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Most psychiatric disorders are some kinds of complex genetic traits. Identifying the causal genes
of psychiatric disorders has been challenging. Through recent revolutionary advances, such as the
HapMap Project and the development of high-throughput genotyping chips, the genome-wide
association study (GWAS) has recently become possible and is now in the spotlight in psychiatric
genetics. In this article, we reviewed the concepts, rationale, designs and general steps of GWAS,
and also introduced a few previous GWAS of several psychiatric disorders.
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%2 observed p-value

12 expected p-value

Fig. 1. Quantile-quantile plots. (a) Inflation of observed findings ac-
ross the distribution. (b) Little evidence of overall inflation of ob-
served findings except at tail of the distribution (most likely true as-
sociation). (c) Excess inflation at the tail of the distribution.
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Table 1. Summary of several genome wide association studies of psychiatric disorders

Initial sample
(cases/controls)

Other sample
(cases/controls)

Findings

Schizophrenia
Athanasiu
et al.®
Sullivan
et al?

Kirov et al.?”)

Need et al.®

Potkin et al.*®

Stefansson
et al.®

Shi et al.*?

Purcell
et al®

O'Donovan
et al.?

201/305

738/733

574 patients,
1,148 parents
(trio sample) &
605 control

871/863

64/74

2663/13498
(SGENE)

Sample 1 :
2681/2653 (EA)

Sample 2 :
1286/973 (AA)
(MGS)

3222/3587
(ISG)

47912937

2663/13780

None (stage 1 study)

None

Replication 1:298/713 (Munch)
Replication 2 : 394/ 524 (Italy)
Replication 3 : 589 /11491
(Iceland)

Replication 3: 179 /267
(European-American)

None

4999/15555
Meta analysis : with ISC & MGS

Meta analysis : with ISG
(3322/3587) & SGENE
(2005/12837)

Mega analysis :
with MGS & SGENE

Replication 1:1664/3541
Replication 2 : 4143/6515
Additional analyses :
2507 UK psychosis

(642 schizophrenia+1865 bipolar

disorder)/12834 conftrols

Combined sample, p=2.1x10*¢ at PLAA, 3.2x10*
at ACSM1, p=7.7x10*¢ at ANK3

No genome wide significant signals

Several clusters containing =15 SNPs (all p<0.05)
(FMO3, FMO¢, PDIAG, etc)

DNA pooling method used

63 top ranked SNPs from DNA pooling method
were genotyped individually : p=1.2x10*
at rs11064768 within CCDCé0, p=0.00016
at rs893703, within RBP1 (the 3rd best SNP,
candidate gene for schizophrenia)

No genome wide significant signals : The most
strong signal, p=1.34x10*¢ at rs2135551
in the ADAMTSL3 gene

Combined initial sample+replication 1,
p=1.35x107 at rs2135551

No significant associations in replication cohorts

p<10° at rs7610746 & rs9836484 in ROBO1-2,
rs2088885 & rs7627954 in TNIK, rs245178 &
rs245201 in CTXN3-SLC12A2

No genome wide significant signals
in initial scan — association test

Replication sample : p=4.9x107at rs6932590
in MHC/PRSS16

Initial+replication sample : p=4.4x10"
at rs6932590 in MHC/PRSS16

Initial+replication+ISC+MGS (total 12945 case/
34591 control) : p=1.4x10"2 at rs6932590 in MHC/
PRSS16 (+other four SNPs p<107%), p=2.4x10"
at rs12807809 in NRGN, & p=2.4x10"
at rs9960767 in TCF4

No genome wide significant signals in initial &
further scans :

Initial sample p=4.59x107 at s13025591 in CENTG2

Replication sample p=2.14x10¢ at rs1851196
in ERBB4 in replication sample

EA : MGS+ISG+SGENE, p=9.54x107 at rs13194053
in 6p22.1(+other 7 SNPs p<5x107%)

p=3.4x107 at rs5761163 in MYO18B

Mega analysis (total 8008/1907), p=9.5x107
atrs13194053 in MHC

In initial sample+replication sample,
p=1.6x107 at ZNF804A

In UK psychosis sample, p=1.0x107 at ZNF804A
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Table 1. Continued

Initial sample Other sample .
Findings
(cases/controls) (cases/controls)
Shifman Male 419/1807 Male 1506/2207 DNA pooling method used : 194 SNPs from DNA
et al® Female 214/967 Female 768/2194 pooling method were genotyped individually

Lencz et al.*
Bipolar disorder
Lee et al.®

Djurovic et al.*!

Smith et al.®®

SKlar et al.*?

Baum et al.*

Ferreira
et al.®

WITCCC?

Autism
Wang et al.¥”)

178/144

1000/1000

194/336

Sample 1:

EA 1001/1033
Sample 2 :

AA 345/670

1461/2008

(STEP-UCL)

461/562

1098/1267
(ED-DUB-STEP2)

1868/2938

Sample 1:
EA 780 family
sample (n=3,101)
Sample 2 : 1204/6491

409/1000

435/10258

Replication 1 : 1749
EA subjects from 250
mulfiplex bipolar families
Replication 2 : EA 1263/431

Replication 1 : 409 trio sample

Replication 2 : 365/ 361

772/876

Mega analysis
with WICCC+STEP-UCL

Expanded reference group
(58C and UKBS control+
the other six disease set)

Replication 1 : 447 family
sample (n=1,3%90)
Replication 2 : 108/540

in 2644 controls and 745 patients from the

Ashkenazi Jewish population : female-specific

association with rs7341475, in RELN gene (p=2.9x10")
All replication sample : female, 2.13x10° at rs7341475
Allinitial+replication sample : p= 8.8x107 at rs7341475
p=3.7x107 at rs4129148 in CSF2RA

No genome-wide significance in initial single
SNP analyses : p=3.8x10° at rs8040009 near
ST8SIA2/C150rf32

Combined sample(1409/2000) : p=4.9x107
at rs2709736 near SP8, p=6.1x10* at rs804009,
p=9.7x10° at rs2073831 in KCTD12,
p=5.2x10° at 11013860 in CACNB2

No genome-wide significance in initial single
SNP analyses

Replication : 5.4x107 at rs4377455 in RBMS3

No genome-wide significance in initial single
SNP analyses : EA-p=1.6x10° aft Xg27.1, AA-
p=1.5x10° at DPY19L3, p=4.5x10° at NTRK2

No significance below the multiple testing threshold
(p<0.0001) : possible evidences of association
of 3 SNPs at C150rf53

No genome-wide significance in initial single
SNP analyses. Haplotype analyses : p=2.0x10*®
at MYO5B). Not replicated in replication studies.

DNA pooling method used : 1877 SNPs from DNA
pooling method were genotyped individually
in replication sample

Combined both sample : p=1.5x10% at rs1012053
in DGKH

No genome-wide significance in initial single
SNP analyses

ED-DUB-STEP2+WTCCC+STEP-UCL (4387/6209) :
p=9.1x107 at rs10994336 in ANK, p=7.0x10%
at rs1006737 in CACNAI1C, p=3.5x10" at
1512899449 near C150rf53 & in the same
LD block with RASGRP1

Initial sample p=6.3x10® at rs420259 near NDUFABT,
DISC1, DCTNS, but significance disappeared using
extended reference group

No genome wide significance in each sample.
But in combined initial samples, p=3.4x10%
between CDH10 & CDH9 at 5p14.1 (rs4307059).

Replication 1 : all 6 SNPs at 5p14.1, p=0.01-2.8x10°

Replication 2 : 4 SNPs at 5p14.1, p<0.05.

All combined samples, p=2x10"° at 5p14.1
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Table 1. Continued

Initial sample Other sample .
Findings
(cases/controls) (cases/controls)
Ma et al.”® 447 family sample 487 family sample No genome wide significance in either initial or
(n=1,3%90) replication sample : p=3.4x10°¢ at 5p14.1
(rs10038113) in replication sample.
Weiss et al.® 1031 families (856 Replication 1 : Montreal 318 fric No genome wide significance initial sample :
with 2 parents)+ Replication 2 : AGP+Finnish p=9.6x10° at rs10513025 between SEMAS5A
1,553 affected family & Iranian trio (1755 trios) and TAS2R1
offspring Replication : p=1.7x107 at rs10513025
combined both sample : 2.1x107 (genome-wide
significance by permutation) at rs10513025
Arkin et al.* 72 multiplex families 1295 parent-child frio No genome wide significance in initial sample :
(148 affected pP<2.14x10° at rs7794745 in CNTNAP2 on 7g35
offsprings & 292 Two loci LOD >2 at 7935 by genome-wide
individuals) linkage study :

Replication : rs7794745, p<0.005

PLAA : Phospholipase A2-activating protein, ACSM : Acyl-CoA synthetase medium-chain family member 1, ANK3 : Ankyrin 3, FMO3/6
: Flavin-containing monooxygenase 3/6, PDIA2 : Protein disulfide isomerase family A member 2, CCDCé40 : Coiled-coil domain con-
taining 60, RBP1 : Retinoblastoma-binding protein 1, ADAMTSL3 : A disintegrin-like and metallopeptidase with thrombospondin type
1 motif-like 3, ROBO1-2 : Roundabout homolog 1-2, TNIK : TRAF2 and NCK interacting kinase, CTXN3 : Cortexin 3, SLC12A2 : solute
carrier family 12 (sodium/potassium/chloride transporters), member 2, MHC : Major histocompatibility complex, PRSS16 : Protease,
serine, 16, NRGN : Neurogranin (protein kinase C substrate, RC3), TCF4 : Transcription factor 4, GENTG2 : AGAP1, ArfGAP with GTPase
domain, ankyrin repeat and PH domain 1, ERBB4 : v-erb-a erythroblastic leukemia viral oncogene homolog 4, MYO18B : Myosin XVIIIB,
INF804A : Zinc finger protein 804A, RELN : Reelin, CSF2RA : Colony stimulating factor 2 receptor, alpha, low-affinity, ST8SIA2 : ST8 al-
pha-N-acetyl-neuraminide alpha-2, 8-sialyltransferase 2, C150rf32 : Chromosome 15 open reading frame 32, KCTD12 : Potassium
channel tetramerisation domain containing 12, CACNB2 : Calcium channel, voltage-dependent, beta 2 subunit, RBM3 : RNA bind-
ing motif, single stranded interacting protein 3, DPY19L3 : Dpy-19-like 3, NTRK2 : Neurotrophic tyrosine kinase, receptor, type 2, DGKH :
Diacylglycerol kinase, eta, RASGRP1 : RAS guanyl releasing protein 1, NDUFAB1 : NADH dehydrogenase (ubiquinone) 1, alpha/beta
subcomplex, 1, DISC1 : Disrupted in schizophrenia 1, DCTNS : Dynactin 5, CDH9/10 : Cadherin 9/10, type 2, SEMASA : Sema domain,
seven thrombospondin repeats (type 1 and type 1-like), fransmembrane domain (TM) and short cytoplasmic domain, (semaphorin)
5A, TAS2R1 : Taste receptor, type 2, member 1, CNTNAP2 : Contactin associated protein-like 2, EA : European ancestry, AA : African
Ancestry, ISC : International schizophrenia consortium, MSG : Molecular genetics of schizophrenia consortium SGENE, SGENE consor-
tium, STEP (-BD) : Systematic treatment enhancement program (for bipolar disorder), UCL : University college London, ED-DUB : Uni-
versity of Edinburg-trinity college Dublin, 58C : 1958 British birth cohort, UKBS : UK blood service, AGP : Autism genome project

=S PN Y22 O 2 Affiymetrix 500KE ©]-83F0] GWASS
gl Al 2z GWAS] WICCC d9+= 1,868 AlaJstl, & 7Ho] Z&Ql (409 trio FEI} oF=
5O SRt 2,938 0] tRxTtS O ® shglom Af- Aol 365%, tiERt 3618 o] Fo|zl Attt
fymetrix 500KE AMESIATH Y& 272 gt 71 BE)oA AEATLE A3t v]E & SNP £4]9
4 (extended reference group analysis)ollAl= FHEY A= JZ3 7|&9] FH Y 44 S WA 7= Al
GAA ool o]|2x] FEg o), 12} BEAoM= 16p12 5 ASHA] EW AT myosin 5B(0]5F MYO5B) 2}
o Y1215t rs420259 SNPo] 7gh Ag/dS Erhp=6.3 W] %—Xﬁﬁ}h el F=/dolete] dAgtdel B
x107%), o] Qo= 3 FQ FX(nuclear key structu- SAA FJAL =519 Hp=2.0x107%), 1 9| tetras-
res) =9 ¢FA3lo| Tolsl= PALB2(partner and locali-  panin—8(°]3} TSPANS, p=7.6x107"), epidermal growth
zer of BRCA2(breast cancer type 2 susceptibility pro-  factor receptor(¢]3} EGFR, p=8.4x107%) §A=}7} 743t
tein)} n|EZ = 2o} 3 &1 (respiratory chain) B3A  ATAS Btk T8 305712 SNPES o83t Ald AT
19] 39k (subunit)E F 33 coding)dH= NADH de- oA FE 2Py FE(trio sample), AH-t & T2 2
hydrogenase(ubiquinone) 1(¢]5} NDUFABI), alpha/beta oA T}t o] tha] ZAFS wf ojn] gl AgtAdo] vt
subcomplex 1, disrupted in schizophrenia 1(¢]5} DISC1) A% A] &k,
I AZHA 7 = Ao Al HEY S5 Holst= ) Smith 5%& {84 % (European ancestry)2] oF
RS B 5 3151= dynactin 5(0]5} DCTNG) 5 k=44 AR ol 1,001, t& <t 1,033 2} oFZ a7} Z (African

[}

ofjo] e e} o] S Tt G MR 50| 3t o] QIt).  ancestry) Aol 3457, R 6704 tjAlo 2 5

s

Sklar 5*72 1,461 9] F=A4 el ket 2,008 2] = 2719 GWASE Al¥stolt, & i miroA] 9] &
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AA 72 (p<5x107)E WEA7|= FARolE wdst
Al ZBFAAE Az
Xq27.1 f7dA; Ate] 9]
(p=1.6x10"%0], o}z &]7}x % (African ancestry) 04|
L 19q13.119] €18t DYP19L(protein dpy—19 homolog 3)
L AZ9] re2769605(p=1.5% 1092} 9921.33 2%]2] neu-
rotrophic tyrosine kinase, receptor, type 2(©]8} NTRK2)
FAAL] rs2769605(p=4.5x10"%) SNPo| 714 733t Akt
JE& AAFSFATE, o] GWAS A2 EE 85719 SNP AlE
£ AAste] 2709 594 fEAR FECLS B2 144}
—tj 2t 3 DoflA A AFE Al of oA

| o]8Hmultiple testing threshold p<0.001)2] -3-2JA]->-
WA R 2] ookt 218y chromosome 15 open reading
frame 53(0]3} C150rf53) F-9o Y8t 3712] SNPo] 7}
% 32 (p=0.008-0.015)} A —thz #42(p=0.03—
0.04)0llA4 o= Hr o] AMIS AlAtetaiTt. gHH AAk=
2 oA GWASOA F=/37olet o] qirkal Hus 3
M9l HQ—ankyrin G(]8F ANKS), alpha 1C subunit of
the L—type voltage—gated calcium channel(®]3} CAC-
NA1C), 15q140] &A= C150rf53=HE 3.3 kb HolAl
H-5 e s T H FHAATE A=t ANK3
2] SNP 17](rs1938526)7F F=/d73elet At dS E ot

A7IA] F=/37ololl Al flofl AEet A== Bl 2
WOl GWASZF ¥ w9l o PALB2, NDUFABI, DCTN5,
potassium voltage—gated channel subfamily C member
2(0]8} KCNC2), diacylglycerol kinase eta(¢]d} DGKH),
solute carrier family 39, zinc transporter, member 3 (©]
3} SLC39A3), junctional adhesion molecule 3(|3} JAMS),
MYO5B, TSPANS, EGFR, CACNAIC, ANK3 5o°] o=
Azrollo] FokAat PHE AR A it e
I8y o]5 SNP % DGKH W¢] 17} SNP(rs1012053)*"
7} ANK3 W] 27§ SNP(rs10994336, rs1938526)° 5to]
A FAA P (p<5x107°)el =8t

| o2 &3 Adoa 2 AJFA Q] GWAS dikE
Hel Axp g, =444 NE ve FAl Ao A9
GWASEZ A2 dAE dutE Holx] Jskal itk g4l
Agtol A GWAS Auprt sHA o2 YA A o2 o]f=
A 2(modest) AIA7E HAT o= E5ET A+ A
A, Ql—Eo] A" dixd ¥ A (population specific dise-
ase allele), T F 9] t}FA /E5F 2 F(misspecification),
A2 aiks 7= B2 AR Atole] A9t Ag-
(epistatic interaction), EAREHOIL} Z3F SNP "o
Ol 2 22| o the EF AW g P A (rare

European ancestry) F2o] A=

—~

intergenic region)?] rs 5907577

)

3

disease allele)# ¥, &3t SNP}H= 2 279 G2Ho|
of o3t A 5& ne3| & 5 ek

XS

Wang 572 m%: §3 A%l (European ancestry)<l
780709] 7}E(E 3,101H) 2.2 o]Fo]Z Autism Gene-
tic Resource Exchange(©]3} AGRE) TS EQ} 1,204
o] 3zte} 6,491 2] tx2 02 o]FZo] 7 Autism Case—
Control(¢]3} ACC) ZZEE A2 2 Tllumina Human-
Hap550 BeadChip& AR5t GWASE A|8)sl4ict A=
5342l AGRE ZTE, ACC ZTE Z}7tol| A= 39
FRAA oS 7Hx] SNPE Hdsk#] Eetgloy, & &
SEES 3 BAo AL, 5pl4.1 917]9] 154307059 SNP
off Al FHe A Fol el mEste AR WAkl
ThH(p=3.4x107%). 5p14.19] YA 6709] SNP(rs4307059,
rs7704909, rs12518194, rsd327572, rs1896731, rs100-
38113)2 ARE3lo] 4477119 71, & 1,390 0. & o]Fof
A == Collaborative Autism Project(®]3} CAP) Z&
EoA 12k HEAFE A=t 67112 SNP 25 p=
0.01~2.8x107° =9] AL BaoH, g o] 7t
X m ko] Wak/d (direction) = 548ttt 3 ohE 59
Zo] Center for Autism Research and Treatmen(o]3}
CART) ZZE (A 1081, 27 540%)S iAoz
gt 22 @ Aol A =, Spld. 1o 127t 6709 SNP % 4
ZHellA p<0.05 2] AFS Heloh HTH o= ol
T Y] =9 A EE B %l Aol A=, Spld.l
of YRI5t 67§12 SNP T p=7.4x10°~2,1x 107" =59
ASHS Bt 0|5 SNPL CHDI10(cadeherin 10)2}
CHD9 Ate]o] 522} Ate] 9] (intergenic region)oll $13]
5t3lom, ~100 kb Z27]9] LD 5 Wol| Zg= e}, o]
LD £5 Yoll= 2 749 oj$- 2220 8 450](highly
conservative element) E3FE]o] it 7 231 oHF
Al 5744 Abak(gene desert)E°] A 2HJAE £
kil ee s & o, 5pld.1 9129 tagging SNP
E% CHDIO %+= CHD99] W} A-8-(action)S =45}
= 7ol #BAE Aol AFE ZAT Ao &
=3t
Ma Y% CAP ZZEE A2 2 Illumina Beadchip
& 083t 7] A7(scan)¥} AGRE ZLEE diAto = 3
21 A4 W] U A Rl v 2
AL, 5p14.1 Feiet A ko] A do] AAHE S B
Q7 ek A% rs10038113, p=3.4x10°°).
Z| T Weiss 5792 1,553 9] 2155 $27} 323 1,031

Ay
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o] A F 7H5S e = e A Ak(genome—
wide linkage) A2 GWASE Alg3taict, A& AL
A= 6p27, 20p13 5 4719] F9Jol 4] LOD Zk(score) 2.0
o]e] 45 sk, 53] 20p139] LOD g 3.81
2 FHY 544 5248 99X 3.6 oS TEsnh A
SE43 A A (transmission disequilibrium test, ©]3}F
TDT)E ©0]83F GWAS %7] H4(initial analysis)oA=

B9 A oS WEAIT s AR WAsHA
&), p<10’4?l SNPES tjAto 2 =217o] Fhof A
A Ao A semaphorin SA(0]5} SEMASHA)L}
Taste receptor type 2 member 1(0]3} TAS2R1) Ato]o]
AA8k= 5p15 H9 rs10513025 SNPo] p<0.01 4
AFS Hloh 7] B4 A+ ARE % &
of| A o] SNPZ FH 9] F4A o482 A7 ]+=
& BAtp=2.1x107", ¢dhHo= D}%‘—Hllﬂ it
EZF AFAES A S FAH AR H 22 (postmortem
brain tissue)olAl SEMASA G-HARLE o] #slEo] 2
S B39y, o= 9§ (axonal guidance)ol] o
Sh= SEMASAo| 2|5 FHe 1k HREo] 9& 7He A<
AR 27001900},

3 o] AT A = o]H Wang 5°7¢] GWASO|A] 14|
23} BHo| Qlkal Ba1E 5pl4 rs4307059 SNPIF A
SO A A=A ke,

3HH Arking 572 715 Yol A5 Ex7} 21 ©]4)
712719] 71EE (@At 1487, 7HEE 2920)S SR Af-
fymetrix 500KE ©]-87 GWASe} AHEA]
o, GWASOlA ¢ 7204 o
SR BEHAT, BUT dolE ol
AL oA = T35 F-9lellA] LOD3L 3. 44 4R A
ak signal)= 2HAsF9IT) o] A& ofgf 1-LOD §4 714
(genetic interval) F-9Jof] 2A5t= HE SNP2 ALg-51o]
AstALE A3 =d|, rs7794745 SNPo] 823t <1t

A& Ba(p<2.14x107), +EHR 0= thgu] e dis)

BAYS o= 43 |42 FA=2UcHp<0.006).
0] SNP-& contactin—associated protein—like 2(¢]3} CN-
TNAP2) F74A}2] Al 29} 3 Atojof 9]2]8k=t]], CNTNA-
P2 axon E-3H(differentiation)o]] ojsl= Aoz b
A et
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— Appendix —
Box 1. Glossary Box 1. Continued
BT &0l g 8o BT 8ol g 8o

Additive interaction AFSHA Ay S ARG Recombination hot spot A ZTF EI =R A
Bioinformatics A5 1 st Reference sample x gE
Callrate FANFENE Remote regulatory element dAE =HAA}
Candidate gene association study &X X} AgA Replication study AE A
Capture 2} Signall Als
Causal variant 2]o]H o] Single nucleotide polymorphism S G| S-HR A
Common disease/common =3k Ad/E3k Hol 7HA (SNP)

variants (CDCV) hypothesis Statistical power FAA AR
Common disease/multiple rare &3t Ay /o] ER Transmission disequilibrium test (TDT) HAEE24FHA

variants, (CDMRYV) hypothesis Hol 7H4d Winner's curse effect SRS A avt

Copy number variation

Deep sequencing

Effect size

Endophenotype

Epigenetic factor

Epistatic interaction

False discovery rate (FDR)

Fine mapping

Frame shift codon

Genetic heterogeneity

Genome wide association
study (GWAS)

Genotyping platform

Haplotype

Heritability

Heterozygote

High-throughput resequencing

Imputation method

In silico

Intergenic region

Knock-down

Linkage disequilibrium (LD)

Long-range promoter

Marker

Mega-analysis

Minor allele frequency (MAF)

Genotyping missingness

Multiplicative genetic effect

Overdominant model

Paternality

Permutation

Personalized Medicine

Pleiotropy

Population substructure

Potenfial batch effect

Protein-coding polymorphism

Quantile-quantile plot, Q-Q plot
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