Biological insights from 108
schizophrenia-associated genetic loci

Schizophrenia Working Group of the Psychiatric Genomics Consortium*

Schizophrenia is a highly heritable disorder. Genetic risk is conferred by a large number of alleles, including common
alleles of small effect that might be detected by genome -wide association studies. Here we report a multi-stage schizo-
phrenia genome-wide association study of up to 36,989 cases and 113,075 controls. We identify 128 independent asso-
ciations spanning 108 conservatively defined loci that meet genome-wide significance, 83 of which have not been
previously reported. Associations were enriched among genes expressed in brain, providing biological plausibility for
the findings. Many findings have the potential to provide entirely new insights into aetiology, but associations at DRD2
and several genes involved in glutamatergic neurotransmission highlight molecules of known and potential therapeutic
relevance to schizophrenia, and are consistent with leading pathophysiological hypotheses. Independent of genes expressed
inbrain, associations were enriched among genes expressed in tissues that have important roles in immunity, providing
support for the speculated link between the immune system and schizophrenia.

Schizophrenia has a lifetime risk of around 1%, and is associated with
substantial morbidity and mortality as well as personal and societal costs' .
Although pharmacological treatments are available for schizophrenia,
their efficacy is poor for many patients’. Allavailable antipsychotic drugs
are thought to exert their main therapeutic effects through blockade of
the type 2 dopaminergic receptor®® but, since the discovery of this mech-
anism over 60 years ago, no new antipsychotic drug of proven efficacy
hasbeen developed based on other target molecules. Therapeutic stasis
is in large part a consequence of the fact that the pathophysiology of
schizophrenia is unknown. Identifying the causes of schizophrenia is
therefore a critical step towards improving treatments and outcomes
for those with the disorder.

High heritability points to a major role for inherited genetic variants
in the aetiology of schizophrenia”. Although risk variants range in fre-
quency from common to extremely rare’, estimates'*'' suggest halftoa
third of the genetic risk of schizophrenia is indexed by common alleles
genotyped by current genome-wide association study (GWAS) arrays.
Thus, GWAS is potentially an important tool for understanding the
biological underpinnings of schizophrenia.

To date, around 30 schizophrenia-associated loci'®** have been iden-
tified through GWAS. Postulating that sample size is one of the most
important limiting factors in applying GW AS to schizophrenia, we created
the Schizophrenia Working Group of the Psychiatric Genomics Con-
sortium (PGC). Our primary aim was to combine all available schizo-
phrenia samples with published or unpublished GWAS genotypes into
asingle, systematic analysis*'. Here we report the results of that analysis,
induding at least 108 independent genomic loci that exceed genome-
wide significance. Some of the findings support leading pathophysio-
logical hypotheses of schizophrenia or targets of therapeutic relevance,
but most of the findings provide new insights.

108 independent associated loci

Weobtained genome-wide genotype data from which we constructed 49
ancestry matched, non-ovedappingcase-control samples (46 of European
and three of east Asian ancestry, 34,241 cases and 45,604 controls) and
3 family-based samples of European ancestry (1,235 parent affected-
offspring trios) (Supplementary Table 1 and Supplementary Methods).

These comprise the primary PGC GWAS data set. We processed the
genotypes from all studies using unified quality control procedures fol-
lowed by imputation of SNPs and insertion-deletions using the 1000
Genomes Project reference panel*. In each sample, association testing
was conducted using imputed marker dosages and principal components
(PCs) to control for population stratification. The results were combined
using an inverse-variance weighted fixed effects model*. After quality
control (imputation INFO score = 0.6, MAF = 0.01, and successfully
imputed in = 20 samples), we considered around 9.5 million variants.
Theresults are summarized in Fig. 1. To enable acquisition of large sam-
ples, some groups ascertained cases via clinician diagnosis rather than a
research-based assessment and provided evidence of the validity of this
approach (Supplementary Information)'""*, Post hoc analyses revealed
the pattern of effect sizes for associated loci was similar across different
assessment methods and modes of ascertainment (Extended Data Fig, 1),
supporting our a priori decision to incdlude samples of this nature.

For the subset of linkage- disequilibrium-independent single nucleotide
polymorphisms (SNPs) with P < 1 X 10 ° in the meta-analysis, we next
obtained results from deCODE genetics (1,513 cases and 66,236 controls
of European ancestry). We define linkage-disequilibrium-independent
SNPs as those with low linkage disequilibrium (r* < 0.1) to a more sig-
nificantly associated SNP withina 500-kb window. Given high linkage
disequilibrium in the extended major histocompatibility complex (MHC)
region spans ~8 Mb, we conservatively indude only asingle MHC SNP
torepresent thislocus. The deCODE data were then combined with those
from the primary GWAS to give a data set of 36,989 cases and 113,075
controls. In this final analysis, 128 linkage-disequilibrium-independent
SNPs exceeded genome-wide significance (P = 5 X 10~*) (Supplemen-
tary Table 2).

Asin meta-analyses of other complex traits which identified large num-
bers of common risk variants®*, the test statistic distribution from our
GWAS deviates from the null (Extended Data Fig. 2). Thisis consistent
with the previously documented polygenic contribution to schizophrenia'®'".
The deviation in the test statistics from the null (A = 147, A 1000 = 1.01)
isonly slightly less than expected (A = 1.56) undera polygenic model
given fully informative genotypes, the current sample size, and the life-
time risk and heritability of schizophrenia®.
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Figure 1| Manhattan plot showing schizophrenia associations. Manhattan
plotof the discovery genome-wide association meta-analysis of 49 case control
samples (34,241 cases and 45,604 controls) and 3 family based association
studies (1,235 parent affected-offspring trios). The x axis is chromosomal

Additional lines of evidence allow usto conclude the deviation between
the observed and null distributions in our primary GWAS indicates a
true polygenic contribution to schizophrenia. First, applying a novel
method™ that uses linkage disequilibrium information to distinguish
between the major potential sources of test statistic inflation, we found
our results are consistent with polygenic architecture but not popula-
tion stratification (Extended Data Fig, 3). Second, the schizophrenia-
associated alleles at 78% of 234 linkage-disequilibrium-independent
SNPs exceeding P < 1 X 10~ ® in the case-control GWAS were again
overrepresented in cases in the independent samples from deCODE.
This degree of consistency between the case-control GWAS and the
replication data is highly unlikely to occur by chance (P=6X 10" "),
Thetested alleles surpassed the P < 10~ ° threshold in our GWAS before
weadded either the trios or deCODE data to the meta-analysis. This trend
testis therefore independent of the primary case-control GW AS. Third,
analysing the 1,235 parent-proband trios, weagain found excess trans-
mission of the schizophrenia-associated alldeat69% ofthe 263 linkage-
disequilibrium-independent SNPswith P<< 1 X 10 °in the case-control
GWAS. This is again unlikely to occur by chance (P = 1% 10~ *) and
additionally excludes population stratification as fully explaining the
associations reaching our threshold for seeking replication. Fourth, we
used the trios trend data to estimate the expected proportion of true
associationsat P << 1 X 10 ° in the discovery GW AS, allowing for the
fact that half of the index SNPs are expected to show the same allelic
trend in the trios by chance, and that some true associations will show
opposite trends given the limited number of trio samples (Supplemen-
tary Methods). Given the observed trend test results, around 67% (95%
confidence interval: 64-73%) or n = 176 of the associations in the scan
at P<<1X 10~ ° are expected to be true, and therefore the number of
associations that will ultimately be validated from this set of SNPs will
be considerably more than those that now meet genome-wide signifi-
cance. Taken together, these analyses indicate that the observed deviation

position and the y axis is the significance (~log,, P; 2-tailed) of association

derived by logistic regression, The red line shows the genome-wide significance
level (5% 10 ). SNPs ingreen arein linkage disequilibrium with the index SNPs
(diamonds) which represent independent genome-wide significant associations,

of test statistics from the null primarily represents polygenic assodation
signal and the considerable excess of associations at the tail of extreme
significance largely correspond to true associations.

Independently associated SNPsdo not translate to well-bounded chro-
mosomalregions. Neverthdess, itis useful to define physical boundaries
for the SNP associations toidentify candidate risk genes. We defined an
associated locusasthe physical region containing all SNPs correlated at
7 > 0.6 with each of the 128 index SNPs. Associated loci within 250 kb
of each other were merged. This resulted in 108 physically distinct asso-
ciated loci, 83 of which have not been previously implicated in schizo-
phrenia and therefore harbour potential new biological insights into
disease aetiology (Supplementary Table 3; regional plots in Supplemen-
tary Fig. 1). The significant regions include all but 5 loci previously reported
tobe genome-wide significant in large samples (Supplementary Table 3).

Characterization of associated loci

Of'the 108 loci, 75% include protein- coding genes (40%, a single gene)
and a further 8% are within 20 kb of a gene (Supplementary Table 3).
Notable associations relevant to major hypotheses of the aetiology and
treatment of schizophreniainclude DRD2 (the target ofall effective anti-
psychotic drugs) and many genes (for example, GRM3, GRIN2A, SRR,
GRIA1) involved in glutamatergic neurotransmission and synaptic plas-
ticity. Inaddition, associations at CACNA 1C, CACNB2 and CACNAI1I,
which encode voltage- gated calcium channel subunits, extend previous
findings implicating members of this family of proteinsin schizophrenia
and other psychiatricdisorders'"'**'**, Genesencoding calcium chan-
nels, and proteins involved in glutamatergic neurotransmission and syn-
aptic plasticity have been independently implicated in schizophrenia by
studies of rare genetic variation™ **, suggesting convergence at a broad
functional level between studies of common and rare genetic variation.
We highlightin the Supplementary Discussion genes of particular interest
within associated loci with respect to current hypotheses of schizophrenia



aetiology or treatment (although we do not imply that these genes are
necessarily the causal elements).

Foreach of the schizophrenia-associated loci, we identified a credible
causal set of SNPs (for definition, see Supplementary Methods)*. In only
10 instances (Supplementary Table 4) was the association signal credibly
attributable to a known non-synonymous exonic polymorphism. The
apparently limited role of protein-coding variants is consistent both with
exome sequencing findings* and with the hypothesis that most asso-
ciated variants detected by GWAS exert their effects through altering
gene expression rather than protein structure”-* and with the obser-
vation that schizophrenia risk loci are enriched for expression quanti-
tative trait loci (eQTL)™.

To try to identify eQTLs that could explain associations with schizo-
phrenia, we merged the credible causal set of SNPs defined above with
eQTLs from a meta-analysis of human brain cortex eQTLstudies (n = 550)
andan eQTL studyof peripheral venous blood (7 = 3,754)* (Supplemen-
tary Methods). Multiple schizophrenia loci contained at least one eQTL
for a genewithin 1 Mb of the locus (Supplementary Table 4). However,
inonly 12 instances was the eQTL plausibly causal (two in brain, and nine
in peripheral blood, one in both). This low proportion suggests that if
most risk variants are regulatory, available eQTL catalogues do not yet
provide power, cellular specificity, or developmental diversity to pro-
vide clear mechanistic hypotheses for follow-up experiments.

The brain and immunity

To further explore the regulatory nature of the schizophrenia associations,
wemapped the credible sets (n = 108) of causal variants onto sequences
with epigenetic markers characteristic of active enhancers in 56 differ-
ent tissuesand cell lines (Supplementary Methods). Schizophreniaasso-
ciations were significantly enriched at enhancers active in brain (Fig. 2)
but not in tissues unlikely to be relevant to schizophrenia (forexample,
bone, cartilage, kidneyand fibroblasts). Brain tissues used to define enhanc-
ers consist of heterogeneous populations of cells. Seeking greater spe-
cificity, we contrasted genes enriched for expression in neurons and
glia using mouse ribotagged lines”. Genes with strong expression in
multiple cortical and striatal neuronal lineages were enriched for asso-
ciations, providing support for an important neuronal pathology in
schizophrenia (Extended Data Fig. 4) but this is not statistically more
significant than, or exclusionary of, contributions from other lineages .

Schizophrenia associationswerealso strongly enriched at enhancers
thatareactive in tissues with important immune functions, particularly
B-lymphocyte lineages involved in acquired immunity (CD19 and CD20
lines, Fig. 2). These enrichments remain significant even after exclud-
ing the extended MHC region and regions containing brain enhancers
(enrichment P for CD20 < 10~ °), demonstrating that this finding is
not an artefact of correlation between enhancer elements in different
tissuesand not driven by the strongand diffuse associationat the extended
MHC. Epidemiological studies have long hinted at a role for immune
dysregulation in schizophrenia, the present findings provide genetic
support for this hypothesis™.

Todevelopadditional biological hypotheses beyond those thatemerge
from inspection of the individual loci, we further undertook a limited
mining of the data through gene-setanalysis. However, as there is no con-
sensus methodology by which such analyses should be conducted, nor
an established optimal significance threshold for including loci, we sought
tobe conservative, using only two ofthe many available approaches™*
and restricting analyses to genes within genome-wide significant loci.
Neither approach identified gene-sets that were significantly enriched
for associations after correction for the number of pathways tested (Sup-
plementary Table 5) although nominally significantly enrichmentswere
observedamong several predefined candidate pathways (Extended Data
Table 1). A fuller exploratoryanalysis of the data will be presented elsewhere.

Overlap with rare mutations

CNVsassociated with schizophrenia overlap with thoseassociated with
autism spectrum disorder (ASD) and intellectual disability®,asdo genes
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Figure 2 | Enrichment in enhancers of credible SNPs. Cell and tissue type
specific enhancers were identified using ChIP-seq data sets (H3K27ac signal)
from 56 cell line and tissue samples (y axis). We defined cell and tissue type
enhancers as thetop 10% of enhancers with the highest ratio of reads in that cell
or tissue type divided by the total number of reads. Enrichment of credible
causal associated SNPs from the schizophrenia GWAS was compared with
frequency matched sets of 1000 Genomes SNPs (Supplementary Methods).
The x axis is the ~log,o P for enrichment. P values are uncorrected for the
number of tissues or cells tested. A -log,o P of roughly 3 can be considered
significant after Bonferroni correction. Descriptions of cell and tissue types at
the Roadmap Epigenome website (http://www.roadmapepigenomics.org).

with deleterious de novo mutations™. Here we find significant overlap
between genes in the schizophrenia GWAS associated intervals and those
with de novo non-synonymous mutations in schizophrenia (P = 0.0061)
(Extended Data Table 2), suggesting that mechanistic studies of rare
genetic variation in schizophrenia will be informative for schizophrenia
more widely. Wealso find evidence for overlap between genesin schizo-
phrenia GWAS regions and those with de novo non-synonymous muta-
tions in intellectual disability (P = 0.00024) and ASD (P = 0.035), providing
further support for the hypothesisthat these disordershave partly over-
lapping pathophysiologies™*.

Polygenic risk score profiling

Previous studies have shown that risk profile scores (RPS) constructed
from alleles showing modest association with schizophrenia in a dis-
covery GWAS can predict case-control status in independent samples,
albeitwith low sensitivity and specificity'®''-'“. This findingwas robustly
confirmed in the present study. The estimate of Nagelkerke R* (a mea-
sure of variance in case-control status explained) depends on the spe-
cific target data set and threshold (Pry) for selecting risk alleles for RPS



analysis (Extended Data Fig. 5and 6a). However, using the same target
sample as earlier studies and Py = 0.05, R* is now increased from 0.03
(ref. 10) to 0.184 (Extended Data Fig, 5). Assuminga liability-threshold
model, a lifetime risk of 1%, independent SNP effects, and adjusting for
case-controlascertainment, RPS now explains about 7% of variation on
the liability scale® to schizophrenia across the samples (Extended Data
Fig 6b), about half of which (3.4%) is explained by genome-wide signi-
ficant loci.

We also evaluated the capacity of RPS to predict case-control status
usinga standard epidemiological approach to a continuous risk factor.
We illustrate this in three samples, each with different ascertainment
schemes (Fig 3). The Danish sampleis population-based (that is, inpa-
tient and outpatient facilities), the Swedish sample is based on all cases
hospitalized for schizophrenia in Sweden, and the Molecular Genetics
of Schizophrenia (MGS) sample was ascertained specially for genetic
studies from clinical sourcesin the US and Australia. We grouped indi-
vidualsinto RPS decilesand estimated the odds ratios for affected status
for each decile with reference to the lowest risk decile. The odds ratios
increased with greater number of schizophrenia risk allelesin each sam-
ple, maximizing for the tenth decile in all samples: Denmark 7.8 (95%
confidence interval (CI): 4.4-13.9), Sweden 15.0 (95% CI: 12.1-18.7)
and MGS 20.3 (95% CI: 14,7-28.2). Given the need for measures that
index liability to schizophrenia™*, the ability to stratify individuals by
RPS offers new opportunities for clinical and epidemiological research.
Nevertheless, we stress that the sensitivity and specificity of RPS do not
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Figure 3 | Odds ratio by risk score profile. Odds ratio for schizophrenia by
risk score profile (RPS) decile in the Sweden (Sw1-6), Denmark (Aarhus), and
Molecular Genetics of Schizophrenia studies (Supplementary Methods).

Risk alleles and weights were derived from ‘leave one out’ analyses in which
those samples were excluded from the GWAS meta-analysis (Supplementary
Methods). The threshold for selecting risk alleles was Py << 0.05. The RPS
were converted to deciles (1= lowest, 10 = highest RPS), and nine dummy
variables created to contrast deciles 2-10 to decile 1 as the reference. Odds ratios
and 95% confidence intervals (bars) were estimated using logistic regression
with PCs to control for population stratification.

support its use as a predictive test. For example, in the Danish epide-
miological sample, the area under the receiver operating curve is only
0.62 (Extended Data Fig 6c, Supplementary Table 6).

Finally, seeking evidence for non-additive effects on risk, we tested
for statistical interaction between all pairs of 125 autosomal SNPs that
reached genome-wide significance. P values for the interaction terms
were distributed accordingto the null, and no interaction was significant
after correction for multiple comparisons. Thus, we find no evidence for
epistatic or non-additive effects between the significant loci (Extended
Data Fig 7). It is possible that such effects could be present between
other loci, or occur in the form of higher-order interactions.

Discussion

In the largest (to our knowledge) molecular genetic study of schizophre-
nia, orindeed of any neuropsychiatric disorder, ever conducted, we dem-
onstrate the power of GW AS to identify large numbers of risk loci. We
show that the use of alternative ascertainment and diagnostic schemes
designed to rapidly increase sample size does not inevitably introducea
crippling degree of heterogeneity. That this is true for a phenotype like
schizophrenia, in which there are no biomarkers or supportive diagnostic
tests, provides grounds to be optimistic that this approach can be suc-
cessfully applied to GWAS of other clinically defined disorders.

We further show that theassociations are not randomly distributed
across genes of all classesand function; rather theyconverge upon genes
that are expressed in certain tissues and cellular types. The findings include
molecules that arethe current, or the most promising, targets for ther-
apeutics, and point to systems that align with the predominant aeti-
ological hypotheses of the disorder. This suggests that the many novel
findings we report also provide an aetiologically relevant foundation
for mechanisticand treatment development studies. We also find over-
lap between genes affected by rare variants in schizophrenia and those
within GWAS loci, and broad convergence in the functions of some of
the clusters of genes implicated by both sets of genetic variants, parti-
cularly genes related to abnormal glutamatergic synaptic and calcium
channel function. How variation in these genes impact function to increase
risk for schizophrenia cannot be answered by genetics, but the overlap
strongly suggests that common and rare variant studies are complemen-
tary rather than antagonistic, and that mechanistic studies driven by rare
genetic variation will be informative for schizophrenia.

Online Content Methods, along with any additional Extended Data display items
andSource Data, are availablein the onlineversion of the paper; references unique
to these sections appear only in the online paper.
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