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A bstract

Background:S m okingisthestrongestenvironm entalriskfactorforreducedpulm onary function.

T hegeneticcom ponentofvariouspulm onary traitshasalsobeendem onstrated,andatleast26

locihave been reproducibly associated w ith eitherFEV1 (forced expiratory volum e in 1 second)

orFEV1/FVC (FEV1/forced vitalcapacity).Although the m ain effectsofsm oking and geneticloci

are w ellestablished,the question of potentialgene-by-sm oking interaction effect rem ains

unansw ered.T he aim ofthe present study w asto assess,using ageneticriskscore approach,

w hethertheeffectofthese26 locionpulm onary functionisinfluencedby sm oking.

M ethods:W e evaluated the interaction betw een sm oking exposure,considered aseitherever

vs.neverorpack-years,anda26S N P sgeneticriskscoreinrelationtoFEV1 orFEV1/FVC in50 047

participantsofEuropeanancestry from theCHAR GEandS piroM etaconsortia.

R esults:W eidentified an interaction (� � � � = −0.036,95% confidenceinterval,-0.040 – -0.032,

P =0.00057)betw eenanunw eighted 26 S N P sgeneticriskscoreand sm okingstatus(ever/never)

ontheFEV1/FVC ratio.In interpretingthisinteraction,w eshow ed thatthegeneticriskoffalling

below theFEV1/FVC thresholdusedtodiagnosechronicobstructivepulm onary diseaseishigher

am ongeversm okersthanam ongneversm okers.

Conclusions: T hisstudy highlightsthe benefit of using genetic risk scoresfor identifying

interactionsm issedw henstudyingindividualS N P s,andshow sforthefirsttim ethatpersonsw ith

thehighestgeneticriskforlow FEV1/FVC m ay be m oresusceptible to the deleteriouseffectsof

sm oking.
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Key w ords

FEV1/FVC,sm oking,gene-environm entinteraction,geneticriskscore

Key m essages

 S pirom etric m easuresof pulm onary function are influenced by both sm oking and

genetics. T hispaper identified a genetic risk score-by-ever sm oking interaction on

FEV1/FVC (forcedexpiratory volum ein1 second/forcedvitalcapacity).

 InindividualsofEuropeanancestry,thereductioninFEV1/FVC duetosm okingw asgreater

am ongindividualsw hoaregenetically predisposedtolow erFEV1/FVC ratio.

 Geneticriskscore-by-eversm okinginteraction can allow theidentification ofsubgroups

in the population w hose genetic background m akesthem m ore susceptible to the

deleteriouseffectsofsm oking.
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Introduction

S pirom etricm easuresofpulm onaryfunction,suchastheforcedexpiratoryvolum einone

second(FEV1)oritsratiow iththeforcedvitalcapacity (FEV1/FVC),form thebasisofthediagnosis

ofchronicobstructivepulm onary disease(CO P D).1-3 P ulm onary functionm easuresarealsoused

clinically to m onitorseverity and controlofasthm aand otherrespiratory diseases,and are

independentriskfactorsform ortality.1-3 P ulm onary function isstrongly influenced by cigarette

sm oking and by m ultiple low -penetrance genetic variants. Indeed,genom e-w ide association

studies(GW AS )ofm arginalgeneticeffects(i.e.notincludinginteractioneffectsbetw eengenetic

variantsand sm oking)have identified at least 26 lociassociated w ith FEV1 orFEV1/FVC in the

general population.4 How ever,the interplay betw een genetic factorsand environm ental

exposureshasnot been w ellestablished forpulm onary function oritsassociated traits.M ore

broadly,w hile considerable effortshave been m ade to identify interaction effectsbetw een

genetic variantsand environm entalexposuresacrossthe w ide range of hum an traitsand

diseases,5,6 such investigationshave been m ostly unsuccessfulin detecting robust gene-

environm ent interactions.5,7 T he w ell-established effect ofcigarette sm oking on num erous

hum an health outcom es8 m akesit a seriouscandidate for identification of novel gene-

environm entinteractions,especially forpulm onary traits.

Hypothesizing the presence of single nucleotide polym orphism (S N P )-by-sm oking

interaction,Hancocketal.9 perform ed agenom e-w ideinteractionstudy ofpulm onary function,

m odeling single S N P m ain effectsand theirinteractionsw ith sm oking in 50 047 participantsof

Europeanancestryacross19 studiesw ithintheCohortsforHeartandAgingR esearchinGenom ic
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Epidem iology(CHAR GE)10 andS piroM etaconsortia11 – thelargestgenom e-w ideinteractionstudy

ofpulm onary function asm odified by sm oking to date.How ever,ratherthan focusing on the

interaction effectsperse,they perform ed am eta-analysisofthe jointtestofS N P m ain effects

and S N P -by-sm oking interaction effects,in order to im prove pow er for identifying genetic

variantsassociated w ith pulm onary function.12,13 W hile they reported new candidate variants

based on thisjoint test,the study did not identify any S N P sw ith genom e-w ide significant

interactionw ithsm oking.

Here,w e explored gene-by-sm oking interaction effectslim ited to genetic variants

previously found tobeassociated w ithpulm onary functioninstandard m arginaleffectsGW AS ,4

therefore notincluding the new variantsreported by Hancocketal.9 based on the jointtestof

m aineffectsplusinteraction.S pecifically,w eaim edtodeterm inew hethersm okingm odifiesthe

effectofestablished geneticvariants,w hen considered singly orcom bined using ageneticrisk

score sum m arizing the genetic predisposition to abnorm alpulm onary function. T he prim ary

m otivationforusinggeneticriskscoreisstatisticalpow er14,15.Indeed,severalgeneticriskscore-

by-exposure interactionshave already been identified in casesw here single S N P sdid notshow

evidence forstatistically significantinteractions16-21.Geneticriskscore-by-exposure interaction

testingexpandsontheprincipleofom nibustestw hileleveragingtheassum ptionthat,foragiven

choice ofcoded alleles,m ostinteraction effectsw illhave the sam e direction.T hisissim ilarto

burdenteststhathavebeenw idely usedforrarevariantanalysis22 w hereasingleparam etercan

accum ulate evidence forassociation w ithout increasing the num berofdegreesoffreedom .

W hen interaction effectsare nullon average (i.e.ifinteraction effectsare both negative and

positive so that the sum ofinteraction coefficientstend to zero),the single S N P approach w ill
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generally outperform theriskscore-basedapproach.Conversely,ifinteractioneffectstendtobe

inthesam edirection,theriskscore-basedapproachcanhavedram atically higherpow er.14

M ethods

Single SNP-by-smoking interaction

T hepresentanalysisreliesontheHancocketal.9 genom e-w idescreeningform aingenetic

effectsplusinteraction effectsw ith sm oking in relation to pulm onary function am ong 50 047

participants(56% w om en)ofEuropeanancestry from 19 studies.T hem eanagew as53 yearsat

thetim eofpulm onaryfunctiontesting.Approxim ately15% w erecurrent-sm okersand56% w ere

eversm okers.Am ongeversm okers,theaveragepack-yearsofsm okingw as21.S upplem entary

T able3 (available asS upplem entary dataatIJE online)providesthe m ain characteristicsofthe

studiesincluded,w hile com plete detailsofstudy-specificpulm onary function testing protocols

can be found in previousw ork4. For studiesw ith spirom etry at asingle visit,w e analyzed

FEV1/FVC andFEV1 m easuredatthatvisit.Forstudiesw ithspirom etry atm orethanonevisit,w e

analyzed m easurem entsfrom thebaselinevisitorthem ostrecentexam inationw ithspirom etry

data.S m okinghistory (current,form er,andneversm oking)w asascertained by questionnaireat

the tim e ofpulm onary function testing.P ack-yearsofsm oking w ascalculated forcurrent and

past sm okersby m ultiplying sm oking am ount (packs/day) and duration (yearssm oked).

Approxim ately 2.5 m illionautosom alS N P sw eretestedforinteractionw ithsm okingstatus(ever

sm oking vsneversm oking)and pack-years,fortw o outcom es,FEV1 and FEV1/FVC,using the

follow ingm odel(seeS upplem entary N ote,availableasS upplem entary dataatIJEonline):
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� ~ � � + � � � + � � � � � � � + ∑ � � � � �� � � … � (Equation 1)

w here � � and � � � arethem aineffectoftheS N P � andexposure � � ,� � � � istheinteractioneffect

betw een � andexposure � � ,and � � theintercept.

Multivariate interaction analysis overview

First,w econsidered anunw eighted geneticriskscore-by-sm okinginteractionw herethe

riskscoresim ply sum sthe num berofriskalleles(i.e.allelesassociated w ith alow erpulm onary

function).T hisunw eightedgeneticriskscoreism ostpow erfulw hentheinteractioneffectshave

thesam edirection asm arginalS N P effects,i.e.the harm fuleffectsofsm okingare m agnified in

individualsw ith agenetic predisposition to reduced pulm onary function.S econd,w e used a

w eighted geneticriskscore w here S N P sw ere w eighted by the absolute value oftheirm arginal

effectestim atesobtainedfrom stage1 screeningofFEV1 andFEV1/FVC from S olerArtigasetal.4

(S upplem entary T able1 availableasS upplem entary dataatIJEonline).T hisw eightingschem eis

m ost pow erfulw hen the m agnitude ofinteraction effectsisproportionalto the S N P m arginal

effects.Finally,forourthird m ultivariate analysis,w e derived astandard om nibustest ofall

interactioneffects.T histestw illretain pow erin thepresenceofeffectsin both directionsorof

differentm agnitudes.Althoughthereisstrongcorrelationam ongthe12 testsperform ed(these

three m odels,considering interaction w ith tw o differentsm oking m etrics,ever/neversm oking

orpack-years,forthetw opulm onary functionm etricsFEV1 andFEV1/FVC),w eusedastringent

Bonferronip-valuecorrectionthreshold of4×10-3 toaccountform ultipletesting.
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W hen raw dataareavailable,thew eighted geneticriskscore(� � � )isusually expressed

as� � � = ∑ [� � × � � ]� w here � isthe num berofS N P sincluded in the genetic risk score and

� = (� � , . . � � ) arethew eightsattributed to eachsingleS N P .Follow ingpreviousnotation,the

testofinteractionbetw een thegeneticriskscoreand theexposure � � can beapplied usingthe

follow ingm odel:

� 	~� � + 	 � � � � × � � � + � � � � × � � � × � � + � γ� � × � �
� � � …�

(Equation 2)

w here � � ,� � � � ,� � � and � � � � aretheintercept,them aineffectofthegeneticriskscore,them ain

effect ofthe exposure � � and the interaction effect betw een � � and the genetic risk score,

respectively.How ever,asraw dataw ere not directly available,w e perform ed the test of� � � �

from sum m ary statisticsof interaction effectsusing an inverse-variance w eighted sum as

proposedby Aschard.14 T hechi-squarefortheinteractionterm � � � � w asderived asfollow s:

� � � �
� =

� ∑
� � × � � � � � �
� � � � � � �
�� � � …� �

�

∑
� �
�

� � � � � � �
�� � � … �

w here � � � � ×� � and � � � � � ×� �
� aretheestim atedeffectsandvarianceoftheinteractionbetw eenthe

exposure � � and the S N P � � obtained from Equation 1;and � � isthe w eightapplied to S N P � � .

U nderthe nullhypothesisofno interaction effect,� � � �
� follow sachi-squared distribution w ith

onedegreeoffreedom .
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T he standard om nibustest of allinteraction effectsconsisted in evaluating jointly

� � ×� � = (� � � × � � , … , � � � × � � ) from them odel:

� 	~� � + � � � � � × � � �
� � � …�

+ � � � � � ×� � × � � × � � �
� � � … �

+ � � � � × � �
� � � …�

w here � � ,� � � ,� � � and � � � × � � aretheintercept,them aineffectsofS N P � � andtheexposure � � ,

and the interaction effectbetw een � � and � � .L everaging the independence betw een the S N P s

considered(asingleS N P w asselectedforeachindependentlocus),w ealsoderivedtheom nibus

test using sum m ary statistics. U nderthisindependence assum ption,the � � × � � interaction

term sw ouldalsobeindependents,14 sothatitcanbeperform edbysum m ingthechi-squarefrom

eachunivariateinteractiontesttoform achi-squarew ith � degreeoffreedom asfollow s:

� � � � � �
� = �

� � � � ×� �
�

� � � � � ×� �

�
� � � … �

w here � � � � ×� � and � � � � � ×� �
� aretheestim atedeffectsandvarianceoftheinteractionbetw eenthe

exposure � � andtheS N P � � obtainedfrom Equation1.

Relative risk in ever smokers versus never smokers

Geneticriskscoreinteractioneffectscanfurtherbetranslatedinterm sofriskprediction.

Forpulm onary function,low FEV1 orFEV1/FVC increasesthe riskofdeath23 and togetherform

thebasisforthediagnosisofCO P D.1-3 CO P D stage2 orhigheraredefinedby theGlobalInitiative

forChronicO bstructive L ung Disease (GO L D)ashaving FEV1/FVC < 0.70 and FEV1 < 80% ofthe
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predicted value.According to recent studies,2,24 betw een 5% and 20% ofEuropean ancestry

adultsare expected to have FEV1/FVC <0.70,depending on sm oking characteristicsand age

distribution.M oreover,severalstudiesargueforam orestringentthresholdtodefineCO P D24,25

based on low erlim it ofnorm alpredicted value,ratherthan afixed absolute value,to prevent

diseasem isclassification.

T oexploretheim pactofinteractioneffectontheriskofdisease,w ederived therelative

risk(R R )ofhaving FEV1/FVC below agiven threshold (1% ,5% and 20% )in eversm okersversus

neversm okersconditionalon theunw eighted geneticriskscore.T hisquantity isdefined asthe

jointprobability ofhavingbothFEV1/FVC in theinterval[−∞, FEV� /FVC � � ] and thegeneticrisk

score(GR S )intheinterval� � � � � � � , � � � � � � .T hiscanbeexpressedasthefollow ingintegral:

� � � � (� | � , � ) × � � ( � |� )	� � 	� �

� � � � �

� � � � � �

� � � � / � � � � �

� �

w here � ,� and � are FEV1/FVC,sm oking statusand the geneticriskscore,respectively,and � �

and � � are the probability density function of� and � .T he detailed derivation ofthe above

integralisavailableasS upplem entary dataatIJEonline.

R esults

W e selected 26 locipreviously found to be associated w ith FEV1 and/orFEV1/FVC at

genom e-w ide significance (P < 5×10-8) in m arginalassociation tests4,11,26 (i.e. not including

interactioneffectsw ithsm okingexposures),and replicated intheGW AS by S olerArtigasetal.,4
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thelargestm eta-analysisofm arginalgeneticeffectconductedforthesetw otraitsinthegeneral

population. Additionallocifor these tw o phenotypeshave been identified in tw o recent

studies.27,28 How ever,these new lociw ere not included in ouranalysisbecause both these

studiesusedalargecohortascertainedthroughsm okingstatus.Foreachofthe26 selectedloci,

w e choose theS N P w ith thestrongestevidenceforassociation (i.e.sm allestp-value)w ith each

ofthese phenotypes.T he finallist included 26 S N P sperphenotype,w ith only tw o S N P sbeing

differentbetw eenFEV1 and FEV1/FVC aspreviously reported4 (S upplem entary T able1 available

asS upplem entary dataatIJEonline).Estim atedinteractioneffectsoftheseS N P sw ereextracted

from the m eta-analysissum m ary statisticsforthe fourtestsperform ed in the Hancocket al.9

analysis:S N P -by-sm okingstatus(eversm okingvsneversm oking)interactioneffectonFEV1 and

FEV1/FVC;and S N P -by-sm okingpack-yearsinteraction effecton FEV1/FVC and FEV1.Asshow ed

in S upplem entary T able 2 (available asS upplem entary dataat IJE online),nine S N P sshow ed

nom inalsignificance (P < 0.05) out ofthe 104 testsperform ed ; how ever,none rem ained

significantafteraccountingform ultipletesting(Bonferronicorrectedp-valuethresholdof5×10-

4).T he m inim um p-value w as observed for the interaction betw een rs993925, near the T GFβ 2 

gene,andsm okingstatusonFEV1 (� � � � = −0.036,95% confidenceinterval(CI),-0.009 – -0.032,

P =0.007).

N ext,using these data,w e conducted three m ultivariate (asopposed to single S N P )

interaction analyses,testing jointly forthe interaction effectsbetw een those S N P sand either

sm okingstatusorpack-yearsonthetw ophenotypes(FEV1 and FEV1/FVC)foratotalof12 tests.

Asshow nin T able1,noneofthem ultivariateinteractiontestsw ithpack-yearsw eresignificant.

How ever,fourofthe six m ultivariate interaction testsw ith sm oking status(everversusnever)
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show ed nom inalsignificance,and tw o testsforFEV1/FVC had ap-value below the Bonferroni

significance level(12 tests,P <4×10-3)..T he strongest signalw asobserved forthe unw eighted

geneticrisk score by sm oking statusinteraction effect on FEV1/FVC (� � � � = −0.036,95% CI,-

0.040 – -0.032,P =0.00057).T he Cochran’sQ test forheterogeneity ofthe interaction effect

acrossstudiesw asnotsignificant (P =0.97),and the forest plot ofstudy-specificresultsdid not

display any obviousoutlier(S upplem entary Figure 1,available asS upplem entary dataat IJE

online).

T he contrast betw een thissignificant risk score interaction and the absence ofstrong

single S N P interaction effectscan be explained by looking at the distribution ofthe single S N P

interaction effect estim ates. Figure 1 show sthisdistribution forthe allelesassociated w ith

decreased FEV1/FVC.It highlightsthat w hile the 95% CIofm ost single S N P interaction effects

encom passthenull(andthereforetheabsenceofsignificantsingleS N P interactioneffect),there

isan enrichm ent fornegative interaction effects.Indeed,even abinom ialtest can be used to

confirm the unbalanced direction ofinteraction effects(18 out of26 interactionsare negative

leading to ap-value of0.014 forabinom ialtestw ith an expected equiprobable distribution of

0.5).T he geneticrisk score-based interaction test exploitssuch enrichm ent by testing forthe

average interaction effect acrossallS N P s.14 Asw ith any m ultivariate approach based on a

com posite nullhypothesis,thisresultindicatesthat atleastasubsetofthese 26 S N P sinteract

w ith sm oking status,but doesnot allow usto determ ine w hich S N P (s)orhow m any S N P sare

driving the genetic risk score-by sm oking interaction. T he three other setsof single-S N P

interactiontestsshow ed asim ilar(butnotsignificantaftercorrectionform ultipletesting)trend

w ith enrichm entfornegativeinteractions(S upplem entary Figs.2-4 availableasS upplem entary
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dataat IJE online).W e sum m arized the contribution ofthe unw eighted geneticrisk score-by-

sm oking interaction on FEV1/FVC in T able 2 and Figure 2A .T hisindicatesthat the deleterious

effect of sm oking isenhanced am ong carriersof the risk allelesor equivalently that the

deleteriouseffectofsm okingisreducedam ongsubjectscarryingtheprotectivealleles.

W e used tw o datasetsof 8859 unrelated individualsand 9457 related individuals,

respectively totestforindependentreplicationofourresults(S upplem entary N oteavailableas

S upplem entary dataatIJEonline).Bothreplicationsam plesshow edconsistentnegativeGR S -by-

eversm oking interaction effecton FEV1/FVC (� � � � � = −0.0025,95% CI-0.0165,0.0115,P =0.72

and � � � � � = −0.0030,95% CI-0.0214 0.0154,P =0.74,and overallinteraction effect in the

com binedreplicationdatasets� � � � � = −0.0027,95% CI-0.0136,0.0082 P =0.63),andaCochran’s

Q testforheterogeneity show ed nosignificantdifferenceinthethreeeffectestim ates(P =0.51).

How ever,despite having totalN =18,316 individuals,ourcom bined replication sam ple rem ains

underpow ered (<50% pow er at nom inalsignificance of 5% ) and analysesincluding m ore

participantsw ould benecessary tostrengththereplicationevidenceforinteractioneffects.

T o quantify the im pactofthisresultfrom apublichealth perspective,w e estim ated the

im pact ofthe geneticriskscore-by-sm oking interaction on having FEV1/FVC below 1% ,5% and

20% in the low ertailsofthe distribution in the population.S pecifically,w e derived the relative

risk (R R ) ofhaving FEV1/FVC below these cutoffpoints(1% ,5% and 20% ) in ever sm okers

com pared to neversm okers. Figure 2B quantifiesthe excessR R (i.e. the R R m inusone) of

individualsacrossfive geneticrisk score quintiles.It highlightsthe higherrisk associated w ith

sm oking am ong individualscarrying risk alleles(i.e.allelesassociated w ith poorerpulm onary
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function)ascom paredtoindividualscarryingprotectivealleles(i.e.allelesassociatedw ithbetter

pulm onary function).Forexam ple,am ong individualsw ith ageneticrisk score above the 80th

percentile,sm okershaveonaveragea26% excessR R ofhavingFEV1/FVC inthelow est1% ofthe

populationdistribution,w hereaseversm okersw ithageneticriskscorebelow the20th percentile

have on average a18% excessR R offallingin thatsam e FEV1/FVC category com pared to never

sm okers.Applying the sam e approach forFEV1,w e observed asim ilarpattern (S upplem entary

Figs. 5 available asS upplem entary data at IJE online). How ever,asexpected,the low er

m agnitude of the genetic risk score-by-ever sm oking interaction on FEV1 im plied alow er

differenceinR R betw eeneversm okersandneversm okers.

Discussion

U sing the largest dataset to date ofEuropean ancestry participantsfrom the general

population w ith pulm onary function (FEV1/FVC and FEV1),sm oking,and genetic data,w e

identified agene-by-sm oking interaction effect on FEV1/FVC by using agenetic risk score

com posedof26S N P sidentifiedandreplicatedinapriorGW AS m eta-analysisofm arginalgenetic

effects.R eplication study show ed interaction effect estim atesin the sam e direction asthe discovery

study,thoughanalysesincludingm oreparticipantsw ouldbenecessarytostrengththereplication

evidence forinteraction effects.T o ourknow ledge,ourstudy isthe firstto reportasynergistic

action ofgenesand sm oking on pulm onary function,i.e. the reduction in FEV1/FVC due to

sm oking isgreateram ong individualsw ho are genetically predisposed to low erFEV1/FVC ratio.

O urstudy also highlightsthe im portance ofdeveloping and applying alternative strategiesto
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evaluate interaction effectsforlung phenotypesalong w ith othercom plex traitsand diseases.

T he geneticriskscore-based approach enabled usto identify an interaction w hen the standard

univariatetest(i.e.evaluatingeachsinglegeneticvariantforinteractionindependently)failedto

identify any interactions.

Genetic risk score-by-exposure interaction can have higher clinicalvalue than the

identification ofsingleS N P -by-exposureinteraction asitcan captureaw ealth ofinform ation in

asinglem easuretoidentify subgroupsinthepopulationw hosegeneticbackgroundm akesthem

m ore susceptible to the deleteriouseffectsofsm oking.19,29,30 Indeed,ifsingle S N P -by-sm oking

interactionsaredistributedunconditionallyonthem arginalgeneticeffect(i.e.interactioneffects

have equalchancesto be positive ornegative given the coded allelesare the riskalleles),the

geneticeffectw illbe sim ilarbetw een everand neversm okerson average.T he enrichm entfor

negative interactionsw e identified through ourgeneticriskscore approach revealsastronger

genetic com ponent am ong the eversm okersubgroup in the population,and can allow the

im plem entation ofm ore efficientim plem entation ofprevention strategies.Forexam ple,in the

publichealth setting,program stargeting sm oking cessation cam paignsto individualsw ho are

genetically predisposed to low pulm onary function m ay have astrongerim pact in preventing

CO P D.

O urresultsm ay also elucidate biologicalm echanism sunderlying the interplay betw een

genesand sm oking in pulm onary function.In particular,the higherstatisticalpow erforthe

geneticriskscore-basedinteractiontestpointstow ardsthepotentialpresenceofanunm easured

interm ediate biom arkerm ediating the effectofthe 26 locion FEV1/FVC.Asshow n in Figure 3,
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them ostparsim oniousm odel(i.e.thelesscom plex follow ingO ccam 'srazor)thatw ould explain

m ultipleinteractionsgoinginthesam edirection(Figure1)im pliesthegeneticvariantstogether

influence an interm ediate biom arkerw hich itselfinteractsw ith sm oking.Future studiesw ith

extended genom icdata,including transcriptom ic,proteom ic,and/orm etabolom icdata,m ight

be able to furtherassesssuch an hypothesisby evaluatingi)the effectofthe geneticriskscore

on those biom arkers,and ii) testing for interactionsbetw een sm oking and the candidate

biom arkersidentifiedatstepi).

T hisstudy hassom e lim itations.T he 26 selected variantstogetherexplain arelatively

sm allproportionoftheadditivegeneticvarianceinFEV1/FVC andinFEV1.4 How ever,GW AS w ith

increasing sam ple sizesw illlikely continue to provide additionalassociated geneticvariantsto

furtherassesstheroleofS N P -by-sm okinginteractioneffectsonpulm onaryphenotypes,andm ay

increase the gap betw een sm okersand neversm okersto allow forasignificant im pact in the

clinicoratthe population level.M oreover,w e focused on geneticvariantspreviously found to

beassociatedatgenom e-w idesignificancelevel,butfuturestudiesm ightconsiderlessstringent

criteriatoselectgeneticvariants,includingthosew ithonly suggestiveevidence,oralternatively

candidate variantsw ith functionalannotation relevant to the outcom esand exposuresin

question.O bviously,thesignaltonoiseratiom ightdecreasew henrelaxingtheconstraintonthe

S N P selection.How ever,asw e recently show ed,additionalgain in statisticalpow erm ight be

achieved even ifasubstantialproportion ofthe variantsdo not interact w ith the exposure.14

Finally,investigation of interaction effects w ith other environm ental exposures such as

secondhand sm oke, air pollution,asbestos,or occupational risks m ay lead to a m ore
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com prehensive understanding of the biological and epidem iological significance of these

variants.

In sum m ary,the identification of interaction effectsbetw een genetic variantsand

environm entalexposuresinhum an traitsisrecognized asextrem ely challenging,and thisquest

hasbeen m ostly unsuccessfulso far. In thisstudy,w e discovered novelgene-by-sm oking

interactionsusingriskscores,thatw erenotobserved atthelevelofindividualgeneticvariants.

T hisrisk score analysissuggeststhat personsw ith agreater genetic predisposition to low

pulm onary functionarem oresusceptibletothedeleteriouseffectsofsm oking.Byextension,the

useofageneticriskscorem ayhelppredictw hichsm okersw illfallbelow thresholdsthatestablish

thediagnosisofCO P D.
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FigureL egends

Figure1.DistributionofinteractioneffectsonFEV1/FVC.

S ingleS N P riskallele-by-sm okingstatus(ever/never)interactioneffectestim ates(� � � � )and 95%

confidence intervalsare plotted by increasing values.N egative and positive interactionsare in

dark blue and light blue,respectively. T he unw eighted genetic risk score-by-sm oking status

interactionisplottedinpurple.

Figure 2. O verview ofthe unw eighted genetic risk score-by-sm oking interaction effect on

FEV1/FVC.

U pperpanel(A)presentsthedistributionoftheunw eightedgeneticriskscore(GR S ,grey density

plot) and the relationship betw een the unw eighted GR S and standardized FEV1/FVC in ever

sm okers(red line)and neversm okers(blackline).L ow erpanel(B)show stheexcessrelativerisk

(R R ) ofhaving FEV1/FVC in the low est 1% ,5% and 20% ofthe population foreversm okers

com paredtoneversm okers,asstratifiedby GR S quintiles.

Figure3.U nderlyingcausalm odel.

P otentialcausaldiagram sunderlying the gene and sm oking interaction effectson FEV1/FVC.

P anel(A)presentsascenariow hereeachgeneticvariantinfluencestheoutcom ethroughaS N P -

specific pathw ay,and interactionsw ith the environm entalexposure take place along these
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pathw ays.P anelB)presentsanalternative(and sim pler)m odelw herem ultiplegeneticvariants

influence an unm easured interm ediate biom arker,w hich effect on FEV1/FVC dependson

sm oking.In scenario (A),the single S N P -by-sm oking interaction test isthe optim alapproach,

w hile in scenario (B),the single S N P -by-sm oking interaction test can becom e inefficient and

interactionw ouldbeeasiertodetectusingageneticriskscore-by-sm okinginteractiontest,asit

sum m arizesallinteractioneffectsinasingletest.
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T able1.M ultivariateinteractiontestsofthe26lociassociatedw ithpulm onary function.

O utcom e Exposure T est � � � � � (CI) p-value

FEV1

S m oking

status*

uGR S -0.0055 (-0.011,2.7x10-5) 0.051

w GR S -0.21 (-0.40,-0.033) 0.020

CHIS Q -- 0.49

FEV1 P ack-years
uGR S -1.6x10-5 (-4.6x10-5,1.4x10-5) 0.30

w GR S -6.5x10-4 (-1.6x10-3,3.3x10-4) 0.19

CHIS Q -- 0.46

FEV1/FVC
S m oking

status

uGR S -0.0099 (-0.016,-0.0043) 0.00057†

w GR S -0.21 (-0.33,-0.073) 0.0022†

CHIS Q -- 0.026

FEV1/FVC P ack-years
uGR S -4.4e-06 (-3.6x10-5,2.7x10-5) 0.78

w GR S -6.5x10-5 (-8.0x10-4,6.6x10-4) 0.85

CHIS Q -- 0.53
uGR S isthe geneticrisk score using equalw eightsto allS N P s; w GR S isthe geneticrisk score w eighted by effect

estim ates from the m arginal screening; CHIS Q is the om nibus test of all interaction effects;

� � � � � istheestim ated interaction effectbetw een theGR S and theoutcom e;and CIistheconfidenceintervalofthat

estim ate.

N om inallysignificanttestsareindicatedinbold.

*S m okingstatusisdefinedasneversm okersversuseversm okers.

†S ignificantp-valueafterBonferronicorrection.
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T able 2.S um m ary ofeffect estim atesforgeneticriskscore-by-sm oking statusinteraction on

FEV1/FVC.

P redictors beta S D p-value

From the marginal exposure model

P ack-years -0.0030 0.00017 1.2 x 10-71

Currentsm oking -0.040 0.0047 7.7x 10-18

S m okingstatus* -0.0023 0.0046 0.61

From the interaction model

GR S -0.0363 0.0021 3.9 x 10-64

GR S x S m okingstatus* -0.0099 0.0029 5.7x 10-4

GR S istheunw eightedgeneticriskscore;betaistheeffectestim atesofeachpredictor;andS D thestandarddeviation

oftheeachbeta.

*S m okingstatusw asdefinedasneversm okersversuseversm okers
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