0 9 1 .1 0 E - 0 7 - 0 .0 4 7 0 .0 0 9 - 0 .0 4 6 0 .0 1 0 - 0 .0 3 3 0 .0 2 3 - 0 .0 5 0 0 .0 0 7 9 .3 1 E -1 4 - 0 .0 4 8 0 .0 0 5 6 .0 9 E -2 0

FEV1/

FVC
rs1 2 1 4 0 6 3 7

1 :9 2 3 7 4 5 1

7

TGFBR3/BRD

T2
C /T 3 1 .3 0 % - 0 .0 3 6 0 .0 0 7 3 .4 9 E - 0 7 - 0 .0 1 4 0 .0 0 8 - 0 .0 1 9 0 .0 0 8 - 0 .0 4 2 0 .0 1 8 - 0 .0 2 0 0 .0 0 5 1 .4 6 E -0 4 - 0 .0 2 6 0 .0 0 4 1 .1 8 E -0 9

FVC rs2 0 0 1 5 4 3 3 4
1 :1 1 8 8 6 2 0

7 0

SPAG17/TBX

15
A T/- 2 4 .7 9 % 0 .0 5 4 0 .0 0 8 9 .7 0 E - 1 2 0 .0 2 5 0 .0 0 8 0 .0 2 3 0 .0 0 9 0 .0 0 1 0 .0 2 0 0 .0 2 4 0 .0 0 6 1 .6 9 E -0 5 0 .0 3 4 0 .0 0 5 8 .2 0 E -1 4

FEV1/

FVC
rs6 6 8 8 5 3 7

1 :2 3 9 8 5 0 5

8 8

CHRM3

(intron)
C /A 5 0 .6 0 % - 0 .0 3 7 0 .0 0 7 2 .7 4 E - 0 8 - 0 .0 4 2 0 .0 0 6 - 0 .0 2 3 0 .0 0 8 - 0 .0 4 9 0 .0 1 7 - 0 .0 3 9 0 .0 0 5 4 .0 5 E -1 5 - 0 .0 3 8 0 .0 0 4 6 .7 2 E -2 2

FEV1/

FVC
rs6 1 3 3 2 0 7 5

2 :2 3 9 3 1 6 5

6 0

TRAF3IP1/AS

B1
G/C 1 2 .3 0 % 0 .0 6 0 0 .0 1 0 2 .9 3 E - 0 9 0 .0 2 5 0 .0 1 0 0 .0 2 1 0 .0 1 2 0 .0 2 9 0 .0 2 5 0 .0 2 6 0 .0 0 7 5 .1 1 E -0 4 0 .0 3 8 0 .0 0 6 2 .5 5 E -1 0

FEV1/

FVC
rs1 4 5 8 9 7 9

3 :5 5 1 5 0 6 7

7

CACNA2D3/W

NT5A
A /G 5 0 .1 1 % - 0 .0 3 5 0 .0 0 7 1 .5 2 E - 0 7 - 0 .0 2 1 0 .0 0 6 - 0 .0 1 0 0 .0 0 8 - 0 .0 3 1 0 .0 1 7 - 0 .0 1 9 0 .0 0 5 1 .0 7 E -0 4 - 0 .0 2 5 0 .0 0 4 4 .4 2 E -1 0

FVC rs1 4 9 0 2 6 5
3 :6 7 4 5 2 0 4

3

SUCLG2

(intron)
C /A 7 0 .7 9 % 0 .0 3 9 0 .0 0 7 1 .0 3 E - 0 7 0 .0 2 2 0 .0 0 7 0 .0 0 8 0 .0 0 8 0 .0 3 6 0 .0 1 8 0 .0 1 9 0 .0 0 5 3 .2 7 E -0 4 0 .0 2 6 0 .0 0 4 1 .5 8 E -0 9

FEV1/
rs2 8 1 1 4 1 5 3 :1 2 7 9 9 1 5 EEFSEC A /G 8 4 .0 4 % - 0 .0 5 7 0 .0 0 9 2 .6 4 E - 1 0 - 0 .0 1 7 0 .0 0 9 - 0 .0 2 3 0 .0 1 0 - 0 .0 4 1 0 .0 2 2 - 0 .0 2 3 0 .0 0 7 4 .5 3 E -0 4 - 0 .0 3 5 0 .0 0 5 5 .5 2 E -1 1
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FVC 2 7 (intron)

FEV1/

FVC
rs5 6 3 4 1 9 3 8 *

3 :1 6 8 7 1 5 8

0 8

LOC10050766

1/MECOM
A /G 5 1 .3 4 % 0 .0 3 4 0 .0 0 7 3 .3 8 E - 0 7 0 .0 3 7 0 .0 0 6 0 .0 1 3 0 .0 0 8 - - 0 .0 2 7 0 .0 0 5 1 .9 7 E -0 8 0 .0 2 9 0 .0 0 4 4 .5 2 E -1 4

FEV1/

FVC

rs1 3 1 1 0 6 9 9

(rs2 0 4 5 5 1 7 )

4 :8 9 8 1 5 6 9

5

FAM13A

(intron)
T/G 8 2 .5 1 % - 0 .0 4 5 0 .0 0 8 1 .2 9 E - 0 7 - 0 .0 3 7 0 .0 0 8 - 0 .0 3 0 0 .0 0 9 - 0 .0 1 4 0 .0 2 4 - 0 .0 3 5 0 .0 0 6 7 .8 0 E -0 9 - 0 .0 3 8 0 .0 0 5 7 .8 6 E -1 5

FVC rs9 1 7 3 1
5 :3 3 3 3 4 3 1

2

LOC340113/T

ARS
C /A 9 0 .5 3 % - 0 .0 7 0 0 .0 1 1 8 .1 0 E - 1 0 - 0 .0 3 1 0 .0 1 1 - 0 .0 4 7 0 .0 1 3 0 .0 0 0 0 .0 2 8 - 0 .0 3 8 0 .0 0 8 7 .8 8 E -0 6 - 0 .0 4 9 0 .0 0 7 4 .3 1 E -1 3

FEV1/

FVC
rs1 5 5 1 9 4 3

5 :5 2 1 9 5 0 3

3
ITGA1 (intron) G/A 2 3 .0 1 % - 0 .0 5 2 0 .0 0 8 3 .1 2 E - 1 1 - 0 .0 4 1 0 .0 0 8 - 0 .0 1 9 0 .0 0 9 - 0 .0 3 1 0 .0 2 0 - 0 .0 3 5 0 .0 0 6 2 .3 5 E -0 9 - 0 .0 4 1 0 .0 0 5 1 .9 2 E -1 8

FVC rs2 4 4 1 0 2 6
5 :5 3 4 4 4 4 9

8
ARL15 (intron) C /T 4 6 .2 7 % 0 .0 3 4 0 .0 0 7 4 .5 9 E - 0 7 0 .0 2 3 0 .0 0 6 0 .0 2 5 0 .0 0 8 0 .0 0 6 0 .0 1 7 0 .0 2 4 0 .0 0 5 6 .5 9 E -0 7 0 .0 2 7 0 .0 0 4 2 .7 5 E -1 2

FEV1/

FVC
rs7 7 1 3 0 6 5

5 :1 3 1 7 8 8 3

3 4

C5orf56

(intron)
A /C 7 3 .6 7 % 0 .0 3 9 0 .0 0 7 2 .2 1 E - 0 7 0 .0 2 9 0 .0 0 7 0 .0 1 4 0 .0 0 8 0 .0 1 7 0 .0 1 9 0 .0 2 4 0 .0 0 5 8 .2 9 E -0 6 0 .0 2 9 0 .0 0 4 2 .7 7 E -1 1

FEV1 rs3 8 3 9 2 3 4
5 :1 4 8 5 9 6 6

9 3

ABLIM3

(intron)
G/- 4 7 .0 1 % - 0 .0 3 8 0 .0 0 7 8 .8 7 E - 0 9 - 0 .0 2 3 0 .0 0 6 - 0 .0 1 4 0 .0 0 8 0 .0 0 1 0 .0 1 7 - 0 .0 1 9 0 .0 0 5 7 .7 1 E -0 5 - 0 .0 2 6 0 .0 0 4 4 .4 8 E -1 1

FEV1/

FVC

rs1 0 5 1 5 7 5 0

(rs1 9 9 0 9 5 0 )

5 :1 5 6 8 1 0 0

7 2

CYFIP2

(intron)
C /T 7 .1 8 % - 0 .0 6 3 0 .0 1 2 2 .6 1 E - 0 7 - 0 .0 5 0 0 .0 1 2 - 0 .0 4 0 0 .0 1 4 - 0 .0 3 3 0 .0 3 2 - 0 .0 4 8 0 .0 0 9 2 .6 2 E -0 7 - 0 .0 5 4 0 .0 0 7 5 .2 6 E -1 3

FEV1/

FVC

rs2 8 9 8 6 1 7 0

(rs2 0 7 0 6 0 0

rs9 2 7 2 5 2 8 * )

6 :3 1 5 5 6 1 5

5
LST1 (intron) - /A A 7 .5 2 % 0 .0 7 5 0 .0 1 3 2 .3 0 E - 0 8 0 .0 3 4 0 .0 1 4 - - 0 .0 9 6 0 .0 3 6 0 .0 4 8 0 .0 1 4 6 .4 9 E - 0 4 0 .0 6 3 0 .0 1 0 1 .5 6 E -1 0

FEV1 rs1 1 4 2 2 9 3 5 1
6 :3 2 6 4 8 4 1

8
HLA-

DQB1/HLA-
T/C 1 7 .5 3 % - 0 .0 4 6 0 .0 0 9 1 .1 5 E - 0 7 - 0 .0 2 6 0 .0 0 8 - - - 0 .0 4 5 0 .0 2 6 - 0 .0 3 0 0 .0 0 8 1 .7 8 E -0 4 - 0 .0 3 7 0 .0 0 6 2 .1 2 E -1 0
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(rs3 4 8 6 4 7 9 6 ) DQA2

FEV1/

FVC
rs1 4 1 6 5 1 5 2 0

6 :7 3 6 7 0 0 9

5

KCNQ5

(intron)

TTC TA T

/-
2 0 .1 0 % 0 .0 4 2 0 .0 0 8 3 .3 8 E - 0 7 0 .0 4 9 0 .0 0 8 0 .0 2 6 0 .0 0 9 0 .0 2 5 0 .0 2 0 0 .0 4 2 0 .0 0 6 5 .4 9 E -1 2 0 .0 4 2 0 .0 0 5 9 .9 3 E -1 8

FEV1/

FVC
rs1 0 2 4 6 3 0 3 7 :7 2 8 6 4 4 5

C1GALT1 (3’

UTR)
A /T 4 1 .7 4 % - 0 .0 3 4 0 .0 0 7 4 .4 2 E - 0 7 - 0 .0 1 3 0 .0 0 6 - 0 .0 1 6 0 .0 0 8 - 0 .0 1 9 0 .0 1 7 - 0 .0 1 6 0 .0 0 5 1 .2 9 E - 0 3 - 0 .0 2 2 0 .0 0 4 2 .3 5 E -0 8

FEV1/

FVC
rs7 2 6 1 5 1 5 7

7 :9 9 6 3 5 9 6

7

ZKSCAN1 (3’

UTR)
G/A 1 6 .7 3 % 0 .0 4 6 0 .0 0 9 2 .6 8 E - 0 7 0 .0 1 5 0 .0 0 9 0 .0 3 0 0 .0 1 0 0 .0 3 0 0 .0 2 2 0 .0 2 4 0 .0 0 7 2 .5 6 E -0 4 0 .0 3 2 0 .0 0 5 1 .9 8 E -0 9

FEV1 rs1 2 6 9 8 4 0 3
7 :1 5 6 1 2 7 2

4 6

LOC389602/L

OC285889
G/A 4 4 .3 6 % - 0 .0 3 6 0 .0 0 7 7 .4 3 E - 0 8 - 0 .0 2 5 0 .0 0 6 - 0 .0 2 5 0 .0 0 8 - 0 .0 1 2 0 .0 1 7 - 0 .0 2 6 0 .0 0 5 1 .4 3 E -0 7 - 0 .0 2 9 0 .0 0 4 1 .1 1 E -1 3

FEV1 rs7 8 7 2 1 8 8 9 :4 1 2 4 3 7 7 GLIS3 (intron) C /T 4 0 .1 7 % - 0 .0 3 8 0 .0 0 7 1 .8 0 E - 0 8 - 0 .0 1 9 0 .0 0 7 - 0 .0 2 0 0 .0 0 8 0 .0 0 5 0 .0 1 7 - 0 .0 1 9 0 .0 0 5 1 .4 1 E -0 4 - 0 .0 2 6 0 .0 0 4 1 .5 9 E -1 0

FVC
rs1 0 8 7 0 2 0 2

(rs1 0 8 5 8 2 4 6 )

9 :1 3 9 2 5 7 4

1 1
DNLZ (intron) T/C 5 0 .0 1 % - 0 .0 3 3 0 .0 0 6 3 .2 5 E - 0 7 - 0 .0 1 6 0 .0 0 6 - 0 .0 1 7 0 .0 0 8 - 0 .0 2 7 0 .0 1 7 - 0 .0 1 9 0 .0 0 5 1 .5 4 E -0 4 - 0 .0 2 4 0 .0 0 4 9 .3 2 E -1 0

FEV1/

FVC
rs3 8 4 7 4 0 2

1 0 :3 0 2 6 7 8

1 0

SVIL/KIAA146

2
G/A 4 0 .5 7 % - 0 .0 3 6 0 .0 0 7 1 .0 0 E - 0 7 - 0 .0 1 7 0 .0 0 7 - 0 .0 2 7 0 .0 0 8 - 0 .0 0 7 0 .0 1 7 - 0 .0 2 1 0 .0 0 5 3 .8 4 E -0 5 - 0 .0 2 7 0 .0 0 4 7 .7 2 E -1 1

FVC rs7 0 9 5 6 0 7
1 0 :6 9 9 5 7 3

5 0
MYPN (intron) G/A 4 9 .5 2 % - 0 .0 3 7 0 .0 0 7 3 .9 3 E - 0 8 - 0 .0 2 1 0 .0 0 6 - 0 .0 2 9 0 .0 0 8 - 0 .0 3 0 0 .0 1 7 - 0 .0 2 7 0 .0 0 5 2 .2 6 E -0 8 - 0 .0 3 1 0 .0 0 4 8 .6 7 E -1 5

FEV1 rs2 5 0 9 9 6 1
1 1 :6 2 3 1 0 9

0 9

AHNAK

(intron)
T/C 3 8 .2 1 % 0 .0 3 6 0 .0 0 7 1 .6 8 E - 0 7 0 .0 3 0 0 .0 0 7 0 .0 1 7 0 .0 0 8 0 .0 2 5 0 .0 1 7 0 .0 2 7 0 .0 0 5 1 .0 7 E -0 7 0 .0 3 0 0 .0 0 4 1 .4 9 E -1 3

FEV1 rs1 4 5 7 2 9 3 4 7 *
1 1 :8 6 4 4 2 7

3 3
ME3/PRSS23 G/C 1 5 .0 8 % - 0 .0 5 6 0 .0 0 9 1 .6 7 E - 0 9 - 0 .0 2 0 0 .0 0 9 - 0 .0 1 6 0 .0 1 0 - - - 0 .0 1 8 0 .0 0 7 5 .3 6 E - 0 3 - 0 .0 3 1 0 .0 0 5 8 .5 8 E -0 9

FEV1 rs5 6 7 5 0 8
1 1 :1 2 6 0 0 8

9 1 0

CDON/RPUS

D4
G/A 8 4 .9 6 % 0 .0 5 0 0 .0 0 9 1 .1 1 E - 0 7 0 .0 2 9 0 .0 0 9 0 .0 1 3 0 .0 1 0 0 .0 5 3 0 .0 2 4 0 .0 2 6 0 .0 0 7 1 .0 8 E -0 4 0 .0 3 4 0 .0 0 5 4 .7 7 E -1 0
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FEV1 rs1 4 9 4 5 0 2
1 2 :6 5 8 2 4 6

7 0

MSRB3

(intron)
A /G 3 6 .2 0 % 0 .0 3 6 0 .0 0 7 2 .7 2 E - 0 7 0 .0 2 0 0 .0 0 7 0 .0 1 2 0 .0 0 8 0 .0 3 0 0 .0 1 7 0 .0 1 9 0 .0 0 5 1 .3 3 E -0 4 0 .0 2 5 0 .0 0 4 9 .8 0 E -1 0

FEV1/

FVC
rs1 1 3 7 4 5 6 3 5

1 2 :9 5 5 5 4 7

7 1
FGD6 (intron) C /T 2 1 .2 0 % - 0 .0 5 0 0 .0 0 8 3 .4 7 E - 1 0 - 0 .0 3 9 0 .0 0 8 - 0 .0 1 8 0 .0 0 9 - 0 .0 6 1 0 .0 2 0 - 0 .0 3 6 0 .0 0 6 1 .4 1 E -0 9 - 0 .0 4 1 0 .0 0 5 8 .4 6 E -1 8

FVC rs3 5 5 0 6
1 2 :1 1 5 5 0 0

6 9 1

TBX3/MED13

L
T/A 7 1 .2 5 % 0 .0 3 7 0 .0 0 7 4 .3 1 E - 0 7 0 .0 2 1 0 .0 0 7 0 .0 1 9 0 .0 0 8 0 .0 1 1 0 .0 1 8 0 .0 2 1 0 .0 0 5 1 .0 8 E -0 4 0 .0 2 7 0 .0 0 4 9 .8 7 E -1 0

FEV1/

FVC
rs1 6 9 8 2 6 8

1 4 :8 4 3 0 9 6

6 4

LINC01467/LI

NC00911
A /T 2 9 .4 4 % - 0 .0 3 9 0 .0 0 7 1 .1 2 E - 0 7 - 0 .0 2 3 0 .0 0 7 - 0 .0 0 3 0 .0 1 0

0 .0 0 0
0 .0 1 8 - 0 .0 1 6 0 .0 0 6 4 .2 0 E - 0 3 - 0 .0 2 5 0 .0 0 5 3 .1 9 E -0 8

FEV1/

FVC
rs7 2 7 2 4 1 3 0

1 5 :4 1 9 7 7 6

9 0
MGA (intron) A /T 5 .7 0 % - 0 .0 7 5 0 .0 1 4 2 .0 5 E - 0 7 - 0 .0 4 6 0 .0 1 4 - 0 .0 3 9 0 .0 2 1 0 .0 0 7 0 .0 3 5 - 0 .0 4 3 0 .0 1 2 2 .6 2 E -0 4 - 0 .0 5 6 0 .0 0 9 9 .5 8 E -1 0

FEV1/

FVC

rs1 2 5 9 1 4 6 7

(rs1 0 8 5 1 8 3 9 )

1 5 :7 1 7 8 8 3

8 7

THSD4

(intron)
C /T 6 8 .3 8 % 0 .0 3 7 0 .0 0 7 6 .4 5 E - 0 8 0 .0 2 1 0 .0 0 7 0 .0 1 1 0 .0 0 8 0 .0 3 0 0 .0 1 8 0 .0 1 9 0 .0 0 5 2 .1 7 E -0 4 0 .0 2 6 0 .0 0 4 5 .6 5 E -1 0

FEV1/

FVC
rs6 6 6 5 0 1 7 9

1 5 :8 4 2 6 1 6

8 9

SH3GL3

(intron)
A /- 8 1 .3 4 % - 0 .0 4 8 0 .0 0 9 2 .6 0 E - 0 8 - 0 .0 3 0 0 .0 0 8 - - - 0 .0 3 5 0 .0 2 1 - 0 .0 3 6 0 .0 0 8 1 .7 9 E -0 5 - 0 .0 4 2 0 .0 0 6 3 .7 1 E -1 2

FEV1/

FVC
rs6 2 0 7 0 2 7 0 *

1 7 :2 8 2 6 3 9

8 0

EFCAB5

(intron)
A /G 4 5 .6 5 % - 0 .0 4 1 0 .0 0 7 6 .7 1 E - 1 0 - 0 .0 3 6 0 .0 0 6 - 0 .0 2 1 0 .0 0 8 - - - 0 .0 3 0 0 .0 0 5 8 .0 0 E -1 0 - 0 .0 3 4 0 .0 0 4 7 .2 9 E -1 8

FEV1/

FVC
rs1 1 6 5 8 5 0 0

1 7 :3 6 8 8 6 8

2 8
CISD3 (intron) G/A 1 4 .1 6 % - 0 .0 5 1 0 .0 0 9 4 .7 0 E - 0 8 - 0 .0 3 1 0 .0 0 9 - 0 .0 1 1 0 .0 1 1 - 0 .0 6 9 0 .0 2 5 - 0 .0 2 9 0 .0 0 7 5 .1 1 E -0 5 - 0 .0 3 7 0 .0 0 6 7 .2 2 E -1 1

FVC rs6 1 4 0 0 5 0
2 0 :6 6 3 2 9 0

1

CASC20/BMP

2
C /A 6 3 .3 4 % 0 .0 4 0 0 .0 0 7 5 .9 5 E - 0 9 0 .0 2 6 0 .0 0 7 0 .0 2 8 0 .0 0 8 - 0 .0 1 1 0 .0 1 7 0 .0 2 6 0 .0 0 5 5 .2 3 E -0 7

0 .0 3 1
0 .0 0 4 6 .3 9 E -1 4

FEV1 rs7 2 4 4 8 4 6 6
2 0 :6 2 3 6 3 6

4 0

ZGPAT

(intron)
GT/- 6 7 .2 8 % - 0 .0 3 8 0 .0 0 7 1 .0 9 E - 0 7 - 0 .0 2 0 0 .0 0 7 - 0 .0 2 9 0 .0 0 8 - 0 .0 3 2 0 .0 1 7 - 0 .0 2 7 0 .0 0 5 3 .6 8 E -0 7

- 0 .0 3 0
0 .0 0 4 4 .3 1 E -1 3
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FEV1 rs1 1 7 0 4 8 2 7
2 2 :1 8 4 5 0 2

8 7

MICAL3

(intron)
A /T 2 3 .1 4 % 0 .0 4 9 0 .0 0 8 6 .0 8 E - 1 0 0 .0 2 1 0 .0 0 8 0 .0 2 1 0 .0 0 9 0 .0 4 7 0 .0 2 0 0 .0 2 5 0 .0 0 6 1 .4 4 E -0 5 0 .0 3 3 0 .0 0 5 8 .3 2 E -1 3

FEV1 rs2 2 8 3 8 4 7
2 2 :2 8 1 8 1 3

9 9
MN1 (intron) C /T 5 5 .5 1 % - 0 .0 3 8 0 .0 0 7 2 .4 0 E - 0 8 - 0 .0 2 6 0 .0 0 7 - 0 .0 1 4 0 .0 0 8 - 0 .0 0 3 0 .0 2 1 - 0 .0 2 1 0 .0 0 5 3 .6 5 E -0 5 - 0 .0 2 7 0 .0 0 4 3 .4 1 E -1 1
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T able2 Genesim plicatedashigh-priority genesfornovelgenom e-w idesignificantandpreviously-

reportedsignalsusingexpressiondataandfunctionalannotation.#VariantdidnotreachP <5.15x10-4

(BonferronicorrectedP valuefor97 tests)inthisstudy forany trait.*Geneim plicatedasit

containedadeleteriousvariant(S upplem entary T able14);allothergenesim plicatedby co-

localisationofGW AS andeQ T L signal.(*)im plicatedby bothco-localisationofeQ T L andGW AS ,and

adeleteriousvariant.All234 genesim plicatedarelistedin S upplem entary T able15.

Genom e-w ide
significanttrait

(additionaltraits
w ithP <5.15x10-4)

VariantID (positionb37) N earestgene(s) High-priority genes

Novel signals

FEV1/FVC (FVC) rs17513135 (chr1:40,035,686) LOC101929516 (intron) PABPC4

FEV1/FVC (FEV1) rs6688537 (chr1:239,850,588) CHRM3 (intron) CHRM3

FEV1/FVC (FEV1) rs2811415 (chr3:127,991,527) EEFSEC (intron) RUVBL1

FEV1/FVC (-) rs13110699 (chr4:89,815,695) FAM13A (intron) FAM13A

FEV1 (FVC,FEV1/FVC) rs3839234 (chr5:148,596,693) ABLIM3 (intron) GRPEL2, ABLIM3

FEV1/FVC (FEV1) rs10515750 (chr5:156,810,072) CYFIP2 (intron) ADAM19

FEV1/FVC (FEV1) rs200003338 (chr6:31,556,155) LST1 (intron) MICB*, MICA*

FEV1/FVC (FEV1) rs10246303 (chr7:7,286,445) C1GALT1 (3’ U T R ) C1GALT1

FVC (FEV1) rs10870202 (chr9:139,257,411) DNLZ (intron) INPP5E, CARD9

FVC (FEV1) rs7095607 (chr10:69,957,350) MYPN (intron) MYPN*

FEV1 (FVC) rs2509961 (chr11:62,310,909) AHNAK (intron) ROM1, EML3, MTA2,
GANAB, C11orf83*

FEV1/FVC (-) rs59835752 (chr17:28,265,330) EFCAB5 (intron) EFCAB5, CRYBA1, SSH2,
SLC6A4

FEV1/FVC (FEV1) rs11658500 (chr17:36,886,828) CISD3 (intron) CISD3*

FEV1 (FVC) rs72448466 (chr20:62,363,640) ZGPAT (intron) LIME1

Previously-reported signals

FEV1 (FVC) rs6681426 (chr1:150,586,971) MCL1/ENSA GOLPH3L

FEV1/FVC (-) rs4328080 (chr1:219,963,088) LYPLAL1/RNU5F-1 SLC30A10

FEV1 (FVC,FEV1/FVC) rs2571445 (chr2:218,683,154) TNS1 (exon) TNS1*

FEV1/FVC (-) rs10498230 (chr2:229,502,503) SPHKAP/PID1 SPHKAP

FVC (FEV1) rs1595029 (chr3:158,241,767) RSRC1 (intron) RSRC1

FEV1 (FVC,FEV1/FVC) rs10516526 (chr4:106,688,904) GSTCD (intron) INTS12, GSTCD, NPNT

FEV1/FVC (FEV1,FVC) rs34712979 (chr4:106,819,053) NPNT (intron) NPNT

FEV1/FVC (FEV1) rs138641402 (chr4:145,445,779) GYPA/HHIP-AS1 HHIP

FEV1/FVC (-) rs153916 (chr5:95,036,700) SPATA9/RHOBTB3 RHOBTB3

FEV1/FVC (FEV1) rs1990950 (chr5:156,920,756) ADAM19 (intron) ADAM19

FEV1 (FVC,FEV1/FVC) rs34864796 (chr6:27,459,923) ZNF184/LINC01012 OR2B2*

FEV1/FVC (FEV1) rs2857595 (chr6:31,568,469) NCR3/AIF1 MICB*

FEV1/FVC (-) rs2070600 (chr6:32,151,443) AGER (exon) AGER(*)

FEV1 (FVC,FEV1/FVC) rs114544105 (chr6:32,635,629) HLA-DQB1/HLA-DQA2 HLA-DQB1*, APOM,
RNF5

FEV1/FVC (FEV1) rs113096699 (chr6:142,745,883) GPR126 (intron) GPR126

FEV1/FVC (-) rs148274477 (chr6:142,838,173) GPR126/LOC153910 GPR126*
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FVC (FEV1) rs10858246 (chr9:139,102,831) QSOX2 (intron) QSOX2

FVC (FEV1) rs2348418 (chr12:28,689,514) CCDC91 (intron) FLJ35252

FEV1/FVC# (-) rs11172113 (chr12:57,527,283) LRP1 (intron) LRP1

FEV1# (-) rs7155279 (chr14:92,485,881) TRIP11 (intron) ATXN3

FEV1# (-) rs117068593 (chr14:93,118,229) RIN3 (exon) RIN3(*)

FEV1/FVC (FEV1) rs10851839 (chr15:71,628,370) THSD4 (intron) THSD4

FEV1/FVC (-) rs12447804 (chr16:58,075,282) MMP15 (intron) MMP15

FEV1/FVC (FEV1) rs3743609 (chr16:75,467,021) CFDP1 (intron) TMEM170A, BCAR1,
CFDP1

FEV1 (FVC,FEV1/FVC) rs35524223 (chr17:44,192,590) KANSL1 (intron) KANSL1(*), MAPT(*),
ARL17B, ARL17A,
LRRC37A4, NUDT1,
LRRC37A, CRHR1,
LRRC37A2, ARHGAP27,
FMNL1, PLEKHM1,
WNT3, NSF, SPPL2C*

FEV1 (FVC) rs7218675 (chr17:73,513,185) TSEN54 (intron) CASKIN2, TSEN54*

FEV1/FVC (-) rs113473882 (chr19:41,124,155) LTBP4 (intron) LTBP4*
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O nlineM ethods

Study Governance

U KBiobankhasethicalapprovalfrom theN HS N ationalR esearchEthicsS ervice(R ef11/N W /0382).

Inform edconsentw asobtainedfrom allparticipants.Allotherstudiesw ereapprovedby an

appropriateethicscom m itteeordataprotectionauthority (S upplem entary N ote).

Stage 1 study sample selection

A genom e-w idediscovery study forvariantsassociatedw ithlungfunctionm easuresw asperform ed

in48,943 individualsfrom theU KBiL EVE16 subsetofU KBiobank(U KBiL EVE,stage1).Inbrief,U K

Biobankcom prised502,682 individualsofw hom 275,939 w ereofself-reportedEuropean-ancestry

and had ≥2 Forced Expired Volum e in 1s (FEV1)andForcedVitalCapacity (FVC)m easures

(VitalographP neum otrac6800,Buckingham ,U K)passingAT S /ER S criteria46.Basedonthebest

(highest)availableFEV1 m easurem ent,50,008 individualsfrom groupsw ithextrem elow (n=10,002),

near-average(n=10,000)andextrem ehigh(n=5,002)% predictedFEV1 w ereselectedfrom am ongst

never-sm okers(totaln=105,272)andthesam enum bersfrom am ongsttheheavy-sm okers(m ean35

pack-yearsofsm oking,totaln=46,758).FEV1,FVC andFEV1/FVC distributionsaresum m arisedin

S upplem entary Figure8.Genotypingw asundertakenusingtheAffym etrix Axiom U KBiL EVEarray16

andim putedtothe1000 Genom esP rojectP hase147 andU K10K48,49 com binedpanel.A totalof

27,624,732 im putedordirectly genotypedautosom alvariantsw ithim putationquality (info)>0.5

and m inor allele count (M AC) ≥3 w ere included in the analysis. In total, 48,943 unrelated individuals 

passedallquality controlstepsandw ereusedinthisanalysis.

Association testing and selection of signals from stage 1 for follow-up in stage 2

P ow ercalculationsw ereundertakenusingQ uanto(see U R L s)(S upplem entary Figure9).Forstage1,

genom e-w ideassociationstudiesofFEV1,FVC andFEV1/FVC w ereundertakenseparately inheavy-

sm okersandnever-sm okersandthenm eta-analysedforeachtrait.L inearregressionofage,age2,

sex,height,thefirst10 principalcom ponentsofgeneticancestry andpackyearsofsm oking(in

sm okers)oneachtraitw asundertakenandresidualsw ererankedandtransform edtoinverse

norm ally distributedZ-scores.Forthefirst26 lungfunctionvariantsreported11,13,14,50 w eshow ed

S tage2 effectsizeestim ates14 w erecom parablew iththosefrom inversenorm ally distributedZ-

scoresinU KBiL EVE(S upplem entary Figure10).S ubsequently theseZ-scoresw ereusedforgenom e-

w ideassociationtestingusinganadditivegeneticm odel(S N P T ES T v2.5).T hefullgenom e-w idestage

1 resultsareavailableviaU KBiobank(seeU R L s).

From eachofthethreediscovery GW AS ,signalsw ereselectedforfollow -upinstage2 ifthey m etan

initialthresholdofP <5x10-7.L ow M AC variants(M AC betw een3 and20),w ereselectedforfollow -up

only iftheim putationquality (info)exceeded0.8.Independenceofsignalsw asdeterm inedas

follow s:them oststrongly associated(P <5x10-7)variantw ithina1M bregionw asselectedasa

putativesignalandthentheanalysisrepeatedforthat1M bregionconditioningonthem oststrongly

associatedvariant.Any variantw hichthenhadaconditionalP <5x10-7 w asthenassignedasa

secondary putativesignalandalsoincludedintheconditionalanalysis.T hisw asrepeateduntilno

variantsw ithP <5x10-7 rem ainedw ithinthe1M bregion.R esultsw ereconfirm edusingajoint

conditionalanalysis(GCT A 51)andvisualinspectionofregionplots.P reviously reportedsignalsw ere

notincludedinthefinallistofputativesignalstobetakenforfollow -upinstage2.W herenovel
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signalsfordifferenttraitsw ereinlinkagedisequilibrium (r2 > 0.2),thevariantforthetraitw iththe

m ostsignificantassociationw asfollow edup.DuetotheextendedL D structureintheM HC region,

conditionalanalysesandGCT A w ererunovera9M bregion(chr6:24,126,750-33,126,689).T w opairs

ofsignalspreviously reportedasbeingindependent(rs16909859:G>A 11 andrs16909898:A>G14 in

PTCH1, andrs34712979:G>A 16 andrs6856422:T >G15,inNPNT)w erefoundtobecorrelatedinour

data.

Stage 2 – follow-up in independent studies (quantitative lung function)

P utativenovelsignalsofassociationfrom stage1 w erefollow edupinthreeindependentsetsof

sam ples(stage2):(i)anindependentsubsetofU KBiobankparticipants(U KBiobank,n=49,727),(ii)a

population-basedconsortium (S piroM eta,n=38,199)15 and(iii)U KHouseholdsL ongitudinalS tudy

(U KHL S ,n=7,449).W edidnotincludethesestudiesinS tage1 as:(ii)w astobeutilisedfor

independentreplicationand;(i)and(iii)w erenotyetavailablew henS tage1 w asundertaken.Each

signalw asfollow ed-uponly forthetraitw ithw hichitw asm oststrongly associatedinS tage1.T he

firsttrancheofgenotypedataandim putationoutput(m erged1000 Genom esP rojectP hase3 and

U K10Kim putationpanel)from U KBiobankw asreleasedM ay 2015 (seeU R L s)andcom prisedthe

49,979 individualsoriginally genotypedforU KBiL EVE(anunrelatedsubsetof48,943 ofw hichw ere

usedasdiscovery inthisstudy)andanadditional102,757 individualsselectedatrandom from the

entireU KBiobank.From these102,757 individuals,w einitially selected51,117 sam plesthathad

lungfunctionm easurem ents(FEV1 andFVC)m eetingAT S /ER S criteriaandhadcovariatesage,sex,

height,principalcom ponentsandsm okingstatusrecorded.Follow ingfurtherexclusionofindividuals

w ithsexm ism atches(n=41),individualsofnon-Europeanancestry (basedonk-m eansclusteringof

principalcom ponents1 and2 w ith4 clusters,n=124)andoneindividualfrom eachpairofrelated

sam ples(KIN G relatedness> 0.088 [2nd degree],n=1,225),atotalof49,727individualsrem ainedfor

analysis.

T hedetailsoftheS piroM etaconsortium analysis(includingcontributingstudies,spirom etry details

andm ethods)aredescribedelsew here15.Inbrief,thisw asaninversevariancew eightedfixedeffects

m eta-analysisof17 studiesw ithim putationto1000 Genom esP rojectP hase1 referencepanel.

W ithineachstudy,FEV1,FVC andFEV1/FVC w ereadjustedforage,age2,sex,heightandpopulation

structure,separately foreverandnever-sm okers.Inversenorm altransform edresidualsw erethen

testedforassociationw ithineachsm okingstratum assum inganadditivegeneticeffectandthen

m eta-analysed.Genom iccontrolw asappliedtoaccountforresidualpopulationstructure.W eonly

includedS piroM etam eta-analysisresultsinthem eta-analysisinthisstudy ifN effective > 70% (i.e.

>70% of38,199),w hereN effective istheeffectivesam plesizeafterscalingforim putationquality15.

S um m ary statisticsofaGW AS ofFEV1,FVC andFEV1/FVC in7,449 individualsw ereavailablefrom

U KHL S (S upplem entary N ote).S N P sw eregenotypedusingtheIllum inaInfinium Hum anCoreExom e

BeadChipKitandim putedagainstthesam e1000 Genom esP roject+ U K10Kcom binedim putation

panelasusedindiscovery inthisstudy.Associationtestingw asperform edseparately foreverand

never-sm okersw ithcovariatesage,age2,sex heightandancestry principalcom ponents,asforS tage

1.W eonly includedU KHL S resultsinthem eta-analysisinthisstudy ifim putationinfo>0.5 andM AC

>=3.

Meta-analysis of stage 1 and stage 2



27

Allm eta-analysesw ereundertakenusingfixedeffectsinversevariancew eightingw hichtakes

directionality ofassociationintoaccount.Effectestim atesforallvariantsfollow edupinstage2 w ere

m eta-analysedacrossthethreestage2 studiesandthenthecom binedresultw asm eta-analysed

w ithstage1 results.W herethediscovery variantw asnotpresentinany stage2 study,aproxy

(r2>0.8)thatw asavailableinallstage1 andstage2 studiesw asused.W ereportsignalsw ith

associationP <5x10-8 inthem eta-analysisofstages1 and2 asnovelsignalsofassociationw ithlung

function.

Assessment of stage 1 and stage 2 sample overlap by LD score regression

L D scoreregressionw asusedtoassesstheextentofconfounding.Absenceofsignificantconfounding

indicatesthatfactorssuchassam pleoverlapand/orpopulationstratificationarenotevident.P re-

com putedL D scoresfrom aEuropeanpopulationw ereused(seeU R L s),basedongenotypesfor

1,293,150 HapM ap3 S N P sinsam plesfrom the1000 Genom esP rojectEU R population.Association

resultsw erefiltered(info> 0.9 andM AF> 1% )beforerunningL D scoreregressionon(i)3 pairw ise

m eta-analysesofresultsfrom U KBiL EVE(stage1)andU KBiobank(stage2),U KBiL EVEand

S piroM etaandU KBiobankandS piroM eta;(ii)bivariateanalysesofthe3 pairsofcohorts.

Effect sizes in adults and children

T heeffectsofvariantsonlungfunctioninchildrenw erealsotestedin5,062 childrenfrom AL S P AC

(m eanage8.6)and1,220 childrenfrom theR ainestudy (m eanage8.1).Dataw ereavailablefor81

ofthe97variants(aproxy variantw ithr2>0.7 w asusedfor11 signals)w ithim putationquality >0.5

ofw hich73 hadim putationquality >0.8(71 variantsinAL S P AC and35 intheR ainestudy).

Associationresultsfrom thetw ocohortsw erecom binedusinginversevariancew eightedm eta-

analysis.A w eightedriskscorew asapproxim atedusingpooledsingleS N P results,asdescribedin

Dastanietal52,andw eightsobtainedusingestim atedeffectsizesfrom eitherS piroM eta15 sum m ary

data(forS N P sdiscoveredinU KBiobank),orfrom U KBiobank(forS N P sdiscoveredelsew here).T he

riskscorew astestedforthethreelungfunctiontraits:FEV1,FVC andFEV1/FVC.

Refinement of signals

A Bayesianm ethod53 w asusedtofine-m aplungfunction-associatedsignalstothesetofvariants

thatw ere95% likely tocontaintheunderlyingcausalvariant(assum ingthatthecausalvarianthas

beenanalysed).T hisw asundertakenfornovelsignalsandforpreviously-reportedsignalsw hich

reachedP <10-5 inthestage1 results.Follow ingvandeBuntet al.54 w esetthevalueofapriorW =0.4

intheapproxim ateBayesFactorform ula.S ignalsintheHL A w erenotincluded.

W ere-im putedour48,943 discovery sam plesacrosstheHL A (chr6:29,607,078-33,267,103 (b37))

usingIM P U T E2 v2.3.1 w ithareferencepanelincorporatingclassicalHL A allelesandam inoacid

changes55.T hereferencepanelcontainedhaplotypesfor5,225 sam plesfrom thetype1 diabetes

geneticsconsortium (T 1DGC)across8,961 biallelicvariantscom prisedof5,863 directly genotyped

biallelicS N P sand3,098 surrogatebiallelicvariantsencodingm ultiallelicS N P s,indels,classicalHL A

allelesandam inoacidchanges.Associationtestingw asthenundertakenasdescribedforstage1 for

FEV1 andFEV1/FVC.

Effects of lung function associated variants on other traits
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T oidentify w hetherthenovelandpreviously reportedlungfunction-associatedvariantshadbeen

reportedinpreviousGW AS asassociatedw ithtraitsotherthanlungfunctionandCO P D,w equeried

theGW AS Catalog56 (lastupdate:13/03/2016,dow nloadedon17/03/16)andGR AS P 57 (v2.0,

dow nloadedon17/03/16)forgenom e-w idesignificant(P <5x10-8)signalsusingthe95% credibleset

(ifcalculated)orallproxy S N P s(r2>0.8)w ithin2M bofthetopvariantinourdata.

Clinical relevance – COPD susceptibility and risk of COPD exacerbations in European and Chinese

populations

T heeffectonCO P D susceptibility ofupto95 outofthe97 lungfunction-associatedsignalsw as

testedintheCO P D study atdeCO DEGenetics(deCO DECO P D study)(1,964 CO P D casesand142,262

controlsforsingle-variantanalysesand1,248 CO P D casesand74,700 controlsforriskscore

analyses),inthreelungresectionstudies:Groningen,L avalandU BC (310 CO P D casesand332

controls),inthefollow ingCO P D case-controlstudies:CO P DGeneS tudy (2,812 CO P D casesand2,534

controls),EvaluationofCO P D L ongitudinally toIdentify P redictiveS urrogateEnd-points(ECL IP S E)

(1,736 CO P D casesand176 controls),N ationalEm physem aT reatm entT rial(N ET T )andN orm ative

AgingS tudy (N AS )(N ET T /N AS ,376 CO P D casesand435 controls)andtheN orw ay GenKO L S study

(GeneticsofChronicO bstructiveL ungDisease)(854 casesand805 controls),inthefollow ingeM R

studies:M ountS inaiBioMe Biobank(BioMe,207CO P D casesand1,817controls)andGeisinger-

R egeneronDiscovEHR S tudy (DiscovEHR ,1,280 CO P D casesand13,321 controlsforsingle-variant

analysesand1,264 CO P D casesand13,032 controlsforriskscoreanalyses),andinU KBiobank(not

includingU KBiL EVEsam ples,984 casesand26,561 controlsintotal)andU KBiL EVE(9,563

m oderate-severecases,27,387 controls).rs7050036,locatedinchrom osom eX ,and

chr12:114743533,w ithM AF= 0.15% ,w erenotpresentinm oststudiesandthereforew ereexcluded

from theseanalyses,bringingthe97 signalsto95.O fthe95 signals,47signalsw erepreviously

discoveredindependently ofU KBiL EVEandw eretestedforassociationusingallavailableCO P D

casesandcontrols(20,086CO P D casesand215,630 controls).T herem aining48signalsw ere

discoveredusingU KBiL EVEdataandsow eretestedforassociationusing10,523 CO P D casesand

188,243 controls(U KBiL EVEexcluded).T heeffectonriskofCO P D exacerbationw asadditionally

testedintheL ungHealthS tudy (L HS )(100 CO P D exacerbationcasesand4,002 CO P D controls)as

w ellassubsetsofU KBiobank(includingU KBiL EVE,647 casesand9,900 controls),CO P DGene(557

casesand2,255 controls),ECL IP S E(278 casesand1,458controls),N ET T /N AS (87casesand277

controls),GenKO L S (120 casesand734 controls),BioMe (8 casesand199 controls)andDiscovEHR

(774 casesand472 controls).AnalysesoftheeffectoflungfunctionvariantsonCO P D susceptibility

andonriskofCO P D exacerbationsinaChineseancestry populationw ereundertakenusingthe

ChinaKadoorieBiobankprospectivecohort(CKB)w ithinw hichdataw ereavailablefor71 (single

variantanalyses)or70 (riskscoreanalyses)ofthe95 variants(orproxies)foranalysesofCO P D

susceptibility (7,116 CO P D casesand20,919 controls)andriskofCO P D exacerbation(5,292 cases

and1,824 controls).Furtherdetailsofallstudies,includingcaseandcontroldefinitionsareinthe

S upplem entary N oteand S upplem entary T able20.

T otestthesinglevariantassociationsw ithCO P D susceptibility andriskofexacerbation,logistic

regressionusingage,age2,sex,andheightascovariates(unlessotherw iseindicated,S upplem entary

N ote)andassum inganadditivegeneticeffectw asused.T otestthejointeffectofthesevariants,

riskallelesinthesubsetofthe95 signalsw ithdataavailableineachstudy (from 86 to95)w ere

sum m edtocreateanunw eightedgeneticriskscoreandlogisticregressionw asusedtotestthe
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effectoftheriskscore,asacontinuousvariable,onCO P D statusandCO P D exacerbationstatus

(adjustedforage,age2,sexandheight,unlessotherw iseindicated,S upplem entary N ote).R esults,

bothfrom singlevariantandriskscores,w erem eta-analysedseparately forstudiesw heresim ilar

study designandphenotypingw asused:eM R ,case-controlandlungresection,andresultsw erealso

m eta-analysedacrossstudies.Inversevariancew eightedm eta-analysisw asused.InCKB,analyses

w ereadjustedforsex,age,age2,height,region(n=10)anddiseasestatus(n=5)andfinalresultsw ere

GC-correctedbasedongenom e-w ideinflationestim ates.Heterogeneity w astestedusing I2(ref58).

W ecalculatedoddsratiosforspirom etrically-definedCO P D forw eightedriskscoredecilesinU K

Biobank(incorporatingU KBiL EVE,10,547cases,pre-bronchodilator% predictedFEV1<80% and

FEV1/FVC<0.7,and53,948controls,FEV1/FVC>0.7 and% predictedFEV1>80% ).T hew eightingofthe

riskscorew asundertakenusingCO P D logO R calculatedinstudiesfreeofw inner’scursebias

(S upplem entary T able21).W escaledthelogO R ,sothatthew eightsaddedupto95.

Population attributable risk fraction calculation

T hepopulationattributableriskfraction(P AR F)w ascalculatedusingtheform ulabelow

� � � � =
� (� )(� � − 1)

1 + � (� )(� � − 1)

w here � (� ) istheprobability oftheexposure,inthiscasetheprobability ofhavingm oreriskalleles

thanthoseinthelow estdecileoftheriskscore(� (� ) =0.9),andthe � � referstotheoddsofhaving

CO P D forindividualsindeciles2 to10 oftheriskscorecom paredtotheoddsofhavingCO P D for

individualsinthelow estdecile(decile1)oftheriskscore.T he � � � w erecalculatedseparately in

everandheavy-sm okersusingalogisticregressionadjustedforage,age2,sex,heightandthefirst10

ancestry principalcom ponents,andanadditionalpack-yearsadjustm entforheavy-sm okers,and

w erethenm eta-analysedusinginversevariancew eighting.Confidenceintervalsw ereestim ated

usingtheform ulaabovew iththelow erandupperboundofthem eta-analysedO R estim atedby

logisticregression.T heseanalysesw ererunusingU KBiobankdataandtheCO P D casedefinition

describedabove:individualsw ith% predictedFEV1<80% andFEV1/FVC<0.7w ereselectedasCO P D

casesandthosew ithFEV1/FVC>0.7and% predictedFEV1>80% w ereselectedascontrols.

Implication of causal genes

Inordertoim plicatethelikely causalgene(orgenes)foreachofthenovelandpreviously-reported

signals(97 intotal),w eem ployedfunctionalannotationandanalysisofgeneexpressiondata.All

variantsw ithin25kb,variantsw ithin500kbandw ithr2>0.5 ofthetopS N P ateachsignalandvariants

w ithin1M bandw ithr2>0.8w iththetopS N P w ereannotatedusingEN S EM BL ’sVariantEffect

P redictor(VEP ).A variantw aslabelledasdeleteriousifitw asam issensecodingvariantthatw as

annotatedas‘deleterious’ by S IFT ,‘probably dam aging’ or‘potentially dam aging’ by P olyP hen-2,had

a CADD scaled score ≥ 20 (CADD_P HR ED ≥ 20), or had a GW AVA score > 0.5. T he deleterious variants 

w ereeach,inturn,includedasacovariateintheassociationanalysisforthetopS N P .Ifinclusionof

thedeleteriousvariantasacovariatereducedtheassociationsignalforthetopS N P suchthat

P >0.01,thatdeleteriousvariantw asdeem edtoexplainpartofthesignal.Ifannotation(e.g.acoding
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variant)im plicatedaspecificgene,thenthegenew asclassifiedasahigh-priority geneforthe

relevantsignal.

Ateachsignal,thesentinelS N P andtopproxiesw ithr2>0.4 andw ithin2M b,nolim itonnum berof

proxies,w ereusedtoquery 3 eQ T L resources;lungeQ T L 23,24,59,bloodeQ T L 60 andGT Ex61 (artery

(aortaandtibia),adrenalgland,colonsigm oid,esophagus(gastroesophagealjunctionandm ucosa),

transform edfibroblasts,lung,spleen,skin(sunexposedlow erleg),stom ach,testis,thyroid,w hole

blood).A FalseDiscovery R ate(FDR )of10% w asusedasathresholdforsignificanceinthelungand

bloodeQ T L datasetsand5% inGT Ex (duetolargenum berofdifferenttissuesandcells,andsm all

sam plesize).A genew asclassifiedasapotentialcausalgeneifthesentinelS N P orproxy (r2>0.4)

show edsignificantevidenceofbeinganeQ T L signalforthatgene.Genesw erefurtherclassifiedas

high-priority genesifthevariantm oststrongly associatedw iththelungfunctiontraits(oraproxy

w ithr2>0.9)w asalsothevariantm oststrongly associatedw ithexpressionofthegeneinoneor

m oreoftheeQ T L datasets(i.e.therew asco-localisationofthelungfunctionassociatedS N P andthe

geneexpressionassociatedS N P ).Duetoextendedlinkagedisequilibrium acrosstheM HC region,

only high-priority genesw ereidentifiedforthesignalsintheM HC.

Pathway analyses

T hegenesim plicatedforeachsignal(high-priority genesonly andallgenes)w eretestedfor

enrichm entofgenesetsandpathw aysusingConsensusP athDB62.P athw aysorgenesetsrepresented

entirely by genesim plicatedby thesam eassociationsignalw ereexcluded.P athw aysorgenesets

representedby 2 orm oregenesfrom thesam eassociationsignalw ereflagged.P athw ay enrichm ent

usingallgenom e-w ideP valuesw asundertakenusingM AGEN T A 63 aspreviously described15.Gene

sets/pathw aysw ithFDR <5% eitherincludingtheHL A regionorexcludingtheHL A regionw ere

reported.

Tissue specific enrichment of overlap of histone marks

T w om ethodsw ereusedtotestforenrichm entofthe97 signalsofassociationw ithlungfunctionfor

H3K4m e1 andH3K4m e3 histonem arksinupto127 differenttissueandcelltypesfrom theEN CO DE

andR oadM approjects39.

First,enrichm entw asinvestigatedusingahypergeom etrictest(aspreviously described39)using

S N P sfrom theGW AS Catalog(hg19,dow nloaded02/11/2015)asbackground.T heGW AS Catalog

w asprunedw ithineachcontributingGW AS study toretainonly S N P sthatw ereatleast1M bapart

w ithinthatstudy resultingin18,202 S N P sforfurtheranalysis.BEDtoolsw asusedtocalculate

overlapw ithprecom puted“ gappedpeaks” forH3K4m e1 andH3K4m e3 histonem arksanda

hypergeom etrictestw asusedtotestthesignificanceofenrichm entofthe97 lungfunctionvariants

com paredtothebackgroundofGW AS CatalogS N P s.Controlform ultipletestingw asundertakenby

picking97random variantsfrom theprunedGW AS Catalogandrepeatingtheenrichm ent

com putation.FDR w ascalculatedfrom 10,000 random izationsandFDR =10% w asusedasa

threshold.

T hesecondm ethodused,GoS hifter,calculatesoverlapenrichm entagainstanulldistribution

generatedby locally shiftingannotations64.L inkagedisequilibrium w ascalculatedusingthestage1
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population.P recom puted“ narrow peaks” forH3K4m e1 andH3K4m e3 histonem arksfrom the

R oadm approjectw ereused.T issues/celltypesw ithoverlapenrichm entP <0.05arereported.

Druggability

W esearchedtheChEM BL database(v21,lastupdate:01/02/2016,dow nloadedon11/02/16)to

identify w hetherany oftheim plicatedgenesencodedproteinsthatw eretargetsforapproved

drugs,ordrugcom poundsindevelopm ent.W eadditionally searchedforgenespredictedtointeract

(param eters: S T R IN G score ≥0.90; m axim um  of 10 interactions per gene) w ith each of the high-

priority genes32.
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Figure1:Genom e-w ideassociationresultsforFEV1 (bottom ),FEV1/FVC (m iddle)andFVC (top).Eachdotrepresentsavariant,w iththeX andY axescorrespondingto

genom iclocationand-log10 transform edP valuesrespectively.P reviously reportedsignalsarehighlightedindarkblue(exceptsignalsw ithP >5x10-4 inthisstudy);andnovel

signalsarecolouredinred.Allothersignalsw ithaP >5x10-7 (-log10P < 6.3)and/orw hichdidnotreachgenom e-w idesignificancefollow ingm eta-analysisofstage1 and

stage2 w erecolouredingrey (alternatingshadesusedbetw eenchrom osom es).T heredandbluelinescorrespondtothegenom e-w idesignificancelevel(P =5x10-8,-

log10P =7.3)andthethresholdusedtoselectsignalsforfollow upinstage2 (P =5x10-7,-log10P =6.3)respectively.L abelsshow thenearestgenetothenovelsentinelvariants,

w ithanexceptionm adeatCDC7 (onchrom osom e1)asTGFBR3 w asclosesttotw overy closebutseparatesignals.S eeS upplem entary T able3 forfullresults.Im agew as

createdusingam odifiedversionoftheR packageqqm an.



Figure2 GeneticR iskS coreassociationsw ithCO P D susceptibility (a)ForestplotofCO P D resultsfor

theriskscoreanalysis.O ddsratiosperstandarddeviationoftheriskscore(~6 alleles)arepresented

foreachstudy.S tudiesaregroupedaccordingtostudy designandphenotyping:“ eM R ” ,electronic

m edicalrecords,w hichusedICD codestodefineCO P D (DiscovEHR alsousedspirom etry torefinethe

CO P D definition);“ case-control” ,CO P D case-control,w hichusedpost-bronchodilatorspirom etry to

defineCO P D;“ lungresectioncohort” ,w hichusedacom binationofpreandpost-bronchodilator

spirom etry todefineCO P D;theIcelandicBiobank,deCO DE,w herecasesw ereselectedfrom a

populationbasedstudy andastudy ofCO P D patientsanddefinedusingaspirom etricdefinition,

controlsw ereselectedasindividualsw ithinthecohortthatw erenotknow ncases(nospirom etric

definitionw asusedforcontrols);andU KBiobank(excludingU KBiL EVE),w hichusedspirom etry to

definebothCO P D casesandcontrols.Furtherdetailsareprovidedinthe S upplem entary N ote. (b)

O ddsratiosforspirom etrically-definedCO P D forw eightedgeneticriskscoredecilesinU KBiobank

(10,547cases,pre-bronchodilator% predictedFEV1<80% andFEV1/FVC<0.7,and53,948 controls,

FEV1/FVC>0.7and% predictedFEV1>80% ,w eightsderivedfrom non-discovery populations).For

eachdecile,oddsratiosw ereobtainedusingalogisticregressionadjustedforage,age2,sex,height,

sm okingstatus,pack-yearsandthefirst10 ancestry principalcom ponents.T heO R com paringthe

10th andthe1st decileinever-sm okersonly w as3.35 (95% CI2.93 to3.84)andinnever-sm okersonly

w as4.27(95% CI3.61 to5.06).
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