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Schizophrenia is an idiopathic mental disorder with a heritable component and a substantial public health impact. We conducted 
a multi-stage genome-wide association study (GWAS) for schizophrenia beginning with a Swedish national sample (5,001 cases 
and 6,243 controls) followed by meta-analysis with previous schizophrenia GWAS (8,832 cases and 12,067 controls) and finally 
by replication of SNPs in 168 genomic regions in independent samples (7,413 cases, 19,762 controls and 581 parent-offspring 
trios). We identified 22 loci associated at genome-wide significance; 13 of these are new, and 1 was previously implicated in 
bipolar disorder. Examination of candidate genes at these loci suggests the involvement of neuronal calcium signaling.  
We estimate that 8,300 independent, mostly common SNPs (95% credible interval of 6,300–10,200 SNPs) contribute to risk for 
schizophrenia and that these collectively account for at least 32% of the variance in liability. Common genetic variation has an 
important role in the etiology of schizophrenia, and larger studies will allow more detailed understanding of this disorder.

significance9–13, although larger studies are in progress. Previous 
GWAS have reported convincing statistical evidence for ~10 genomic 
regions8, including the major histocompatibility complex (MHC)14–16 
along with MIR137 and targets of miR-137 (ref. 17). These previous 
GWAS suggested that additional common variant associations were 
likely to be discovered with larger sample sizes13,17,18. We there-
fore sought to achieve a substantially larger sample size in a multi- 
stage GWAS.

RESULTS
Results for Swedish samples
We analyzed genome-wide SNP data in 5,001 schizophrenia cases and 
6,243 controls from a population-based sampling frame in Sweden 
(N = 11,244; Table 1). Most subjects (57.4%) were not previously 
reported. After genotyping and imputation with the 1000 Genomes 
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Schizophrenia is an idiopathic mental disorder with substantial mor-
bidity, mortality and personal and societal costs1–3. The presence of 
an important genetic component is indicated by a sibling recurrence 
risk ratio of 8.6, by high heritability estimates (0.64 in a national fam-
ily study, 0.81 in a meta-analysis of twin studies and 0.23 estimated 
directly from common SNPs) and by previous genomic findings4–8.

There are only a handful of robust reported genetic associations for 
schizophrenia. Genome-wide linkage studies so far have been incon-
clusive9, and no compelling mendelian variants have been identified8. 
Eight rare copy number variants of strong effect (genotypic relative 
risks of 4–20) with consistent replication have been described (for 
example, at 16p11.2 and 22q11.21); however, these associations are 
generally not disease specific and can also be associated with autism, 
mental retardation or epilepsy8. Initial exome sequencing studies 
have not yet identified specific variants of unequivocal genome-wide 
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Project Phase 1 reference panel, we obtained allelic dosages for 
9,871,789 high-quality polymorphic SNPs. Given that this imputation 
panel is based on >800 chromosomes from individuals of European 
ancestry and includes the detail afforded by genome sequencing, we 
anticipated increased power in finding and describing association 
signals. Indeed, we observed 10,201 SNPs and 187 genomic regions 
with association P < 1 × 10−5 using 1000 Genomes Project imputation 
compared with 1,594 SNPs and 133 genomic regions for HapMap 3 
imputation (counts include only one region from the MHC).

The resulting genomic inflation factor (λGC) was 1.075, and 
λ1000 (refs. 19–21) was 1.013. Quantile-quantile and Manhattan 
plots are shown in Supplementary Figures 1 and 2. For associa-
tion with schizophrenia, 312 SNPs met a genome-wide significance 
threshold of P < 5 × 10−8 (ref. 22). These SNPs were in two genomic 
regions (Supplementary Fig. 3): 241 SNPs were in the MHC region 
(chromosome 6: 28,502,794–32,536,501; minimum P = 4.07 × 10−11 at 
rs115939516), and 71 SNPs were from chromosome 2 (200,715,388–
201,040,981; minimum P = 3.33 × 10−10 at rs35220450). We replicated 
the MHC association reported in previous studies14–17. The asso-
ciation with schizophrenia on chromosome 2 (rs35220450) is new, 
showed highly consistent effects in the Sw1–Sw6 genotyping batches 
of the Swedish cohort and encompasses C2orf69, C2orf47 and TYW5 
(also known as C2orf60).

Results for Swedish and PGC samples
We reanalyzed schizophrenia data from the Psychiatric Genomics 
Consortium (PGC) using 1000 Genomes Project imputation (8,832 
cases and 12,067 controls, excluding Swedish samples)17. SNPs 
within five regions reached genome-wide significance: the MHC 
locus (chromosome 6: 27,261,324–32,610,445; minimum P = 2.18 ×  
10−10), AS3MT-CNNM2-NT5C2 (chromosome 10: 104,635,103–
104,960,464; minimum P = 4.29 × 10−10), MAD1L1 (chromosome 
7: 2,005,747–2,098,238; minimum P = 2.40 × 10−8), RP11-586K2.1 
(chromosome 8: 89,585,639–89,760,620; minimum P = 2.37 × 10−8) 
and SNPs near TCF4 (chromosome 18: 53,311,001–53,423,307;  
minimum P = 3.00 × 10−8).

We then conducted a meta-analysis of the Swedish and independ-
ent PGC schizophrenia samples using the same quality control, impu-
tation and analysis pipeline. This GWAS meta-analysis of 13,833 
schizophrenia cases and 18,310 controls (Table 1) afforded power 
to detect genotypic relative risks of 1.10–1.14 for reference allele 
frequencies of 0.15–0.85 (power = 0.8; α = 5 × 10−8, log-additive  
model). We evaluated the comparability of the Swedish and PGC studies  
using sign tests: of 608 SNPs selected from the PGC results with asso-
ciation P < 0.0001 and in approximate linkage equilibrium, 62.6% had 
logistic regression β coefficients with the same sign in the Swedish 
results, an observation highly inconsistent with the null hypothesis of 
no association (P = 2.2 × 10−10). λGC was 1.186, and λ1000 was 1.012, 
values consistent with a polygenic pattern of association but not with 
gross inflation due to technical artifacts20. Manhattan and quantile-
quantile plots are shown in Figure 1 and Supplementary Figure 4, 
respectively, and genome-wide significance was exceeded by 3,538 
SNPs in 12 genomic regions.

We used risk score profiling14,17 to evaluate the capacity of 130,000 
SNPs derived from PGC to predict case-control status in the Swedish 
samples. These SNPs were selected for high confidence and approxi-
mate linkage equilibrium, without regard to association P value. PGC 
risk scores had a highly significant capacity to predict case-control 
status in the independent Swedish samples (P values from 1 × 10−26 to 
1 × 10−114) (Fig. 2). The increased sample size allowed improved risk 
profile prediction. The threshold at which the explanatory power of 

these risk-profile SNPs plateaus has decreased with increasing sample 
size: PT was 0.1 in this study (Fig. 2) and 0.2 in the PGC report, and 
there was no plateau in the International Schizophrenia Consortium 
study14,17. Although the mean risk profiles showed highly significant 
differences between cases and controls, the distributions overlapped 
substantially (Supplementary Fig. 5) and are insufficient for diag-
nostic purposes (area under the receiver operating characteristic 
curve of 0.65). However, these results strongly support the compara-
bility of the Swedish and PGC samples and the validity of the meta- 
analysis results.

GWAS often omit the X chromosome. This omission is problem-
atic, as the X chromosome is approximately as large as chromosome 
8 and is enriched for genes important in brain development. Using 
a previously described approach, we imputed X-chromosome SNPs 
using the 1000 Genomes Project reference panel23. Joint analysis of 
all subjects as well as of males and females separately did not identify 
any association meeting the genome-wide significance threshold. 
The strongest association (rs12845396; chromosome X: 6,029,533;  
P = 3.46 × 10−7) was in an intron of NLGN4X (encoding neuroligin 4),  
a gene previously implicated in mental retardation and autism, and 
there were multiple possible signals near MECP2 (causal in Rett  
syndrome; P = 9.3 × 10−6).

Most GWAS-associated variants were found outside of protein-
coding regions24. A recent report suggested that most SNPs in the 
National Human Genome Research Institute (NHGRI) GWAS cata-
log24 coincided with or were in perfect linkage disequilibrium (LD) 
with DNase I–hypersensitive sites25. We thus evaluated whether the 
association signals in the Swedish and PGC meta-analysis results 
showed significant overlap with DNase I–hypersensitive sites identi-
fied by the Encyclopedia of DNA Elements (ENCODE) Project26.  
We did not find evidence of enrichment (Supplementary Fig. 6 and 
Supplementary Table 1). However, this negative result is strongly 
qualified by the lack of DNase I hypersensitivity data directly relevant 
to psychiatric disorders.

Results from Swedish, PGC and replication samples
We then obtained association results for SNPs in 194 genomic regions 
in 6 independent samples for a total sample size of over 21,000 cases 
and 38,000 controls (Table 1). The genomic regions for which 

Table 1  Subject characteristics and sample sizes
Cases Controls

Swedish sample characteristics

  Male sex 0.595 0.512

  Median age at sampling 54 (45–62) 57 (48–65)

  Median hospital admissions for SCZ or SAD 7 (3–15) NA

  Median total inpatient days 243 (81–696) NA

  Median years from first to last HDR admission 9.7 (2.9–19.5) NA

Sample sizes

  Swedish subjects (Sw1–Sw6) 5,001 6,243

  PGC schizophrenia subjects (excluding Sw1 and Sw2) 8,832 12,067

  Replication results for up to 168 genomic regions 7,413 19,762

  Total subjects 21,246 38,072

Values in parentheses are interquartile ranges. The case group had significantly more males  
(P < 0.0001) and was significantly younger (P < 0.0001) than the control group, although 
these differences were not of large magnitude. The higher median age in controls is in the 
direction of greater confidence in control classification (controls had greater time at risk for 
psychiatric hospitalization). Cases tended to have had considerable hospitalizations, inpatient 
lengths of stay and years of observation. All cases and controls are independent. The Swedish 
sample had a total of 11,244 subjects, PGC had a total of 20,899 subjects, and the replication 
had a total of 27,175 subjects. Swedish and PGC meta-analysis results are based on data 
from 32,143 subjects. The Swedish sample plus the PGC sample plus the replication sample 
included a total of 59,318 subjects (these counts exclude 511 trios). SCZ, schizophrenia; 
SAD, schizoaffective disorder; HDR, hospital discharge register; NA, not applicable.
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replication genotypes were sought were identified using LD clump-
ing, defined by LD (r2 > 0.5) and a minimum association P of <1 × 
10−5 in the Swedish and PGC meta-analysis. Only one MHC SNP 
was included. The Swedish and PGC meta-analysis and replication 
results were highly concordant, with 76.3% of the logistic regression 
β coefficients having the same direction of effect (sign test P = 1.5 × 
10−17). Indeed, of the top 100 SNPs in the Sweden and PGC meta-
analysis, 90% had the same sign in the replication results. This result 
strongly suggests that many more loci will achieve genome-wide  
significance with further increases in sample size.

The combined results in which SNPs at 24 loci reached genome-
wide significance is shown in Table 2. As two pairs of these regions 
overlapped (chromosome 1: 243 Mb and chromosome 5: 152 Mb), 
there were associations with schizophrenia in 22 genomic regions. 
Three additional regions nearly met genome-wide significance 
(rs4380187 near ZNF804A, P = 5.66 × 10−8; rs4523957 in SRR,  
P = 5.69 × 10−8; and rs6550435 near TRANK1, P = 5.86 × 10−8, which 
also had P = 9 × 10−6 in a bipolar disorder GWAS)27.

Of these 22 associated loci (Table 3), 5 have been reported previ-
ously as meeting genome-wide significance for schizophrenia alone 
(MHC, WBP1L (C10orf26), DPYD-MIR137, SDCCAG8 and MMP16), 
and 3 have been reported to be associated with a combined phenotype 
including schizophrenia and bipolar disorder (CACNA1C, CACNB2 
and ITIH3-ITIH4)14–17,27–30. We now identify 13 newly associated 
loci, as well as a genome-wide significant association at a locus previ-
ously implicated in bipolar disorder (NCAN)31.

Themes
We highlight four themes from these results (see also Supplementary 
Table 2). First, these results implicate calcium signaling in the etio
logy of schizophrenia. As in previous studies of bipolar disorder and 
schizophrenia17,27,28, we replicated genome-wide significant associa-
tion for a SNP in CACNA1C (encoding Cav1.2; P = 5.2 × 10−12 at the 
intronic SNP rs1006737). Intriguingly, we identified a genome-wide 
significant association with schizophrenia in CACNB2 (P = 1.3 × 10−10 
at the intronic SNP rs17691888), which encodes the β2 subunit of  
L-type calcium channels (Cavβ2). This locus was previously found to be  
significant when considering five psychiatric disorders as affected30. 

A gene-set test showed enrichment of smaller 
P values in genes encoding calcium channel 
subunits (Supplementary Table 3).

In L-type calcium channels, the α1c sub-
unit forms the transmembrane pore and 
directly interacts with the intracellular β2 
subunit32. The β2 subunit also antagonizes 
an endoplasmic reticulum retention motif 
on the α1c subunit to facilitate transport to 
the plasma membrane33. Additional genes 
with genome-wide significant evidence of 
association were implicated on the basis of 
membership in a proteomic network cen-
tered on Cav2 (ref. 34), including the pro-
tein products of ACTR1A (α-centractin),  
the divalent metal cation transporter 
CNNM2 (P = 3.7 × 10−13; chromosome 10: 
103,009,986–105,512,924) and CACNB2. 
Variants within a locus containing TNNC1 
(encoding calcium-binding protein  
troponin C) also reached genome-wide  
significance (P = 1.1 × 10−8), as did variants 
at loci containing three calcium homeostasis 

modulator genes (CALHM1, CALHM2 and CALHM3 in the same 
region of chromosome 10 as CNNM2).

The genetics and biology of calcium channels have been the 
subject of considerable investigation, owing to their importance 
in fundamental neuronal processes and human diseases. L-type 
voltage-gated calcium channels are involved in learning, memory 
and synaptic plasticity, and Cacna1c knockout mice show notable 
deficits in long-term potentiation35–38. Calcium ‘channelopathies’ 
involve mutations in CACNA1C and CACNB2 that cause Brugada 
syndrome types 3 and 4 (OMI 611875 and 611876, respectively)39. 
In addition, Timothy syndrome (MIM 601005), caused by mutations 
in CACNA1C, is a multisystem disorder including cognitive impair-
ment and autism spectrum disorder40. Although mendelian dis
orders are usually characterized by persistent pathological features, 
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mendelian calcium channelopathies can have episodic phenomena, 
perhaps reminiscent of the episodic nature of psychotic disorders— 
examples of such episodic phenotypes and the underlying genes 
include intermittent hypoglycemia and hypocalcemia in Timothy 
syndrome (CACNA1C), episodic ataxia (CACNA1A and CACNB4), 
migraine (CACNA1A), epilepsy (CACNA1H and CACNB4), perio
dic paralysis (CACNA1S) and malignant hyperthermia (CACNA1S  
and CACNA2D1)32,40.

Our GWAS for schizophrenia suggests candidate genes involved 
in calcium channels. A calcium channel functional complex has also 
been suggested as a mechanism in the etiology of bipolar disorder 
and autism. These results suggest hypotheses for clinical translation. 
Multiple approved medications act at calcium channels, including 
some antipsychotics (for example, pimozide) along with adjuvants for 
treatment non-response for schizophrenia and bipolar disorder (for 
example, the calcium channel blockers verapamil and nifedipine). It is 

Table 2  Association results for Sweden and PGC meta-analysis, replication samples and combined analysis

Chromosomal region Length (kb) SNP

Index SNPa P valueb OR (s.e.)c

rsID A12
d Position (bp) Freq.

Sweden +  
PGC Replication Combined

Sweden + 
PGC Replication Combined

Chr. 6: 31,596,138–
32,813,768

1,217.6 1,412 rs114002140 AG 32,431,962 0.763 8.28 × 10−15 6.93 × 10−2 9.14 × 10−14 1.213 
(0.025)

1.070 
(0.037)

1.167 
(0.021)

Chr. 10: 104,487,871–
105,245,420

757.5 362 rs7085104 AG 104,628,873 0.645 1.07 × 10−11 2.10 × 10−3 3.68 × 10−13 1.129 
(0.018)

1.076 
(0.024)

1.110 
(0.014)

Chr. 7: 1,827,717–
2,346,115

518.4 566 rs6461049 TC 2,017,445 0.571 6.17 × 10−13 1.85 × 10−2 5.93 × 10−13 1.132 
(0.017)

1.059 
(0.024)

1.107 
(0.014)

Chr. 1: 98,141,112–
98,664,991

523.9 307 rs1198588 AT 98,552,832 0.214 1.92 × 10−8 1.91 × 10−5 1.72 × 10−12 0.889 
(0.021)

0.888 
(0.028)

0.889 
(0.017)

Chr. 12: 2,285,731–
2,440,464

154.7 129 rs1006737 AG 2,345,295 0.332 8.79 × 10−11 3.76 × 10−3 5.22 × 10−12 1.122 
(0.018)

1.070 
(0.023)

1.103 
(0.014)

Chr. 10: 18,601,928–
18,934,390

332.5 147 rs17691888 AG 18,734,528 0.114 3.86 × 10−7 6.09 × 10−5 1.27 × 10−10 0.870 
(0.028)

0.842 
(0.043)

0.862 
(0.023)

Chr. 8: 143,297,312–
143,410,423

113.1 117 rs4129585 AC 143,312,933 0.439 3.32 × 10−8 1.20 × 10−3 2.19 × 10−10 1.098 
(0.017)

1.077 
(0.023)

1.091 
(0.014)

Chr. 1: 73,275,828–
74,099,273

823.4 1,026 rs10789369 AG 73,824,909 0.383 4.68 × 10−7 1.99 × 10−4 3.64 × 10−10 1.091 
(0.017)

1.106 
(0.027)

1.095 
(0.015)

Chr. 11: 130,706,918–
130,894,976

188.1 269 rs7940866 AT 130,817,579 0.513 1.61 × 10−10 1.30 × 10−1 1.83 × 10−9 0.896 
(0.017)

0.966 
(0.023)

0.921 
(0.014)

Chr. 5: 151,888,959–
152,835,304

946.3 79 rs17504622 TC 152,654,479 0.050 6.88 × 10−8 1.02 × 10−2 2.65 × 10−9 1.250 
(0.041)

1.202 
(0.072)

1.238 
(0.036)

Chr. 19: 19,354,937–
19,744,079

389.1 294 rs2905424 TC 19,473,445 0.348 5.38 × 10−7 1.64 × 10−3 3.44 × 10−9 1.092 
(0.018)

1.093 
(0.028)

1.092 
(0.015)

Chr. 2: 37,422,072–
37,592,628

170.6 10 rs2373000 TC 37,592,628 0.402 9.17 × 10−6 1.38 × 10−4 6.78 × 10−9 1.079 
(0.017)

1.108 
(0.027)

1.087 
(0.014)

Chr. 5: 101,581,848–
101,870,822

289 367 rs6878284 TC 101,769,726 0.637 1.47 × 10−6 1.61 × 10−3 9.03 × 10−9 0.917 
(0.018)

0.925 
(0.025)

0.920 
(0.015)

Chr. 3: 52,215,002–
53,175,017

960 533 rs4687552 TC 52,838,402 0.641 9.31 × 10−7 3.23 × 10−3 1.16 × 10−8 1.092 
(0.018)

1.074 
(0.024)

1.086 
(0.014)

Chr. 2: 145,139,727–
145,214,607

74.9 4 rs12991836 AC 145,141,541 0.652 2.25 × 10−6 1.30 × 10−3 1.19 × 10−8 0.918 
(0.018)

0.928 
(0.023)

0.922 
(0.014)

Chr. 2: 200,628,118–
201,293,421

665.3 249 rs2949006 TG 200,715,388 0.192 4.67 × 10−9 9.18 × 10−2 1.21 × 10−8 1.132 
(0.021)

1.049 
(0.029)

1.102 
(0.017)

Chr. 18: 52,722,378–
52,827,668

105.3 39 rs4801131 TC 52,752,700 0.418 6.46 × 10−6 5.27 × 10−4 1.22 × 10−8 0.926 
(0.017)

0.924 
(0.023)

0.925 
(0.014)

Chr. 2: 233,550,961–
233,808,241

257.3 197 rs778371 AG 233,743,109 0.719 5.66 × 10−7 5.93 × 10−3 1.51 × 10−8 0.911 
(0.019)

0.935 
(0.025)

0.920 
(0.015)

Chr. 1: 243,593,066–
244,025,999

432.9 133 rs14403 TC 243,663,893 0.227 1.35 × 10−8 8.34 × 10−2 1.80 × 10−8 0.889 
(0.021)

0.952 
(0.029)

0.910 
(0.017)

Chr. 12: 123,447,928–
123,913,433

465.5 353 rs11532322 AG 123,731,423 0.318 1.37 × 10−6 4.77 × 10−3 2.28 × 10−8 1.099 
(0.020)

1.084 
(0.029)

1.094 
(0.016)

Chr. 1: 243,418,063–
243,627,135

209.1 115 rs1538774 CG 243,544,827 0.260 6.11 × 10−7 8.38 × 10−3 2.53 × 10−8 0.907 
(0.020)

0.934 
(0.026)

0.917 
(0.016)

Chr. 8: 89,188,454–
89,761,163

572.7 402 rs11995572 TG 89,592,083 0.135 5.39 × 10−8 5.02 × 10−2 3.33 × 10−8 1.150 
(0.026)

1.069 
(0.034)

1.120 
(0.021)

Chr. 5: 60,484,179–
60,843,706

359.5 100 rs171748 AG 60,499,131 0.471 1.62 × 10−6 5.36 × 10−3 3.78 × 10−8 1.084 
(0.017)

1.068 
(0.024)

1.078 
(0.014)

Chr. 5: 152,505,453–
152,707,306

201.9 8 rs2910032 TC 152,540,354 0.531 8.90 × 10−6 1.22 × 10−3 4.12 × 10−8 0.928 
(0.017)

0.916 
(0.027)

0.925 
(0.014)

Chr. 2: 185,533,580–
186,057,716

524.1 50 rs4380187 AC 185,811,940 0.529 5.14 × 10−7 1.98 × 10−2 5.66 × 10−8 1.089 
(0.017)

1.056 
(0.024)

1.078 
(0.014)

Chr. 17: 2,015,612–
2,256,111

240.5 252 rs4523957 TG 2,208,899 0.616 3.01 × 10−7 2.66 × 10−2 5.69 × 10−8 1.096 
(0.018)

1.057 
(0.025)

1.083 
(0.015)

Chr. 3: 36,834,099–
36,964,583

130.5 66 rs6550435 TG 36,864,489 0.656 1.65 × 10−6 8.24 × 10−3 5.86 × 10−8 0.917 
(0.018)

0.939 
(0.024)

0.925 
(0.014)

We used LD clumping to aggregate association findings into genomic regions. All positions are relative to UCSC hg19. Chr., chromosome; freq., frequency. Boldface indicates P < 5 × 10−8.
aDetails for the index SNP, the SNP with the strongest association in the genomic region. bP values in the meta-analysis of Sw1–Sw6 with the PGC schizophrenia results, the replication samples alone and the 
final combined analysis of Sw1–Sw6, PGC and replication samples. cOdds ratio (OR) estimates and standard errors. dA12, reference and alternate alleles.



©
20

13
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

Nature Genetics  ADVANCE ONLINE PUBLICATION	 �

A rt i c l e s

possible that drugs that act on the protein products of CACNA1C and 
CACNB2 for a different therapeutic indication could be repurposed 
for the treatment of schizophrenia. For example, there has been at 

least one clinical trial of the efficacy of isradipine in bipolar disor-
der (an approved antihypertensive acting at the protein product of 
CACNA1C; R. Perlis, personal communication). In addition, given 

Table 3  Description of the 22 genome-wide significant loci in the combined analysis

Chromosomal region P value
Previous  

associationa
Candidate gene in  

relation to index SNPb
Other genes in genomic  
region defined by LDc eQTLd Disease associationse

Chr. 6: 31,596,138–
32,813,768

9.14 × 10−14 SCZ HLA-DRB9 MHC class II, many other genes, 
lincRNA

Many Many

Chr. 10: 104,487,871–
105,245,420

3.68 × 10−13 SCZ C10orf32-AS3MT CALHM1, CALHM2, CALHM3,  
CNNM2, CYP17A1, INA, MIR1307, 
NT5C2, PCGF6, PDCD11, SFXN2, 
ST13P13, TAF5, USMG5, WBP1L

ACTR1A, ARL3, 
AS3MT, C10orf32, 
C10orf78, NT5C2, 
TMEM180, TRIM8, 
WBP1L

GWAS: blood pressure, CAD, 
aneurysm

Chr. 7: 1,827,717–
2,346,115

5.93 × 10−13 No MAD1L1 FTSJ2, NUDT1, SNX8 C7orf27, FTSJ2, 
MAD1L1, NUDT1

Chr. 1: 98,141,112–
98,664,991

1.72 × 10−12 SCZ (MIR137, 37 kb) DPYD, lincRNA DPYD DPYD: mental retardation

Chr. 12: 2,285,731–
2,440,464

5.22 × 10−12 SCZ, BPD CACNA1C – No data CACNA1C: autism,  
Timothy syndrome,  
Brugada syndrome 3

Chr. 10: 18,601,928–
18,934,390

1.27 × 10−10 5 disorders CACNB2 NSUN6 No data CACNB2: Brugada syndrome 
4; GWAS: blood pressure

Chr. 8: 143,297,312–
143,410,423

2.19 × 10−10 No TSNARE1 – No data

Chr. 1: 73,275,828–
74,099,273

3.64 × 10−10 No (x10NST00000415686.1, 
4 kb)

lincRNA No data

Chr. 11: 130,706,918–
130,894,976

1.83 × 10−9 No (SNX19, 31 kb) lincRNA SNX19

Chr. 5: 151,888,959–
152,835,304

2.65 × 10−9 No ENST00000503048.1 lincRNA (GRIA1) No data

Chr. 5: 152,505,453–
152,707,306

4.12 × 10−8 No

Chr. 19: 19,354,937–
19,744,079

3.44 × 10−9 BPD (MAU2, 4 kb) CILP2, GATAD2A, GMIP, HAPLN4, 
LPAR2, MIR640, NCAN, NDUFA13, 
PBX4, SUGP1, TM6SF2, TSSK6, 
YJEFN3

No data GWAS: lipid levels

Chr. 2: 37,422,072–
37,592,628

6.78 × 10−9 No QPCT C2orf56, CEBPZ, PRKD3, SULT6B1 
lincRNA

No eQTL

Chr. 5: 101,581,848–
101,870,822

9.03 × 10−9 No SLCO6A1 lincRNA No data

Chr. 3: 52,215,002–
53,175,017

1.16 × 10−8 SCZ, BPD ITIH3 ALAS1, ALDOAP1, BAP1, C3orf78, 
DNAH1, GLT8D1, GLYCTK, GNL3, 
ITIH1, ITIH4, MIR135A1, MIRLET7G, 
MUSTN1, NEK4, NISCH, NT5DC2, 
PBRM1, PHF7, PPM1M, RFT1, 
SEMA3G, SFMBT1, SPCS1, STAB1, 
TLR9, TMEM110, TNNC1, TWF2, 
WDR82, lincRNA

No data  
(ITIH1-ITIH3-ITIH4)

GLYCTK: d-glyceric aciduria, 
mental retardation; RTF1: 
mental retardation; GWAS: 
adiponectin, height,  
waist-hip ratio

Chr. 2: 145,139,727–
145,214,607

1.19 × 10−8 No ZEB2 – No eQTL ZEB2: Mowat-Wilson  
syndrome, mental retardation

Chr. 2: 200,628,118–
201,293,421

1.21 × 10−8 No FONG C2orf47, C2orf69, SPATS2L, TYW5, 
lincRNA

No data GWAS: osteoporosis

Chr. 18: 52,722,378–
52,827,668

1.22 × 10−8 No (ENST00000565991.1, 
21 kb)

lincRNA (TCF4) No data

Chr. 2: 233,550,961–
233,808,241

1.51 × 10−8 No C2orf82 GIGYF2, KCNJ13, NGEF No data

Chr. 1: 243,593,066–
244,025,999

1.80 × 10−8 No AKT3 CEP170 AKT3

Chr. 1: 243,418,063–
243,627,135

2.53 × 10−8 Yes SDCCAG8 SDCCAG8

Chr. 12: 123,447,928–
123,913,433

2.28 × 10−8 No C12orf65 ABCB9, ARL6IP4, CDK2AP1, 
MIR4304, MPHOSPH9, OGFOD2, 
PITPNM2, RILPL2, SBNO1, SETD8, 
lincRNA

ARL6IP4, CDK2AP1, 
OGFOD2, SBNO1

C12orf65: mental retardation; 
GWAS: HDL, height, head size

Chr. 8: 89,188,454–
89,761,163

3.33 × 10−8 SCZ Intergenic MMP16, lincRNA MMP16

Chr. 5: 60,484,179–
60,843,706

3.78 × 10−8 No ENST00000506902.1 ZSWIM6, C5orf43, lincRNA C5orf43, ZSWIM6

aRegions reported to meet genome-wide significance thresholds of association for schizophrenia (SCZ) or bipolar disorder (BPD). bThe gene within which an index SNP is located is given. For intergenic index 
SNPs, the nearest gene is given in parentheses. cOther named genes in the genomic interval. dSNP-transcript associations with q < 0.05 in peripheral blood. eQTLs with the SNP with the strongest association  
are shown in bold. eData from the NHGRI GWAS catalog24,, OMIM43 and a compilation of genes related to autism73 and mental retardation43,74,75. No data means no Affymetrix U219 probe sets or low expression 
in peripheral blood. The CACNB2 association emerged when considering attention deficit/hyperactivity disorder (ADHD), autism, bipolar disorder, major depressive disorder and schizophrenia as affected30.  
CAD, coronary artery disease; HDL, high-density lipoprotein.
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that many approved antipsychotics increase the cardiac QT interval, 
genetic variation in calcium channel genes might be used to identify 
individuals at higher risk of sudden cardiac death41,42.

Second, as reported previously14–17, the strongest SNP association 
(rs114002140; P = 9.1 × 10−14) with schizophrenia is in the extended 
MHC (chromosome 6: 25–34 Mb), a region of both exceptional impor-
tance and complexity. The MHC comprises 0.3% of the genome but 
contains 1.5% of the genes in Online Mendelian Inheritance in Man 
(OMIM)43 and 6.4% of genome-wide significant SNP associations in 
the NHGRI GWAS catalog24. It is the second most gene-dense genomic 
region and has high LD over its extent. We speculate that these features 
(high gene density and strong LD) combined with the polygenicity of 
schizophrenia lead to the strong association observed for this region 
but will also complicate efforts to identify causal variation. Genome- 
wide significant associations with schizophrenia extend over 7 Mb, 
but larger samples may resolve this association into subregions near 
TRIM26 (encoding tripartite motif–containing 26; chromosome 6: 30.1 
Mb) and the HLA-DRB9 unprocessed pseudogene (chromosome 6: 32.4 
Mb, intergenic to HLA-DRA–HLA-DRB5) (Supplementary Fig. 7).

Third, multiple genomic lines of evidence support a role for MIR137 
in the etiology of schizophrenia. We provide additional support for 
a common variant association located upstream of the MIR137 tran-
script (P = 1.7 × 10−12; Supplementary Fig. 8). Fourteen genes in 
the regions listed in Table 3 have miR-137 target sites predicted by 
TargetScan (v6.2)44 (C6orf47, HLA-DQA1, TNXB, VARS, WBP1L, 
CACNA1C, DPYD, CACNB2, TSSK6, NT5DC2, PITPNM2, SBNO1, 
ZEB2 and PRKD3). Using gene-set analysis, we evaluated whether 
genes with predicted miR-137 target sites were enriched for smaller 
association P values. We confirmed the PGC result17 and extended 
the finding by showing more robust enrichment in a far larger set of 
genes with predicted miR-137 target sites (Supplementary Table 3).  
In addition, our unpublished work shows enrichment for smaller 
GWAS P values in genes downregulated following overexpression 
of miR-137 in human neural stem cells (A.L.C., Y.K., R. Bloom,  
D. Rubinow, W. Sun et al., unpublished data). Given the role of miR-137  
in fundamental neuronal processes45–47, these results support the 
investigation of pathways influenced by miR-137 with regard to their 
role in the pathogenesis of schizophrenia.

The SNP with the strongest association with schizophrenia 
(rs1198588) is 39 kb upstream of MIR137 and might regulate the 
transcription of MIR137. However, this has not been proven experi-
mentally, and there is another candidate gene in the region. rs1198588 
is in an LD block that includes DPYD (169 kb upstream of rs1198588), 
and rs1198588 is a significant local expression quantitative trait locus 
(eQTL) for DPYD. We note that DPYD also contains a predicted miR-137  
target site. An exome sequencing study reported two putative func-
tional de novo variants in DPYD in cases with schizophrenia11.

Fourth, 13 of the 22 regions listed in Table 3 contain long inter-
genic noncoding RNAs (lincRNAs). LincRNAs have multiple known 
or suspected functions, including roles in epigenetic regulation and 
development48. Using pathway analysis49, we found modest enrich-
ment (P = 0.06) for smaller association P values in a conservative set of 
lincRNAs derived from sequencing of polyadenylated RNA from mul-
tiple tissues48. This observation is consistent with a general role for 
GWAS-identified markers in the regulation of gene expression rather 
than the alteration of protein sequence. eQTLs50,51 overlap with SNPs 
implicated by GWAS over all traits52–54 as well as for specific traits 
such as height, adiposity, cardiovascular risk factors, chemotherapy-
induced cytotoxicity, autism, schizophrenia and Crohn’s disease55–62. 
An estimated 55% of eQTL SNPs lie in DNase I hypersensitivity sites 
(markers of open chromatin subject to transcriptional regulation), 

and 77% of SNPs implicated in GWAS coincide with DNase I hyper-
sensitivity sites or are in high LD with SNPs in these sites25,63,64.

Genetic architecture
There has been considerable debate about the genetic architecture 
of schizophrenia. We estimated the proportion of variance in lia-
bility to schizophrenia explained by SNPs using GCTA (Genome-
wide Complex Trait Analysis)65. Traditional genetic epidemiological 
studies use the phenotypic resemblance of relatives to estimate the 
proportion of variance in liability, using theoretical resemblance 
assumptions. GCTA uses genome-wide SNP genotypes to calculate 
heritability in the population from identity-by-state relationships for 
each pair of individuals. Using the PGC schizophrenia data, we previ-
ously estimated the SNP heritability of schizophrenia at 0.23 (s.e. of 
0.01), using HapMap 3 imputation and assuming a population risk 
of 0.01 (ref. 7). Using the same imputation reference and population 
risk, SNP heritability was substantially higher in the Swedish sam-
ples (0.32, s.e. of 0.03), possibly owing to the greater phenotypic and 
genetic homogeneity in the Swedish sample compared with the PGC 

b

1.0a

MI
T2D

SCZ

N = 8,332, Vtotal = 0.50

50%

95%
Celiac

+

RA

0.8

0.6

T
ot

al
 li

ab
ili

ty
 s

ca
le

 v
ar

ia
nc

e 
ex

pl
ai

ne
d

0.4

0.2

0

10 100 1,000

Number of disease-associated GWAS SNPs

10,000 100,000

c
15,000

0
0.0000

Per-SNP liability-scale
variance explained

0.0015

SCZ

T2D
MI

Celiac, RA (no MHC)

D
en

si
ty

0.00100.0005

10,000
5,000

20

Genotypic relative risk
1.0

SCZ
T2D
MI

RA (no MHC)
Celiac (no MHC)D

en
si

ty 15
10
5
0

1.1 1.2 1.3 1.4 1.5

Figure 3  Results of ABPA modeling based on the Swedish and PGC 
results (population risk of 0.01). (a) The x axis shows the estimated 
number of SNPs on a log10 scale, and the y axis estimates the total 
variance in liability explained (Vtotal). The results for five conditions are 
shown, including schizophrenia from this analysis (SCZ; red) and, for 
comparison, results from a published analysis of myocardial infarction 
(MI; purple), type 2 diabetes mellitus (T2D; blue), celiac disease (green) 
and rheumatoid arthritis (RA; teal)72. The schizophrenia results are 
based on 1000 Genomes Project imputation, and the others are based 
on HapMap 3 imputation. Color intensity reflects the probability density, 
with darker colors indicating higher density. Contour lines show 50% and 
95% credible regions for schizophrenia, and 95% credible regions for the 
other diseases. (b,c) Estimated SNP distributions for the five disorders, 
including the distribution of SNPs in terms of the variance in liability 
explained per SNP (b) and the estimated distribution of SNP genotypic 
relative risks (c). We again stress that multiple qualifiers are essential in 
interpreting these estimates.
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samples of mixed European ancestry. We obtained a similar estimate 
of SNP heritability using 1000 Genomes Project data (0.33, s.e. of  
0.03; population risk of 0.01). For a population risk of 0.004  
(refs. 4,66), SNP heritability was 0.26 (s.e. of 0.02) using HapMap 
3 data and 0.27 (s.e. of 0.02) using 1000 Genomes Project data. 
Partitioning of the SNP heritability by minor allele frequency (MAF) 
is consistent with 80% of the signal reflecting causal variants with 
MAF of >0.1 (Supplementary Table 4).

To complement the GCTA analyses, we also applied ABPA (approxi
mate Bayesian polygenic analysis)67 to the Sweden and PGC meta-
analysis results. Compared to GCTA, ABPA yielded somewhat larger 
but generally congruent estimates of variance in liability to schizo-
phrenia using HapMap 3 imputation data, yielding 0.43 for a popula-
tion risk of 0.01 (95% credible interval of 0.38–0.48) and 0.34 for a 
population risk of 0.004 (95% credible interval of 0.31–0.37).

The Bayesian framework used by ABPA also allows simultaneous 
estimation of the number of independent SNP loci that contribute to 
risk for schizophrenia. Here we assume that the number of genome-
wide significant SNP associations and the amount of variance they 
explain in the Sweden and PGC meta-analysis results only partly 
reflect the underlying genetic architecture of schizophrenia, owing 
to inadequate sample size. Using 1000 Genomes Project imputation 
for Swedish and PGC samples and assuming a population risk of 0.01,  
we estimated that 8,300 independent SNPs contribute to the genetic 
basis of schizophrenia and that these SNPs account for 50% of the 
variance in liability to schizophrenia (95% credible intervals of 
6,300–10,200 for the number of SNPs and 0.45–0.54 for total variance 
explained). We stress that these estimates must be interpreted in the 
context of the assumptions of ABPA and the strengths and weaknesses 
of the input data. Additional analyses (data not shown) indicate that 
most of the signal was derived from SNPs with allele frequencies of 
>0.1; low-frequency imputed SNPs were not generally inferred to be 
associated with schizophrenia. ABPA estimates of the genetic archi-
tecture of schizophrenia are compared with those for four biomedical 
diseases (Fig. 3)67. There are similarities across the estimates for these 
complex traits, as all are relatively highly polygenic, and common 
SNPs explain substantial proportions of variation. However, these 
results suggest that the genetic architecture of schizophrenia is shifted 
to the left, with greater numbers of SNPs with smaller effects.

We previously estimated the heritability of schizophrenia in 
Sweden to be 0.64 (95% confidence interval of 0.617–0.675) using 
a national pedigree sample of 9 million individuals5, and a Danish 
national pedigree study of 2.6 million individuals reported a similar 
estimate (0.67, 95% confidence interval of 0.65–0.71)5,68. Using 1000 
Genomes Project data with a population risk of 0.01, we found that 
the variance in liability estimate from GCTA accounts for 52% of the 
heritability (0.33/0.64), and the variance in liability estimate from 
ABPA account for 78% of the heritability (0.50/0.64). Imprecision 
is inherent in these estimates, and future work or the use of a twin 
meta-analysis estimate of the heritability of schizophrenia (0.81, 95% 
confidence interval of 0.73–0.90)6 could revise these estimates down-
ward. However, despite the use of different assumptions and methods, 
these estimates converge on a crucial qualitative implication: causal 
variants tagged by common SNPs make substantial contributions to 
the risk for schizophrenia.

DISCUSSION
These results provide deeper insight into the genetic architecture 
of schizophrenia than ever before achieved. We find support for 22 
common variant loci (13 new) that highlight biological hypotheses 
for further evaluation. Some findings have immediate translational 

relevance. Larger studies are highly likely to uncover more common 
variant associations, as argued elsewhere8,18,69,70.

Common variation is an important (and perhaps predominant) 
genetic contributor to risk for schizophrenia. We estimated that 
6,300–10,200 independent and mostly common SNPs contribute to 
the etiology of schizophrenia. As one gene or structural element could 
contain multiple independent associations, the number of genes ulti-
mately determined to harbor causal variation for schizophrenia will 
be smaller, and we expect that these genes will implicate one or more 
biological pathways fundamental to disease risk.

Moreover, these thousands of independent loci seem to account 
for a considerable fraction of the heritability of schizophrenia. It is 
possible that the commonly used phrase ‘missing heritability’ lacks 
precision. Indeed, if thousands of SNPs underlie schizophrenia, a sta-
tistical model containing a handful of SNPs is unlikely to account for 
more than a small fraction of the heritability71. Our results imply that 
the genetic architecture of schizophrenia is not dominated by uncom-
mon variation. However, a balanced plan of attack should include 
well-powered searches for rare, private or de novo genetic variation 
of strong effect, given that such variants are probably more tractable 
to current molecular methods.

Power calculations are a fundamental component of the design of 
genetic studies. However, relatively extensive knowledge of genetic 
architecture is essential for power calculations to have maximum 
usefulness in study planning. We used the ABPA estimates of the 
posterior distribution of genotypic relative risks (Fig. 3) to inform 
power calculations by estimating the numbers of independent loci 
that could be detected for different sample sizes (Supplementary  
Fig. 9 and Supplementary Table 5). For example, for 60,000 schizo-
phrenia cases and 60,000 controls, ABPA results project that hun-
dreds of independent SNP loci would reach genome-wide significance 
(mean of 794 SNPs, 95% credible interval of 362–1,154 SNPs).

Thus, for the first time, there is a clear path to increased knowledge 
of the etiology of schizophrenia through the application of standard, 
off-the-shelf genomic technologies for elucidating the effects of com-
mon variation. We suggest that a relatively thorough enumeration of 
the genomic loci conferring risk for schizophrenia (the ‘parts list’) 
should be a priority for the field8. Identifying all loci would surely be 
an exercise in diminishing returns. However, we propose a goal for the 
field: the identification of the top 2,000 loci (for example) might be 
sufficient to confidently and clearly identify the biological processes 
that mediate risk and protection for schizophrenia. Achievement  
of this goal would provide a strong empirical impetus for targeted 
biological and genetic research into the precise molecular basis of risk 
for schizophrenia, stratification of at-risk populations (for example,  
psychotic prodrome) and appropriate cellular measures for the eval-
uation of novel therapeutics. As indicated by our findings, greater 
knowledge of the genetic basis of schizophrenia can converge on 
increasingly specific neurobiological hypotheses that can be priori-
tized for subsequent investigation.

URLs. Results can be downloaded from the PGC website at http://pgc.
unc.edu/ and visualized using Ricopili at http://www.broadinstitute.
org/mpg/ricopili. Genotype data are available upon application from 
the National Institute of Mental Health (NIMH) Genetics Repository 
at https://www.nimhgenetics.org/. The JAG website is at http://ctglab.nl/
software.

Methods
Methods and any associated references are available in the online 
version of the paper.

http://pgc.unc.edu/
http://pgc.unc.edu/
http://www.broadinstitute.org/mpg/ricopili
http://www.broadinstitute.org/mpg/ricopili
https://www.nimhgenetics.org/
http://ctglab.nl/software
http://ctglab.nl/software
http://www.nature.com/doifinder/10.1038/ng.2742
http://www.nature.com/doifinder/10.1038/ng.2742
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Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Overview. We present here the preplanned principal analyses for this project. 
To advance knowledge of schizophrenia, a minority of samples were included in 
previous reports. Genotyping was conducted in 6 batches (denoted Sw1–Sw6) 
with total sample sizes of 464, 694, 1,498, 2,388, 4,461 and 2,345. Genotypes 
were generated as sufficient numbers of samples accumulated from field work 
in Sweden. The 2009 International Schizophrenia Consortium report con-
tained GWAS data from the Sw1 and Sw2 subjects (N = 1,158; 9.8% of the 
sample before quality control)14. The 2011 PGC schizophrenia paper also 
contained GWAS data from the Sw1 and Sw2 subjects plus ~80 SNPs from Sw3 
and Sw4 in the replication phase17. The 2012 Bergen et al. paper focused on 
contrasting schizophrenia with bipolar disorder and reported GWAS results 
from Sw1–Sw4 (N = 4,044; 42.6% of the full sample)76. Thus, of the total  
sample of 11,850 Swedish subjects before quality control (5,351 cases and 6,509 
controls), 57.4% have not been reported previously.

Subjects. All procedures were approved by ethical committees at the Karolinska 
Institutet and the University of North Carolina, and all subjects provided writ-
ten informed consent (or legal guardian consent and subject assent). Sample 
collection occurred from 2005–2011.

Cases with schizophrenia were identified via the Swedish Hospital Discharge 
Register77,78, which captures all public and private inpatient hospitalizations. 
The register is complete from 1987 and is augmented by psychiatric data 
from 1973–1986. The register contains International Classification of Disease 
discharge diagnoses79–81 made by attending physicians for each hospitaliza-
tion82–85. Case inclusion criteria included ≥2 hospitalizations with a discharge 
diagnosis of schizophrenia, both parents born in Scandinavia and age of  
≥18 years. Case exclusion criteria included hospital register diagnosis of 
any medical or psychiatric disorder mitigating a confident diagnosis of  
schizophrenia as determined by expert review and involved the removal  
of 3.4% of the eligible cases owing to the primacy of another psychiatric dis-
order (0.9%) or a general medical condition (0.3%) or uncertainties in the 
hospital discharge register (for example, contiguous admissions with brief 
total duration; 2.2%).

The validity of this case definition of schizophrenia is described in the 
Supplementary Note (Supplementary Figs. 10 and 11 and Supplementary 
Tables 6 and 7), and this validity is strongly supported by clinical, epidemio-
logical, genetic epidemiological and genetic evidence.

Controls were selected at random from Swedish population registers, with 
the goal of obtaining an appropriate control group and avoiding ‘supernor-
mal’ controls86. Control inclusion criteria included never being hospitalized 
for schizophrenia or bipolar disorder (given evidence of genetic overlap with 
schizophrenia)5,14,87, both parents born in Scandinavia and age of ≥18 years.

Of the potential cases and controls who were alive and contactable, refusal 
rates were higher for cases than for controls (46.7% versus 41.7%). However, 
these proportions compare favorably with modern refusal rates in epidemiol-
ogy (59% for cross-sectional and 44% for case-control studies)88,89 and with 
the refusal rate in a recent large Norwegian longitudinal study (58%)90. For 
cases, comorbidity with drug and/or alcohol abuse or dependence did not pre-
dict participation nor did any subtype of schizophrenia (for example, paranoid 
or disorganized type). The sample was approximately representative of the 
Swedish populace with regard to county of birth (Supplementary Fig. 12).

Genotyping, quality control and imputation. DNA was extracted from 
peripheral blood samples at the Karolinska Institutet Biobank. Samples were 
genotyped in six batches at the Broad Institute using Affymetrix 5.0 (3.9%), 
Affymetrix 6.0 (38.6%) and Illumina OmniExpress (57.4%) chips according 
to the manufacturers’ protocols (Supplementary Table 8). Genotype calling, 
quality control and imputation were carried out in four sets corresponding to 
data from Affymetrix 5.0 (Sw1), Affymetrix 6.0 (Sw2–Sw4) and OmniExpress 
(Sw5 and Sw6) batches. Genotypes were called using Birdsuite (Affymetrix) or 
BeadStudio (Illumina). The quality control parameters applied included SNP 
missingness of <0.05 (before sample removal); subject missingness of <0.02; 
autosomal heterozygosity deviation; SNP missingness of <0.02 (after sample 
removal); difference in SNP missingness between cases and controls of <0.02; 
and deviation from Hardy-Weinberg equilibrium (P < 1 × 10−6 in controls or 
P < 1 × 10−10 in cases).

After basic quality control, 77,986 autosomal SNPs directly genotyped 
on all 4 GWAS platforms were extracted and pruned to remove SNPs in LD  
(r2 > 0.05) or with minor allele frequency of <0.05, leaving 39,239 SNPs 
suitable for robust relatedness testing and population structure analysis 
(Supplementary Fig. 13). Relatedness testing was carried out with PLINK91 
and pairs of subjects with π̂ of >0.2 were identified, and one member of each 
relative pair was removed at random. Principal-component estimation was car-
ried out with the same collection of SNPs. We tested 20 principal components 
for phenotype association (using logistic regression with batch indicator vari-
ables included as covariates) and evaluated their impact on the genome-wide 
test statistics using λ (ref. 19) after genome-wide association of the specified 
principal component, and 11 principal components were included in all asso-
ciation analyses.

Genotype imputation was performed using the prephasing/imputation step-
wise approach implemented in IMPUTE2 and SHAPEIT (chunk size of 3 Mb 
and default parameters)92,93. The imputation reference set consisted of 2,186 
phased haplotypes from the full 1000 Genomes Project data set (March 2012;  
40,318,245 variants). Evaluation of λGC led to the removal of SNPs with con-
trol allele frequencies of <0.005 or >0.995, imputation ‘info’ values of <0.2 or 
that were genotyped only in the smallest sample set (Sw1). Given that male 
sex is a risk factor for schizophrenia94, we conducted chromosome X imputa-
tion for subjects passing quality control for the autosomal analysis (excluding  
X-chromosome SNPs with missingness of ≥0.05 or Hardy-Weinberg equilib-
rium P of <1 × 10−6 in females). Imputation was performed separately for males 
and females, and gene dosages were tested for association under an additive 
logistic regression model using the same covariates as for the autosomal analysis.  
All genomic locations are given in NCBI Build 37/UCSC hg19 coordinates.

Statistical analysis. We first analyzed Swedish cases and controls (N = 11,244) 
and then conducted a meta-analysis with the PGC results for schizophrenia 
to evaluate our results with respect to the world’s literature (N = 20,899 after 
removing 954 subjects from Sw1 and Sw2)17. To maximize comparability, the 
Swedish samples were run through the same analytical pipeline used for the 
PGC samples. Association testing was carried out in PLINK using imputed 
SNP dosages and the principal components described above as covariates22. 
Meta-analysis was conducted using an inverse-weighted fixed-effects model21. 
To evaluate the comparability of the Swedish results with those from the PGC 
schizophrenia study, we used sign tests and risk score profiling based on sets 
of carefully selected SNPs17.

Summarizing regional data using ‘clumping’. Many GWAS findings implicate 
an extended region containing multiple SNPs with significant association. 
These are not independent associations but result because of high LD between 
associated SNPs. It is useful to summarize these associations in terms of the 
index SNP with the strongest association and other SNPs in high LD with the 
index SNP. To summarize GWAS findings, we used the following settings in 
PLINK to retain SNPs with association P < 0.0001 and r2 < 0.2 within 500-kb 
windows:–clump-p1 1e-4–clump-p2 1e-4–clump-r2 0.2–clump-kb 500.

Sign tests. We used sign tests to compare the overall patterns of results 
between the Swedish and PGC schizophrenia samples. We used the clumping 
settings above to derive a filtered set of SNPs. Because of the strong signal and 
high LD in the MHC, we kept only one SNP from the extended MHC region.  
We then determined the number of SNPs whose logistic regression β coefficient 
signs were the same between two independent samples. Under the null,  
the expectation is that 50% of the signs of these SNPs will be the same between 
two independent sets of results. The significance of the observed proportion 
was evaluated using the binomial distribution.

The significance test was carried out in two ways: (i) by selecting SNPs from 
Sw1–Sw6 results and evaluating the signs in the independent PGC results 
and (ii) by reversing the procedure (selecting from PGC and evaluating signs 
in Sw1–Sw6). We obtained similar results selecting SNPs for (i) association  
P < 1 × 10−5, (ii) association P < 1 × 10−6 and (iii) keeping one SNP every 3 Mb 
(effectively removing or greatly minimizing the effects of residual LD).

Risk profile score (RPS). We used RPS14 as an alternative and complementary 
way to compare the overall patterns of results from the PGC schizophrenia 
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analysis (discovery sample) with the independent Swedish results (target sam-
ple). We began by selecting high-quality, relatively independent SNPs with 
unambiguous directions of effect: from the PGC imputed results file, we gen-
erated a subset of results containing SNPs with allele frequency of 0.02–0.98 
and imputation info scores of >0.9. We then removed SNPs in high LD using 
clumping (i.e., retaining all SNPs with r2 of <0.25 within 500-kb windows): 
−clump-p1 1–clump-p2 1–clump-r2 0.25–clump-kb 500. For RPS, we wished 
to evaluate SNP effects across the P-value spectrum. Again, owing to the strong 
signal and high LD in the MHC, only one SNP was kept from the extended 
MHC region.

We used the resulting list from the PGC to calculate schizophrenia RPSs in 
the independent Swedish samples using the –score function in PLINK. We did 
this ten times using different subsets of the PGC SNPs selected by increasing 
P-value threshold. From the set of filtered SNPs from the PGC, we evaluated 
10 different association P-value thresholds (PT): 0.0001, 0.001, 0.01, 0.05, 0.1, 
0.2, 0.3, 0.4, 0.5 and 1.0 (i.e., including all SNPs). For each of these ten sets of 
SNPs derived from PGC, the schizophrenia risk profile score (the number of 
schizophrenia risk alleles weighted by the logistic regression β) was calculated 
for each case and control in Sw1–Sw6. Logistic regression was then used to test 
whether Swedish cases had significantly different burden of schizophrenia risk 
alleles in comparison to controls (including ancestry principal components 
as covariates). To estimate the proportion of variance of case-control status 
in the Swedish samples accounted for by the RPS from PGC, we used the  
difference in the Nagelkerke pseudo R2 value contrasting a logistic regression 
model, containing the risk profile score plus ancestry covariates with a logistic 
regression model containing the covariates alone.

Gene-set analysis. One way to understand polygenic associations for a com-
plex trait is to determine whether the implicated genetic variants are in genes 
that comprise a biological pathway. Gene-set analysis includes evaluation of 
genetic variants in genes that are grouped on the basis of their interacting 
role in biological pathways (biological pathway analysis) and genes that share 
similar cellular functions (functional gene-set analysis).

We used JAG (Joint Association of Genetic variants; see URLs) to conduct 
gene-set analyses. This method has previously been applied to the International 
Schizophrenia Consortium data by Lips et al.95. JAG tests for the association of 
specified gene sets with schizophrenia as applied to individual-level genotype 
data, which tend to be more powerful than using summary statistics. JAG con-
structs a test statistic for each gene set. JAG includes both self-contained and 
competitive tests. These two approaches evaluate different null hypotheses. 
Statistical significance (Pself and Pcomp) are determined using permutation. 
First, the self-contained test evaluates the null hypothesis that a defined set 
of genes is not associated with schizophrenia, while accounting for some of 
the properties of the SNPs being studied (for example, LD structure). Second, 
the competitive test evaluates whether a specific set of genes has evidence 
for stronger associations with schizophrenia than randomly selected sets of 
control genes (with the latter matched to the former using the same effective 
number of SNPs per gene set). Thus, a competitive test of the null hypothesis 
is that these genes are not more strongly associated than those in a similar 
but randomly selected set of genes. That is, the comparison is more one to 
the average degree of association across genes. The principal comparison is 
the competitive test, and we present self-contained tests for completeness. 
Competitive gene-set tests are more appropriate for a polygenic disease such 
as schizophrenia because they explicitly prioritize gene sets that show a greater 
average degree of association, over and above the polygenic background, rather 
than prioritizing larger but more weakly enriched gene sets (as self-contained 
tests would tend to do).

Replication. We obtained replication association results from six independent 
samples totaling 7,452 cases, 20,404 controls and 581 trios (Supplementary 
Table 9). These subjects are not included in the Swedish samples or in 
the PGC mega-analysis17. The independent samples were from SGENE+  
(ref. 16), CLOZUK29, the Irish Schizophrenia Genomics Consortium96, the 
Psychosis Endophenotype Consortium97 and the Multicenter Family Study98. 
After selecting for association P of <1 × 10−5 in the Sweden and PGC meta- 
analysis and accounting for LD, we requested association results for  
194 genomic regions.
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