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AvariantinCDKAL1influencesinsulinresponseandrisk
oftype2diabetes
ValgerdurSteinthorsdottir1,15,GudmarThorleifsson1,15,IngaReynisdottir1,RafnBenediktsson2,3,
ThorbjorgJonsdottir1,GBragiWalters1,UnnurStyrkarsdottir1,SolveigGretarsdottir1,ValurEmilsson1,
ShyamaliGhosh1,AdamBaker1,SteinunnSnorradottir1,HjordisBjarnason1,MaggieCYNg4,TorbenHansen5,
YuBagger6,RobertLWilensky7,MuredachPReilly7,AdebowaleAdeyemo8,YuanxiuChen8,JieZhou8,
VilmundurGudnason3,GuanjieChen8,HanxiaHuang8,KerrieLashley8,AyoDoumatey8,Wing-YeeSo4,
RonaldCYMa4,GitteAndersen5,KnutBorch-Johnsen5,9,10,TorbenJorgensen10,JanaVvanVliet-Ostaptchouk11,
MartenHHofker11,12,CiscaWijmenga13,14,ClausChristiansen6,DanielJRader7,CharlesRotimi8,MarkGurney1,
JulianaCNChan4,OlufPedersen5,9,GunnarSigurdsson2,3,JeffreyRGulcher1,UnnurThorsteinsdottir1,
AugustineKong1&KariStefansson1

Weconductedagenome-wideassociationstudyfortype2
diabetes(T2D)inIcelandiccasesandcontrols,andwefound
thatapreviouslydescribedvariantinthetranscriptionfactor
7-like2gene(TCF7L2)geneconferredthemostsignificantrisk.
Inadditiontoconfirmingtworecentlyidentifiedriskvariants1,
weidentifiedavariantintheCDKAL1genethatwasassociated
withT2DinindividualsofEuropeanancestry(allele-specific
oddsratio(OR)=1.20(95%confidenceinterval,1.13–1.27),
P = 7.7×10−9)andindividualsfromHongKongofHan
Chineseancestry(OR=1.25(1.11–1.40),P = 0.00018).
ThegenotypeORofthisvariantsuggestedthattheeffect
wassubstantiallystrongerinhomozygouscarriersthan
inheterozygouscarriers.TheORsforhomozygoteswere
1.50(1.31–1.72)and1.55(1.23–1.95)intheEuropean
andHongKonggroups,respectively.Theinsulinresponse
forhomozygoteswasapproximately20%lowerthanfor
heterozygotesornoncarriers,suggestingthatthisvariant
confersriskofT2Dthroughreducedinsulinsecretion.

WerecentlydescribedavariantinTCF7L2associatedwithT2D2,3.To
lookforadditionalgeneticvariantsthatincreasetheriskofdevelop-
ingT2D,weperformedagenome-wideassociationstudyonIcelandic
individualswithT2DusingtheIlluminaHumanHap300chip.Wetested
313,179SNPsindividuallyforassociationwithT2Dinasampleof1,399
individualswithT2Dand5,275controls.Wetestedanadditional339,846

two-markerhaplotypesidentifiedasefficientsurrogates(r2rr >0.8)for
asetofSNPsthatwerenotincludedontheHap300chipbutthatwere
typedintheHapMapproject4.Inadditiontoanalyzingtheentiregroup
ofindividualswithT2D,separatelywetested700non-obeseindividuals
withT2Dand531obeseindividualswithT2Dforassociation.Overall,
weperformedatotalof1,959,075(653,025variants×3phenotypes)
tests.Theresultswereadjustedforrelatednessbetweenindividualsand
potentialpopulationstratificationbygenomiccontrol5(seeMethods).
ApreviouslyidentifiedSNP,rs7903146,inTCF7L2gavethemostsignifi-
cantresults,withOR=1.38andP= 1.82×10−10inallindividualswith
T2D.AlthoughnootherSNPorhaplotypewassignificantafteradjust-
mentforthenumberoftestsperformed,weobservedmoreborderline-
significantsignalsthanexpectedbychancealone(SupplementaryFig.1
online).Acomprehensivefollow-upstrategywouldrequiregenotyping
alargenumberofSNPs6,sowedecidedtopursuethetopsignalsquickly
inafast-trackingeffort.
Foreachphenotypetested,weselectedallsingleSNPsandtwo-marker

haplotypeswithP< 0.00005forreplicationinacase-controlsample
fromDenmark(DenmarkB).Aftereliminatingredundantmarkers,
weselectedatotalof46SNPsforreplication(SupplementaryTable1
online).Inaddition,weincludedthefivemostsignificantnonsynony-
mousSNPspresentontheIlluminaHap300chip.Ofthese51SNPs,we
successfullygenotyped47in1,110DanishT2Dcasesand2,272controls.
IntheDanishgroupofallindividualswithT2D,SNPsrs7756992and
rs13266634stoodoutandweresignificantlyreplicated(P= 0.00013and
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OR=1.24andP= 0.0012andOR=1.20,respectively;Supplementary
Table2online),comparedwithP= 0.00021andOR=1.23andP=
0.000061andOR=1.19,respectively,intheinitialIcelandicstudy.All
oftheotherSNPsgenotypedhadP> 0.01intheDanishgroup,andwe
chosenottopursuethemfurther.ThefirstSNP,rs7756992,islocated
inintron5oftheCDK5regulatorysubunitassociatedprotein1-like
1(CDKAL1)geneon6p22.3.ItresidesinalargeLDblockof201.7kb
thatincludesexons1–5oftheCDKAL1geneandtheminimalpromoter
regionbutnootherknowngenes(Fig.1).ThesecondSNP,rs13266634,
isanonsynonymousSNPcausinganargininetotryptophanchangeat
position325inthelastexonofthesolutecarrierfamily30(zinctrans-
porter),member8(SLC30A8)geneon8q24.SLC30A8isspecifictothe
pancreasandisexpressedinbetacells,whereitfacilitatesaccumulation
ofzincfromthecytoplasmintointracellularvesicles7.Theriskalleleof
rs13266634on8q24hasrecentlybeenfoundtoconferriskofT2Din
agenome-wideassociationstudyofFrenchindividualswithT2Dand
controls1.OfothersignificantlyassociatedSNPsinthatstudy,wealso
replicated,intheinitialIcelandicsamples,associationwithtwoSNPs
closetotheHHEXgene(HHEXHHEX SupplementaryTable3online).However,in
oursamples,wedidnotreplicatewithsignificancethereportedasso-
ciationstomarkersintheLOC387761andEXT2genesalsodescribed
inthatstudy.
Wetypedrs7756992andrs13266634inthreeotherT2Dcase-con-

trolgroupsofEuropeanancestry fromDenmark(DenmarkA), the
NetherlandsandPhiladelphiaaswellasincase-controlgroupsfrom
HongKongandWestAfrica.Furthermore,weexpandedthesizeofthe

DenmarkBstudygroupmostlybyincreasingthenumberofgenotyped
controls.TheassociationoftheGalleleofrs7756992wasreplicated
withsignificanceintheHongKongcase-controlgroup(OR=1.25;P=
0.00018;Table1).Associationinotherstudygroupswasnotindividu-
allysignificant,butallwereinthesamedirection.Becausesomeofthe
replicationgroupsarenotverylargeindividually,thestudyshouldbe
consideredasawholeinordertomeaningfullyinterprettheresults.
Specifically, the observed association from combining all five case-
controlgroupsofEuropeanancestrygaveanORof1.20withacor-
respondingPvalueof7.7×10PP −9(Table1).Giventhatapproximately
2milliontestswereperformedintheinitialgenomescan,thisassocia-
tionremainedsignificantwithBonferroniadjustment6.Moreover,the
Chinesedataprovidedfurthersupportfortheassociation.Evenwhen
combinedwiththeWestAfricandata,whichdidnotshowasignificant
effect,ityieldedaPvalueof0.0050.AttemptsatrefiningtheassociationPP
observedwithrs7756992bygenotypingadditionalmarkersthatcor-
relatewiththeoriginalsignalintheHapMapCEPH(CEU)datasetdid
notyieldmoresignificantresults(SupplementaryTable4online).As
weexpected,theobservedlinkagedisequilibriumwasconsiderablylower
fortheWestAfricanpopulationthanfortheIcelandicandHongKong
groups(SupplementaryTable4).Furtherworkisneededtodetermine
ifanassociatedvariantwithahigherORthanobservedforrs7756992
canbeidentifiedintheWestAfricangroup.Intotal,wegenotyped61
SNPs(ofwhich35wereontheHap300chip)intheLDblockcontaining
rs7756992intheIcelandiccase-controlgroup(SupplementaryTable
5online).Afterweadjustedfortheobservedassociationofrs7756992,

Table1Associationresultsforrs7756992andrs13266634infiveT2Dcase-controlgroupsofEuropeanancestryandincase-control
groupsfromHongKongandWestAfrica

Controls Affectedindividuals

Frq AA/Aa/aab Frq AA/Aa/aab OR(95%c.i.) PvaluePP

Iceland(1,399/5,275)

 rs7756992(G) 0.232 3,107/1,887/277 0.270 751/539/108 1.23(1.10–1.37) 0.00021

 rs13266634(C) 0.646 700/2,339/2,236 0.685 143/596/660 1.19(1.08–1.31) 0.0006

DenmarkA(263/597)

 rs7756992(G) 0.297 292/255/50 0.331 111/99/30 1.17(0.93–1.47) 0.18

 rs13266634(C) 0.686 62/242/279 0.672 35/99/124 0.94(0.75–1.17) 0.58

DenmarkB(1,359/4,825)

 rs7756992(G) 0.279 2,503/1,884/394 0.320 624/564/144 1.21(1.10–1.33) 0.000054

 rs13266634(C) 0.673 555/1,997/2,204 0.692 128/566/639 1.09(0.99–1.19) 0.073

Philadelphia(447/950)

 rs7756992(G) 0.262 492/331/68 0.295 216/174/40 1.18(0.98–1.42) 0.073

 rs13266634(C) 0.678 85/377/387 0.760 29/145/249 1.51(1.25–1.81) 1.5×10−5

TheNetherlands(368/915)

 rs7756992(G) 0.270 475/359/63 0.280 186/138/30 1.05(0.86–1.29) 0.64

 rs13266634(C) 0.717 80/349/469 0.736 28/136/199 1.10(0.91–1.33) 0.33

Europeanancestrycombineda(3,836/12,562)

 rs7756992(G) 0.258 0.295 1.20(1.13–1.27) 7.7×10−9

 rs13266634(C) 0.666 0.700 1.15(1.08–1.22) 3.3×10−6

HongKong(1,457/986)

 rs7756992(G) 0.462 293/446/220 0.517 351/681/400 1.25(1.11–1.40) 0.00018

 rs13266634(C) 0.523 214/497/259 0.566 276/686/464 1.19(1.06–1.33) 0.0035

WestAfricaa(865/1,106)

 rs7756992(G) 0.612 160/499/397 0.625 137/349/344 1.02(0.92–1.14) 0.72

 rs13266634(C) 0.962 4/74/1004 0.971 2/45/804 1.26(0.88–1.81) 0.21

NumbersinparenthesesnexttopopulationnamesrepresentthenumberofindividualswithT2Dandcontrols,respectively.Alsoshownaretheallelicfrequency(Frq)andgenotypecountsinthe
affectedandcontrolindividuals,theallelicORwith95%confidenceintervals(c.i.)andtwo-sidedPvaluesbasedonthemultiplicativemodel.PP
aForthecombinedEuropeanancestrygroupsandthefiveWestAfricangroups,ORsandPvalueswerecombinedusingaMantel-Haenszelmodel,andfrequencyinaffectedindividualsandPP
controlswasestimatedasaweightedaverageoverthedifferentstudygroups.bForrs7756992,thegenotypecountsareforAA/AG/GGindividuals;forrs13266634,thecountsareforTT/TC/CC
individuals.
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noneoftheotherSNPsweresignificantlyassociatedwithT2D.Aswas
thecaseforrs7756992,theassociationwithT2DforalleleCofthenon-
synonymousSNPrs13266634wasreplicatedwithsignificanceintwoof
thefiveadditionalgroups(fromPhiladelphiaandHongKong)(Table1).
EventhoughtheORforDenmarkBdecreasedwiththelargersample
size,andtheestimatedeffectwasintheoppositedirection(onlyslightly,
andnonsignificantly)forDenmarkA,thecombinedresultsfromall
studygroupsofEuropeanancestryyieldedaPvalueof3.3×10PP −6and
anORof1.15(Table1).
In the Icelandic study, theobservedassociation tors7756992was

greater innon-obese individualswithT2D(OR=1.37(1.20–1.57);
P= 9.0×10−6)thaninthegroupofallindividualswithT2D(OR=
1.23(1.10–1.37);P= 0.00021)(SupplementaryTable1andTable1).
WealsoobservedahigherORinnon-obeseindividualsthaninobese
individualswithT2Dforthisvariantintheotherpopulationsstudied.
ForthecombinedpopulationsofEuropeanorigin,theORwas1.24
(1.15–1.33)withP= 3.0×10−8forthenon-obeseindividualswithT2D
comparedwithOR=1.14(1.04–1.25)andP=0.004fortheobesegroup.

WesawanevenstrongereffectintheHongKongnon-obeseT2Dgroup
(OR=1.36(1.19–1.56);P=7.48×10−6)comparedwiththeobesegroup
(OR=1.13(0.98–1.30);P= 0.094).FortheHongKonggroup,obesity
wasdefinedasabodymassindex(BMI)≥25.Furthermore,examination
ofthecontrolsshowedaveryweak,butsignificant,negativecorrelation
ofthevariantwithBMI,aresultthatneedsfurtherconfirmation.Most
notably,thecombinedresultsindicatethatthisvariantdoesnotconfer
increasedriskofT2DbyincreasingBMI.
WeestimatedgenotypeORsforeachofthetwoloci(Table2).For

thecombinedstudyofpopulationsofEuropeandescent,theORfor
heterozygotesforrs7756992was1.15(1.06–1.24),whichissmallerthan
thatpredictedbythemultiplicativemodel,comparedwithanORof1.50
(1.31–1.72)forhomozygotes,whichislargerthanthatpredictedbythe
multiplicativemodel.WeobservedsimilarresultsfortheHongKong
samples(Table2).CombiningtheEuropeanandHongKongdata,we
wereabletorejectthemultiplicativemodel(P= 0.011).Amultiplica-
tivemodelforthegenotyperelativeriskprovidedanadequatefitfor
rs13266634.

ThefunctionofthegeneproductofCDKAL1isunknown.
However,theproteinproductissimilartoanotherprotein,
CDK5regulatorysubunit–associatedprotein1(encodedby
CDK5RAP1).CDK5RAP1 isexpressed inneuronal tissues,
whereitinhibitscyclin-dependentkinase5(CDK5)activity
bybindingtotheCDK5regulatorysubunitp35(ref.8).In
pancreaticbetacells,CDK5hasbeenshowntohavearolein
thelossofbetacellfunctionunderglucotoxicconditions9.
Furthermore,inhibitionoftheCDK5/p35complexprevents
adecreaseofinsulingeneexpressionthatresultsfromgluco-
toxicity10.ItistemptingtospeculatethatCDKAL1mayhavea
roleintheinhibitionoftheCDK5/p35complexinpancreatic
betacellssimilartothatofCDK5RAP1inneuronaltissue.
ReducedexpressionofCDKAL1orreducedinhibitoryfunc-
tionthuscouldleadtoanimpairedresponsetoglucotoxicity.

Table2Genotype-specificORforrs7756992andrs13266634
AllelicOR GenotypeORa

(95%c.i.) 00 0X(95%c.i.) XX(95%c.i.) P b PAR

Europeanancestry

 rs7756992(G) 1.20(1.13–1.27) 1 1.15(1.06–1.24) 1.50(1.31–1.72) 0.089 0.061

 rs13266634(C) 1.15(1.08–1.22) 1 1.05(0.93–1.19) 1.26(1.10–1.43) 0.10 0.157

HongKong

 rs7756992(G) 1.25(1.11–1.40) 1 1.13(0.97–1.31) 1.55(1.23–1.95) 0.071 0.154

 rs13266634(C) 1.19(1.06–1.33) 1 1.13(0.96–1.34) 1.40(1.11–1.76) 0.43 0.148

PAR,populationattributablerisk.
aGenotypeORforheterozygous(0X)andhomozygouscarriers(XX)comparedwithnoncarriers(00).bTestofthemultiplicativemodel(thenullhypotheses)versusthefullmodel(thatis,
themodelthatputsnoconstraintsonthegenotype-specificrisks).Thistesthasonedegreeoffreedom.
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Figure1SchematicviewoftheassociationofT2Dwithvariants
inthe6p22.3region.(a)Pairwisecorrelationstructureina1-Mb
interval(20.5–21.5Mb,NCBIbuild34)onchromosome6.The
upperplotincludespairwiseD′for1,047commonSNPs(with
MAF>5%)fromtheHapMaprelease19fortheCEUpopulation;
thelowerplotincludespairwiser2rr valuesforthesamesetof
SNPs.(b)Locationofrecombinationhotspotsinthisinterval
basedontheHapMapdataset26.(c)Locationofexons(vertical
bars)ofthetwogenes,E2F3(blue)andE2F3E2F3 CDKAL1(red),that
maptotheinterval.(d)Schematicviewofthegenome-wide
associationresultsintheintervalforallT2Dcases(blackdots),
non-obeseT2Dcases(bluedots)andobeseT2Dcases(reddots),
respectively.–logPisplotted(wherePistheadjustedPP Pvalue)PP
againstthechromosomallocationofthemarkers.Allfourpanels
usethesamehorizontalMbscaleindicatedatthebottomofd.
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Inthisstudy,wefoundthatCDKAL1isexpressedintheratpancreatic
betacelllineINS-1(datanotshown).Furtherstudiesareneededto
determineiftheeffectofCDKAL1onriskofT2Disexertedthrough
thispathway.
BasedonthepredictedfunctionofCDKAL1andtheknownfunction

ofSLC30A8,wewouldexpectbothrs7756992andrs13266634toaffect
insulinsecretion.ToevaluatetheeffectsofthetwoSNPsoninsulin
secretion,weanalyzedtheeffectofgenotypestatusoncorrectedinsu-
linresponse(CIR)inasetofindividualsfromtheInter99study(part
ofDenmarkB)thathadundergoneanoralglucosetolerancetest.For
rs7756992,wefoundthathomozygouscarriersoftheriskallelehad
anestimated22%lowerCIRthanthenoncarriers(P= 3.5×10−9).By
contrast,heterozygouscarriersshowedaverysmall(2%)andnonsig-
nificant(P=0.23)reductionofCIRcomparedwithnoncarriers(Fig.2).
Testingthenullhypothesisofnodifferenceamongallthreegenotypic
statesagainstthefullmodelgaveaPvalueof2.5×10PP −8.Hence,the
effectofthevariantonCIRishighlysignificantandisclosetorecessive.
Thisobservationisconsistentwiththeobservedeffectofthevariantin
diseaserisk(thatis,theincreasedriskfortheheterozygouscarriersis
verymodest).Furthermore,theeffectonCIRwaspresentinbothmales
andfemales(Fig.2)andinindividualswithT2Daswellascontrols,and
adjustingforBMIstatusdidnotaffecttheresults(SupplementaryTable
6online).Theeffectofrs13266634oninsulinresponsewassmallerbut
significant,andforthisriskvariant,thereductioninCIRwasconsistent
withanadditiveeffect.Wedidnotobserveanyeffectoninsulinsensiti-
vityforeithervariant(SupplementaryTable6).Forbothvariants,we
obtainedsimilarresultsbymeasuringinsulinresponseintheformof
theinsulinogenicindex(seeMethods).

Basedonourdata fromall five groupsofEuropeanancestry for
TCF7L2,CDKAL1andSLC30A8,wefoundthattheTCF7L2riskvari-
antandtheCDKAL1riskvariantwerepositivelycorrelatedwithinthe
populationswithT2D(P= 0.0057).Giventhatbothhaveapparently
strongereffectsfornon-obesecases,thissuggeststhattheymightwork
throughasimilarpathway.However,furtherinvestigationisnecessary
toconfirmandunderstandthisapparentcorrelation.Bycontrast,the
riskconferredbytheSLC30A8variantisconsistentwithitseffectsbeing
multiplicativewiththejointeffectsofTCF7L2andCDKAL1.
Consideringthatourfast-trackingstrategyisnotexpectedtobecom-

prehensiveandthatthesusceptibilityvariantsidentifiedsofarforT2D,
includingthevariantinTCF7L2,explainonlyasmallfractionofthe
familialclusteringofthedisease,itisexpectedthattherearemanymore
variantswitheffectssimilartothoseinCDKAL1andSLC30A8thathave
yettobeidentified.Still,theidentificationofCDKAL1asasusceptibil-
itygeneforT2Daddsanewpiecetothepuzzleofhowgeneticfactors
predisposetoT2D.Althoughthefunctionofthisgeneremainstobe
elucidated,wehaveshownthatavariantwithinthegeneiscorrelated
withinsulinsecretion.ThesimilaritytoCDK5RAP1furtherindicates
thatCDKAL1mayfacilitateinsulinproductionunderglucotoxiccondi-
tionsthroughinteractionwithCDK5.Inconclusion,wehaveidentified
avariantinCDKAL1thatpredisposestoT2Dandthatbluntstheinsulin
responseinanearlyrecessivemanner.

METHODS
Icelandicstudypopulation.TheIcelandicT2Dgrouphasbeendescribedprevi-
ously11.Atotalof1,500individualswithT2Dwererecruitedforthisgenome-
wideassociationstudy,whichusedtheInfiniumIIassaymethodandtheSentrix
HumanHap300BeadChip(Illumina).Ofthese,1,399weresuccessfullygenotyped
accordingtoourqualitycontrolcriteriaandwereusedinthepresentcasecontrol-
analysis;531ofthegenotypedcaseswereobese(BMI≥30),700werenon-obese
(BMI<30)andinformationonBMIwasmissingfor168cases.Thecontrols
usedinthisstudyconsistedof599controlsrandomlyselectedfromtheIcelandic
genealogicaldatabaseand4,676individualsfromotherongoinggenome-wide
associationstudiesatdeCODE.Specifically,approximately1,400ofthecontrols
camefromstudiesonprostatecancer,andabout1,100camefromstudieson
breastcancer;studiesonanxiety,addiction,schizophreniaandinfectiousdiseases
providedapproximately500controlseach.ThestudywasapprovedbytheData
ProtectionCommissionofIcelandandtheNationalBioethicsCommitteeof
Iceland.Writteninformedconsentwasobtainedfromallaffectedindividuals
andcontrols.

Otherstudypopulations.TheDanish female studygroupof282casesand
629 controls, herein termedDenmarkA,was selected from theProspective
EpidemiologicalRiskFactor(PERF)studyinDenmark12.This isagroupof
postmenopausalwomenwhotookpartinvariousplacebo-controlledclinical
trialsandepidemiologicalstudiesattheCenterforClinicalandBasicResearch.
Infollow-upexaminationsof5,847womenin2000–2001,wecollectedmedical
histories(includingtypeIortypeIIdiabetes),familyhistoriesandinforma-
tiononcurrentorpreviouslong-termuseofdrugsthroughpersonalinterviews
usingapreformedquestionnaire.Ifasubjectwasdiagnosedwithdiabetesof
eithertypeIortypeII,thedateofdiagnosisortreatmentwasalsonoted.The
studywasapprovedbytheEthicalCommitteeofCopenhagenCountyandwas
inaccordancewiththeprinciplesoftheHelsinkiDeclaration.
ThesecondDanishstudypopulation(DenmarkB)of1,359individualswith

T2Dand4,858 controlswithnormal glucose tolerancewas from the Steno
DiabetesCenterinCopenhagen(1,016casesand374controls)andfromthe
Inter99population-basedsampleof30-to60-year-oldindividualslivinginthe
greaterCopenhagenarea,sampledatResearchCentreforPreventionandHealth
(343affectedindividualsand4,484controls)13.Diabetesandpre-diabeteswere
diagnosedaccordingtothe1999WorldHealthOrganization(WHO)criteria.An
oralglucosetolerancetestwasperformedonparticipantsintheInter99study
asdescribed13.Informedwrittenconsentwasobtainedfromallsubjectsbefore
participation.ThestudywasapprovedbytheEthicalCommitteeofCopenhagen
CountyandwasinaccordancewiththeprinciplesoftheHelsinkiDeclaration.

All
Males
Females

AA AG GG
(2,027)

AA AG GG AA AG GG
(1,557) (354) (952) (742) (187) (1,075) (815) (167)

TT CT CC
(462) (1,658) (1,806)

TT CT CC
(237) (777) (865)

TT CT CC
(225) (881) (941)

7.0

6.8

6.6

6.4

6.2

6.0

5.8

7.0

6.8

6.6

6.4

6.2

6.0

5.8

rs13266634

rs7756992

P<1.0×10-7

P<0.001

P<0.00001

P<0.001

P<0.01

lo
g

C
IR

lo
g

C
IR

a

b

Figure2Associationofrs7756992andrs13266634withinsulinsecretion.
Meanlog-transformedinsulinsecretionlevels,estimatedbycorrected
insulinresponse(CIR;seeMethods),forthethreedifferentgenotypesof
thetwoSNPs,rs7756992andrs13266634.Resultsareshownfor3,982
individuals(231T2Dcasesand3,751controls)fromtheDanishInter99
studythathadanoralglucosetolerancetest.Resultsareshownforall
individualsandformalesandfemalesseparately.Thenumberofindividuals
analyzedforeachgenotypeisshowninparenthesesundereachcolumn,and
thes.e.m.isindicatedbyverticalbars.Pvaluesarefromatwo–degreeofPP
freedomFtestofthenullmodelofnodifferenceamongthethreegenotypeFF
statesagainstthefullmodel.
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ThePhiladelphiastudypopulationconsistedof468individualswithT2Dand
1,024controlindividuals.ThestudypopulationwasselectedfromthePENN
CATHstudy,across-sectionalstudyoftheassociationofbiochemicalandgenetic
factorswithcoronaryatherosclerosisinastudypopulationofconsecutiveindi-
vidualsundergoingcardiaccatheterizationat theUniversityofPennsylvania
MedicalCenter.T2Dwasdefinedasahistoryoffastingbloodglucose≥126mg
dl–1,2hpostprandialglucose≥200mgdl–1,useoforalhypoglycemicagents
oruseofinsulinandoralhypoglycemicagentsinasubjectolderthan40years.
TheUniversityofPennsylvaniaInstitutionalReviewBoardapprovedthestudy
protocol,andallsubjectsgavewritteninformedconsent.Allaffectedindividuals
andcontrolswereofEuropeanancestry.Ethnicitywasdeterminedthroughself-
reportandhasbeenvalidatedbygenotypingofethnicitymarkers14.
TheDutchBredastudypopulationconsistedof370T2Daffectedindividuals

and916controlindividuals.Theaffectedindividualswererecruitedin1998–1999
incollaborationwiththeDiabetesServiceBredaand80generalpractitioners
fromtheregionaroundBreda.AllpatientswerediagnosedaccordingtoWHO
criteria(plasmaglucoselevels>11.1mmoll–1orfastingplasmaglucoselevels
≥7.0mmoll–17.0mmoll7.0mmoll )andunderwentclinicalandlaboratoryevaluationsfortheirdiabe-
tesatregular3-monthintervals.TheMedicalEthicsCommitteeoftheUniversity
MedicalCentreinUtrechtapprovedthestudyprotocol.Allprobandsgavewritten
informedconsentandfilledoutaquestionnaireonclinicaldata,includingany
diabetes-relatedmedicationaswellasheightandweightatpresentandattheage
of20.ThecontrolswerehealthyDutchbloodbankdonorsofEuropeanorigin.
AllsubjectsintheHongKongstudypopulationwereofsouthernHanChinese

ancestryandresidedinHongKong.Thecasesconsistedof1,500individualswith
T2DselectedfromthePrinceofWalesHospitalDiabetesRegistry15.Ofthese,682
hadyoung-onsetdiabetes(ageatdiagnosis≤40years)withapositivefamilyhis-
tory.Anadditional818caseswererandomlyselectedfromthesameregistry.The
controlsconsistedof1,000subjectswithnormalglucosetolerance(fastingplasma
glucose<6.1mmoll–1glucose<6.1mmollglucose<6.1mmoll ).Ofthese,617wererecruitedfrommembersofthegeneral
populationparticipatinginacommunity-basedcardiovascularriskscreeningpro-
gramaswellasfromhospitalstaff.Inaddition,383subjectswererecruitedfrom
acardiovascularriskscreeningprogramforadolescents.Informedconsentwas
obtainedforeachparticipatingsubject.ThisstudywasapprovedbytheClinical
ResearchEthicsCommitteeoftheChineseUniversityofHongKong.
The African study population comes from the Africa America Diabetes

Mellitusstudy,whichwasoriginallydesignedasanaffectedsiblingpairstudy
withenrollmentofavailablespousesascontrols.Ithassincebeenexpandedto
includeotherfamilymembersoftheaffectedpairsandpopulationcontrols.
Recruitmentstrategiesandeligibilitycriteriaforthefamiliesenrolledinthis
reporthavebeendescribedpreviously16.ThisWestAfricancase-controlseries
consistedofindividualsfromtheYoruba(233affectedindividuals,432controls)
andIgbo(237affectedindividuals,276controls)groupsfromNigeria,andfrom
theAkan(257affectedindividuals,248controls),Ewe(22affectedindividuals,
30controls)andGaa-Adangbe(123affectedindividuals,141controls)groups
fromGhana.Furthercharacteristicsofthesevencase-controlgroupsusedinthis
studyareshowninSupplementaryTable7online.
The DNA used for genotyping in all replication study populations was

the product ofwhole-genome amplification (GenomiPhiAmplification kit,
Amersham)ofDNAisolatedfromtheperipheralblood.

Illumina genome-wide genotyping.All Icelandic case and control samples
wereassayedwiththeInfiniumHumanHap300SNPchips(Illumina),contain-
ing317,503taggingSNPsderivedfromphaseIoftheInternationalHapMap
project.OftheSNPsassayedonthechip,4,324SNPswereexcludedbecause
theyshowedeither(i)acallratelowerthan95%incasesorcontrols;(ii)aminor
allelefrequency<1%inthepopulationor(iii)significantdistortionfromHardy-
Weinbergequilibriuminthecontrols(P< 0.001).Anysampleswithyield<98%
wereexcludedfromtheanalysis.Thus,thefinalanalysespresentedinthetext
use313,179SNPs.

Single-SNPgenotyping.Allsingle-SNPgenotypingwascarriedoutatdeCODE
GeneticsontheCentaurus(Nanogen)platform17.ThequalityofeachCentaurus
SNP assaywas evaluated by genotyping each assay in theCEU and/orYRI
HapMapsamplesandcomparingtheresultswiththeHapMapdata.Assayswith
amismatchrate>1.5%werenotused,andalinkagedisequilibrium(LD)test
wasusedformarkersknowntobeinLD.

Associationanalysis.Forassociationanalysis,weusedstandardlikelihoodratio
statistics,implementedinNEMOsoftware18,tocalculatetwo-sidedPvaluesandPP
allele-specificORsforeachindividualallele,assumingamultiplicativemodel
(thatis,thatthetwoallelesareindependent,orinHardy-Weinberg-Equilibrium,
withinthepopulationofaffectedindividuals).Thiscorrespondstoasetting
wheretheratiooftherisksforhomozygouscarriers(AA)andheterozygous
carriers(Aa)isthesameastheratiooftherisksforheterozygouscarriersand
noncarriers,or(risk(AA)/risk(Aa))=(risk(Aa)/risk(aa)).Allelicfrequencies,
ratherthancarrierfrequencies,arepresentedforthemarkers,andPvaluesarePP
givenafteradjustmentfortherelatednessofthesubjects.Whenestimatinggeno-
type-specificOR(Table2),weestimatedgenotypefrequenciesinthecontrol
populationassumingHWEaftercheckingthatthedatawerenotinconsistent
withthisassumption.
Ingeneral, alleleandhaplotype frequencieswereestimatedbymaximum

likelihood,andtestsofdifferencesbetweencasesandcontrolswereperformed
usingageneralizedlikelihoodratiotest19.Thismethodisparticularlyusefulin
situationswheretherearesomemissinggenotypesforthemarkerofinterest,
andgenotypesofanothermarkerthatisinstrongLDwiththemarkerofinterest
areusedtoprovidesomepartialinformation.Thiswasusedintheassociation
testspresentedinSupplementaryTable4toensurethatthecomparisonofthe
highlycorrelatedmarkerswasdoneusingthesamenumberofindividuals.To
handleuncertaintieswithphaseandmissinggenotypes,maximumlikelihood
estimates,likelihoodratiosandPvaluesarecomputeddirectlyfortheobservedPP
data,andhencethelossofinformationowingtouncertaintyinphaseandmissing
genotypesisautomaticallycapturedbythelikelihoodratios.
Resultsfrommultiplecase-controlgroupswerecombinedusingaMantel-

Haenszelmodel20inwhichthegroupswereallowedtohavedifferentpopulation
frequenciesforallelesandforgenotypesbutwereassumedtohavecommon
relativerisks.
ForboththeCDKAL1andSLC30A8variants(rs7756992andrs13266634),we

didnotdetectanysignificantdifferencesinfrequenciesamongthediseasegroups
(seedescriptionoftheIcelandicstudypopulation)thatmakeuptheIcelandic
genome-widecontrolsets(P= 0.13and0.19,respectively).

Correctionforrelatednessofthesubjectsandgenomiccontrol.Someofthe
individualsinboththeaffectedandcontrolIcelandicgroupsarerelatedtoeach
other,causingtheχ2teststatistictohaveamean>1andmedian>0.6752.We
estimatedtheinflationfactorbycalculatingtheaverageofthe653,025χ2statis-
tics,whichwasamethodofgenomiccontrol5toadjustforbothrelatednessand
potentialpopulationstratification.Theinflationfactorswereestimatedas1.287
forallaffectedindividuals,1.204fornon-obeseaffectedindividualsand1.184
forobeseaffectedindividuals.Inadditiontoestimatingthecorrectionfactors
fortheteststatisticsusingthemethodofgenomiccontrol,wealsoapplieda
simulationmethodwheregenotypesaresimulatedthroughthegenealogyof
708,683Icelanders21.Specifically,thesimulationprocedureestimatesthecor-
rectionfactorthatisrequiredowingtotheknownrelatednessamongthestudy
participants.Basedon100,000simulateddatasets,theestimateswere1.211forall
affectedindividuals,1.157fornon-obeseaffectedindividualsand1.136forobese
affectedindividuals.Wewerenotsurprisedthatthecorrectionfactorsestimated
basedongenomiccontrolweresomewhatlargerthanthosebasedonsimulations
throughgenealogy,butitiscomfortingtousthatthedifferenceswerenotvery
substantial.Thiscomparisonshowsthatmostoftheadjustmentwasduetothe
relatednessoftheparticipants;however,thehigherestimatesfromthegenomic
controls indicatethatthere issomeadditionalcorrection(possiblyowingto
genotypingquality,missingdataorpopulationstratificationthat,althoughsmall,
isdetectableintheIcelandicpopulation)22.Wedofeelthattheestimatesbased
ongenomiccontrol,whenavailable,arethemostappropriateandconservative,
andhencewehaveusedthatinthepresentationinthepaper.

Quantitativeanalysis.Datafromoralglucosetolerancetestsonindividualsfrom
theDanishInter99studywereusedtocalculateinsulinsecretionascorrected
insulinresponse(CIR)usingthefollowingequation:(100×insulinat30min)/
(glucoseat30min×(glucoseat30min–3.89mmol))23,24.Insulinsensitivity
wasestimatedasthereciprocaloftheinsulinresistanceaccordingtothehomeo-
stasismodelassessment(HOMA):22.5/(fastinginsulin×fastingglucose)25.
TheassociationbetweenCIR(HOMA)andgenotypestatuswastestedusing
multipleregression,wherethelog-transformedCIR(HOMA)wastakenasthe
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responsevariable.Forthefullmodel,thetwoexplanatoryvariableswerethe
indicatorvariablesfortheheterozygouscarriersandthehomozygouscarriers
sothatthefittedcoefficientscorrespondedtotheestimatedeffectsforeachof
thetwogenotypicstatesrelativetothenoncarriers.Apartfromestimatedeffects,
standarderrorsandPvaluescalculatedforeachofthetwoexplanatoryvariablesPP
separately,atwo–degreeoffreedomPvaluebasedonanPP F-testwascalculatedto
testthenullmodel(nodifferenceamongallthreegenotypicstates)againstthe
fullmodel(SupplementaryTable6).Weadjustedforsex,ageandaffectionstatus
byincludingtheappropriatetermsasexplanatoryvariables.Forcomparison,
insulinsecretionwasalsocalculatedintheformoftheinsulinogenicindex24

(insulinat30min–insulinat0min)/(glucoseat30min–glucoseat0min),
yieldingcomparableresults.
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