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A bstract

Genome-wid e association stu d ies have previou sly id entified 23genetic lociassociated withcircu lating

fibrinogen concentration.These stu d ies u sed H apM apimpu tation and d id notexamine the X

chromosome.1000 Genomes impu tation provid es bettercoverage of u ncommon variants,and inclu d es

ind els.W e cond u cted agenome-wid e association analysis of 34 stu d ies impu ted to the 1000 Genomes

P rojectreference paneland inclu d ing~120,000 participants of E u ropean ancestry (95,8 06 participants

withd ataon the X chromosome).A pproximately10.7 million SN P s and 1.2 million ind els were

examined .W e id entified 41 genome-wid e significantfibrinogen lociof which18 were newlyid entified .

There were no genome-wid e significantsignals on the X chromosome.The lead variants of 5significant

lociwere ind els.W e fu rtherid entified 6 ad d itionalind epend entsignals,inclu d ing3rare variants,attwo

previou slycharacterized loci:FGB and IRF1 .Togetherthe 41 lociexplain 3% of the variance in plasma

fibrinogen concentration.
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Fibrinogen is acoagu lationfactorcru cialto clotformation,and an active regu latorof the inflammatory1

response (1).Itis astrongand established pred ictorof card iovascu lard isease,au toimmu ne d isord ers,and2

cancer(1-5).C ircu latingfibrinogen concentration has amod erate heritabilityof 34% to 46% (6-8 ).3

P reviou s genome-wid e association stu d ies (GW A S)have highlighted genetic lociinvolved in4

inflammatorypathways su chas the acu te-phase response and interleu kin 1 and 6 signalingas main5

d eterminants of fibrinogen concentration (9-13).6

The variance in fibrinogen concentration explained bygenetic lociid entified in these previou s7

GW A S is less than one tenthof its estimated heritability (11).Itis therefore likelythatpartof the8

heritability stems from genetic variants thatare notwelltagged by the single nu cleotid e polymorphisms9

(SN P s)fou nd in H apM ap,inclu d ingfu rthercommon,u ncommon,and rare SN P s,and othertypes of10

variants su chas insertions ord eletions (ind els).A d d itionally,partof the heritabilitycou ld be explained11

byvariants on the X chromosome,whichhas notpreviou sly been interrogated .12

To betterinterrogate the fu llrange of genetic variants,inclu d ingthose withlow minorallele13

frequ ency thatmay have been poorlytagged byH apM apvariants,we performed ameta-analysis of 3414

GW A S impu ted u sing1000 Genomes P rojectreference panels (14),inclu d ingthe X chromosome.W e15

performed ajoint/cond itionalanalysis to id entify ad d itionalind epend entsignals within known and new16

lociassociated withplasmafibrinogen concentration.1 7

1 8

Resu lts19

A u tosomalmeta-analysis20

P articipantcharacteristics in eachstu d yare shown in Su pplementaryTable 1,covariates ad ju sted forby21

eachstu d yare shown in Su pplementary Table 2,and genomic inflation factors are shown in22

Su pplementary Table 3.The meta-analysis of the au tosomes inclu d ed 9,492,263SN P s and 8 41,12823

ind els,of which4,354 SN P s and 420 ind els at41 lociwere genome-wid e significant.O f these,18 lociare24

new signals (Table 1),while 23have been associated withfibrinogen concentration bypreviou s GW A S25

(Table 2). A mong genome-wid e significant variants, 14 of 4,354 were rare (M A F ≤ 0.01), and  a fu rther 26
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47 7  were u ncommon (0.01 < M A F ≤ 0.05). The lead  variants of known locu s SN X1 3,and novelloci2 7

A TXN 2L ,GYS2,GIM A P 4,and IFT1 22were ind els.Separate Q Q plots of allau tosomalvariants,common2 8

variants,u ncommon variants,rare variants,SN P s,and ind els are shown in Su pplementaryFigu re 1.A29

M anhattan plotof allau tosomalvariants is shown in Su pplementary Figu re 2.A d d itionally,aM anhattan30

plothighlightingrare and u ncommon variants is shown in Su pplementaryFigu re 3.H eterogeneity I2 and31

P -valu es are shown in Su pplementaryTable 4.O nlyrs7 439150 atthe fibrinogen gene clu stershowed32

significantheterogeneity(I2:50.0,P -valu e:0.0004).Regionalplots are shown in Su pplementaryFigu re33

4,and forestplots are shown in Su pplementaryFigu re 5.A ssociations withrare variants were fou nd atthe34

two mostrobu stfibrinogen loci:the fibrinogen gene clu sterand the IRF1 locu s (lead variantannotated to35

C 5orf56).A ssociations withu ncommon variants were also fou nd atthese loci,as wellas atSP P L 2A and36

H N F4A .A tone known locu s (SN X 1 3)and fou rnew loci(IFT1 22,GIM A P 4,GYS2,and A TXN 2L )the lead37

variantwas an ind el.A teachof these locithere were also SN P s in linkage d isequ ilibriu m withthe ind el38

thatreached genome-wid e significance.C D 30 0 L F was the onlypreviou slyid entified locu s thatwas not39

represented amongou rsignificantresu lts.The previou slyreported lead variantin C D 30 0 L F,rs1051259740

(P -valu e:1.8 ×10-7 ), had  a smaller effect size (β: -0.006 ln(g/L )) than was previou sly reported  (β: -0.008  41

ln(g/L )).There was no strongevid ence of heterogeneity (I2:22.7 ,P -valu e:0.11).42

43

C onditionalanalysis44

Two loci(fibrinogen gene clu sterand IRF1 )harbored mu ltiple jointlysignificantvariants (Table 3).45

Forestplots of the ad d itionalvariants d iscovered throu ghcond itionalanalysis are shown in46

Su pplementary Figu re 6,and theirheterogeneityI2 and P -valu es are shown in Su pplementaryTable 5.A t47

the fibrinogen gene clu ster,five variants were jointly significant:the lead variantrs7 439150,an ad d itional48

common variantrs7 628 9367 ,and three rare variants,rs1507 68 229,rs6054,and rs148 68 57 8 2.49

rs148 68 57 8 2 showed significantheterogeneity(I2 =65.0,P -valu e =0.0004).A tthe IRF1 locu s three50

variants were jointlysignificant:the lead variant,rs2057 655,and two u ncommon variants,rs127 7 7 and51

5:1317 8 6964.O f the second ary signals,rs127 7 7 is in stronglinkage d isequ ilibriu m withapreviou sly52
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associated SN P ,rs1242111 (R2=0.8 ),while 5:1317 8 6964 is anew ind epend entsignal(R2 =0.0).The53

u ncommon variants nearSP P L 2A were notsignificantin the cond itionalanalysis.The u ncommon lead54

variantrs14127 2690 was onlymarginally significantin the primaryanalysis (P -valu e = 1.8 9×10 -8 ),so55

thateven asmallcorrelation withthe lead common variantrs12913259 (R2 =0.02)raised the P -valu e56

above the threshold in the cond itionalanalysis.57

58

X -chromosome meta-analysis59

The meta-analysis of the X chromosome inclu d ed 251,7 47 SN P s and 26,448 ind els.There were no60

genome-wid e significantvariants d etected on the X chromosome.This was tru e in bothsex-specific meta-61

analyses,and in the combined meta-analyses,irrespective of whetherthe sex-specific resu lts were62

combined u singinverse-variance weighted meta-analysis orsample size based meta-analyses.Q Q plots63

and M anhattan plots forthe X chromosome are shown in Su pplementaryFigu re 7 and 8 .64

65

Fu nctionalannotation66

Genome-wid e significantassociations withothertraits were fou nd for28 ou tof the 41 loci,of which1067

were associated withcholesterollevels,7 were associated withC -reactive protein,and 5were associated68

withplateletcou nt(Su pplementaryTable 5).O u tof the 41 lead variants,20 were associated withblood69

expression levels of one ormore neighboringgenes (Su pplementaryTable 6).N otably,rs1035559 at7 0

16q22.2 was exclu sivelyassociated withH P expression levels (P =9.8 ×10 -198 ),and rs7 2247 37 at17 q21.27 1

was exclu sivelyassociated withSTA T3expression levels (P =5.4×10 -12).O u tof the 41 lead variants 367 2

were available in H aploRegV 2.D etailed annotation of these variants as wellas 457 correlated SN P s is7 3

shown in Su pplementaryTable 7 .Eightof these SN P s are pred icted to influ ence the bind ingof miRN A s7 4

to transcripts of theirhostgene.Fu rtherinformation abou tthese SN P s and theireffecton miRN A bind ing7 5

is shown in Su pplementaryTable 8 .O f these eightSN P s,two were lead variants.First,the fibrinogen7 6

d ecreasingminorallele of lead variantrs7 15in the 3'-UTR of C P S1 is pred icted to create amiRN A7 7

bind ingsite formiR-3154.Second ,the fibrinogen increasingminorallele of lead variantrs6224634 in the7 8
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3'-UTR of L H FP L 4is pred icted to d isru ptthe bind ingsite of miR-67 61-3p.In bothcases pred icted7 9

su ccessfu lmiRN A -targetgene bind ingis associated withlowerfibrinogen concentration.8 0

8 1

V ariance explained8 2

In the W omen’s Genome H ealthStu d y,the lead variantatthe fibrinogen gene clu sterexplained 0.8 % of8 3

the variance,and allfive jointlysignificantvariants togetherexplained 1.6% of the variance.A t5q31.18 4

the lead variantexplained 0.2% of the variance,while allthree jointlysignificantvariants together8 5

explained 0.3% of the variance.The 47 ind epend ently significantvariants at41 lociexplained 3.0% of the8 6

variance in circu latingfibrinogen concentration.The variance explained bythe 23previou slyid entified8 7

lociwas 2.6%.8 8

8 9

D iscu ssion90

W e id entified 18 new au tosomallociassociated withcircu latingfibrinogen concentration in ind ivid u als91

of E u ropean ancestry,increasingthe variance explained from 2.6% to 3.0%.The smallincrease in the92

variance explained relative to the large nu mberof new lociis su ggestive of ahighly polygenic genetic93

architectu re.A ttwo loci(fibrinogen gene clu sterand IRF1 locu s)rare oru ncommon variants were jointly94

significantalongsid e common lead variants.In five cases the lead variantatan associated locu s was an95

ind el.There were no significantassociations on the X chromosome:this maybe resu ltof issu es specific96

to the X chromosome ratherthan the absence of relevantsignals.The mostimportantissu e is thatthe X97

chromosome is generallypoorlycovered bygenotypingarrays (15).98

Fou rof the 18 new lociimplicate inflammatorypathways notpreviou slylinked to fibrinogen.99

First,the septin gene family is represented attwo significantloci:SE P T7 at7 p14.2 and SEP T2at2q37 .3.1 0 0

P roteins from the septin gene familyform cage-like stru ctu res arou nd bacteriato facilitate au tophagy1 0 1

(16).The linkbetween these processes and fibrinogen concentration is u nclear.Second ,ou rresu lts also1 0 2

implicate genes from the GIM A P family,whichare stru ctu rallysimilarto septins (17 ).The signalat1 0 3

7 q36.1 appears to be d riven byone ormore genes from aclu sterof eightGIM A P genes,and the lead1 0 4
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variantis associated withblood expression levels of fou rof these.Throu ghtheirinvolvementin1 0 5

lymphocyte matu ration,these genes influ ence lymphocyte cou nts and d iversity,and therebyalso the1 0 6

inflammatoryresponse (18 ).Finally,the lead variantat16q22.2 is stronglyassociated withblood1 0 7

expression levels of the neighboringH P (P -valu e ≤ 9.8 ×10 -198 ),the gene encod inghaptoglobin.L ike1 0 8

fibrinogen,haptoglobin is an acu te-phase reactant.The association of rs1035560 withfibrinogen1 0 9

su ggests thatbesid es sharingu pstream regu lators,haptoglobin itself maybe involved in the regu lation of110

circu latingfibrinogen.111

Six of the new lociappearto be closelyrelated to STA T3,atranscription factorworking112

d ownstream of IL -6 thatu pregu lates the expression offibrinogen and otheracu te-phase proteins (19).A t113

17 q21.2,lead variantrs7 2247 37 (17 5kb from STA T3)was associated withSTA T3blood expression114

levels (P =5.4×10 -12).A t9q22.2,the lead variantrs3138 493lies u pstream of GA D D 45G.This gene is115

expressed in the liver,where ithas been shown to inhibitthe Tyr7 05phosphorylation of STA T3(20).A s116

Tyr7 05phosphorylation of STA T3allows itto d imerize and move into the nu cleu s,itis essentialforthe11 7

u pregu lation of STA T3targets like the fibrinogen genes.A t10q26.13,the lead variantrs2420915is an11 8

intergenic SN P close to FGFR2.O ver-expression of FGFR2,orthe related FGFR1 is requ ired forthe119

Tyr7 05phosphorylation of STA T3(20).A t19q13.33,the lead variantrs7 3058 052 is associated with120

blood expression levels of IRF3.A fteractivation in response to viralinfection,IRF3enables the121

expression of type Iinterferons IN FA and IN FB ,lead ingto the u pregu lation of STA T3(21,22).122

Fu rthermore,ou rresu lts pointtoward s two SH 2B ad aptorproteins implicated in STA T3signaling.A t123

12q24.12,the lead variantrs7 310615was associated withblood expression levels of SH 2B 3.Using124

immortalized B lymphoblastoid celllines,aloss of the SH 2B 3protein was accompanied by increased125

STA T3phosphorylation (23).A t16p11.2,lead variant16:28 8 45027 lies close to SH 2B 1 .  The β variant 126

of SH 2B 1 appears to form acomplex withSTA T3,allowingSTA T3to cross throu ghthe membrane into12 7

the nu cleu s as an alternative to STA T3d imerization (24).C ollectively,these find ings su ggestthatawid e12 8

range of d istu rbances to STA T3mayaffectcircu latingfibrinogen concentration.129

In ad d ition to STA T3,ou rresu lts highlightH N F4A ,anothertranscription factorknown to130
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regu late fibrinogen gene expression.The association between lead variantrs18 00961 and circu lating131

fibrinogen has been previou slybeen d escribed byW asseletaland H u fman etal(12,25).rs18 00961 is a132

nonsynonymou s cod ingvariantthathas been shown to d ecrease H N F4A expression in vitro (26).133

The majorityof rare and u ncommon variants associated withfibrinogen concentration were fou nd134

atlociwithcommon variantsignals.O nlythe signalatH N F4A was led by an u ncommon variant,and no135

signals were led by rare variants.C ond itionalanalysis su ggests thatthere are two second ary signals atthe136

IRF1 locu s led byu ncommon variants,and three second arysignals nearthe fibrinogen gene clu sterled by137

rare variants.The u ncommon variants thatwere significantnearSP P L 2A were notsignificantin the138

cond itionalanalysis,bu tthe linkage d isequ ilibriu m withthe lead common variantwas verylow.O u r139

resu lts su ggestthatcommon and rare variantsignals are often ind epend entof eachother,and d o not140

su pportthe hypothesis thatassociations withcommon variants are synthetic associations merelyreflecting141

linkage d isequ ilibriu m withrare variants (27 ,28 ).142

A bsolu te effectsizes of significantvariants ranged from 0.005to 0.033ln(g/L )amongcommon143

variants,0.013to 0.08 7 ln(g/L )amongu ncommon variants,and 0.036 to 0.254 ln(g/L )amongrare144

variants.D espite theirsmalleffectsize,common variants have helped d iscoverbiologicallyrelevant145

fibrinogen loci.Therefore,the complete lackof overlapbetween the effectsizes ofsignificantcommon146

and rare variants su ggests thatfu rtherrare variants withsmallereffectsizes are likelyto existatimportant147

and possiblyu nknown fibrinogen loci.W hile the rare variants withlarge effects we fou nd were limited to148

the two mostimportantfibrinogen loci,rare variants withmod erate effects may be more wid espread .149

W hen consid eringnotonlythe primarysignalatthe fibrinogen gene clu ster,bu talso the fou r150

ad d itionalsignals the variance explained by the locu s d ou bles from 0.8 % to 1.6%.Two of these151

ad d itionalsignals are d riven byrare non-synonymou s exonic variants (rs6054 and rs148 68 57 8 2)with152

very large effect sizes (β=-0.12 and  β =-0.21 ln(g/L ) respectively). The association between rs6054 and  153

fibrinogen has been d escribed earlierin acand id ate gene stu d y(12),and rs148 68 57 8 2 (also known as154

γA la8 2Gly) has previou sly been reported  as a cau sal variant for mild  congenital hypofibrinogenaemia 155

(29-31).Fu rthermore,in apreviou s stu d ywe examined exome-wid e genotypes u singexome arrays and156
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id entified ind epend entassociations of bothrs6054 and rs148 68 57 8 2 withfibrinogen (25).In the present157

stu d y,however,two fu rthervariants,rs14047 38 7 9 and rs14923448 4,are in stronglinkage d isequ ilibriu m158

withrs148 68 57 8 2 and tagthis signal.These variants are intergenic,bu teachchanges severalregu latory159

motifs.Thu s,the id entification of rs148 68 57 8 2 as acau salvariantis notconclu sive.160

Strengths of this stu d yinclu d e the u se of alarge ethnicallyhomogenou s sample,and coverage of161

previou slyu nexamined u ncommon and rare variants,ind els,and variants on the X chromosome.A tthe162

same time,the lackof ethnic heterogeneitymay also be alimitation,as inclu d ingd ifferentethnicities can163

helpnarrow d own the association signalto asmallerregion (32).This stu d yhas otherlimitations that164

shou ld be acknowled ged .To mosteffectivelyu se the available d ata,we u sed all34 stu d ies in the165

d iscoverysample (33).The resu lts have thu s notbeen replicated .N evertheless,the consistentassociation166

of these lociacross the 34 stu d ies and the strictB onferronicorrection enforcinga5% false d iscoveryrate167

ensu re thatessentiallyallofthe locirepresenttru e associations.A second limitation is thatan168

approximation based on meta-analysis su mmaryd atawas u sed to id entifyad d itionalind epend ently169

associated variants atthe id entified lociratherthan astepwise cond itionalanalysis u singind ivid u al-level1 7 0

d ata.D ifferentmethod s were u sed to measu re plasmafibrinogen across the stu d ies:ED TA orcitrate1 7 1

plasmasamples were u sed ,and avariety of assays were u sed (34).W hile the association between1 7 2

fibrinogen and card iovascu lard isease has previou slybeen shown to be ind epend entof assaytype,the1 7 3

genetic etiologyof fibrinogen mayd ifferacross assaytypes (35).H owever,to minimize the impacton ou r1 7 4

resu lts,stu d ies thatu sed mu ltiple assays to measu re fibrinogen performed theiranalyses stratified bythe1 7 5

assay.1 7 6

Finally,ou rabilityto attribu te these signals to cau salgenes remains limited .Foreachlocu s we1 7 7

reported the gene closestto the lead variant,bu tproximityalone is notstrongevid ence thatagene is the1 7 8

u nd erlyingcau salgene.Thu s,we also reported the genes whose expression levels in blood were most1 7 9

stronglyassociated withthe lead variant,and we reported genes withnonsynonymou s exonic variants in1 8 0

highlinkage d isequ ilibriu m withthe lead variant.B ased on blood expression levels,some signals were1 8 1

characterized byasingle promisingcand id ate cau salgene,bu tothersignals were associated witheither1 8 2
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no cand id ate cau salgenes,ormore than one.Fu rthermore,genetic variants can have effects on the1 8 3

expression of mu ltiple genes across d ifferenttissu es,and these effects can be tissu e specific.1 8 4

W e id entified 41 locithatcollectivelyexplain 3% of the variance in plasmafibrinogen1 8 5

concentration.O f these loci,18 had notbeen id entified previou slythrou ghGW A S.The new loci1 8 6

emphasize the importance of STA T3to fibrinogen regu lation,and highlightseveralnew potential1 8 7

pathways thatshou ld be experimentally confirmed .The u se of 1000 Genomes P rojectimpu tation1 8 8

increased ou rabilityto assess the role of u ncommon variants,resu ltingin an in d epthcharacterization of1 8 9

the two mostimportantfibrinogen loci.190

191

M aterials and M ethods192

Stu dy sample193

This meta-analysis was cond u cted within the frameworkof the C ohorts forH eartand A gingResearchin194

Genetic Epid emiology(C H A RGE)consortiu m (36).The stu d ysample consists of 34 stu d ies with195

120,246 ind ivid u als ofE u ropean ancestry.12 stu d ies with25,453participants were notinclu d ed in the196

previou s fibrinogen GW A S (11).Fibrinogen concentration was measu red in citrated orED TA plasma197

samples u singavariety of method s inclu d ingthe C lau ss method ,immu nonephelometric method s,198

immu notu rbid imetric method s,and prothrombin time d erived method s as d escribed in Su pplementary199

Table 1 and the Su pplementaryM ethod s,whichfu rtherd escribe the stu d ies.A llstu d ies were approved by2 0 0

appropriate researchethics committees and allrespond ents signed informed consentpriorto participation.2 0 1

2 0 2

Genotypingand impu tation2 0 3

Genotyping,pre-impu tation qu ality control,impu tation,and analysis method s are presented in2 0 4

Su pplementary Table 2.A llstu d ies impu ted variantd osages u singreference panels from the 10002 0 5

Genomes P rojectu singM A C H orIM P UTE (14,37 -39).The phase Iversion 3reference panelwas u sed2 0 6

byallstu d ies excepttwo,whichu sed the phase Iversion 2 reference panel.B efore meta-analysis,we2 0 7

exclu d ed variants withM A C H impu tation qu ality<0.3orIM P UTE impu tation qu ality<0.4,and2 0 8
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variants witheffective minorallele cou nt(minorallele cou nt×impu tation qu ality)<10.These filters2 0 9

were applied atthe levelof ind ivid u alstu d ies.B ecau se we wanted to focu s onlyon those variants that210

passed these filters in alarge proportion of the stu d ies,we ad d itionallyexclu d ed variants withatotal211

sample size of less than half of the maximu m sample size atthe meta-analysis level.212

213

A u tosomalassociation analysis214

P lasmafibrinogen concentration was converted to g/L and natu rallogtransformed .A llstu d ies ad ju sted215

forage and sex.W hen necessary,analyses were also ad ju sted forstu d y-specific covariates,su chas center216

orcase/controlstatu s.In family stu d ies,linearmixed mod els were u sed to accou ntforfamilystru ctu re.21 7

A nalyses were ad ju sted forprincipalcomponents to accou ntforpopu lation stru ctu re and cryptic21 8

related ness.These ad ju stments are shown in Su pplementary Table 2.To accou ntforremaining219

stratification,we applied agenomic controlcorrection to the resu lts of eachof the stu d ies before meta-220

analysis.W e u sed an inverse-variance mod elwithfixed effects implemented in M ETA L to meta-analyze221

association resu lts (40).H eterogeneitywas assessed u singI2 and correspond ingP -valu es.222

A s proposed byH u angetal,variants withP -valu es lowerthan 2.5×10 -8 were consid ered genome-223

wid e significant(based on aB onferronicorrection for2,000,000 tests)(41).Significantvariants were224

assigned to lociin ord erofascend ingP -valu e.A variantwas assigned to anew locu s when there were no225

significantvariants within 500 kb of itbelongingto apreviou slyd efined locu s.V ariants were annotated226

to genes u singA N N O V A R version 2013M ar07 (42).22 7

2 2 8

X -chromosome associationanalysis229

O f the 120,246 participants,95,8 06 had impu ted d ataon the X chromosome.D osages of variants on the X230

chromosome were cod ed as [0,2] in men and [0,1,2] in women.This wayone allele in men has the same231

valu e as two alleles in women.Thu s,we assu me fu llinactivation of one of the two X chromosomes in232

women.V ariants in the pseu d o-au tosomalregion were exclu d ed .A nalyses of the X chromosome were233

stratified by sex in eachstu d y,and the stu d ies then were meta-analyzed separatelyformen and women234
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u singan inverse-variance mod elwithfixed effects (40).W e then combined the sex-specific meta-analysis235

resu lts forvariants on the X chromosome u singbothan inverse variance weighted mod elwithfixed236

effects and asample-size weighted mod elbased on P -valu es and effectd irection.The sample-size237

weighted mod eld oes nottake the effectsize into accou nt,and thu s mayworkbetterwhen there are238

d ifferenteffects in men and women (43,44),as can happen when there is incomplete inactivation in239

women.240

241

C onditionalanalysis242

Some locimayharbormu ltiple ind epend entvariants thataffectfibrinogen (11,45).To pu tativelyid entify243

these jointlysignificantvariants,we u sed an approximate method forcond itionaland jointanalysis u sing244

meta-analysis su mmarystatistics implemented in GC TA (46,47 ).The method consists of agenome-wid e245

stepwise selection proced u re selectingvariants accord ingto theircond itionalP -valu es and ,afterthe246

mod elhas been optimized ,the estimation of the jointeffects of the selected variants.This method247

d epend s on areference panelto estimate linkage d isequ ilibriu m patterns between variants.W e u sed best-248

gu ess impu tation forvariants withimpu tation qu ality>0.3in 5,7 33u nrelated ind ivid u als from the249

Rotterd am Stu d yas the reference panel(48 ).A d escription of the Rotterd am Stu d yis given in the250

Su pplementary M ethod s.251

252

Fu nctionalannotation253

Foreachlocu s,we searched the N ationalH u man Genome ResearchInstitu te GW A S catalogforgenome-254

wid e significantassociations withothertraits within 100kb of the lead variant(49).W e u sed the B lood255

eQ TL browser,apu bliclyavailable d atabase,to examine whetheranylead variants,ortheirmost256

correlated H apM approxy(withR2 >0.8 ),were associated withexpression levels of nearbygenes in257

blood .Resu lts from the blood eQ TL browserare based on non-transformed peripheralblood samples258

from 5,311 ind ivid u als withreplication in 2,7 7 5ind ivid u als (50).Foreachlead SN P and its highly259

correlated neighbors (withR2 >0.9),we u sed H aploRegV 2 to d etermine the levelof conservation,260
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association withgene expression in arange oftissu es inclu d ingthe liver,and anyoverlapwithEN C O D E261

transcription factorbind ingsites,and D N A se-hypersensitive,promoter,and enhancerregions in variou s262

celltypes (51,52).Fu rthermore,we d etermined the overlapof these SN P s withmicroRN A s and263

microRN A bind ingsites (see Su pplementary M ethod s)(53-55).264

265

V ariance explained266

In the W omen’s Genome H ealthStu d y,the largestcontribu torto the meta-analysis,we compu ted a267

weighted genetic riskscore based on the lead variants ateachgenome-wid e significantlocu s,as wellas268

anyjointlysignificantvariants id entified in the cond itionalanalysis (56).A d escription of the W omen’s269

Genome H ealthStu d y is given in the Su pplementaryM ethod s.B etacoefficients from the genome-wid e2 7 0

association meta-analysis inclu d ingallstu d ies were u sed as weights,exceptin lociwithmu ltiple jointly2 7 1

significantvariants.Forvariants atthese loci,jointbetacoefficients were obtained from the cond itional2 7 2

analysis.The genetic riskscore was compu ted as the su m of the weighted variants d osages.The variance2 7 3

in fibrinogen concentration explained was estimated u singalinearregression mod el.A d d itionally,for2 7 4

anylociwithjointly significantvariants we compared the variance explained bythe lead variantto the2 7 5

variance explained bythe jointlysignificantvariants.W e were notable to d irectly compare ou restimate2 7 6

of the variance explained to previou s estimates,as these had been compu ted in d ifferentpopu lations and2 7 7

were ad ju sted forage and sex.Thu s,we re-calcu lated the variance explained withou tad ju stmentforage2 7 8

and sex.Forthis we u sed H apM ap-impu ted d osages of the ind epend ently associated SN P s reported by2 7 9

Sabater-L lealetal(11).Since the variance explained is estimated on the basis of imperfectly impu ted2 8 0

d osages,we expectou restimates to be slightly lowerthan if theywere based on measu red genotypes.2 8 1

2 8 2
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Tables

Table 1:A ssociation of the lead variants at18 newlyid entified lociwithnatu rallogtransformed plasmafibrinogen concentration (g/L ).

L ocu s V ariant P osition C losestGene eQ TL N S Y N variants A 1/A 2 Frequ ency β P-valu e

2p25.3 rs7 58 8 28 5 3648 18 6 C O L E C 1 1 C /G 0.20 0.00 7 4 1.2×10 -08

3p25.3 rs62246343 9543642 L H FP L 4 T/C 0.17 0.00 7 1 2.2×10 -08

3q21.1 rs197 67 14 1228 647 7 1 P D IA 5 T/G 0.35 -0.0055 2.3×10 -08

3q21.3 3:129228 166 129228 166 IFT1 22 RP L 32P 3 D /R 0.10 0.009 1.0×10 -08

7 p14.2 rs27 10 8 04 360 8 4529 EE P D 1 C /T 0.37 0.0055 2.9×10 -09

7 q36.1 7 :15028 9652 15028 9652 GIM A P 4 GIM A P 4 D /R 0.21 -0.00 7 3 9.3×10 -11

8 p23.1 rs7 0128 14 917 3358 L O C 1 57273 A /G 0.47 0.0060 2.1×10 -10

9q22.2 rs3138 493 92219260 GA D D 45G SEM A 4D T/C 0.48 -0.0054 2.5×10 -09

10q23.31 rs2250644 9100 8 8 7 9 L IP A T/C 0.33 0.0054 2.2×10 -08

10q26.13 rs2420915 1228 4027 7 M IR5694 W D R1 1 A /G 0.09 -0.0094 5.2×10 -09

11p12 rs7 934094 435057 0 7 TTC 1 7 G/T 0.22 -0.00 8 3 2.5×10 -13
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12p12.1 12:217 03935 217 03935 GYS2 R/D 0.37 0.0062 8 .4×10 -09

12q24.12 rs7 310615 1118 65049 SH 2B 3 SH 2B 3 SH 2B 3 C /G 0.50 -0.0069 1.5×10 -13

15q15.1 rs567 0297 7 4267 1308 C A P N 3 ZFP 1 0 6 A /G 0.13 0.00 8 0 2.1×10 -09

16p11.2 16:28 8 45027 28 8 45027 A TXN 2L TUFM D /R 0.39 0.0061 7 .7 ×10 -10

16q22.2 rs1035560 7 20327 30 P KD 1 L 3 H P C /T 0.40 0.0064 2.6×10 -12

17 q21.2 rs7 2247 37 4028 9364 RA B 5C STA T3 H SP B 9 A /G 0.24 0.0061 6.1×10 -09

19q13.33 rs7 3058 052 50099422 P RR1 2 IRF3 P RRG2 T/C 0.16 0.00 7 4 2.0×10 -08

A bbreviations:eQ TL ind icates the gene withthe strongestsignificantassociation between its expression levels in blood and the lead variantorits

proxy.N SY N variants ind icates genes containingnonsynonymou s variantcorrelated to the lead variant(R2 >0.9).A 1 ind icates the cod ed allele.

A 2 ind icates the other allele. Frequ ency is the frequ ency of the cod ed  allele. β ind icates the β coefficient ad ju sted  for age, sex, popu lation 

stru ctu re, and  stu d y-specific covariates, su ch as center or case/control statu s. The β coefficient can be interpreted  as the ln(g/L ) change in 

fibrinogen per1 u nitchange in the d osage of the cod ed allele.
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Table 2:A ssociation of the lead variants at23known lociwithnatu rallogtransformed plasmafibrinogen concentration (g/L ).

L ocu s V ariant P osition C losestGene eQ TL N S Y N variants A 1/A 2 Frequ ency β P-valu e

1p31.3 rs18 92534 66105944 L E P R T/C 0.38 -0.00 7 3 4.3×10 -15

1q21.3 rs618 12598 1544200 8 7 IL 6R IL 6R A /G 0.39 -0.0115 2.7 ×10 -36

1q44 rs10157 37 9 247 605599 N L RP 3 N L RP 3 C /T 0.38 -0.0103 6.3×10 -29

2q12 rs1558 643 1027 31691 IL 1 R1 T/C 0.40 0.0058 3.1×10 -10

2q13 rs67 34238 1138 41030 IL 1 F1 0 IL 1 RN G/A 0.41 0.0106 6.7 ×10 -30

2q34 rs7 15 211543055 C P S1 C P S 1 C /T 0.32 -0.00 8 2 4.3×10 -16

2q37 .3 rs5910458 9 242237 902 H D L B P STK25 T/C 0.34 -0.00 8 3 8 .2×10 -19

3q22.2 rs98 408 12 1358 43162 P P P 2R3A P C C B C /T 0.23 0.0117 1.7 ×10 -27

4p16.3 rs5995028 0 3452345 H GFA C A /G 0.34 0.00 7 5 1.7 ×10 -12

4q31.3 rs7 439150 15548 1541 FGB FB G A /G 0.20 0.0313 9.5×10 -18 1

5q31.1 rs2057 655 1318 0 7 624 C 5orf56 SL C 22A 4 A /G 0.21 -0.0203 1.8 ×10 -7 3

7 p21.1 7 :17 904452 17 904452 SN X1 3 R/D 0.48 0.0067 1.3×10 -13
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7 p15.3 rs7 152038 6 228 53521 TO M M 7 T/C 0.20 0.0066 5.1×10 -09

8 q24.3 rs117 8 097 8 1450348 52 P L E C GRIN A A /G 0.40 0.0059 5.5×10 -10

10q21.3 rs7 9168 68 6498 8 931 JM JD 1 C A /T 0.49 0.00 8 9 1.6×10 -22

11q12.2 rs11230201 59996994 M S4A 6A M S4A 6A G/C 0.41 -0.0057 4.5×10 -10

12q13.12 rs27 31439 51060350 D IP 2B D IP 2B T/C 0.36 -0.0064 8 .7 ×10 -12

14q24.1 rs367 67 7 6927 3090 ZFP 36L 1 G/A 0.22 0.00 7 7 1.8 ×10 -12

15q21.2 rs12913259 510147 16 S P P L 2A T/C 0.30 -0.0068 2.3×10 -12

16q12.2 rs118 59517 5318 1247 C H D 9 T/C 0.29 -0.00 7 4 8 .9×10 -14

20q13.12 rs18 00961 43042364 H N F4A H N F4A T/C 0.03 -0.017 0 1.2×10 -10

21q22.2 rs98 0 8 651 40466468 P SM G1 A /G 0.27 -0.0095 2.5×10 -20

22q13.33 rs7 5347 8 43 51112361 SH A N K3 A RSA A /G 0.19 0.00 8 4 1.8 ×10 -10

A bbreviations:eQ TL ind icates the gene withthe strongestsignificantassociation between its expression levels in blood and the lead variantorits

proxy.N SY N variants ind icates genes containingnonsynonymou s variantcorrelated to the lead variant(R2 >0.9).A 1 ind icates the cod ed allele.

A 2 ind icates the other allele. Frequ ency is the frequ ency of the cod ed  allele. β ind icates the β coefficient ad ju sted  for age, sex, popu lation 

stru ctu re, and  stu d y-specific covariates, su ch as center or case/control statu s. The β coefficient can be interpreted  as the ln(g/L ) change in 
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fibrinogen per1 u nitchange in the d osage of the cod ed allele.
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Table 3:Joint/cond itionalassociation of 8 variants at2 lociwithnatu rallogtransformed plasmafibrinogen concentration (g/L ).

L ocu s V ariant P osition C losestGene A nnotation A 1/A 2 Frequ ency β P-valu e Joint β JointP-valu e

4q31.3 rs7 439150 15548 1541 FGB intergenic A /G 0.205 0.0313 9.5×10 -18 1 0.0259 1.9×10 -92

4q31.3 rs150 7 68 229 15548 8 301 FGB intronic C /A 0.009 -0.0458 6.4×10 -12 -0.038 5 9.3×10 -09

4q31.3 rs6054 15548 960 8 FGB N SY N T/C 0.005 -0.1228 2.4×10 -53 -0.1222 4.9×10 -52

4q31.3 rs148 68 57 8 2 155533035 FGG N SY N C /G 0.005 -0.2239 1.2×10 -8 7 -0.217 9 4.0×10 -8 2

4q31.3 rs7 628 9367 155546159 FGG intergenic G/T 0.148 0.0263 2.0×10 -7 6 0.0109 1.6×10 -11

5q31.1 rs127 7 7 13167 1662 SL C 22A 4 SY N G/C 0.044 0.0240 9.3×10 -27 0.020 7 6.9×10 -21

5q31.1 5:1317 8 6964 1317 8 6964 C 5orf56 ncRN A I/R 0.015 -0.0543 2.5×10 -14 -0.0428 2.0×10 -09

5q31.1 rs2057 655 1318 0 7 624 C 5orf56 ncRN A A /G 0.20 7 -0.0203 1.8 ×10 -7 3 -0.018 8 1.9×10 -64

A bbreviations:A 1 ind icates the cod ed allele.A 2 ind icates the otherallele.Frequ encyis the frequ ency of the cod ed allele.N SY N ind icates a

nonsynonymou s exonic variant. SY N  ind icates a synonymou s exonic variant. β ind icates the β coefficient ad ju sted  for age, sex, popu lation 

stru ctu re, and  stu d y-specific covariates, su ch as center or case/control statu s. Joint β ind icates the β coefficient of the jointly significant variants, 

ad ju sted  for the above and  for each other. A ll β coefficients can be interpreted  as the ln(g/L ) change in fibrinogen per 1 u nit change in the d osage 

of the cod ed allele.


