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ABSTRACT

This article presents a comparison between pathway analysis of all single nucleotide
polymorphisms (SNPs) and tag SNPs from genome-wide association studies. Seven case-control
datasets from genome-wide association studies of seven complex diseases investigated by the
Wellcome Trust Case Control Consortium were used to form benchmark suites. A SNP was chosen to
represent each gene where the chosen criterion was based on the maximisation of Cochran-Armitage
trend test statistics. Although Cochran-Armitage trend tests were performed on all SNPs, the test
statistics of tag SNPs selected by Tagger were also assigned to their tagged SNPs. GSEA-SNP, which is an
extension of gene set enrichment analysis (GSEA), was the chosen pathway analysis technique.
Signalling pathways from the Kyoto Encyclopedia of Genes and Genomes (KEGG) were the targets for

association detection. Overall, the pathway analyses of all SNPs were similar to those of tag SNPs.
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Tsndudounindu egdlsfinn n1sAnwianuduiusiedluudosinnsmuiteyaad (Single Nucleotide
Polymorphism 138 SNP) s1ususnnuagldinisiesieifiusiug
%agaaﬁﬂmn International HapMap Project (The International HapMap Consortium, 2005) ¥111%
MssenuuUaUEY (SNP Chip) dmsunsnamuduiusnaiunduldly mssenuuuaiuivausouwdaduaes
3% 18un mssenuuvaduivineandeatimeuarMssenuuvaiudinsondeaiusnun (Tag SNP) nMseeniuy
afvdvlasordoaiuiameldnunmnadutoyailulndlunsdndenatiy dmalideyaatufildanaiudud
Snunuznazeluilun (Genome) at1sdu foghaesaliuduildsunsseniuudeisdfeatiuduun 111,000
waz 500,000 aduvas Affymetrix luymemssiudnu nseenuuuaivivlnsadoaiufuwmeadlanmzaiufunud
Wuadufidanduius (Corelation) ndaaulsiaunanisidoules (Linkage Disequilibrium) Auaiufifiduny
(Tagged SNP) dunalvidegaatiuildanaduiuslavduiusiutoyaaduilsildmnaduiu fethmesadudviildsu
M3eBNUUUAE IS HRpatUTUIIA 317,000 uay 555,000 allves llumina (Wallace et al, 2007)
m{imeﬁsﬁamaaﬁ'ﬂmﬂmiﬁﬂmmmé’uﬁ’uéﬂu’ﬁ‘iummmmﬂixﬁﬂmstﬁLm%uﬂ%y’aammml,mm
s (Single-Locus Analysis) tag msneiediasraneiumlaiics (Multi-locus Analysis) (Heidema et al., 2006;
Lewis, 2002; Montana, 2006) msiasziadsaznisumidisalumsinseiilbidudeusaznansinsswily
frnudne egdlsfinnn mylnseindmenilwhumidisamnraudmsunsddeiuiiduiusiulsadudeusing
& (Main Effect) w3 enand wiumiaiidauuuveu (Marginal Single-Locus Effect) wiiiu dadndasananasilna
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AINAMTIF WA LANITIATIENATIAE NANAAUTH G IU1509 599U NAWR @ (Epistasis) (Van Steen, 2012;
Wongseree et al., 2009) AUANHUUANNIIRUENTTU (Genetic Heterogeneity) (Setsirichok et al., 2013) Uagka

usUlUalnd (Haplotype Effect) (Epstein, Satten, 2003) aeiglsAna ns1AsIEiaSarnanefumleiidedadd
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vanemAdAM TR URRdmMSUMsAnm A EITuS R S UnstRuanmATiANS ALt
VIVRRdmSUMTIATEinsuanI00nUe3E (Gene Expression Analysis) (Wang et al., 2010) GSEA-SNP tJumdidly
waliaand 1 (Holden et al, 2008) Tne GSEA-SNP T¢Sumsianannmadiansiasizinsldunnivananves
84U (Gene Set Enrichment Analysis %138 GSEA) (Subramanian et al., 2005) muunfuan %aaqgamsl,l,amaaﬂﬂua@uﬁ
nnuiaemvaddngy (Probeset) wowfesdmsumsiiduiumumidulumsinneilaeld GseA dadutoyaaiy
flgmnviaiviafismedmiumstidusunumidulunmsinseilagld GSEA-SNP
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mslieneiteyaaiuannisfnwarmduiusiiodluslugiudoyaansismy 1wy Database of Genotypes and
Phenotypes (dbGaP) (National Center for Biotechnology Information, 2021) TngLanie ij aldafuidauin
317,000 wag 555,000 afivves Ilumina Tumsiivdeyadlulnd Lﬁaqam%’agaaﬁﬂﬁlﬁmaaﬁﬂ%ﬂmaa Ilumina &
anduusfudeyaatuililfnadududsiinandrsi
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msfinamudiiusitasiuy deyaililumauieudeuiedeyaanmsfnuaruduiusfsdluslag Wellcome
Trust Case Control Consortium (WTCCC) ?finmiLﬁu%gaﬁiuiwﬂ%aﬁﬂ%ﬂmmm 500,000 @tluves Affymetrix (The
Wellcome Trust Case Control Consortium, 2007) aiawaiﬁlﬁ%agaaﬁﬂ%aﬁé’nwmzmszma’tu%‘ﬂuuaﬂwejm o
msdmdenadusunuanaiufmundsnsesinlagld Tagger (de Bakker et al, 2005) Seiignwarlsunnsneein
mafdenativdmiumsesnuuualivivves llumina Mslnseiuwialagliteyaatiuimunuasdeyaaiy
FunuannsAnuanud RS uunsesilagld GSEASNP uwid (Pathway) fiavlafieumitnislddaa
(Signalling Pathway) 210 Kyoto Encyclopedia of Genes and Genomes (KEGG) (KEGG: Kyoto Encyclopedia of
Genes and Genomes [KEGG], 2021)
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wadayauaznsiansdoya

wndoyaiildReidnendoyandunsid-ngunlunu (Case-Control Dataset) anmsAnuALduusss
Flunvesialsndutoulng WTCCC wiaziwndoyausenaumesiiog 1angunsal (Case Sample) anyanatdulsn
(Affected Individual) Tuansenandnsdaduniishuialsadudou WWun Tsnersualaesta (Bipolar Disorder 3o

BD) lsanasnidonundlalsuns (Coronary Artery Disease %38 CAD) lsalasiiu (Crohn’s Disease %38 CD) ANuAY
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%a%@ga NBS 58C BD CAD Cch HT RA T1D T2D

TIUIUAIDEN 1,458 1,480 1,868 1,962 1,748 1,952 1,860 1,963 1,924

\dongs (Hypertension w3e HT) lsadadniausuiness (Rheumatoid Arthritis 130 RA) tumueiiadi 1 (Type 1
Diabetes ¥io T1D) waztuwnueind 2 (Type 2 Diabetes 138 T2D) uenani wiaziwntoyauseneuniufiag
nguAIUAL (Control Sample) nyaaaliildulsn (Unaffected Individual) fegnanguniuauusenauiiesiiegns
MAmheunsdonaniivetaning (UK Blood Services 3o NBS) uazshegnsnnyanaiifnluavsvenandnslu
U A.A. 1958 (1958 British Birth Cohort de 580) S1uushegwesisaesngulsagulumsid 1

nndeyall 469,612 alu maiudeyailulndldaidudyu Affymetrix GeneChip Human Mapping 500K
Array Set %’ayja%‘ﬂﬂmﬂB\humimUQmmmW‘[m WTCCC (The Wellcome Trust Case Control Consortium, 2007)
uneniiavlaiamyaiuddiianuiidautes (Minor Allele Frequency 3o MAF) lusf g sngumunuinnid
wsawiniu 0.05 LLazmmimzqsﬁwLmﬂﬂuﬁuﬂﬁﬂ’]ﬁu Fedawalianunsodwanan r2 (Hill, Robertson, 1968)
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Fulteuluudvdeaiudmsunsvinaesimn 367,623 @l

nsAadenaluAumulaely Tagger

Tagger Wulusunsudwsumsandenaludunulaglildudenvessulualnd (Haplotype Block-Free
Approach) (de Bakker et al,, 2005) Tagger a@unsafnidonatuiunulasnisiatsananduiussyninedada
(Allele) vasgaiy nsdndenaduiunmildtunerizasiuy (Greedy Algorithm) Fenden 12 dinsunisesune
alslaunanadeslessswingaiiu suneuiasluudususomessyatiuiusdsuuatiudeles (Linked
SNP) AuadiufanangegalagdaannTaEudeu r2 (-2 Threshold) afUfuniuazaiudonlomesatuiumuil
wldsumsrulflundwaudety (Partiion) Sfatugilumaudsiuiadeulosfuatuiivielunautsiu udratud
wduatuiumututy egndlsfinnu niladusumuiomod wiunimautsiy andudureritadluvazey )
afUfummnaiuivdeludnuasientu ddaivddidelsstuaivdu udratudesduadusunmdsegluse
wUsumBeR L4 (Carlson et al, 2008) luunanil szosmsgeanasviadudmiunmsaiuine 2 fo 500
Alalua (Kilobase)
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MIsnNAARULITIBBIReATIL-015 0 (Cochran-Armitage Trend Test Wio CA Trend Test) 1unilsly
msvagoulsaATlisumlomnniaalunsAnumanudiusyeiugnssy (Sasieni, 1997) insaaadoya
naunsal-naumuANddis e lulnIfadufwandumsed 2 Aadanaaeuinliudssmonsiu-
9158113 (Cochran-Armitage Trend Test Statistic) #39 T, @mnsaiionulag
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. . R(N-R) Nz%zonixiz— (Zl‘zzo n,-xi) . .
e x; \Dudadsumind mnsudlulnd i awwuudiaemiaiugnssy (Genetic Model) Riawlaluumanui laun

Tca (1)

LUUINRBIA NWaIEUIN (Additive Model) kuudiasdanuaziay (Dominant Model) bagwuUINanIa NwiLn oe

(Recessive Model) Minadauninltuidssnonsnu-s15amalddanasinmin xo = 0, x; = 1 Uag X, = 2 @ 1U5U
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anuz wugUnlalulelng wwelslalng Wugnatelelulelng Iuuiiegs
(Homozygous (Heterozygous (Homozygous
Wild-Type Genotype) Genotype) Variant Genotype)
ﬂzjllﬂiﬂj 1) m T
GEGRMTH So S S, S
ﬁgwm ngy n; n;
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nsVadeUNAdnuwazUIN (Additive Effect) fagastimiln Xo = 0,x; = 14ag x, = 1 dmFun1vagouna
SnwauziAu (Dominant Effect) waziagasuinmin Xo = 0, X1 = 0 UAE X, = 1 AMSTUNITNAFDUNAS N A BE
(Recessive Effect) Aadavaaeuniiltiudssnensu-onsiivadulumunisuanuatiafidaaes (x2 Distribution) #9
fivideszaudiunnuas (Degree of Freedom)

msandenatudmuldidudunuiy

muUnAud finaneaduiegluvdelnddu Wang et al (2007) wugiivi1 adudsdidafiinnaeugnia
(Extreme) Tigaiiaifisuivaiufieglunielndduientuaunsoldifudunudulunsfnwingunsd-ngumun
(Case-Control Study) Anafiinaaeuuwnliudenensiu-o13imeneradanaaeuildluunaiud auaadi
NAADULLINUNLD BIADATIU-D1STINAEMTUNIITNAAD UNAS NWEUEUIN NABNWULIAY LasNaanuuyneazlasu
mMsAmnndmiuwsazaivluendeyangunsd-ngumuny uuusiasmmeiugnssuiildiunisdendmivusias
afuRouuusmesmetugnasuiiliaaiimaaouuuiltudesrensu-01siimagean nidiftauladoynativfimmn
MMsAnIANUELT SRR L AadanedeuLnliudemensu-orsiimed miuusazaiudodd Sumsiuna
Tunemssiudnu ma’jﬁaﬂﬁa;ﬂaaﬁﬂﬁaLmuwhﬁu’u AadRnnaeuwIlBssrenTIu-eslmad msuaiuid
FumBadenlestuaiusuuwanitiouaiiouaiuiildannaiudvavuiiuiadivaaeunuiliud snensu-
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Is¥umsidengamileifisuivaiuiiegluvdelndfuientu aluileglnddueatuiisliumisliiu 500 Alawa
dleuoundminsuvtadunmsaensiva (Transcription Start Site) viawletiuludmihmndunadnnisaensia
(Transcription Termination Site) (Freytag et al,, 2013; Wang et al.,, 2007) M munTaB A BUsTEE TN
suwvidhudlundiugenndesivtanugtinsssydulinuativlumslieseiumitdmsunis@nwinnuduiug
weslual (Brodie et al, 2016) Lﬁaqmﬂﬂmﬁu%ga%‘iﬂmﬂﬁaﬁﬂ%ﬂ Affymetrix GeneChip Human Mapping 500K
Array Set FaUsznausieadudu Affymetrix GeneChip Human Mapping 250K Nsp Array wazailudu Affymetrix
GeneChip Hurnan Mapping 250K Sty Array nsszysinuvisaiuuazBuluilundnssvinlagldaoslndussadiiea
299 NetAffx (NetAffx Annotation File) é?@ﬂﬁﬁﬂﬁ%’uaaﬂﬂﬁﬂ%ﬂﬁ (Affymetrix, 2017)

GSEA-SNP

GSEA-SNP fumpiiadild sunisiaudonnmaiansiwszsinislduniuanenvesunde GSEA
AMSUNNSIATITINITLEAIDDAUB9E Y (Subramanian et al,, 2005) AMSHAHIUIAINE1IEINAN GSEA-SNP 1isnza

dmsunmsfnwauduiusya3lug (Holden et al, 2008) GSEA-SNP @1115058U11 wnvadgu (Gene Set) Tu
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vidduiusiulsadudoufialasgredifeddymeadavielilneldnsAuaunzuuunsldunntu (Enrichment
Score) waynsnadaUNIS B UUAEY (Permutation Test) nsvemuves GSEASNP aansaesuelisiil
fnsanwndeyangunsdl-naumunudsszneusevasaiivan Ny fu fashimsnngientoyads
wiazBuivaneaiivanansonseviilalagly GSEA-SNP luuvaau] uwiasBuivilaiudlssumsdadendmiuliiu
funBudeTindmdnsdiu (Wang et al, 2007) Buoua N, Suaglasunisitesswunuradanadeuwuiltinges
AoAsIL-osTImvesatud iUl usumuBuandigeanluainan dmiuinvesdu L dwszneude Ny Bu

AzuuuNslunTud s usvesBulvie ES(L) mmsaﬁmzﬂma
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Tasunsnuualiyindu 1 (Subramanian et al,, 2005; Wang et al., 2007) tag Np = YgeLcf ATWUUNTIA
wnntuagreuivedonuuganrnauivomauraiinnaeuiuiliuesrensu-oriimedmiuulumnes
Buiildszminesnswiziiy (Traversal) musiemsBudsldsunisiSomdsunuaiananadeusultud snensu-
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MeEDRvspllansansEylneldMsndeuMsisseduldsn nMsnadeuN s esduasuluunanudls 1,000 we
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YoyaFesduiasu (Permutation Replicate) FausiaziwndayaBssdudsuaiisanisndeyangunsdl-nauaunui
I¥umsiSesduasudaduanuznsdiuasanusamuesmesosdusnteyaluvusidusesungunsduay
$runuiegenguauauiusiuiuiy mnduazuuunislfinnduagld sunsswnalasludaziendoya
Boadunasu meanutnazduierdl (p-value) Til¥an GSEASNP Aenavnssevinssnuwndeyaleduasy
enzununslfuntugataniwiovhiuesuuunsldinniuissnalagldiendeyandunsd-nduaunuuas
Suundeyadesdudeuioun

MaUnAuds vanelenvesduazld Sumsiansaniy uaslnvesdudiius fulsadudouiiaulessiad
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dfymedifvisel dlunmsuidmSummeaaeuvaneauyAgiu (Correction for Multiple Hypothesis Testing)
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398 udm3u GSEASNP Tuuvennudl snsimsdumuiia (False Discovery Rate %30 FOR) Wudniiaulavdanisud
dmsumanadeuvatsauisiu SninisdunuiiansosuainelfundoyaFosduilioudld anadeves
pruumsldnniudssunlaglinnisntoyaiiosduilasuariiumsdundmiuuiasamedu intuazuuy
msldinnfudsinnlagifisndeyandunsd-ndueunuanendeyadssdudoudmsuusananvoBuarlidy
mMeviluussvingu (Normalisation) nemsmsseriade Snsnsiunuiiadmiuisnvesdu L faulavie

FDR(L") a@ansafwiadlaain
FDR (L*) __ percentage of all pairs (L,m) with NES(L,) more extreme than or equal to NES*

q
percentage of gene set L with NES(L) more extreme than or equal to NES* @
IG]EJ‘V] T ﬂ@ﬁl?LLUiVIIsljiuUL%@‘U@NaLiENﬁ‘ULUaEJ‘u NES ﬂE]ﬂuLLUUﬂWiiﬂNWﬂﬂJUVIIG}iUﬂﬂiwWiﬁLﬂuUiiWﬂﬁ’m

(Normalised Enrichment Score) uaz NES™ fopzuuumsidnntuiildsumsiilmduussiagudmiviemesdy
L* (Wang et al,, 2007)
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wavesduluvividnaulaluvnanudAswnvesd uluuminn1sidygiaain KEGG duinid
mslidyaaione 223 vwAd wenanil nangumsfnwanuduiusmeiugnssuwandiliudl uumad

v w6

mslidygraduiusivusazlsadudouniaula (KEGG, 2021; O’ Dushlaine et al,, 2011) UvAtinstid ey 1a
wiaiiAeumItidmune (Target Pathway) dmSun1snaaeuaNssausuad GSEA-SNP lumssyydn wavesduly

vnatmneduiusiusdazlsndudousgniltdiAgymeeda vt musdmsuunazlsadudeulalandu
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A15197 3 UIMaNsWdY a1 KEGG FaduumitidwnedmSuudaslsadudeu

Tandudon vt
KEGG ID vinn sy LONA1TO71989

BD hsa04514  Cell adhesion molecules (CAMs) O’ Dushlaine et al. (2011)
hsa04530  Tight junction O’ Dushlaine et al. (2011)

CAD hsa04022 cGMP-PKG signalling pathway KEGG (2021)
hsa04310  Wnt signalling pathway KEGG (2021)
hsa04928 Parathyroid hormone synthesis, secretion and action KEGG (2021)

CcD hsa04060  Cytokine-cytokine receptor interaction KEGG (2021)
hsa04140 Regulation of autophagy KEGG (2021)
hsa04621 NOD-like receptor signalling pathway KEGG (2021)
hsa04630 Jak-STAT signalling pathway KEGG (2021)
hsa05321 Inflammatory bowel disease KEGG (2021)

HT hsa04925  Aldosterone synthesis and secretion KEGG (2021)
hsa04960  Aldosterone-regulated sodium reabsorption KEGG (2021)

RA hsa05323  Rheumatoid arthritis KEGG (2021)

T1D hsa04060 Cytokine-cytokine receptor interaction KEGG (2021)
hsa04151 PI3K-Akt signalling pathway KEGG (2021)
hsa04612  Antigen processing and presentation KEGG (2021)
hsa04630 Jak-STAT signalling pathway KEGG (2021)
hsa04940  Type | diabetes mellitus KEGG (2021)

T2D hsa03320  PPAR signalling pathway KEGG (2021)
hsa04110  Cell cycle KEGG (2021)
hsa04115 p53 signalling pathway KEGG (2021)
hsa04141 Protein processing in endoplasmic reticulum KEGG (2021)
hsa04310 Wnt signalling pathway KEGG (2021)
hsa04330 Notch signalling pathway KEGG (2021)
hsa04350  TGF-beta signalling pathway KEGG (2021)
hsa04911 Insulin secretion KEGG (2021)
hsa04930  Type Il diabetes mellitus KEGG (2021)

hsa04972 Pancreatic secretion KEGG (2021)
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Funadn liflumidnmslidyanaiduiusiulsresuaiaetalu KEGG (2021) wenanni ifgufiduis
fulsmensunianstilu KEGG (2021) wuiu aglsfinm nmedesesiumiilaglfisndayandunsd-nduaiunuan
nsfnwenuduTus s luvedsaosualaosalag WICCC uandliifiuin faesumidnislidayaias toun
UI%3d Cell Adhesion Molecules (CAMs) (hsa04514) wazu1wid Tight Junction (hsa04530) fiduiiuslsmensue]
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Tuunamadl gansiaiUSeudfivuaussous (Benchmark Suite) Idasnnidawndeyandunsd-ngu
mu@umﬂﬂwsﬁﬂmmmé’uﬁuéﬁﬁiumaaL%@Iiﬂéi‘fu%auima WTCCC iisannadudiu Affymetrix GeneChip
Human Mapping 500K Array Set Usznaunlsaiiudiu Affymetrix GeneChip Human Mapping 250K Nsp
Array UazailuTy Affymetrix GeneChip Human Mapping 250K Sty Array aflululsagzigndayadaiuisa
waduaedrulidoumdon dwalifiamyanisiaiouisuanssous ldun yansinudsuiovaussous
250K Nsp Array 9an153aw3euiisuaussaue 250K Sty Array wazyanisinilssuiieuaussaug 500K Array
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