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Al stract

\lthougn it is recogniz ed that manv - immon cor. plex diseases are a result of multiple genetic and
cuvironmer‘al risk (actors, studies of e<..¢-en riror ment interaction remain a challenge and have
had lin~Z.ed sr_cess to date. Given the current s ate-:.-the-scie 1ce, NIH sought input on ways to
acrlerats mvestic~*i2,,, y " gene-environmZut interpl>;, m health and disease by inviting experts
fiom a variety of diecinli=z_ to give acvice 2= ouut the fur:, ¢ direc ion of gene-environment
interaction studies. Participants of the NIH Gerz-gnvironricn® Intrplay Workshop agreed that

there is a need for continned ~~phagis or. studies <« ‘he 11terplc y be fween genetic and
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environmental factors in diseasc and that swudies neea to b> desiy n~. around a multifaceted
approach to i=fle.'t diffcrenc.s in diseases, exposure ati.ioutes, and pertinent stages of human
development. The partir:pants indicated that both targetzJ aul 2gnostic approaches have strengths
and weaknes-cs for ovaluating m2*2, effects of ger _tic an< z2viror.mental factors and their
interaction.'. Th_ unique zospectiver represente: at “ne works} op illowed the exploration of
diverse study dezigns and ~atytical strategies, a.'d cunvev<u the .eed for an interdisciplinary
approach inci 1din~, vata sharing, and data harmoni..~tion to f.i1y exr! e gene-environment
interactions. Furthe -, participants also emphasized the conti-.ued nee .or high-quality measures of
environmental e tposires and new aomiv technolog tes in ~ngoing and 1ew studies.

Keywords

gene-environment in erac ion; eriaemiolos?’; study design; genetics; cuviror.ment
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INTRODUCTION

Susceptibility to wne mijori'y of humar diseases and ('icuiders is co npic” and multifactorial,
involving both genetic ¢nd e..viror.aental factors. Comp’ex disea.es a.'d a'sorders, such as
cardiovascular disease. ~ancer, diabetes, ¢2.u | sychiatric dis :ases and Zisor lers, also
generally have high preva’cnce and therefc re p'ace the greotest burder La secietv. The
development of high (ensity genotypirs piatfon 1s has allc e~ investig=*urs to scre_a
hundreds of thousands of gene*.c variante ‘s \3st 1> associations with dises ve. o date,
Genome Wide Associatin Studiz, (GWAS) he vo .dentified c ver ©Ju statistic ally s1gu ficant
(P <5 x 1078) findings in various diseases and _ona tions [Hir.?urtf et =1., 2010]. T.u contrast
to variants identified for Mendelian :;orders, m<.. variants idenitied th-ough ~wAS have
small to modest effects, thus ,upstantia! Licritabilitv remains to be exr.'aine {or vucally all
complex diseases [Thomas, 2.\ 4a,b;Wriznt and Christicni, 2010]. Th’s unexp’aincd g netic
variation may be due to low frequer.cy all<ics or othe* typ.'s of varia ion not ajtvred by
current GWAS techniques and/or .o ur derdeveloped d ita a1alysis methous "0 detesang
complex interaction [Manolio et ¢ 1., 2)09; Mechani- et al , 2008; Mukhe.,zc et al.. ?Ci9b,
The detection of complex interactic n suci &5 gene-env.conment interactior 2, important as ,*
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can not only allow the opportunity to u.zcaver < vel ger_s whe se effects e Z,odified b -
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different enviren™22t2, Lul 1 arsu provide s insight into biological pathways that may not be
deteci>d outside »f interact' s wuar, ses [Taomas, 2010a,b]. Few published GWAS have
sadress 2d gene-environ ven. ir.eract’un, a critical aspect of the architecture of complex
dise se | Kazma et al., 20'0; Rutt.r et al., 2006].

iseascs ' at cause tl e 12 gest burZin on sociziy and are, in turn, a tremendous public health
conce.q, inc 'ude complev diseases suc. as cancer, cardiovascular disease, asthma,
rsychiatiac disorders, ar.1 di.vetes | Kazma et al Z011]. The investigation of gene-

en ironment interplay will provide a deeper under<*anding of the etiology of complex
dieencz L our obility to prevern. and trea* Gisease because it will allow us to identify
genetic x215 Guuities that a-e ul*.uately re~'..ed—or »ossibly prevented—when combined
with particular environmental experuies. Mary @ nese Lh' clinical trials fail due to serious
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side effactc i= o 0 1 ot of patie \ts. Th< aentifi ~ation of a ug-gene interaction effects would
greatlv henefit diug o 2velopment and thera)yy, ad thu - puplic health. The evaluation of

ge e-e.vircamer’ mterplay will also facilita.e the detection of novel pathways and thus

ider tify new ‘argets for drug therapy. Identi*.cation € genetic factors that interact with
ervironr.ental factors = ! pinpoint pat’.ways Luuu2h which the environmental exposures
11av act and *-.crefore id-.uify specific en ironment-.l ex posures that require further
invesigation [0 uavas and Tai, 2008]. Furu:~, tie ide dtification of gene—environment

int tact’uns can provide guidance for perscnaliz=J intervZu ions on specific environments
base 1 on a person’s genetic background. More~~. or, studic. ~f this type increase both: (1) the
chanc s to discover fact<,s that vontribute o disewse throt gh ¢ n interaction effect with no
margin... effect; and (2) o»w. ability to identity environment-. ¢t ects that act mainly in
genetically suscepuole groups [Thomas, 2010]. T%. inclusion v environmental measures
into genet ¢ ep Idemiology st*Zies w. 1l not only hel~ with inter ret rtion by evaluating a more
complete pictuic of ~umplex dic_ase, but it may also in~zcase the rower of the study to
elucidate the "derpir-iugs of health and disease. [he st 2y ot g ne- nvironment interplay
is also important because modification ~f the environment, e . diet, "ifestyle, toxic
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exposures, is li.-ely to remain more feasib'e than mo-.(ication ~T wne genome for the
foreseeable future for j revi ntior and i*.cervention me.'sures to imp1 dve piblic health.

Most current genetic or - aviror.nental epi<z. iology sti die, are no.rerad t) detect main
effects and are not d signe~ to detect varizbles that intera>t w.uu other s<.ietic and/or
environmental factors wloreover, while cz.otyg ing is relaively swraightfe rward,
environmental exposures have hzcn more 4:7cul” to sufficientlv ~..casure on a arge scale
due to the non-static anc manifold L.ature of ex vo< .res. The s udy ~T gene-er . riant
interplay will identify bio.ugical mechanisms ar< p: thways thot =.ay be “Luportant 2.
predicting disease risk, and will also be ..ccessarv . evaluate the Lenefit £ pre 7e+.ion and
treatment strategies that differ Uy genotvr_ (Amato et al., 2010; ""horas, 20127, 12 fact,
when interactions are in oppo ‘i< uirecticis 1n differen. exposure grouws, i.e. d*Zzvent kinds
of exposures or different levels of e*.posures, main ¢ects of genetic or ¢.av1 -orner.tal
factors may not be identified [Cas si et 4l., 2010; Murc -ay « t al., 200¢ 1. M~ ver, ge.ies that
only influence disease occurrence in t e presence of ~.n er vironmental io~to wul like!;, oo
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missed in the marginal analysis un ess t.> »ff~2( s1ze of (he interaction is larc. ror exain.>,
in a study by Andreasen et al. [2008), ~o associ=*.un was 2 usel ved betwe 'n INS1G2
rs7566605 and obesity; however, when the leve! L1 physical ar avity was taken into account,
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physically inacti~ hciio.y gous carriers « f the risk C-allele had significantly higher BMI.
rhis example hihliohts th- LL..awr, 1nteraisciplinary nature of gene-environment studies of
L Ith. Understanding v hy vhe C-alleie at SNP rs7566605 may increase the risk of obesity
whe 1 co.nbined with physical in-.ctivity requires detailed information about the basic

funct. ona. properties <. this Zene, such 2= Liow its expression is controlled and how this
_xpressica may be afi>cled bv . vironmer<.: tactors. In addition, environmental risk factors
such as phrsical inactiviy need t~ He uderstood from a broad social environmental context
withir studies of gene-ei - iwronment ‘nte1 »lay i lar eted intervention or prevention strategies
a»s the ultimate goals.

Althancob - -cavironmen inter.orons rele~ ant to human disease have been identified,
opportunities and strategies to inve<:,gate gene .av roniient interactions have been difficult

2., most of the studies et iny estiga e ge ne-environment interaction
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and limitad -~
typicallv hava #5cuse ! on a single exposure or cindid. ¥ gene. However, it is fairly routine
fo. envror.aenta’ epidemiology studies to include candidate gene effects so there are some
ide1 tified int-ractions between specific envizonmenw! and genetic susceptibilities. For
evample, cesults from <. study showe . inter~cuu.: betv7een N-acetyltransferase 2 (NAT2)
yenr varianfe Lud smoki~. leading to slac der cance’. Cc mpared to NAT2 rapid/intermediate
acet>lators, NA7Z slow acetylators hac an 1.:~"2used o- erall risk of bladder cancer [Odds
Raiio (C'K) = 1.4] that was stronger for cigrette 2,noker= (i an for never smokers (OR = 1.8;
P-in eracion = 0.008) [Garcia-Closas et al., 20?7, Thomz., /010a,b]. Another gene-
envircument study inchJes an iiteraction oetwes., monoe: min > oxidase-A (MAOA) variants
and coi..cxtual naversity =2 predictive of antisocial behavie:. in lividuals possessing the low-
MAOA act.vity ~licle are predisposed to become ~..usocial wuen they experience adverse
experienc :s in childhood. Th:z inter: ction of a fun~t.unal MAA ene polymorphism
(MAOA-u /N12) 2= childhor 2 adversity has been rer'.cated re; eatedly [Belksky et al.,
2009; Kim-C~hen et »'., 2006; Widom and Brzus.owicz 23u6]. Lesp ‘te these examples,
new discoveries of gene-environment interaction remain a ch-licnge
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In 2006, the Nat.l..ai Custivates of dealt’, (NIH) prior tiz=J the inve ugotion of complex
factors that contribute to hec "2n and uisease by establishir.g the Gones, Environment and
Health Initiative (GEI, b_tp://w-.vw.gei.nih =o 7). The prinary gools of 5EI were two fold:
(1) identify novel as ociatiuns of genetic variai'ts with human Jisease ar . disorders; and (2)
develop new exposur. viology tools to impiove measures vf er~ . onment | factors
potentially important in comple~ aisease. F-. viro1 ment was broa-.y defined to nclude
airborne chemical and b’ vlogical ~Zcnts, dieta.y ir_ake, physi :al a~tivity, adviou 72
substances, and psychoso..al stress. In addition S’ set out tc dev elop »=u validate uew
methods for identifying the interaction Luiween er-. .ronmental ex yosures ~..u g>r2.dc factors
that contribute to human dise~sc. Althov<!, tne GEI has discover.'d n.any nev- _ ..otic
susceptibility loci and develoy e .uultipl- cxposure assossment toots a7.d biomrazizers ¢ f
exposure, the effort to date has beer rocuse2 un estaclishig a found itio’. ar.1 Las targe ted
either genetic or environmental cc atritators to disease sep. rately; a comp==hi nsive
approach to understanding gene-¢ 1vir )nment interac’ons chat underlie .»2ic r cisease sul’
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faces numerous challenges, includ.ng incdearzic tools ~nd methods for incor, urating geue
and environment measures in the ana.<is; limite2 availakZiicy or lack of : tand~. uization of
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exposure meastro"; nip . opiiate study asigns; and underpowered studies for capturing

THF CEl NOPKUHOP: GENL:-ENVIRONMENT INTERPLAY IN COMMON
COMPLEX DISFASES—F JRCING AN wTEC RATIVE MODEL

On Juauarv 25, 2010, ovoy 150 scientis s representing a wide array of scientific fields met to
~valua*_ the state-of-the <-.cnce in the s.udy of Zui e-environment interplay in complex
di~case and made recommendations « n needs and =oxt steps for the field. Speakers
2iscusscu appro: ches utilized Zor identifs g genetie . nd/or environmental risk factors for
~omzloa unsease, including yerciic epidemisiogy, stati tical genetics, environmental
epidemiology, epigenetics, molecrlur exposurs, de relo,ymental psychology, and social
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haY

ecic=zz. Necunnuend'ations we.e m22o o1 nee's rela ed tH the investigation of gene-
envirer~2xt L leract on from their unique f ersp >ctive. and fields of study. The need to
incorpcrats more exposure measures into genetic studies, data sharing, and data

hart \onizati~n were some overarching ther.cs of the resentations.

.aur. Bierut. Yashingtor Jniversity, 10tc J that the zen tic risks for complex diseases that
have L en detectza in GWAS are mod st, 1 ~ising wie prossibility that rare variants are
imrorta=. and/or that environmental faciors mav 1,0 be »* vork [Cornelis et al., 2010]. This
requ'res hat we pursue large-scale studies, with ~.inple si~" in the tens of thousands, which
would bes* be done thror it con ortia in wich ph-..utypes an | environmental exposures are
harmo ‘zcd.

Peter Kraf:, He.vard School of Pr-Ui'c Health, varned th.. the.e ai < limits to what statistical
tools can 11l u. about diz_ase etiol~_,y. He enccuraged met~ analy ses of existing data as
well as strai’fication by evzousure, which could rev-.i effects i+ ~ubsots of the population
that are obscureu wnen looking at a total populatic» cample.

yduosnuep Joyiny Vd-HIN

Frederica Perer., Columbia T2~ iy, hishlighted t e relati- ¢ ease of access to the genome
compared with the cha.leng=s ~. mea-uaring environmental <., 2<ur( s ana responses in
assessing gene-environn ent inter.uction studies, suggest ng th.* measui 2s ¢ f environmental
exposures and respon<cs shewid be furthe. dev =loped.

Eric Turkheimer, University of Virgini~, suggest »d that the st.uy of ger<-environ~cnt
interplay can benefit from lec-uus learne< in ‘he b 2havioral and social sciz..~es He noted
that many of the problen s face” Ly social scie.*.sis involve s nall and non-avditive ei1l>cts
of large numbers of potential causes that canrz. oe ¢ tperiment.iiy coriolled. He |ointed
out that social scientists have learne ..ot to derz..a entirely on st atistic~! signif..ance, but
also to consider non-signific. ut resulfe us an indication of replicanle ¢ us»! cirects.

Jason Boardman, University of Colrado 2* Houlder, also suggested hat soc'al scicatif ¢
studies provide a useful framewor < for gene-environm 2nt : tudies becaus. ~* the lon-,
tradition of theorizing, measuring anc modeling the _nvironmental intic>ne 3s on comyic:

)duosnuep Joyiny vd-HIN

phenotypes. Social scientists broacly co..~trme 4ie environment as multileve! {c.g. familico,
neighborhoods, schools, or workplace) multidi=icnsion»! (¢.g normativ * or *~.utution: I).
and longitudinal (e.g. historical changes and intr~ individual c’.ange). He proposed that
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hypotheses sho»! b2 L 1 upouu eviaence from heritability by environment (H x E) studies.
ror e ample, on* eonld quezill, ur. nerituoility of complex phenotypes, test for variation in
Leiitab.lity across envir am 0., test sene-environment interaction theories about the source
of tl is v. riation, and ther demor.rate this association within this framework. Since genetic
and e wir« nmental far.ors ¢!_arly interac* .0 p1 yduce complex diseases, genetic variants
~aould n~. ve studied ‘n :solatier. rom the ~ocial and physical environment. Dr. Boardman
alse stresseu the incorp sation of - oss- sectional and/or longitudinal environmental

.neasr.es and large samy ! sizes.

The =220 fur Intgration of envi,onment. couetics, and epigenetics in the same study was

-

emnhaci=22 1 Dani Fallin « f Jokis Hopkine Universiiv as there is growing evidence of
epigenetic changes due to environmzutal expeswies Thus, epigenetics can act as a mediator

1

of enviranmontol O yosure through eoicu e regulatio.. D velopmental windows of
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susceptihilit ~~ tiss 1e-specificity of epigeneti- effec s will add to the complexity of these
studies Al' spealurs noted that study design should be informed by gene-environment

hyp rtheses 2.d negative results should be r=uusneu 0 inform future hypotheses. Speakers
al~u agre d that there i< a need for deveiopmez.. ui new statistical methods and measurement

1ole.

Fo lowir we presentations, workshop . articipante {ormed breakout groups and were
chaiyed vith answering the overarching question® “Given th > current state-of-the-science
and ti e p1ygress made in e GL'T program and othe~ zeuc -environment studies to date, what
are opt ™, wavs ‘v move fr-vard with invesugations of gene ‘nvironment interplay in
health and 7isease?” investigators were asked for theZ, mput i* .aree content areas: (1)
theory anc stur.y design; (2) me*L.oas and data analysi~, and (5) pl.2notypes,

endophenc typer, and ~*.er variab'<,. To prompt participarts, 12 caestions (Table I) were
asked to ser e as a catalvs: ror discussion.

yduosnuep Joyiny Vd-HIN

RECOMMENDATIONS

Participants reconvene 1 to \ear .ae recommendations (rom »~~h br¢ akou. group and discuss
overall recommendations and strr’egies to move forwarr.. The rece mm >nd.:tions below
capture the main point- and s.ggestions { om ‘he partici»yan s of v\e works 10p, but do not
necessarily represent a crasensus view of ¢ Il perticipants.

A variety of approaches are ne<ied to car*ui daty on environn<.ual expesires individual
genomes, and epigenom.'s, each =~ which is lii el:~ .0 contribt te tc e etiolog y 07 uiscse.
Targeted as well as broad approaches are needeZ in : tudies of y=i.c-envizunment iricrplay,
depending on the research question. 2= studies <%ould include 1 altiple goues <=4
environmental exposures wh-.ever posciuie. Whichever approac is .sed. *..c uow.2stream
goals should include ways to .»=:p infor. policy decisio. s, address he.th disp uius, end
improve public health. Targeted stusiies (b, pothesis ¢-iver ) that foct s, fir €2 an ol-, or a
specific phenotype, disease, or en riror mental exposur :, ar : best for 11ves.., a ing si*uations

in which there are known disease assc >iations with rartic'.dar genes ana/vr zavironmz.ial

)duosnuep Joyiny vd-HIN

~1.

factors. In these situations case-coi trol (1..c!uding nest~d-case control) stud; uesigns ana
family study designs may be particula,ls” valn=tio. The<s apprcaches are .novz cost effec tive
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than discovery-==2z Jisizus, vul 10cus vpon particular hypotheses, and therefore, can miss
impot ‘ant effect: that lie ovtzide - studs design. Broad (discovery-driven, rather than
Liyothosis-driven) agncstic . roack s may be more appropriate in situations where it is
unk.owi how the enviro.xment i~ modifying genetic effects or vice versa. Although more
costly tha a targeted wppros.n, genome-~,de . tudies can provide a more thorough
_haracter.z tion of the rutentia! Lucerrelati~Zsnips of environmental exposures, phenotypes,
and pnenot;, pe groups. iscoverv hase! research that incorporates both genomics and
cnvireumental exposure. suould be *nco rage in voth environmental research as well as

~110Mics.

A henefic o7 lug existing [ opr!=ion studies (or the s.udy of gene-environment interplay is
the ability to leverage existing inve-iuents, as =..an_’ co1pleted and ongoing studies have

yduosnuep Joyiny vd-HIN

sonhisticated =1 o (ypic and e (posvrs e asur s, fol ow- 1p information, and stored
biological ene~imens Existing cohorts and ‘nte1 ventic ~ swudies can sometimes be
suppleinertcd to ~ollect new data, whether genetic or environmental, to enable the study of
gen.-enviror.aent interplay.

some ¢nvironmz.ual facto s can be as ,ess~.d at time >oir ts that predate the onset of the
d.sease. =xample< .uclude: data from ohc+t stud_s’ brseline, special exposures
documer:.u in databases (e.g. toxins reicased from .adustrial sites recorded in emissions
inveator. 2s), or medical exposures that are extract<. rrom r tient records. One could also
cond ct s\ condary analyse: usii g archived data an” Uiosy ecinens which are rich resources
for stulie of ger<-environm_ut interplay. Specimen banks t~ 1ewborns’ bloodspots can
serve as a r~source .. which prenatal exposures can ». measur~ . retrospectively. Exposures
that accur wlat : slowly over tin <, ai 2 intermiti 2nt, or %uve a s, ort half-life are particularly
challengin 3, but some *.omarkers Zan provide a record of ~.posures during previous time
periods. The oroblem of ~,sessing past exposure r.ay be attenuatd v hen the lag between
etiologically relevant periods of exposure and onsc ¢ ur disease i< shor , i.e. when the
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condition is ch.uaciwerized by acute onset. In addition. »_asureme. tools and resources
being developed <o, gvne-caviror.aent <.udies to imp ov< precisior ui Snhance potential for
future data harmonization c: . oe le~ eraged in ongoing st.dies. 1 hese ‘nclide measurement
technology in the form e more sophisticat~J biomarker s ar 4 en 'ircur.ent: | sensors being
developed and valid- ted ir «ne GEI Expos 1re 1'iology Proorai. GEI EPY;
www.gei.nih.gov/exp >,urebiology/). The TG} I-funded \ ‘on<z..sus Mes sures for
Phenotypes and Exposures (Phe+Zs; https:// ww. henx.org ), whi i provides s andardized,
validated measurement { ols for b _u-priority pher otypes anc exprzares for 2w A S ond
Phenotype Finder IN Dat.. xesources (PFINDFP, u.‘p://www. h'Linih o2 v/resourccs
pfindr.htm), a tool to support cross-stu;, aata disc< very among NidLBI o~,om ¢ <.udies, are
other valuable resources for th2 scientific .ommunity [Stover et 1., 2110].

&

Existing studies or cohorts may also zresent 2. J'sadv. ntages for zene ¢, vi onn eni
interaction studies, as most studies wer not originally des gned to ic 2nt.fy this comp’exity.
Existing studies often lack expost re d ita from the rel.van' time of risx_ofte 1 ('~ .0t hav=

)duosnuep Joyiny vd-HIN

variables that span disease domair s an/or do ne* provice detailed exposure inf<,nation
relevant to hypotheses, and informed consents mav ..ot allo~- {Or data she ring or ~.cw us:s o1
data or specimens, all of which are important in levz,aging the<e resources. In addition,
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existing cohorts ~#2z 2 .o iuae popt lations with sufficient or appropriate
repres 2ntation 0. the divers: fuciai othnir, age groups, and social backgrounds which may
Le necessary to detect pypultioa or <. oup-specific gene-environment interactions.

New -ohc rts and studv uesigr. are necessa, 10r detecting the multiple genetic and
cuviroumr tal factor: th». lead to “uman disez,e. Desirable characteristics of new cohort
studir, for t:e study or e=..c-environm 'nt interaction generally include: large sample size;
diverse semographic rej reczacation a b.oad rancc of genetic backgrounds and

en ronmental exposures with early ¢ nd rocent exn- sure data; a broad array of clinical and
lahn=oto, o ueas wes with regn’=, rollow 11z uver lone periods of time; high-quality endpoint
ascertaino - ouu documen atior; and meas . ements 1hat are appropriate for the cohort(s)
being studied. Furthermore, attenti~:, w0 the selzcuc of narticipants in case-control studies
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is needed in 2222 0 enhance ¢ 1viror+.en al v. riatio. as he limited range of exposures
and/or limited ~umbe 's of subjects in critic. | ex »osure Z.oups are impediments to assessing
the exposu-e effewis alone, and the problem 1nay be magnified in gene-environment

inte ‘action st.dies. Studies should also have puiicies *nd procedures in place for collection
aru storrge of biologi~.i *pecimens an’. oper .ouecs of materials and data to other
13se~cchers: r2,carchers ~Lould develc p p’ans for re- con acting individuals for additional
exnezunental stzaies, or for follow-up =lime~! zure. There is also a great need for studies in
uncerse ved populations (e.g. American 1.diane ’rricar i mericans, immigrants, low-
inco.ve i.'dividuals, the elderly and children) th={ otten be... a disproportionate burden of
certai. dis »ases and/or ~..posure .

It is import-.at to mzusure environmental exposures =% appropr’ ..¢ time points, because many
genes are Hnly expressed durine pe tific develypment=i periods, a1d some exposures may
have great °r in nact dv-.ug specifiz uevelopmental stages Tutenti'.l sensitive periods for
environmen.al exposure ‘.ciude but are not limite & 1o time ~£ c.ception, gestation, infancy,
and puberty. Due to the sporadic or cumulative nat =.¢, and/or “c.asiti ve timing” of
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environmental -xposures over a lifetime, 1 large, longit:ainal porwiation study will be
needed in order .o .autify some f¢ne-ev.vironment i1 ters_uons.

Much larger sample size ' are ne~ded for dete~tion of inferac’iu.s ti an “or 11ain effects
[Thomas, 2010]. Tho.sands of cases and 'ontinls are necded to 2 _tect int caction relative
risks of about 1.5 for 2 ~andidate gene stud ' or ens of tho wsands 2. a GYvAL. ro.ver for
detecting interactions would be firr..cr diminishe 1 by meas .rement <, ror in eit".cr exposure
or genotype and can have Lupredicta®ic effecis on the directica of an Zuerac*..
particularly if one or botl ie JGirterentially misciassified. Many des’gns can o appront.e
for studying a complex disease, but the s2=..ple size r >quirements -, gene-er~. -oninent
studies will depend on many fact..s, includizg the prevalence an 1 dc »¢ of the environmental
variable(s) of interest, allele iequescies, effict sizes, 2utcome(s), ~liect inodifiers, an1/or
covariates. Certain study designs car .educe th:. nc2ded somple size 1y a“eiing tho se
parameters. For instance, by enricl.ing - cohort with s\ bjec ts having 2 rave veriaut,
researchers can increase the prev: lenc 2 of that varian* witl in their study poj ui2*on.

)duosnuep Joyiny vd-HIN

Likewise, increasing the prevalence ot "n exposz¢ or ef.ect modifier of intere< airough
over-sampling will alter the requirec sample size. SZnilarlv 4> use of ar'mal sh*2ics m.y
allow increased levels of the exposure so that the e~zposure effet size increases dramatically,
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thereby reducir< =2 22 dod sawpie size, lthough this approach has to be tempered by a
need ir realistic “dnces” ¢ 2.,y o unentw.. exposure.

Typ= 1 ¢rrors continue tc be a cor.ern in the analysis of gene-environment interaction as in
other larg »-scale genor.ic an~’yses. Method: «» address type 1 errors include the integration
«fknown ; athway in ‘ormation to “...orm an2'; is; testing for interaction in an

envircamen al subgroun *, dentifv gei etic effects only apparent in certain environmental
e posur_s; utilizing casc orly desigs tc increase e power to test for interactions; and
far.uly-based designs to avoid bias fr ym pupulatior stratification [Thomas, 2010]. Other
evar=l_, ur resc arch designs thu allow th< investigation of complex diseases without
nrohihiti=-c g pe sample s.zes i=cude: stnics of cortrolled environment(s), intervention
studies, and clinical trials. The use - otomark=, a¢ a rc finement of outcome or exposure
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meaanree end 200 L (duction misthode 2uay alsc decrease he need for large samples. Other
exploratory ma+4ods  uch as multiple regre'sio1 and ~*.crn recognition can also be used for
the eva'uation of sene-environment interplay.

Str ites utZazing cell line~ and animal r udels will be inportant for elucidation of the
unct’un of genet;c varian 3 identified >y €. WAS anc for mechanistic studies to understand
huw er~ ironment-! iactors interact wih genetic f~.ctors o influence health and disease. Data
sin‘ulati~z, and animal models can be uscful in dev~iopine *heories about the functionality of
a gi 'en ¢ ene variant but may not be applicable to Lumans. Favironmental manipulation need
not by lim'ted to animal m~zaels, but can aiso be corZucic1 wi h humans, such as human
chamb r cludies ‘zontrolled <..vironmental cxposures) or spe~:.1 epidemiologic studies (e.g.
occupations ity exns,ed individuals). Animal modele can alse *. useful for conducting basic
mechanist .c str.dies.

Yet, there rvmains a need frz wne development of m~:¢ sophisticated analytical methods and
approaches for ...c-environment interaction stud.=s 2 explore tke m 1ltiple levels of data in
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gene-environment =201, - Couunued s pport is needed “ur bioinfrrmatic and biostatistical
tools and methc 1s develop-i..i. 1 addif un, the fielc suffers irom 2 shortage of
investigators trained in “om»*ation~ biology and statistic.i mcthoi'nlogy capable of
developing new method: and ar-.ytic tools. Tterdiscipl nar uoimag 1 rog ams in
computational, statist:cal, a=.u molecular L1iolo y are alsc necded Lo train t'ie next generation
on global approaches te cesearch. A databa e fo - standardi .ed anrruaches touis, acd GWAS
and gene-environment study resultc would also b »nefit the 1 search zommunity
Additionally, existing res~urces for =.vironme ntal measuremr at toole wad d-%.1ses le.g.
GEI Exposure Biology pinciam, PhenX, the Pharm.cogenom cs } nowledcz Base
(PharmGKB; http://www.pharmgkb.org) “..¢c Datab2 e of Genotyr<s and Ph=iotyr =s
(dbGaP; http://www.ncbi.nlm.nit.zov/gap) Z.c.| should be lever \ged 0 aid in
harmonization of data from n ultir'. studies [Atman, 2007; Mailt. . et al., 2007; Sto7er et
al., 2010].

Measurement of phenotypes shou d br precise and acc arat :, well con >lated w 'th th.¢ disease,
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disorder, or trait of interest, easy t» measure, low hucden and low cost. However “Lcre is :
tradeoff between the need for low-cst, harmonized rlienotypi~ measurer uat allow £: the
pooling of data from large studies and tuc ..oeu 1o dis~uver and 1se new ei Zuphenotypes anu
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reatur s of the d.seace Acrazs owud o8, thore is a need to use more intensive measures on
Lagh rick subsets of the tud - rupulation (e.g. siblings of autistic children). As much

info 'mat on should be catured ~., possible on subsets, including data on physical and social
environm. nts and me’ccular .narkers. Ho+yeve ', in addition to more intensive and targeted
aeasurer, ¢ large nun br. of pho..otypic me.sures that are cheaper and easier to collect
cou'. be oF.ained and Farmonize in m.any studies, thereby allowing for pooling of
phene’ype results among, wdies. Te funher as.sc p henotype harmonization across studies,
phenotypes should be collected, whe: ever possitle, using standardized methods and
approaches, e.g. ‘hose outlir<d m Phen™. stover et .1, 2010].

Those conducting phenotype-specif:. studies <%oul\! be -autious in assuming that phenotype
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measnrements oo 1> sgame aci)ss striies Mo e inve stm.nt is needed in defining and
refining the »k-notyp: so that data can be analy ved, h: 2.0nized, and interpreted

succes: fully,. Prev.ous family studies and linkage studies may be useful to improve
phe.otyping .nd determining heritable comzounents, “ut they must be done carefully, as
m.a-an-.yses can provu > different results th~.. wicse o individual studies due to
(iffr.ences ir ,ample as~.itainment a id pi1enotype !.ete ogeneity [Manolio et al., 2009].

It 13 imp~.«ant to focus on complex pheintypes as v ¢ll as s=arch for associations to the

und. rlyi,'g mechanisms or endophenotypes as ear™. approar-. yields different information.
Althcgh ‘he search for in*_.me liate phen cypes or Zuuophentypes is desirable,

measui >~ ont of ~L,.uophenotr yes can be as complicated as th~: f the disease outcome. On
the other he.id, the <_arch for intermediate phenotyrs, can le2” 0 the discovery of new
molecular pher.otypes. Challencz u1 interventi m stud:<, are o.'e aproach, when possible, to
confirm et dop.-enotvr<, and gens cnvironment 1nteractior.,. [his s particularly important
when endopenotypes ir<iude behaviors that are ~cusitive t~ gc..2-e1.vironment correlation.
It is important to note that measurement of biomar z.is may be ~ump] :x and needs to
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account for co- uuroiaities and the preser. ze of multiple cxposuree. Also, the importance of
the cell type affccicd 11 the diseas. proe_ss should nc* be underesti: uaw 1. Longitudinal
information can help id 'ntit ~ ame ~.d age-dependent ph~.notype nu tion arker measures
and their genetic underp.aning«.

DISCUSSION

Although there has been nv2zress in th2 study of g *ne-enviror.aent int.pla * .. date
relatively little is known ber:l ine effects of the mteraction o1’ ger.»s and the _nvironme .t on
human disease, let alone how these interact:,us migl ¢ change over *..ue. GET *Vori shop
participants concluded that targete2 as well 22 Uroad approaches ire r.cded to study gene-
environment interactions. Re rardlees ur whi~L appicoch is used, e wav'iple interacy ons
that lead to complex disease snould b~ taken in*~ ~~coun. A systeme.ic a~ roc<h to
studying gene-environment interac.ion v, 1ll increase o wr w derstandig ¢ fho v
environmental factors induce dise ase ‘ nd toxicity and will provide ins‘eht fir te~Lnent and
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prevention [Mukherjee et al., 200!'b]. y'nvironmer.al exr osures likely interact w*:l, genes
through numerous mechanisms; the.=fore, the studv ur comn':x diseases (equires -
comprehensive model involving multiple genes and ~.ultiple er vironment... exposures and
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must also consid=~ z22 U, geue wmteractions, environment by environment interactions, and
other “orms of g ne-enviro-iicue v .erpla;, [Cordell, 2009; Hodgins-Davis and Townsend,
Zu9; Yhomas, 2010].

A va.iety of new prom’,ing azproaches car .s.'ist in the next generation of studies of
complex Aseases tha. incurporate Zone-envir-.unent interactions. Although GWAS have led
to no- ¢l fins'ings of new zaunways and enlightened our understanding of biological
r.0cess s, it is often hat 1t~ undersiand e stati<*:-al evidence of gene-environment
int~actions without supporting evide1ce ur biologi-al plausibility [Hindorff et al., 2009].
Thee 2 coporadon of previor<ly identifi~2 olologic2l information into the discovery phase
mav ha ~ =y, reduce fals poeilives and aerstand results of hypothesis free studies
[Hindorff et al., 2009]. Environmer* wide Asezciaion tudies could be useful in detecting

10

envirnnmant-1 521 g associated with son e ccmplex discase as some environmental factors
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can be fonnd ~ith eff :ct sizes comparable 1) or ‘ar ex. ~_uing loci identified by GWAS
[Potel ctal, 20107, Complementary experimental and observational research designs are
alsc importar.. in testing gene-environment “..eracucs [Murcray et al., 2009]. For example,
evperim~ats with anim2is elucidate bio’ogica! .ucianis ms and can validate findings from
L unr.n obser~.uonal sth.cs [Murcray et -.I., 2009]. The use of large-scale genomic
platfz.ms in covjunction with a priori pam.>7 “eplicat’on studies would also reduce the

nu 1ber vt false positives. For example, 1eplicatiz, studi<, ' hould have a similar range of
expcsure s as the initial study, since studies samziing from C:fterent ranges of the full

expos 1re (istribution n~*icrn ma v fail to relicate (e orig nal nteraction (Fig. 1) [Hindorff
et al., 2SuY; Kk oury et al |, ZuU9; Kraft and Hunter, 2010: Mjor * and Williams, 2009;
Shuldiner, 20091 Gelecting subjects based on thei~ cnvironmenw. ‘e.g. exposure extremes,
rare expos ures ) may help find seneti - effects. L'tratSication by exp osure may also reveal
effects in s 1bse.~ of “L.c populat i that are obscured wh2. lookir  at a population sample.
Misclassificaion of c~zaplex exposures has been 1 problez.. 1n privio 1s studies; therefore,
future studies are needed that incornarate biomarkers collecte? in tra-.itional
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epidemiologica' contexts as well as built i1 new biosz.sor tech=ui0gy. Systems biology may
provide experimental ¢ oprc ache”, to as~ess molecular ~umponents ¢ f the hiologic system and
assess interactions. How evei, ther~ remains a large gap I etween n ode.'ng ‘nteractions in
cellular and biologic prucesse~ and the at ‘uty to use the inf yrma.'on .. por ulation studies
[Khoury and Wacho. Jer, U08]. A systems scie 1ce approac™ that inch-Jics ek xmiral,
behavioral, and social environment m=;, uelp fili that gap a1d be more »zoful for st.uies of
population health.

Workshop participants no.ca the advantages and Jis.dvantage. of utilizi=_ existine Zunorts
and development of new cohort studiec. & ne impe~iance of data '.aring arZ aa 2
harmonization was highlighte< (or both e-.isung and new cohort ‘tud es. Nev~ c l.ovts are
needed to evaluate the effects of _uviron+.cntal exposu.=s during certe’a devel-;ment.l
stages. Genetic variants that cause s.sceptit uty to a narti-ular envirnir ent.l e xpe sur; may
only do so when the exposure occ irs during a develop nen al windov- in ~*ich the sone is
highly expressed as exposure to pirtic 1lar environmr ats ¢ aring specific ~taces ur
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development prevents or exacerba. s ge.:>tic “uinerabi’ity to disease [Hinde~l et al., 2635
Khoury et al., 2009]. Case-control stulies often <, not h2="¢ thy power to dete~:
multiplicative interaction due to the small numb-.5 of cases or controls with the same
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genotype [Mukhe+izc 2.l Zouva]. Also, case-control or family-based designs may collect
envircamental d ta at 2 sin5lc pour i tire, and may subsequently miss periods of risk or
- u.nerability. If these e1 viro 1.ental “.easures are not reflective of long-term exposures,
ther the tudies are limitc d not oy in their ability to determine exposure-disease

assoc atio 1s, but also ‘. thei~ ability to d=‘oct g *ne-environment interactions [Mukherjee et
-1, 2009-].

A.thouu cohort studies are costly «nd rquire o+, follow up, they allow for exposures and
ris’. ractors to be characterized befor. discase onset [Landrigan et al., 2006; Mukherjee et
al 200721 conort studies ther fure allow Lavestigatets to overcome the problem of
temnaorel o (ainty by colisctir ume-denez.uent exp osure information before disease

develops, reducing selection bias. 2= avoidine e srot'em of reverse causation [Le
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Marchand o= 2 Y170 ng, 2008; Mukhez;ce =t al , 2004 a]. )'rospective environmental data
collection maxr ‘dentjy the role of critical vind« ws ot “wsceptibility that likely correspond to
the exp ress on of specific genes and gene pawnways [Mukherjee et al., 2009a]. Prospective
stuc.ies also rormit evaluation of environme~..a1 expy-ures within individual, family,

ne ghborli00d, and/or = o etal levels [Roardmz.,, 2009; 3oardman et al., 2008; Landrigan et
1., 2u06]. Hryever, cobz.c studies m: y b : difficult .o ¢ mduct when the participant burden
for =.iensive or Zopeated exposure meesure.>~=% 1s hig',, leading to low or biased retention
ratcs. N ssted case-control and case-cohoi. de<ic=, mav F « sed for cost-efficiency and may
retain the same advantages as cohort studies [T:umnas, 2017

A neec frz iow-c7,, precise, validated, and standardized env'~. nmental measures was noted
repeatedly ~aring t-_ workshop. It is critical to assecz enviror=.cntal exposures precisely
and accur: tely This can be don= Ly »roximal i1easure; ot env ror mental pathogens,
multiinfor.nant data, d=~, clopment=i-specific assessments ~.d by ‘dentifying cumulative
effects of ern.vironmental “...uences [Van der Zwa'uw and Fr_cic 2079]. For instance, the
measurement ot biomarkers may allow investigato -, 0 underst2.d binlogical disease
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processes that . ccount tor gene-environi. 2nt interaction crtects br-ineasurement of
intermediate me.2uoin s [ homa<, 2017, Consensus vhei,utypic mi sascves from resources
like PhenX and tools develc ~od by “ue GEI Exposure Biriogy P1ogia should be leveraged
when designing gene-en. ironncnt researck . udies so tl at cata «an He .arr 10nized across
studies.

Lastly, sufficient power for the det~.uon of sene environmuat inter~_uon effec’, was a
repeated theme. Large sar.pie sizes ~.uy be nc2ded for ensuri’.g suffi~iont noz.=2r of
subjects (in key groups) 1+ gnostic studies of ger:-environn ent ‘nteracti~z. as these ~iudies
require more power than hypothesis drive~. studies M turcray et al. Zu09]. G, >-
environment interaction studies *.at recruit zurtuicipants on the be sis ¢« their genotype and
environmental exposure are t stter zowered 1y est 10, Fenetic vari.i.s that increase
susceptibility to environmental exposures or =, o memnl exposure s th7. 11flienc > ge netic
susceptibility [Murcray et al., 200¢ |. H~. wever, many « nvii onmental ina genc tic racte s are
often unknown in observational s udic s and require more t:sting whici. dect 2a. »; power e
Marchand and Wilkens, 2008].
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CONCLUSIOM

Ir cond lusion, the participal ts o the workshop, Gene-Environment Interplay in Common
Conple.” Diseases: Forg ng an In*_grative Model, felt that a comprehensive approach to the
study of ¢ ene-environr.ent in‘urplay is nee”_u A diverse set of study designs and sample
tizes are 2, propriate, der_nding o= current k=, wledge and the specific goals of the study.
For e~.ampl¢ , questions ~7.uressing dev :lopmental or life stages, environmental changes,
rliangec m gene express or, and dis *ase latencv =y require longitudinal studies starting
early in life. Targeted studies are bes. for uetectine ; articular gene-environment interactions
whe= 10, Lase as. ociations are Vz,own, whez as studiec that are hypothesis-generating are
mare aneso g when less ‘s urZorstood abzuc a given disease. Environmental
measurement technologies should k< uevelope< anc incorporated into ongoing and new
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stndiec nf ~o=c o onment in‘erplay. T1rally, an en vha. is should be placed on data sharing
and harmoniz~*on to maximally leverage e isti\g porlauon studies.

Acknowledgraents

" he aut’.ors thank the _articipan. s of the GEI Worksbk ,p: Gene-Ei viro iment Interplay in Common Complex
L isruses—Fo-_ing an Intee..ve Model for the ir th ughtful disr assic as and input into the recommendations.

REFERENCES

Altmen RE . PharmGKB: a loe*.a1 .2ome for kn~ wiedge rel~:...; genc type to drug response phenotype.
Nat Fenc*. 2007; 30 i 20. [PubM.d: 173927651

Amato K, Pine’.s M, D’A~_iea D, Miele G, Nicodemi M, Rair~.u G, Cocozza S. A novel approach to
simulate :ene-e~.vironment interactions in complex “isease. BMC r ninformatics. 2010; 11:8.
[PubMe (: 20/51127]

Andreasen "H, | Togense-. m1S, Boret johnsen K, Sandbeaek A. T Luritzep [, Sorensen TI, Hansen L,
Almind K, Jorgensen T, P~Zcrsen O, Hansen T. Non--piication o¥ z=no1w. e-wide based associations
between conu..~= - ariants in INSIG2 and PFKP and »be<’.y 1n studies of . 8,014 Danes. PLoS One.
2008; 3:¢2872. [PubMed: 186R728471

Belksky J, Jonas: aint C, Pluess M. Stanton M, Brummett ", williame 1. Vulnerability genes or
plasticity genes: wiol syc. iatry. ~J09; 1 +:746-754. [Pu M u: 194551 v)

Boardman JD. State-level nod. -ation r. genetic tendencies to <.noke. A 1 "blic Health. 2009;
99:480-486. [PubMed: 9150917

Boardman JD, Jarron M, Onge 5, Haberstick Lk C, T mberlake 1S, ."=v7 2. JK. Do ~chools moderate the
genetic determinants of ~.noking? Behav Gei et. 2108; 38:234- _46. [Pr+lied: 155721

Caspi A, Hairiri AR, Holmes A, Uher R .,0tfitt TE. (renetic sens i#.vity to th~ cnvironme-... the case
of the serotonin transporter ee~. 1ts implic~lion ' for ‘tudying comp’_x diseasec L aits. Curr Opin
Lipidol. 2010; 21:136—1 +0. [PubM<4: 20154612

Cordell HJ. Detecting gene- e interactions that und-. ¢ human dis *as~,. Nat P _v Genet. ?25v;
10:392-404. [PubMed: 19434077]

Cornelis MC, Agrawal A, Cole JW TZansel NN Zumes KC, Beaty TH, 3enr cit SN, Bierut LJ,
Boerwinkle E, Doheny KF, F ‘enstra P, r-eingol” =, T"z-mage M, Haim.n ZA. 'arris EL, Ha 'es MG,
Heit JA, Hu FB, Kang JH, Lat..c CC, [ ..,g H, Manolio TA, Marazita ML. Mathias .<A, . 1ire DB,
Paschall J, Pasquale LR, Pugh EW, P.ce JP. ""uren J, va. Dar.' RM, Wang X, ‘Wig>s .U, Y/illi ims
K, Yu K. GENEVA Consortium. T! ¢ Ge'.e, Environment Assc ciation Stu lies ~ons wtium
(GENEVA): maximizing the know edg  obtained from G WAS by collabor.*ion a rc3s ~.udies of
multiple conditions. Genet Epidem:‘ol. 2910; 34:364—>72. [PubMed: 2009179%)

Garcia-Closas M, Malats N, Silverman D, Dosciueci M, Ke sevinas M, Hein DW Tardon A. S~=+a C,
Carrato A, Garcia-Closas R, Lloreta J, “'astafin-Yyyals G “'cager M, Welch .2, (h.anock S,
Chatterjee N, Wacholder S, Samanic C, Tora M, F-..iandez F, Re~.« FX, Rothman N. NAT2 slow

yduosnuep Joyiny Vd-HIN

)duosnuep Joyiny vd-HIN

Genet Epidemiol. Author manuscript; availablc in PMC 20,2 Au-,ast 09.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Bookman et al. Page 14

acetylation, GSTM1 =11 = (s be, ana 11k of bladder cancer: results from the Spanish Bladder
C. ncer Study and meta-analvses T »ncet. 2)05; 366:649—659. [PubMed: 16112301]

Hindor. ¥ LA, Sethupathy 2, Ju kins Z1A, R.mos EM, Mehta JP, Collins FS, Manolio TA. Potential
stiol »gic and functiona' imy licatior . of genome-wide association loci for human diseases and
t-aits. Proc Natl Acad S i USA 2009; 106:9362-9367. [PubMed: 19474294]

Hindo ff. T A.; Junkins I1A.; Manolio, TA [‘.ccesscd on August 6, 2010] A catalog of published
genor ¢ wide assoc. ati~a studies. Available £.om: http://www.genome.gov/gwastudies/.

Hode us-Dav.s A, Townse~. JP. Evolving ; ene expression: from G to E to G x E. Cell. 2009; 24:649—
658

Kaz.ia R, Bonaiti-Pellie C, Norris JM, C =nin =. Un the v se of sibling recurrence risk to select
environment-l factors liable to int<.act with ee-.cuic risk factors. Eur J Hum Genet. 2010; 18:88—
94. [PubMed: '9584901]

waziia K, Bobron M-C, Génin .7 Tenetic ase~_iation and ge.\e-environment interaction: a new
method for overcoming the lack ~* Cxposure ir Zurma ion 11 controls. Am J Epidemiol. 2011;
173:225-22% ™:hMed: 2106 4555]

Khoury MJ, Wacholder S. Invited commentary: from genon e-* .de association studies to genome-

e\ ironm- at-wid C inter action studies—chal.>*_cs and opportunities. Am J Epidemiol. 2008;
169.27 /=230 (PubMed: 19022826]

Khoi ry MJ. Sertram L, Boffetta P, Butterwort'. AS, Chanoc!- SJ, Dolan SM, Fortier I, Garcia-Closas
M, C winn M, Hige's J.T, Janssens AZ_JW. Csell 5, Owen RP, Pagon RA, Rebbeck TR, Rothman
M, Bernstei~ ;1, Burtor 1 R, Campbel H, ““hockaling im /., Furberg H, Little J, O’Brien TR,
Ser.aara D, Vir_is P, Winn DM, Yu \/, Io nnidis "Z A. C znome-wide association studies, field
synopse~, and the development of the k. owledge base un genetic vriation and human diseases. Am
T Ep.demiol. 2009; 170:269-279. [PubMea. i>+730751

Kim-"ohe1 J, Caspi A, Taylor A “Villiams B, Nev-_ombe R, Craig "W, et al. MAOA, maltreatment,
an1 ge1 e-environmen* L.ueractic n predictin, child=_.: s men al he alth: new evidence and a
mei~.arysis. M Lol Psychia*y. 2006; 11:903—v13. [PubMed: 1697 '953]

Kraft, P.; Hur.cer, D. ¢ challenge of assessing gene-envirument ar~ gene-gene interactions. In:
Khouy. MJ.: dedrosian, SR.; Gwi~. , M.; Higgi «, JPT.; Ir2auals, WAL Little, J., editors. Human
genom : epi'emiology. N==, York: G <ford Univi iy Press; 2017.

yduosnuep Joyiny vd-HIN

Landrigan F, Trasc , inorpe L ~wynn C, Lioy P, D’ Alstor InE, Lipkind HS, Swanson J, Wadhwa
PD, Clark ©B, Raub “’A, Perera FP, Susser E. The National Zinldrer.’s S.udy: a 21-year
prospective study of 100,000 American children. Pe Ziatrics. 2006 118:2 73-2186. [PubMed:
17079592]

Le Marchand L, \ 7ilkene LR. T oigu - unside ations for ge \omie ~ssociatie» <tudies: importance of
gene-environment ini>ract ons. Cance. Epidemiol Biomarkere T.or 20)8; 17.263-267. [PubMed:
18268108]

Mailman MD, Feolo M, T, Y, Ki.aura M, Try\a K Bagoutdii ov {, Ha. L, “iang 1\, Paschall J, Phan
L, Popova N, Pretc « S, Zi7 abari L, Lee M, 3hao Y, Wang Z . Suuwin K, W~.d M, Kholodov M,
Zbicz K, Beck J, K. _iman M, Shevelev S, Preu s D, Yasch :nko F, Graeff A Osell J, Cherry ST.
The NCBI dbGaP database of genr*, pes and nhentypes. Nat Tenet. 2007, 39:1181 1186.
[PubMed: 17898773]

Manolio TA, Collins FS, Ci x NJ. “uidstein DB, Hi.»Zortf LA, Hunt 'r D, McCarthy VI, kamo. EM,
Cardon LR, Chakravarti A, Cho JH, Guttmacher .\e, {ong A, Ki 5iyak I .iardis E, P oumi CN,
Slatkin M, Valle D, Whittemore AS, Be-lLuke M, Cl-.x AG, Eichler g, Gibse. g, Ha' ies JL,
Mackay TF, McCarroll SA, Vise<iier PM. Fi=ling the missing herit: bilit of complex diseases.
Nature. 2009; 461:747-753. [PubMe. 1981247}

Mechanic LE, Luke BT, Goodmau JE, Ch~..ock SJ, Harris CC. Polymorphisr 1 inter ctidn a1 aly: is
(PIA): a method for investigating ¢ mplev gzene-gene 1. terac tions. BMC Bir infc ‘me tic,. 20)8;
9:146. [PubMed: 18325117]

Moore JH, Williams SM. Epistasis ar d its implications for yersc 1al genetics. ~A™ I 1'ui. Genet 25t 9;
85:309-320. [PubMed: 19733727

yduosnuep Joyiny Vd-HIN

)duosnuep Joyiny vd-HIN

Genet Epidemiol. Author manuscript; availablc in PMC 20,2 Au-,ast 09.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.genome.gov/gwastudies/
http://www.antennahouse.com/

Bookman et al. Page 15

Mukherjee B, Ahn T (zbo= C2 T inei U, 1 loreno V, Chatterjee N. Tests for gene-environment
m eraction frc m case-control data: = novel tudy of type 1 error, power and designs. Genet
Ep. demiol. 20uva; 32 615- 626. "ubM~u: 18473390]

p Mu.her) >e O, Sanapala Kk , An .azhag-.aa P, Ghosh S. Evaluating epistatic interaction signals in
:F (omp ex traits using qu: ntitativ_ traits. BMC Proc. 2009b; 3:S82. [PubMed: 20018078]
Y Murcr vy C 2, Lewinger ¢, Garuerman WJ “Zone-er vironment interaction in genome-wide association
)): studie~. Am J Epide mi~. 2009 159:219-224. | PubMed: 19022827]
c Orda as JE. "ai ES. Why <‘uuy gene-envir nment interactions? Curr Opin Lipidol. 2008; 19:158-167.
8‘ [Pubed: 18388696]
= Pate? CJ, Bhattacharya J, Butte AJ. An ei viro."..ent-wide association study (EWAS) on type 2 diabetes
gZ) mellitus PT ~S.2010; 5:10746.
S Rutter M, Moffitt .'E, Caspi A Gene-env:,onment int~.p1ay and psychopathology: multiple varieties
5, vut real effects. J Child Psy "+ .1 Psychiatrr-. 2006; 47:22¢ -261. [PubMed: 16492258]
S_ Shuldiner AR. Obesity genes and ge_-environme. -beha 7ior nteractions: recommendations for a way
= formure=d 0 Gly. 2009; 16:S77-S81 [TubMed. 19037°19]
Stover PJ. Harlo» WR | . JTammond JA, Hendersht T, Hamil. >~ M. PhenX: a toolkit for
intc rdiscipiinary genetics research. Curr Opit. Zipidol. 2010; 21:136-140. [PubMed: 20154612]
The mas &. Ger .-environment-wide association sti#:>~ emerging approaches. Nat Rev Genet. 2010a;
1:259-27/2. [PubMed: 20212493]
Tnoma* V. Methods “ur nve ttigating gene -envi-onment 1. terz stions in cidate pathway genome-wide
associatiz., studies. A~.au Rev Public 1eal h. 2010b; 1:2"-36. [PubMed: 20070199]
P Var Jer Zwaluv- Us, Engels RCME. Gene 2nviiu....ent inte.actions alcohol use dependence: current
:,E statv , ruture challenges. Addiction. 2009, 104:907 5 (4. [PL [ed: 19466917]
g Widcm C3, Brzustowicz LM. MAOA and the “cycle ~£ violence” childhood abuse and neglect,
> M AO: genotype, and ris” [ur ‘iolent and ¢ uusocial h~l.av:or. B2l Psychiatry. 2006; 60:684—689.
=) [PubMe 1: 16814777
g Wright RO, Ct.istiani D Sene-environment interaction child=2.: s hea.*h development. Curr Opin
% Pediatr. 2010° Z2:197-201. [PubMed: 200905211
Q
>
c
2}
(@]
=5
©
=
<
-
o
>
>
[
=
=)
(©)
=
<
Q
>
[
(7]
(@]
=.
©
~

Genet Epidemiol. Author manuscript; availablc in PMC 20,2 Au-,ast 09.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Bookman et al.

Fig. 1.

H-.ater, 7510].

yduosnuey Joyiny vd-HIN yduosnuely JoyINy d-HIN

)duosnuep Joyiny vd-HIN

Genet Epidemiol. Author manuscript; availablc in PMC 20,2 Au-,ast 09.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/

o

the cor.mo1 environm.onts /5 = Geneti2 ctfect; E = Environmental effect) [Kraft and

Page 16

(A) The « ffects of geneti., envi.onment, and <=ne-environment interaction depend on what
part 0.7 “e environme nt is ~ampled. /=) Genetic effects are not phenotypically expressed in
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TABLF

1 workshop vreakcut q estions

CEI workshop Hreak »ut questic_s

Th ory ¢ 1d study csign

Q1. What proble_us can kst be solved by “a scoverv .iver” app. daches? What problems are best addressed by “hypothesis driven”
approact _s and v.at theoretical approaci ~. would be mu st he >ful in e>-_ain * hypothesis generation?

Q2:  Sk_uld G-F studies be targeted, that is, focused on a partic 'lar gene, expe<..¢, phenotype, or disease? Or should studies be broad,
designe . to encomnecs =, v factors as possible?

Q3:  To what extent can existine <+~ “es be adaptec to inves* _ate G-E inter~!.y? Which questions will require the development of new

P
Tocawn

Q4:  Are there research designs that allow us to investio~’_ wne complexity on G a1 d E s. 1es) without infinitely large sample sizes?
Conversely, how da we daci~ -*_ 75 to avoid m. jor pitfal’-~

yduosnuep Joyiny Vd-HIN

Methods and dai.. w.uuy.’s

Q5:  What analyti strat -,.es mig’.. be most useful at this point in investigatine G-E interplay? Can multiple strategies be combined in a
single “proof- f-principle’ study?

Q6: How do wr mtegrat. more complex »+ ,1ro ‘mental measures mto or~.uoders” How do we approach incorporating different non-
discrete « nviron~ .ental variabl~_. What stat stical/computat onal ‘.iethods are 1 eede 1 to integrate these disparate data streams?

Q7:  What leve. of meet* Lustic undere* ..aing is needed to verify G o E ‘hits’ k- ,ore fr.low up in G x E studies?

Q8:  What statisti al tools ~..u resources are needed?

Phenotypes, endophenotypes and ¢ *her variables

Q9:  What are the cha. acter. itics of end-n~“_.s or variabl s that are “rez 1y t~ g0~ for G x E <7357 Are there specific diseases, traits,
biological phenoty »~_, or envi=~.unental exn~-..es that currently meet these characteristi~_"

Q10: Should we focus on cor plex phe~ Luypes, or search for associations to the un _,1ying meck. -'sms or intermediate/
endophenotypes?

Q11: How do we integrate \ ariab. >s in G-E stud?-,,, many of w ich are interc - cndent, that inc~.porat a comprehensive view of
“environment”?

Q12: What are the best strategi.~ to measure _..vironmental variables and expos. res in lare~ conorts: Wha is needed to incorporate
next-generation tools to scale up w large epidemiological studies?
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