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Risk of schizophrenia is conferred by alleles occurring across the full spectrum of
frequencies from common SNPs of weak effect through to ultra rare alleles, some of
which may be moderately to highly penetrant. Previous studies have suggested that
some of the risk of schizophrenia is attributable to uncommon alleles represented on
lllumina exome arrays. Here, we present the largest study of exomic variation in
schizophrenia to date, using samples from the United Kingdom and Sweden (10,011
schizophrenia cases and 13,791 controls). Single variants, genes, and gene sets were
analyzed for association with schizophrenia. No single variant or gene reached
genome-wide significance. Among candidate gene sets, we found significant
enrichment for rare alleles (minor allele frequency [MAF] < 0.001) in genes intolerant
of loss-of-function (LoF) variation and in genes whose messenger RNAs bind to
fragile X mental retardation protein (FMRP). We further delineate the genetic

architecture of schizophrenia by excluding a role for uncommon exomic variants
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1 | INTRODUCTION

Schizophrenia is a highly heritable disorder with an average lifetime
risk of 0.5-1%, although this can vary across and within countries
(Gottesman & Shields, 1967). Prior studies point to a multifactorial
aetiology involving genetic and environmental factors and an overall
heritability of around 65% (Cardno & Gottesman, 2000; Lichtenstein
et al.,, 2009; Sullivan, Kendler, & Neale, 2003). Genomic studies have
decisively supported work from the pre-molecular era suggesting that
schizophrenia is highly polygenic and it is now clear that the large
number of risk alleles involved span the full spectrum of frequencies
from common through rare including de novo mutations (Purcell et al.,
2009). The evidence to date from copy number variants (CNVs)
supports the hypothesis that alleles that confer high risk of
schizophrenia are subjected to strong selection pressure, but are
maintained in the population at low frequencies by de novo mutation
(Rees, Moskvina, Owen, O’Donovan, & Kirov, 2011) and incomplete
penetrance. At the other end of the effect size spectrum, alleles
conferring small effects on risk can become common.

Published genome-wide association studies (GWAS) have
identified over 100 genetic loci containing common alleles (The
Psychiatric Genomics Consortium, 2014). Individually, common risk
alleles contribute small effects (odds ratios typically <1.1) but en
masse, it has been estimated half to a third of the genetic risk of
schizophrenia is indexed by common alleles genotyped by current
genome-wide association study (GWAS) arrays (The Psychiatric
Genomics Consortium, 2014). Rare risk alleles in the form of CNVs
have also been identified; these typically confer relatively high risk of
disorder (odds ratios 2-60) and in total occur in about 3% of cases as
inherited or de novo mutations (Giusti-Rodriguez & Sullivan, 2013).
Whole-exome sequencing studies support a polygenic contribution
to the disorder from both inherited and de novo rare single
nucleotide variants (SNVs) and insertion/deletion variants (Fromer
et al., 2014; Genovese et al., 2016; Purcell et al., 2014). Studies
documenting a burden of rare nonsynonymous SNVs in people with
the disorder suggest that, as for GWAS and CNV analyses, the
application of large samples will ultimately deliver significant findings
for this class of risk variant (Zuk et al., 2014). Recent support for this
comes from a recent meta-analysis of 4,264 schizophrenia cases,
9,343 controls, and 1,077 parent-proband trios in which genome-
wide significant support was obtained for rare loss-of-function SNVs
in the gene SETD1A (Singh et al., 2016).

(0.01 < MAF > 0.001) that confer a relatively large effect (odds ratio [OR] > 4). We
also show risk alleles within this frequency range exist, but confer smaller effects and

should be identified by larger studies.

association, exome chip, FMRP, rare variation, schizophrenia

We have previously shown that alleles represented on exome
arrays capture a fraction of the risk for schizophrenia attributable to
rare SNVs (Richards et al., 2016) but, as with sequencing studies, our
study was underpowered to implicate specific genes. To enhance
power, we have increased the sample size to 10,011 schizophrenia
cases and 13,791 controls by combining two of the largest
schizophrenia case-control cohorts available from the United Kingdom
(5,585 cases and 8,103 controls) and Sweden (4,426 cases and 5,688
controls). The analysis of the UK sample exome chip data has
previously been published (Richards et al., 2016), as has the Sweden
whole exome sequencing results (though not the Sweden exome chip
data) (Genovese et al., 2016).

We performed three primary analyses. These were single variant
association using mixed model analysis, gene association using
SKAT-O, and gene set analysis using a burden test in SKAT. The
candidate gene sets were chosen on the basis of available evidence
from other types of genetic study of neuropsychiatric disorders (for
more details see section 2.4). We hypothesized that, as the rarity of the
variants and the large multiple testing correction was likely to lead to
limited power to detect true associations for single variants (see
section 2.5), the candidate gene sets with good prior evidence had the
best chance of capturing a true association with schizophrenia.

2 | METHODS AND MATERIALS

2.1 | Samples

Sample sizes are given in Supplementary Table S1. The UK
schizophrenia cases were from the CLOZUK and Cardiff COGS
cohorts, both described previously and that are typical of schizophre-
nia with respect to the heritability conferred by common alleles
(Hamshere et al, 2013). CLOZUK cases were prescribed the
antipsychotic clozapine. This is primarily used for treatment-resistant
schizophrenia, so the CLOZUK cases are likely to be enriched for
treatment resistance. In the United Kingdom, patients taking clozapine
provide blood samples to allow the detection of adverse drug-effects.
Following ethical approval, we obtained anonymous blood samples
(Hamshere et al., 2013). Cardiff COGS cases were recruited from
community mental health teams in Wales and England on the basis of a
clinical diagnosis of schizophrenia or schizo-affective disorder
(depressed sub-type) as described previously (Carroll et al., 2011).

After written informed consent, diagnosis was subsequently
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established using the Schedules for Clinical Assessment in Neuropsy-
chiatry (SCAN) instrument (Wing et al., 1990) and review of case notes
followed by consensus diagnosis according to DSM-IV (American
Psychiatric Association, 1994) criteria. Controls were taken from the
UK Blood Service donors (4,455 samples) and the 1958 British Birth
Cohort (4,615 samples) (Power & Elliott, 2006; Power et al., 2007,
WTCCC, 2007). The study had UK Multicenter Research Ethics
Committee approval.

Swedish cases with schizophrenia were identified via the Swedish
Hospital Discharge Register which captures all public and private
inpatient hospitalizations (Genovese et al., 2016; Ripke et al., 2013;
Szatkiewicz et al., 2014). Cases were required to have two or more
inpatient admissions for schizophrenia or schizo-affective disorder.
The validity of this case definition of schizophrenia is strongly
supported (Dalman, Broms, Cullberg, & Allebeck, 2002; Kristjansson,
Allebeck, & Borje, 1987). All procedures were approved by ethical
committees at the Karolinska Institute in Sweden, and all subjects
provided written informed consent (or legal guardian consent and
subject assent). Controls were selected at random from Swedish
population registers, and had never been hospitalized for schizophre-
nia, schizo-affective disorder, or bipolar disorder.

For replication of rs61749465, we obtained data from an
additional UK (UCL) schizophrenia cohort of 1,305 subjects who had
received a clinical diagnosis of schizophrenia according to ICD-10
which was subsequently confirmed by interviews using the
Schedule for Affective Disorders and Schizophrenia—Lifetime edition
(SADS-L) (Endicott & Spitzer, 1978). The UCL control cohort included
1,309 subjects (480 were unscreened healthy UK subjects from the
European Collection of Animal Cell Culture). The remaining UCL
controls had no personal history of any RDC-defined mental disorder
and no family history of schizophrenia, alcohol dependence, or bipolar
disorder. All cases and controls were of United Kingdom or Irish
ancestry as described previously (Datta et al., 2010). UK National
Health Service multicenter and local research ethics approvals were
obtained and signed informed consent was given by all subjects.

Genotyping of the primary datasets was performed using lllumina
HumanExome or HumanOmniExpressExome arrays (see URLs below).
Whole exome sequencing of ~10% of the Sweden cohort was used in
array design. We restricted our analyses to the exome content
contained in both arrays (N = 247,870 SNVs). Genotypes were called
using lllumina GenomeStudio with subsequent processing of genotype
with zCall (Goldstein et al., 2012) with batch-specific intensity data.
Cardiff COGS, CLOZUK, UK Blood Service donors, and the Swedish
cohort were genotyped at the Broad Institute (Cambridge, MA). The
1958 British Birth Cohort was genotyped by the Wellcome Trust
Sanger Institute.

Replication data for rs61749465 was genotyped in the UCL
sample using a KASPar assay (LGC Genomics, Hoddesdon, UK) and
heterozygotes confirmed by Sanger sequencing.

Quality Control (QC) was performed following the procedures we
previously described (Richards et al., 2016). In brief, marker QC
consisted of exclusions based on call rate <99%, Hardy-Weinberg
Equilibrium (HWE) p<1x107° in cases and controls separately,

medical gengties B Genetics

p<5x107*in case/case batch comparisons, p < 1x 1072 in control/
control batch comparisons and passing cluster plot separation checks
(markers with GenTrain score < 0.4 or mean cluster separation < 0.08
were excluded). QC steps for subject exclusions were based on call rate
<98%, relatedness based on identity by descent it < 0.1, heterozygos-
ity, and PCA for population stratification. Of 6,991 cases and 9,070
controls initially available for the UK cohorts, 5,585 cases and 8,103
controls were retained. Principal component analysis (PCA) was used
to control for population stratification. As in the previous analysis,
CLOZUK/COGS PCA was performed using SmartPCA 3.0 on 5,128
variants with MAF >0.01 and 1,100 samples from 11 populations
using HapMap 3 (Thorisson, Smith, Krishnan, & Stein, 2005) as
reference panel (Patterson, Price, & Reich, 2006; Price et al., 2006).

QC details for the Swedish cohort (4,610 cases and 5,894 controls
before QC) are given in Supplementary Table S2. Marker QC consisted
of exclusions based on call rate < 98% and HWE p < 1 x 107¢ in cases
and controls separately. QC steps for subject exclusions were based on
call rate <98%, relatedness based on identity by descent it <0.1,
heterozygosity, and PCA for population stratification. In the Swedish
cohort, PCA was performed with SmartPCA v3.0 (Price et al., 2006)
using LD pruned genome-wide SNPs (these data were not available for
all UK controls). Samples that were >6 standard deviations from the
mean on PCA1 to PCA10 were dropped, and the process iterated 10
times. After QC, we retained 4,426 cases and 5,688 controls in the
Swedish cohort. PLINK1.9 was used to perform all QC steps except for
PCA (Purcell et al., 2007).

In total, there were 10,011 cases and 13,791 controls in the

combined sample.

2.2 | Allelic association

Allelic association testing was performed in GCTA (Yang, Lee, Goddard,
& Visscher, 2011), using mixed linear model based association analysis
(MLMA) based on the leave-one-chromosome-out method (MLMA-
loco) (Yang, Zaitlen, Goddard, Visscher, & Price, 2014). This method
provides controls for population stratification and sample relatedness.
We concentrate on 112,950 variants with MAF < 0.01 (Supplementary
Table S3).

2.3 | Gene-level association

We implemented tests to summarize the evidence for gene-level
association based on all nonsynonymous variants (MAF < 0.001,
92,815 variants) in a gene. This MAF threshold was chosen because
it captured the greatest proportion of the rare variant signal in a
exome-sequencing study of schizophrenia (Fromer et al., 2014). We
used SeqMeta 1.6.5 (URLs) available in R for meta-analysis of the
United Kingdom and Swedish cohorts to calculate unified Sequencing
Kernel Association (SKAT-O) tests and burden tests for genes. The
burden test collapses minor alleles within a gene or pathway into a
single variable (Li and Leal, 2008; Madsen & Browning, 2009) and is the
most powerful approach when most of the minor alleles in the gene of
pathway increase risk. SKAT aggregates genetic information by using
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multiple logistic regression in a kernel framework and is more powerful

than the burden test when minor alleles show a mixture of risk or
protective effects (Wu et al, 2011). The unified test (SKAT-O)
maximizes power by finding the optimal linear combination of the
burden and SKAT approaches (Lee et al., 2012).

We annotated variants with MAF < 0.001 to genes according to
the RefSeq hg19 (URLs). For gene-wide association tests, we included
only genes containing 22 variant sites in the datasets (13,443 genes;
Supplementary Table S4). For both cohorts, we included 11 covariates
(10 ancestry principal components and a covariate for genotyping
platform).

2.4 | Gene-set analyses

Gene-sets were selected given a priori evidence of enrichment for rare
alleles. We thus conducted only the burden test using the SeqMeta
package in R. As schizophrenia is highly polygenic, gene-sets analyses
are at their most informative when they are competitive against the
genomic background (de Leeuw, Neale, Heskes, & Posthuma, 2016) so
we included a covariate corresponding to the rare allele count for each
individual for variants outside the candidate pathways.

We defined candidate gene sets based on previous evidence
of enrichment for rare alleles from sequencing studies of
schizophrenia (Tables 3 and S5; Supplementary Material for
more information on how these pathways are derived) (Akawi
et al.,, 2015; Bragin et al., 2014; Chen & Dent, 2014; Chiurazzi,
Schwartz, Gecz, & Neri, 2008; de Ligt et al., 2012; De Rubeis et al.,
2014; Lek et al., 2015; Fromer et al., 2014; Giusti-Rodriguez &
Sullivan, 2013; Khare et al., 2012; Network and Pathway Analysis
Subgroup of Psychiatric Genomics Consortium, 2015; Najmabadi
et al., 2011; Purcell et al., 2014; Rauch et al., 2012; Singh et al.,
2016; The Psychiatric Genomics Consortium, 2014; van Bokhoven,
2011; Yun, Wu, Workman, & Li, 2011). For generic pathway
exploration, we extracted 8,737 pathways from six publically
available repositories (Supplementary Tables S6 and S7 and
Supplementary Material) (Ashburner et al., 2000; Croft et al.,
2014; Eppig et al., 2015; Gene Ontology Consortium, 2015;
Kanehisa & Goto, 2000; Kanehisa et al., 2014; Mi, Muruganujan,
Casagrande, & Thomas, 2013; Mi, Muruganujan, & Thomas, 2013;
Milacic et al., 2012; Schaefer et al., 2009). We performed gene-set
analyses based on the full set of exonic variants (Supplementary
Table S6), and another set of analyses restricted to damaging
mutations (those annotated as “stop” or “splice”; Supplementary
Table S7).

2.5 | Statistical power

Given our sample sizes, we had 95% power to detect association to an
allele with a MAF of 0.001 and odds ratio >4 at an exome-wide
significance threshold (p<1.2x1077, as suggested for moderate
impact nonsynonymous variants; Sveinbjornsson et al., 2016).
Statistical power was <1% to detect alleles at this frequency with an
OR of 2 (Figure 1).

1.0

Power
0.6 0.8
1

04

OR

FIGURE 1 Power calculations for SNVs under an additive allelic
model. Power calculations assume a variant with MAF = 0.001
(green line) or 0.01 (blue line) and a sample size of 10,011 cases and
13,791 controls. Significance is set at a=1.2 x 1077, Similar results
are obtained for a dominant model given the low MAF

3 | RESULTS

3.1 | Allelic association

No single variants reached the exome-wide significance threshold
(p<1.2x1077). One variant, rs61749465 (exm679123, in MCPH1),
neared this level of significance (p = 3.8 x 1077). However, we did not
obtain replication evidence for rs61749465 (Fisher's exact test
p=0.12) for this allele in the sample from UCL (1,305 cases and
1,309 controls), nor did meta-analysis of rs61749465 in the UCL
sample with the UK and Swedish cohorts provide additional support
(Fisher's combined probability test; p=8.2x1077). The results for
variants with p < 1 x 107 are presented in Table 1 and results for all the
variants in Supplementary Table S3. Overall, 12 variants showed
evidence for association below 1074, similar to the number expected

under the null.

3.2 | Gene association tests

None of the gene association results exceeded the gene-wide
significance threshold for SKAT-O or burden tests (p<2.5x 107,
Bonferroni correction for 20,000 genes). Genes significant at
p<3x107% are given in Table 2. The complete list of gene level
results is given in Supplementary Table S4.

3.3 | Pathway analyses

For the candidate gene set analysis using a burden test on rare
variants (Table 3), two gene sets, FMRP targets (Fromer et al., 2014;
Giusti-Rodriguez & Sullivan, 2013) and those that are loss-of-
function intolerant (defined as those with pLin > 0.9 (Lek et al., 2015;
Genovese et al., 2016), were significantly enriched, each passing the

Bonferroni threshold for this analysis of p<4.1x1073. Our
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TABLE 1 SNV association tests

Variant Chr Position Al A2 MAF (cases)
exmé679123 8 6272353 G A 0.00460
exm237695 2 166003301 T C 0.00180
exm1212971 16 4253250 T C 0.00055
exm1511038 19 56539847 A G 0.00055
exm1217358 16 11001377 C G 0.00000
exm750535 9 36147794 G A 0.00090
exm843062 10 95400694 A C 0.00574
exm1330168 17 43308023 G A 0.00015
exm491315 5 142593652 C T 0.00674
exm1055306 13 20224268 G T 0.00020
exm252299 2 189932953 A G 0.00140
exm888875 11 8478972 G C 0.00045

medical gengties B Genetics

MAF (controls) Odds ratio p Gene
0.00199 1.196 3.78E-07 MCPH1
0.00054 1.300 9.55E-06 SCN3A
0.00004 1.683 1.23E-05 SRL
0.00000 1.747 1.72E-05 NLRP5
0.00058 0.646 3.12E-05 CIITA
0.00018 1.433 3.91E-05 GLIPR2
0.00845 0.911 5.13E-05 PDE6C
0.00098 0.730 7.13E-05 FMNL1
0.00906 0.917 7.40E-05 ARHGAP26
0.00094 0.743 7.67E-05 MPHOSPHS8
0.00065 1.278 8.85E-05 COL5A2
0.00152 0.761 9.42E-05 STK33

SNV association test results, limited to p <1 x 10™* and MAF < 0.01. Variant column denotes Exome chip probe ID. “Chr” column gives chromosome.
Chromosome and position are according to human genome build 37. A1 and A2 are the alleles for each variant. Odds ratio is for the A1 allele.

exploratory analysis of public repositories of gene-set annotations
identified no additional gene set that passed the Bonferroni
significant threshold level of 5.7 x 107¢ (for the 8,737 pathways)
when all we tested all mutations or only those predicted to be loss-

of-function (Supplementary Tables S6 and S7).
4 | DISCUSSION

Exome sequencing and CNV studies have demonstrated that very rare
variants that confer substantial effects on risk make a contribution to
the genetic architecture of schizophrenia. Postulating that a propor-
tion of this architecture could be captured at low cost using lllumina
exome arrays containing by uncommon genetic variation, we have

conducted the largest rare-variant study of schizophrenia to date.

TABLE 2 Gene-wise tests

We found no evidence supporting association to any variant
present on lllumina exome arrays. Our high power to detect
uncommon alleles (0.01 < MAF 2 0.001) that confer a large effect
(OR > 4) effectively excludes the possibility that such alleles are
present on these arrays (Figure 1). The Sweden sample should have
been particularly tractable to this approach given that exon variation
from Sweden informed Illumina exome array design. These findings
also constrain expectations of what might be delivered by larger
studies based on these arrays. Our study does not, however, exclude
the possibility that some of the alleles within this frequency range
confer weaker effects on risk; indeed the gene-set analyses (see
section 3.3 and discussion below) imply that at least some do.

SKAT-O and burden analyses designed to enhance power in
the event of allelic heterogeneity also failed to implicate any single

Gene Chr Gene start Gene end SKAT-O p Burden test p Odds ratio (burden) N SNVs
POLR1E 9 37485931 37503694 9.80E-05 9.88E-05 3.118 4
CEP192 18 12991360 13125051 9.91E-05 6.02E-01 1.066 23
ARHGEF28 5 72921982 73237818 1.38E-04 8.36E-05 1.634 21
DNAH11 7 21582832 21941186 1.82E-04 9.87E-05 1.369 66
FOCAD 9 20658307 20995954 2.58E-04 2.70E-01 1.193 24
CSDE1 1 115259533 115300671 2.98E-04 5.13E-01 0.836 8
WDR89 14 64063756 64108641 4.19E-04 4.38E-04 3.255 2
MYCL 1 40361095 40367687 5.31E-04 4.93E-02 0.538 3
MRGPRF 11 68771861 68780850 5.87E-04 4.89E-04 3.768 5
SETX 9 135136826 135230372 6.13E-04 8.35E-02 1.284 23
ZNF610 19 52839497 52870376 8.13E-04 1.23E-01 1.516 6

SKAT-O and burden tests results (p < 0.001) for SNVs with MAF < 0.001. “Chr” column gives chromosome. Positions are for human genome build 37. SKAT-O
p denotes SKAT-O gene association p-value. Burden test p is the burden test gene association p-value. Odds ratios are given for the burden tests. N SNVs is

number of variants tested.
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TABLE 3 Gene-set tests

Burden p Odds ratio  Standard

Candidate pathway (all) (all) error (all)
ASD de novo nonsynonymous  0.075 1.007 0.004
ASD de novo loss of function 0.637 0.991 0.019
ARC/NMDAR 0.740 0.987 0.040
Calcium channels 0.980 0.999 0.047
Developmental delay 0.048 1.013 0.006
FMRP targets 0.003 1.023 0.008
Histones 0.070 1.034 0.019
Loss of function intolerant 0.003 1.014 0.005
PGC2 SZ genome-wide 0.166 1.023 0.016

significant
Post synaptic density (PSD) 0.671 0.995 0.011
Schizophrenia de novo 0.633 1.003 0.007

nonsynonymous
Schizophrenia de novo loss of  0.362 0.970 0.034

function

N SNVs N genes Burden p N SNVs Odds ratio
(all) (all) (LoF) (LoF) (LoF)
24,153 2,698 0.934 1,680 0.999
1,379 960 0.602 1,372 0.990
296 58 0.383 23 1.141
194 28 0.143 17 0.673
10,013 1,284 0.635 719 0.986
7,022 810 0.978 351 0.999
1,201 188 0.585 73 0.956
16,831 2,808 0.213 829 0.969
1,614 295 0.034 110 1.165
3,389 602 0.602 198 1.027
8,661 922 0.741 561 0.990
458 335 0.343 457 0.969

The results of burden test (Burden p) analyses of candidate gene sets limited to SNVs with MAF < 0.001. Tests involving all nonsynonymous variants or those
that are loss of function are in columns labeled, respectively, all and LoF. N SNVs is the number of variants in pathway that pass quality control with
MAF < 0.001. N genes (all) is number of genes in the pathway that contain at least one nonsynonymous variant. Burden p is for the burden test of association

based on minor alleles.

gene for schizophrenia. Two results here are notable. First, the
association evidence for WDR88 (p =0.003) which we previously
reported to be associated with schizophrenia (Richards et al., 2016),
was considerably diminished by addition of the Swedish data,
suggesting the previous report is likely to be a false positive. We
similarly found no support for SETD1A (Supplementary Table S4)
which was recently found to be significantly enriched for ultra-rare
loss-of-function mutations in people with schizophrenia (Singh et al.,
2016). However, given that the association evidence in that study
derived from extremely rare events and de novo loss-of-function
mutations, none of which is represented on these lllumina exome
arrays, our study should not be viewed as inconsistent with the
earlier study.

Although we found no significant association signals for
individual alleles or genes, we did find evidence that uncommon
nonsynonymous mutations were weakly enriched in two gene sets,
predicted targets of FMRP and genes that are intolerant of loss-of-
function mutations. FMRP targets have been shown to be enriched
in schizophrenia for exonic mutations (both de novo [Fromer et al.,
2014] and segregating [Purcell et al., 2014]) while LoF
intolerant genes have been shown to be enriched for rare exonic
mutations in a large sequencing study of the disorder (Genovese
et al.,, 2016). Both gene-sets were also significantly enriched for
common variation in the largest GWAS of schizophrenia (Pardifias,
2016). Our findings in FMRP and LoF-intolerant gene-sets are,
therefore, consistent with studies using a range of designs.
The consistency of findings across markedly different types of
genetic variation and in widely varying study designs is
remarkable. It also provides a compelling body of evidence that

identifying the causal genetic variation within these gene sets has
the potential to provide true insights into the primary aetiology of
schizophrenia.

The magnitude of the enrichments of these gene-sets for
mutations in the present study is much smaller (Table 3;
ORs £1.023) than that reported in the most recent exome
sequencing study (OR = 1.2) (Genovese et al., 2016) but the latter
was based on ultra-rare variants (i.e., occurring once in the sample
and not present in a large exome database; Lek et al., 2015). This
class of mutation is expected to be more highly enriched for
damaging mutations than those represented on exome arrays.
Restricting our analyses to variants on the arrays that are predicted
to be loss-of-function did not enhance the signal in these pathways
(Table 3). The differences in the variant frequency profiles between
arrays and sequencing may also explain the absence of signals in
other gene sets that have been consistently implicated in the
disorder through CNV and exome sequencing, particularly the
smaller gene sets such as ARC and NMDAR (Fromer et al., 2014;
Purcell et al., 2014).

In conclusion, in the largest exome study of schizophrenia to
date, we fail to implicate individual risk alleles or risk genes. We
confirm enrichments in two gene-sets that have previously been
strongly implicated in the disorder. The associations in these
pathways arise from exonic variation that is rare (MAF <0.001)
but not ultra-rare or uniquely present in a single person. Associations
to individual alleles or genes within this pathway should be
achievable using this technology, although the sample sizes required
will have to be larger than those that brought the early successes in
GWAS of the disorder.
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Exome SNP genotyping selection: http://genome.sph.umich.edu/
wiki/Exome_Chip_Design. SeqMeta, https://github.com/DavisBrian/
seqMeta. Gene list for hg19: https://www.cog-genomics.org/plink2/

resources#genelist

ACKNOWLEDGMENTS

The work at Cardiff University was funded by Medical Research
Council (MRC) Centre (G0800509) and Program Grants (G0801418),
and the European Community’s Seventh Framework Programme
(HEALTH-F2-2010-241909, Project EU-GEI). The Swedish cohort was
funded by US NIMH (RO1 MHO077139) and the Swedish Research
Council (Swedish Research Council, award D0886501). Genotyping at
the Broad Institute was funded by a philanthropic gift to the Stanley

Center for Psychiatric Research.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

Akawi, N., McRae, J., Ansari, M., Balasubramanian, M., Blyth, M., Brady,
A.F., ... Hurles, M. E. (2015). Discovery of four recessive developmen-
tal disorders using probabilistic genotype and phenotype matching
among 4,125 families. Nature Genetics, 47, 1363-1369.

American Psychiatric Association. (1994). Diagnostic and statistical manual
of mental disorders (4th ed.).

Ashburner, M., Ball, C. A,, Blake, J. A, Botstein, D., Butler, H., Cherry, J. M,,
Rubin, G. M,, ... Sherlock, G. (2000). Gene ontology: Tool for the
unification of biology. Nature Genetics, 25, 25-29.

Bragin, E., Chatzimichali, E. A., Wright, C. F., Hurles, M. E., Firth, H. V.,
Bevan, A. P., & Swaminathan, G. J. (2014). DECIPHER: Database for the
interpretation of phenotype-linked plausibly pathogenic sequence and
copy-number variation. Nucleic Acids Research, 42, 993-1000.

Cardno, A. G., & Gottesman, I. |. (2000). Twin studies of schizophrenia: From
bow-and-arrow concordances to star wars Mx and functional genomics.
American Journal of Medical Genetics. Seminars in Medical Genetics, 97,
12-17.

Carroll, L. S., Williams, H. J., Walters, J., Kirov, G., O’'Donovan, M. C., & Owen,
M. J. (2011). Mutation screening of the 329 microdeletion syndrome
candidate genes DLG1 and PAK2 in schizophrenia. American Journal of
Medical Genetics Part B, Neuropsychiatric Genetics, 156B, 844-849.

Chen, T., & Dent, S. Y. R. (2014). Chromatin modifiers and remodellers:
Regulators of cellular differentiation. Nature Reviews Genetics, 15,
93-106.

Chiurazzi, P., Schwartz, C. E., Gecz, J., & Neri, G. (2008). XLMR genes:
Update 2007. European Journal of Human Genetics, 16, 422-434.

Croft, D., Mundo, A. F., Haw, R., Milacic, M., Weiser, J., Wu, G., ...
D’Eustachio, P. (2014). The reactome pathway knowledgebase. Nucleic
Acids Research, 42, 472-477.

Dalman, C., Broms, J., Cullberg, J., & Allebeck, P. (2002). Young cases of
schizophrenia identified in a national inpatient register—Are the
diagnoses valid? Social Psychiatry and Psychiatric Epidemiology, 37,
527-531.

Datta, S. R., McQuillin, A., Rizig, M., Blaveri, E., Thirumalai, S., Kalsi, G., . ..
Gurling, H. M. D. (2010). A threonine to isoleucine missense mutation in

WILEY

the pericentriolar material 1 gene is strongly associated with
schizophrenia. Molecular Psychiatry, 15, 615-628.

de Leeuw, C. A, Neale, B. M., Heskes, T., & Posthuma, D. (2016). The
statistical properties of gene-set analysis. Nature Reviews Genetics, 17,
353-364.

de Ligt, J., Willemsen, M. H., van Bon, B. W. M., Kleefstra, T., Yntema,
H.G., ...Kroes, T.(2012). Diagnostic exome sequencing in persons with
severe intellectual disability. New England Journal of Medicine, 367,
1921-1929.

De Rubeis, S., He, X., Goldberg, A. P., Poultney, C. S., Samocha, K., Ercument
Cicek, A., ... Buxbaum, J. D. (2014). Synaptic, transcriptional and
chromatin genes disrupted in autism. Nature, 515, 209-215.

Endicott, J., & Spitzer, R. L. (1978). A diagnostic interview: The schedule for
affective disorders and schizophrenia. Archives of General Psychiatry, 35,
837-844.

Eppig, J. T., Blake, J. A, Bult, C. J,, Kadin, J. A, Richardson, J. E.,
Anagnostopoulos, A, ... Zhu, Y. (2015). The Mouse Genome Database
(MGD): Facilitating mouse as a model for human biology and disease.
Nucleic Acids Research, 43, D726-D736.

Fromer, M., Pocklington, A. J., Kavanagh, D. H., Williams, H. J., Dwyer, S.,
Gormley, P., ... O'Donovan, M. C. (2014). De novo mutations in
schizophrenia implicate synaptic networks. Nature, 506, 179-184.

Gene Ontology Consortium. (2015). Gene ontology consortium: Going
forward. Nucleic Acids Research, 43, D1049-D1056.

Genovese, G., Fromer, M., Stahl, E. A., Ruderfer, D. M., Chambert, K.,
Landén, M., ... McCarroll, S. A. (2016). Increased burden of ultra-rare
protein-altering variants among 4,877 individuals with schizophrenia.
Nature Neuroscience, 19, 1433-1441.

Giusti-Rodriguez, P., & Sullivan, P. F. (2013). The genomics of schizophrenia:
Update and implications. The Journal of Clinical Investigation, 123,
4557-4563.

Goldstein, J. I, Crenshaw, A., Carey, J., Grant, G. B., Maguire, J., Fromer, M., ...
Neale, B. M. (2012). ZCall: A rare variant caller for array-based genotyping:
Genetics and population analysis. Bioinformatics, 28, 2543-2545.

Gottesman, I. I., & Shields, J. (1967). A polygenic theory of schizophrenia.
Proceedings of the National Academy of Sciences of the United States of
America, 58, 199-205.

Hamshere, M. L., Walters, J. T. R, Smith, R., Richards, A. L., Green, E.,
Grozeva, D., ... O’'Donovan, M. C. (2013). Genome-wide significant
associations in schizophrenia to ITIH3/4, CACNA1C and SDCCAGS,
and extensive replication of associations reported by the Schizophrenia
PGC. Molecular Psychiatry, 18, 708-712.

Kanehisa, M., & Goto, S. (2000). Kyoto encyclopedia of genes and genomes.
Nucleic Acids Research, 28, 27-30.

Kanehisa, M., Goto, S., Sato, Y., Kawashima, M., Furumichi, M., & Tanabe, M.
(2014). Data, information, knowledge and principle: Back to metabolism
in KEGG. Nucleic Acids Research, 42, 199-205.

Khare, S. P., Habib, F., Sharma, R., Gadewal, N., Gupta, S., & Galande, S.
(2012). Histome—A relational knowledgebase of human histone
proteins and histone modifying enzymes. Nucleic Acids Research, 40,
337-342.

Kristjansson, E., Allebeck, P., & Bérje, W. (1987). Validity of the diagnosis
schizophrenia in a psychiatric inpatient register: A retrospective
application of DSM-IIl criteria on ICD-8 diagnoses in Stockholm
county. Nordisk Psykiatrisk Tidsskrift, 41, 229-234.

Lee, S.,Emond, M. J.,, Bamshad, M. J., Barnes, K. C., Rieder, M. J., Nickerson, D. A,,
... Lin, X. (2012). Optimal unified approach for rare-variant association
testing with application to small-sample case-control whole-exome
sequencing studies. American Journal of Human Genetics, 91, 224-237.

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell,
T., ... Exome Aggregation Consortium. (2015). Analysis of protein-
coding genetic variation in 60,706 humans 2. Heart Lung, 1-26.

Li, B., & Leal, S. S. M. (2008). Methods for detecting associations with rare
variants for common diseases: Application to analysis of sequence data.
American Journal of Human Genetics, 83, 311-321.

medical gEREtIES: B Genetics



http://genome.sph.umich.edu/wiki/Exome_Chip_Design
http://genome.sph.umich.edu/wiki/Exome_Chip_Design
https://github.com/DavisBrian/seqMeta
https://github.com/DavisBrian/seqMeta
https://www.cog-genomics.org/plink2/resources
https://www.cog-genomics.org/plink2/resources

uer AN JOURRRERE 1.o: | Neuropsychiatric

LEONENKO ET AL.

medical gengties B Genetics

Lichtenstein, P., Yip, B. H., Bjork, C., Pawitan, Y., Cannon, T. D., Sullivan,
P. F., & Hultman, C. M. (2009). Common genetic determinants of
schizophrenia and bipolar disorder in Swedish families: A population-
based study. The Lancet, 373, 234-239.

Madsen, B. E., & Browning, S. R. (2009). A groupwise association test for
rare mutations using a weighted sum statistic. PLoS Genetics, 5,
€1000384.

Mi, H., Muruganujan, A., Casagrande, J. T., & Thomas, P. D. (2013). Large-
scale gene function analysis with the PANTHER classification system.
Nature Protocols, 8, 1551-1566.

Mi, H., Muruganujan, A., & Thomas, P. D. (2013). PANTHER in 2013:
Modeling the evolution of gene function, and other gene attributes, in
the context of phylogenetic trees. Nucleic Acids Research, 41.

Milacic, M., Haw, R., Rothfels, K., Wu, G., Croft, D., Hermjakob, H.,
D’Eustachio, P., & Stein, L. (2012). Annotating cancer variants and anti-
cancer therapeutics in reactome. Cancers (Basel), 4, 1180-1211.

Najmabadi, H., Hu, H., Garshasbi, M., Zemojtel, T., Abedini, S. S., Chen, W.,
... Ropers, H. H. (2011). Deep sequencing reveals 50 novel genes for
recessive cognitive disorders. Nature, 478, 57-63.

Network and Pathway Analysis Subgroup of Psychiatric Genomics
Consortium, TN and PAS of the PG. (2015). Psychiatric genome-wide
association study analyses implicate neuronal, immune and histone
pathways. Nature Neuroscience, 18, 199-209.

Pardifias, A. F., Holmans, P., Pocklington A. J., Escott-Price V., Ripke S., . ..
Walters J. T. R. (2016). Common schizophrenia alleles are enriched in
mutation-intolerant genes and maintained by background selection.
bioRxiv, 068593. https://doi.org/10.1101/068593

Patterson, N., Price, A. L., & Reich, D. (2006). Population structure and
eigenanalysis. PLoS Genetics, 2, €190.

Power, C., Atherton, K., Strachan, D. P., Shepherd, P., Fuller, E., Davis, A,, . ..
Stansfeld, S. (2007). Life-course influences on health in British adults:
Effects of socio-economic position in childhood and adulthood.
International Journal of Epidemiology, 36, 532-539.

Power, C., & Elliott, J. (2006). Cohort profile: 1958 british birth cohort
(National child development study). International Journal of Epidemiol-
ogy, 35, 34-41.

Price, A. L., Patterson, N. J., Plenge, R. M., Weinblatt, M. E., Shadick, N. A., &
Reich, D. (2006). Principal components analysis corrects for stratifica-
tion in genome-wide association studies. Nature Genetics, 38, 904-909.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R, Bender,
D., ... Sham, P. C. (2007). PLINK: A tool set for whole-genome
association and population-based linkage analyses. American Journal of
Human Genetics, 81, 559-575.

Purcell, S. M., Moran, J. L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos,
P.,...Sklar, P.(2014). A polygenic burden of rare disruptive mutationsin
schizophrenia. Nature, 506, 185-190.

Purcell, S. M., Wray, N. R, Stone, J. L., Visscher, P. M., O'Donovan, M. C,,
Sullivan, P. F., & Sklar, P. (2009). Common polygenic variation contributes
to risk of schizophrenia and bipolar disorder. Nature, 460, 748-752.

Rauch, A., Wieczorek, D., Graf, E., Wieland, T., Endele, S., Schwarzmayr, T.,
... Strom, T. M. (2012). Range of genetic mutations associated with
severe non-syndromic sporadic intellectual disability: An exome
sequencing study. The Lancet, 380, 1674-1682.

Rees, E., Moskvina, V., Owen, M. J,, O'Donovan, M. C,, & Kirov, G. (2011).
De novo rates and selection of schizophrenia-associated copy number
variants. Biological Psychiatry, 70, 1109-1114.

Richards, A. L., Leonenko, G., Walters, J. T., Kavanagh, D. H., Rees, E. G,,
Evans, A., ... O'Donovan, M. C. (2016). Exome arrays capture polygenic
rare variant contributions to schizophrenia. Human Molecular Genetics,
25, 1001-1007.

Ripke, S., O'Dushlaine, C., Chambert, K., Moran, J. L., Kahler, A. K., Akterin, S., . ..
Sullivan, P. F. (2013). Genome-wide association analysis identifies 13 new
risk loci for schizophrenia. Nature Genetics, advance on, 45, 1150-1159.

Schaefer, C. F., Anthony, K., Krupa, S., Buchoff, J., Day, M., Hannay, T., &
Buetow, K. H. (2009). PID: The pathway interaction database. Nucleic
Acids Research, 37, 674-679.

Singh, T., Kurki, M. I, Curtis, D., Purcell, S. M., Crooks, L., McRae, J., ...
Barrett, J. C. (2016). Rare loss-of-function variants in SETD1A are
associated with schizophrenia and developmental disorders. Nature
Neuroscience, 19, 571-577.

Sullivan, P. F., Kendler, K. S., & Neale, M. C. (2003). Schizophrenia as a
complex trait: Evidence from a meta-analysis of twin studies. Archives of
General Psychiatry, 60, 1187-1192.

Sveinbjornsson, G., Albrechtsen, A., Zink, F., Gudjonsson, S. A., Oddson, A.,
... Stefansson, K. (2016). Weighting sequence variants based on their
annotation increases power of whole-genome association studies.
Nature Genetics, 48, 314-317.

Szatkiewicz, J. P., O'Dushlaine, C., Chen, G., Chambert, K., Moran, J. L.,
Neale, B. M,, ... Sullivan, P. F. (2014). Copy number variation in
schizophrenia in Sweden. Molecular Psychiatry, 19, 762-773.

The Psychiatric Genomics Consortium. (2014). Biological insights from 108
schizophrenia-associated genetic loci. Nature, 511, 421-427.

Thorisson, G. A., Smith, A. V., Krishnan, L., & Stein, L. D. (2005). The
International HapMap Project Web site. Genome Research, 15,
1592-1593.

van Bokhoven, H. (2011). Genetic and epigenetic networks in intellectual
disabilities. Annual Review of Genetics, 45, 81-104.

Wing, J. K., Babor, T., Brugha, T., Burke, J., Cooper, J. E., Giel, R., Jablenski,
A., Regier, D., & Sartorius, N. (1990). SCAN. Schedules for clinical
assessment in neuropsychiatry. Archives of General Psychiatry, 47,
589-593.

WTCCC (2007). Genome-wide association study of 14,000 cases of seven
common diseases and 3,000 shared controls. Nature, 447, 661-678.

Wu, M. C,, Lee, S, Cai, T, Li, Y., Boehnke, M., & Lin, X. (2011). Rare-variant
association testing for sequencing data with the sequence kernel association
test. American Journal of Human Genetics, 89, 82-93.

Yang, J., Lee, S. H., Goddard, M. E., & Visscher, P. M. (2011). GCTA: A tool
for genome-wide complex trait analysis. American Journal of Human
Genetics, 88, 76-82.

Yang, J., Zaitlen, N. A., Goddard, M. E., Visscher, P. M., & Price, A. L. (2014).
Advantages and pitfalls in the application of mixed-model association
methods. Nature Genetics, 46, 100-106.

Yun, M., Wu, J., Workman, J. L, & Li, B. (2011). Readers of histone
modifications. Cell Research, 21, 564-578.

Zuk, O., Schaffner, S. F., Samocha, K., Do, R,, Hechter, E., Kathiresan, S., . ..
Lander, E. S. (2014). Searching for missing heritability: Designing rare
variant association studies. Proceedings of the National Academy of
Sciences of the United States of America, 111, E4A55-E464.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Leonenko G, Richards AL, Walters
JT, et al. Mutation intolerant genes and targets of FMRP are
enriched for nonsynonymous alleles in schizophrenia. Am J
Med Genet Part B. 2017;9999:1-8.
https://doi.org/10.1002/ajmg.b.32560



https://doi.org/10.1101/068593
https://doi.org/10.1002/ajmg.b.32560
https://doi.org/10.1002/ajmg.b.32560

