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There is evidence for genetic overlap between cognitive
abilities and schizophrenia (SCZ), and genome-wide asso-
ciation studies (GWAS) demonstrate that both SCZ and
general cognitive abilities have a strong polygenic compo-
nent with many single-nucleotide polymorphisms (SNPs)
each with a small effect. Here we investigated the shared
genetic architecture between SCZ and educational attain-
ment, which is regarded as a “proxy phenotype” for cogni-
tive abilities, but may also reflect other traits. We applied
a conditional false discovery rate (condFDR) method to
GWAS of SCZ (n= 82 315), college completion (“College,”
n = 95 427), and years of education (“EduYears,” n = 101
069). Variants associated with College or EduYears
showed enrichment of association with SCZ, demonstrat-
ing polygenic overlap. This was confirmed by an increased
replication rate in SCZ. By applying a condFDR threshold
<0.01, we identified 18 genomic loci associated with SCZ
after conditioning on College and 15 loci associated with
SCZ after conditioning on EduYears. Ten of these loci
overlapped. Using conjunctional FDR, we identified 10
loci shared between SCZ and College, and 29 loci shared
between SCZ and EduYears. The majority of these loci had
effects in opposite directions. Our results provide evidence
for polygenic overlap between SCZ and educational attain-
ment, and identify novel pleiotropic loci. Other studies
have reported genetic overlap between SCZ and cognition,

or SCZ and educational attainment, with negative corre-
lation. Importantly, our methods enable identification of
bi-directional effects, which highlight the complex relation-
ship between SCZ and educational attainment, and support
polygenic mechanisms underlying both cognitive dysfunc-
tion and creativity in SCZ.

Key words:  pleiotropy/GWAS/conditional FDR

Introduction

Schizophrenia (SCZ) is characterized by psychotic symp-
toms but cognitive alterations are often seen,! and cogni-
tive impairment has been suggested to be a core feature of
SCZ.2 However, in some studies or certain sub-samples of
patients, increased cognitive functioning in persons with
psychotic disorders has been reported,** and there is an
increase in creative professions among relatives of patients
with SCZ. It has been argued that studying cognitive traits
could help in understanding the etiology of SCZ.>°

The estimated heritability of SCZ ranges from 60% in
population-based studies to 75% in twin-based studies.®’
Large genome-wide association studies (GWAS) by the
Psychiatric Genomics Consortium (PGC) have identified
108 genomic loci associated with SCZ,? which explain an
estimated 18% of the heritability and confirm the polygenic
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architecture of SCZ. However, studies of the aggregated
effect of common variants in SCZ suggest that additional
single nucleotide polymorphisms (SNPs) may explain up
to 40% of SCZ heritability.”!* Epidemiological genetic
studies in twins and GWAS show that general cognition
is highly influenced by genetic factors and that common
variants can explain 50% of inter-individual variance.!!
Genetic overlap between general cognition (the g factor)
and SCZ was recently reported,' indicating that polygenic
factors associated with general cognition are also impli-
cated in SCZ. Further, the polygenic risk score of SCZ is
associated with general cognition,'® and predicts creativity,
measured by artistic society membership or creative pro-
fession.'* However, new statistical approaches are needed
to identify the loci underlying these polygenic effects.

We have developed novel statistical tools for GWAS
of polygenic traits based on a false discovery rate (FDR)
approach.'>'7 By leveraging additional information about
the genetic variants, these methods increase the power to
identify genomic loci in a GWAS with fewer type 2 errors
and improved replication compared to standard P-value-
based methods.!*!® Combining GWAS from 2 pheno-
types that are relevant at the pathological or biological
level provides additional insights into genetic overlap
(defined as genetic variants being associated with more
than one distinct phenotype) and may elucidate shared
biology. The condFDR method permits identification of
SNPs associated with both traits, and has been applied
to phenotypes including psychiatric and neurological
diseases,'> "1 immune-related diseases,'® cardiovascular
disease,” and cancer.! This approach can identify bi-
directional overlap, unlike other methods used to inves-
tigate genetic correlations.”

Here we use data from GWAS on educational attain-
ment? (which is represented by 2 phenotypes: college
completion, denoted “College,” n = 95 427; and years
of education, denoted “EduYears,” n = 101 069) and
SCZ (n = 82 315)% to identify shared polygenic fac-
tors. Educational attainment is not a cognitive mea-
sure, but correlates with cognitive ability (r ~ .5) and
is easily obtained in larger samples. It has thus been
used as “proxy” for general cognition.?* It probably
also represents other relevant traits, such as creativ-
ity.>* However, it remains to be determined whether
educational attainment can be used to identify genetic
overlap or shared genetic variants implicated in
other phenotypes, like SCZ. The educational attain-
ment GWAS identified association with several novel
genomic loci, some of which were shared between
College and EduYears and others that were trait-
specific.?> Some of the variants associated with edu-
cational attainment subsequently showed association
with cognitive performance.>>* Here we investigate
the polygenic overlap between SCZ and educational
attainment using our FDR approach.

Genetic Overlap of SCZ and Educational Attainment

Methods

Participants

The relevant institutional review boards or ethics commit-
tees approved the research protocol of all the individual
GWAS used here. All participants gave written informed
consent. For the SCZ sample, we obtained GWAS results
as summary statistics from the Schizophrenia Working
Group of the PGC. This sample comprises 82 315 individ-
uals from 49 non-overlapping case-control samples (58%
male). Each cohort was tested separately under additive
logistic regression and the results were merged by meta-
analysis using an inverse-weighted fixed effects model.
The inclusion criteria and phenotype characteristics of
the different GWAS have been described previously.®

The GWAS for educational attainment comprised
2 measures, years of education and college comple-
tion, which were defined according to the UNESCO
International Standard Classification of Education
(ISCED). These measures were applied to 42 cohorts, all
of Caucasian origin. 95% of the participants were older
than 30. Years of education (EduYears), obtained from
101 069 individuals® (59% female), is a quantitative vari-
able defined as US-schooling-year equivalents after con-
version. College completion (College), obtained from 95
427 individuals (59% female), is a binary measure which
differentiates between individuals who do or do not hold
a tertiary diploma according to ISCED standards. The
correlation between the 2 measures is high (0.74-0.91),
but EduYears reflects the mean distribution while College
focuses on the upper tail of the phenotypic distribution.
Each cohort was analyzed separately, including correc-
tion for population stratification, yielding gender-strati-
fied summary results. After QC, the GWAS were merged
in meta-analyses using genomic control and sample size
weighting. For more details, see Rietveld et al.?

We utilized summary statistics (P-values, ORs,
B-values and z-scores) for conditional and conjunctional
FDR analyses. We corrected all P-values for inflation
using a recent genomic control procedure.?” The analyses
were performed on 2 283 442 markers which overlapped
between the GWAS.

Statistical Analyses

A brief summary follows. For details, see supplementary
methods and previous publications.!>!16:181921

Fold Enrichment Plots and Conditional Q—Q Plots

Genetic enrichment in one phenotype (eg, SCZ) is
assessed using fold enrichment plots conditioned on the
auxiliary phenotype (eg, College). Enrichment is present
if the degree of deflection from the expected null line (hor-
izontal line through 1) depends on the covariate stratum
defined by the P-values of the corresponding markers in
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the phenotype used for conditioning (eg, —log (P) > 1,
>2, and >3 in College). We first compute the empirical
cumulative distribution of —logl0(P) values for SNP asso-
ciation with a given phenotype (eg, SCZ) for all SNPs, and
then the cumulative —log, (P) values for each SNP stratum,
which is determined by the P-value of these SNPs in the
conditioning phenotype (eg, College). We then calculate
the fold enrichment of each stratum as the ratio CDF _ /
CDEF , between the —log,(P) cumulative distribution for
that stratum and the cumulative distribution for all SNPs.
The x-axis shows nominal P-values (—log,(P)); the y-axis
shows fold enrichment. To assess polygenic effects below
the standard GWAS significance threshold, we focused
the fold enrichment plots on SNPs with nominal log, (P)
< 7.3 (corresponding to P > 5x107%).

Enrichment of statistical association is also visualized in
Q-Q plots, which display nominal P-values from GWAS
summary statistics (observed) as a function of empiri-
cal P-values expected under the global null hypothesis.
Conditional Q—Q plots display the distribution of summary
statistics for the primary trait conditioned on different
P-value thresholds (=log (P) > 1, >2, and >3) in the sec-
ondary trait. If enrichment of association with one trait is
present among SNPs that are significantly associated with
the other trait (pleiotropic enrichment), the conditional
Q-Q plot will show successive leftward deflections.

Testing the Effect of Large Linkage Disequilibrium
Blocks on Enrichment

To test whether the enrichment was driven by large blocks
of linkage disequilibrium (LD), we performed the enrich-
ment analyses after randomly pruning SNPs from each
LD block (supplementary methods).

Verifving Enrichment Based on Conditional
Replication Rates

For each of the 17 sub-studies contributing to the final
PGC-SCZ meta-analysis, we independently adjusted the
z-scores using intergenic inflation control. We sampled
1000 combinations of 8 and 9 sub-study groupings that
were randomly assigned to discovery and replication sets
to calculate a combined discovery z-score and a combined
replication z-score for each SNP (average z-score across
the sub-studies multiplied by the square root of the num-
ber of studies). For details, see supplementary methods.

Conditional FDR and Conjunctional FDR

We used conditional FDR to incorporate informa-
tion from GWAS summary statistics of a second phe-
notype.”>'7"® The conditional FDR 1is the posterior
probability of a SNP being null in the first phenotype
given that the P-values in the first and second pheno-
type are as small as or smaller than the observed ones.
Ranking SNPs by FDR or by P-values is equivalent, in
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that both give the same ordering of SNPs. In contrast,
ranking SNPs according to conditional FDR will re-
order the SNPs if the primary and secondary pheno-
types are genetically related. To each SNP, we assigned
a conditional FDR value for SCZ given the P-values for
College or EduYears (denoted by condFDR, College and
condFDRg ¢\ v..,) and vice versa (condFDR. . o,
and condFDR,, . ;) by computing condFDR esti-
mates on a grid and interpolating these estimates into a
2-dimensional look-up table.

To identify SNPs significantly associated with both phe-
notypes, we used a genetic epidemiology framework based
on the conjunctional FDR (conjFDR). ConjFDR is the
posterior probability that a SNP is null for either phenotype
or both simultaneously, given that the P-values for both
traits are as small as or smaller than the observed P-value.
A conservative estimate of conjFDR is given by the maxi-
mum of FDRtraitlltmitz and FDR[rai[zmm.28 While condFDR
can be used to reorder association of SNPs to one trait
based on additional information provided by the secondary
trait, conjFDR pinpoints shared loci, since a low conjFDR

occurs only if there is joint association with both traits.

Annotation of Genes to Genomic Loci

Genes were annotated to genomic loci by considering the
entire region of association, ie, all SNPs without prun-
ing. Genomic regions were defined as follows: each region
must contain at least one SNP with condFDR < 0.01
before pruning; and the borders of the associated region
are defined by all SNPs with condFDR < 0.01 without fil-
tering for LD between the associated SNPs. Similar to the
PGC-SCZ protocol, genomic loci less than 250kb apart
were merged. For each interval, we calculated how many
independent signals of association were present, based
on performance in the pruned condFDR < 0.01 analysis
with an LD threshold of > > .2 (ie, identifying clumps
of associated SNPs). All refSeq genes located within the
genomic interval were annotated to that interval. Each
new genomic locus was searched for previously reported
hits in the GWAS catalogue using UCSC browser tools
(https://genome.ucsc.edu).”

We removed the Major Histocompatibility Complex
(MHC) regions from the genomic loci associated with
SCZ and submitted the coordinates of the other regions
for protein-protein interaction analysis using DAPPLE
v2.0%  (http://www.broadinstitute.org/mpg/dapple/dap-
pleTMP.php) with default parameters (1000 permuta-
tions, regulatory regions +50kb).

Results

Polygenic Overlap Between Educational Attainment
and SCZ

To investigate polygenic overlap we stratify the P-values
from the SCZ GWAS conditioned on their P-values in


https://genome.ucsc.edu﻿
http://www.broadinstitute.org/mpg/dapple/dappleTMP.php
http://www.broadinstitute.org/mpg/dapple/dappleTMP.php

the College or EduYears GWAS. Fold enrichment plots
(figure 1) show the different enrichment of association
between the traits. In SCZ, when the SNPs are selected
for their association with College or EduYears, a marked
enrichment of association was observed across different
levels of significance (—log,(P) > 1, >2, and >3). This
is also seen as a leftward deflection in the corresponding
Q-Q plots of SCZ given association with College (sup-
plementary figure 1). Clear enrichment remained after
removing the MHC region and after random pruning
of SNPs from each LD block (supplementary figure 2;
supplementary methods). When we selected SNPs associ-
ated with SCZ and tested for enrichment of association
with College or EduYears, the enrichment appeared to be
weaker (figure 1; supplementary figure 1).

Increased Replication Rate for Shared Variants

We tested if the replication rate in SCZ samples would
increase for SNPs with higher significance of associa-
tion with College (supplementary methods). Figure 2
displays the average replication rate for each SNP within
each —log (P) stratum in the discovery sample. When
the SNPs are stratified based on their association in the
College GWAS, the replication rate in SCZ is increased
compared to all SNPs. This stepwise increase in replica-
tion rate shows that the more significant the association
with College, the higher the replication rate between SCZ
discovery and replication samples, indicating higher like-
lihood of true findings.

Identification of SNPs and Genomic Loci Associated
With SCZ Conditioned on Educational Attainment

Using information from the genetic effects in College and
EduYears, we leveraged the polygenic enrichment to iden-
tify specific SNPs associated with SCZ. For each SNP, we
calculated the condFDR value in SCZ conditioned on the
P-value of the SNP associations with College (denoted

Genetic Overlap of SCZ and Educational Attainment

condFDR(., . \...) OF with EduYears (condFDR ) ivears)-

ThecondFDR valuesare visualized in 2-dimensional “look-

up” tables (supplementary figure 3; supplementary meth-
ods). Using a significance threshold of condFDR<0.01
and after pruning the SNPs for LD at r? > .2, we identified
153 independent SNPs associated with SCZ conditioned
on College (supplementary table 1). The CondFDRSCZICOIle .
results are also visualized in a Manhattan plot in figure 3.
Using the same significance threshold, 147 independent
SNPs associated with SCZ conditioned on EduYears
were identified with condFDRSCZ‘E tuvears (SUPPlementary
table 3). These SNPs were then clustered into loci (supple-
mentary methods; supplementary tables 2 and 4).

Using condFDR, we identified 18 loci that become sig-
nificant in SCZ when conditioned on College and 15 loci
that became significant when conditioned on EduYears
(table 1). Ten of the loci overlap. These loci were not tested
for replication in the PGC-SCZ analysis because they did
not pass the threshold for selection (P < 1x107%). They
should therefore be included in future replication studies.

We used the same procedure to produce
condFDR and condFDR The results are

College|SCZ EduYears|SCZ"
visualized in 2-dimensional FDR “look-up”tables (supple-
mentary figure 3), and Manhattan plots (supplementary
figure 4). At the condFDR<0.01 significance threshold
and after pruning, 3 independent SNPs were significant
for condFDR ..., (Supplementary table 5) and 2 for
condFDR . ., (supplementary table 7). Each of these
SNPs corresponded to a separate genomic locus (supple-

mentary tables 6 and 8). For condFDR 2 of the

College|SCZ>

3 loci were reported as being genome-wide significant in
the original GWAS of educational attainment.?® In that
study, the additional locus was not associated in the dis-
covery sample only,” but it became significant when the
authors performed a combined analysis with their repli-
cation sample. For condFDR 1 of the 2 loci was

. X EduYears|SCZ> | X K
previously reported as being genome-wide significant.
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Fig. 1. Fold enrichment of association across traits in pairwise comparisons. Fold enrichment plots of the nominal —log, (P) below the
standard genome-wide association studies (GWAS) threshold of P < 5x 1078 in one phenotype as a function of the association level
with the second phenotype, at the level of all single-nucleotide polymorphisms (SNPs) (grey), —log,(P) > 1 (blue), —log, (P) > 2 (yellow),
—log,(P) 2 3 (red). Successive upward elevation in terms of all SNPs demonstrates polygenic enrichment of: (a) Schizophrenia (SCZ)
association conditioned on college completion (College), (b) SCZ association conditioned on years of education (EduYears), (c) College

conditioned on SCZ, (d) EduYears conditioned on SCZ.
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Identification of SNPs and Genomic Loci Associated
With Both SCZ and Educational Attainment

To identify loci significantly associated with both phe-
notypes in each pairwise combination, we did conjFDR
analysis. This procedure identifies loci with significant
condFDR association in both SCZ conditioned on
College (condFDRSCZIColle ) and College conditioned on
SCZ (condF DR egeiscs)- ”gl"hus, aconjFDR value for SCZ

and College, denoted conjFDRscz&Conege, is assigned to

1.
All SNPs
— 10810P cotege 2 1.0
10G1P cotege 22.0
aall— 10915Pcotege 230
2
o
(=4
2
™ 0.6
2
a
g
g
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=
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0.2
0'00 1 3 4 5 1

2
Nominal -log,4(p) in discovery sample

Fig. 2. Improvement in replication rate in schizophrenia (SCZ).
Cumulative replication plot, showing the average replication rate
(y-axis), defined as P-value < .05 in the replication samples and in
the same direction as the discovery samples, for SCZ sub-studies
for a range of single-nucleotide polymorphisms (SNPs) selected
in the discovery sample based on their association P-value in the
college completion (College) genome-wide association studies
(GWAS).

?.Sczu:‘.auqa @ scz

w

'y

Conditional -log,,FDR
w

i

L

each SNP. By interpolation into a bi-directional 2-dimen-
sional FDR “look-up” table (supplementary figure 5), we
identified 10 loci (shown in a Manhattan plot, supplemen-
tary figure 6) that were significantly associated with both
phenotypes (conjFDR < 0.05; table 2). As denoted by the
sign of the z-scores (table 2), the direction of effect of the
loci which are associated with SCZ and College was the
same in 6 of the 10 loci, and opposite in the remaining
4 loci. This suggests that the variants implicated in the
genetic overlap between SCZ and college completion can
have the same or opposite direction of effect.

The same procedure, when applied to SCZ
and EduYears, identified 25 loci with significant
conjFDR, ¢ tiuvears (table 2). Of the 25 loci, 16 had effects

in the opposite direction, while 9 had effects in the same
direction. Four of these 25 loci were also significant for
conjFDR

SCZ&College”

Gene Annotation

For all loci identified by condFDR < 0.01 (supplementary
tables 2 and 4; table 1), we annotated all the genes located
within each genomic region using the NCBI RefSeq
Database.’! Of the regions that became associated with
SCZ after condFDR analysis but were not associated in
SCZ only (ie, the regions in table 1), 3 contained multiple
genes, 13 contained one gene and the others were inter-
genic. Intergenic regions were annotated with the nearest
gene within 100kb, if any. Further bioinformatics and fine
mapping analyses will be required to identify likely caus-
ative genes or regulatory elements within these regions.
Of the genes identified, several are implicated in syn-
aptic plasticity or transmission (MEF2C,** INHBA,*
GRM3*), brain development (AK73, BCLII1A?*®

12 17 0 15 16 17 18 19 0 N2

Chromosome Location

Fig. 3. Manhattan plot of Conditional FDR

SCZ|Colle,

. Red data-points represent those single-nucleotide polymorphisms (SNPs) for which

the FDR was improved by conditioning, whereas black points represent the SNPs that were not improved. All SNPs without pruning are
shown, and the strongest signal in each linkage disequilibrium (LD) block is encircled in black. The strongest signal was identified after
ranking all SNPs based on the condFDR and removing SNPs in LD 2 > .2 with any higher-ranked SNP. The green dashed line indicates
the genome-wide significance threshold of condFDR < 0.01. SCZ; Schizophrenia, College; college completion.
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Table 1. Genomic Intervals Associated With SCZ|College or SCZ|EduYears but not SCZ Only

condFDR condFDR
Locus Position® Size (kb)® SNP ID¢ P value SCZ4 SCZ|College® SCZ|EduYears' Genes®
chr1:163734858-163734858 0 rs4657304 9.43E-05 6.92E-03 n.s. NUF2*
chr1:244023666-244023666 0 rs3008657 2.71E-05 9.11E-03 n.s. AKT3*
chr2:60713234-60713234 0 rs10189857 6.60E-05 7.26E-03 2.55E-03 BCLI114
chr2:145141540-145141540 0 rs12991836 1.45E-04 8.41E-03 n.s. ZEB2*
chr3:71543757-71579021 35 rs1499894 5.13E-05 5.47E-03 n.s. FOXPI
chr3:161416295-161841017 425 rs2175263 2.88E-05 4.50E-03 8.45E-03 OTOLI*
chr5:88743218-88746330 3 rs16867576 6.40E-06 4.87E-03 5.69E-03 MEF2C*
chr6:43287892-43358361 70 rs17209407 1.61E-04 n.s. 4.03E-03 ZNF318
¢chr6:56575670-56575670 0 rs17684571 2.74E-04 n.s. 8.69E-03 RNUG6-71P, DST
chr6:108983526-108994825 11 rs9398171 1.15E-05 6.47E-03 7.04E-03 FOXO3
chr7:41706131-41730930 25 2237436 9.02E-05 3.93E-03 n.s. INHBA
chr7:71741796-71772928 31 rs12670234 2.10E-04 4.46E-03 8.89E-03 CALNI
chr7:86403262-86459346 56 rs13230421 5.36E-07 n.s. 8.83E-04 GRM3
chr7:104594252-105027645 433 rs6466056 2.37E-06 2.09E-03 1.61E-03 LINC01004,
KMT2E, SRPK2
chr8:8094869-8098037 3 rs2945232 8.29E-06 6.41E-03 5.74E-03 FAMS6B3P
chr8:143736634-143749717 13 r$6995314 1.42E-04 n.s. 7.93E-03 JRK
chr9:7172497-7172497 0 rs913587 1.23E-04 8.26E-03 n.s. KDM4C
chr10:3821560-3821560 0 rs17731 1.66E-04 n.s. 9.20E-03 KLF6
chr14:35512994-35630376 117 rs11156875 3.44E-05 2.01E-03 5.14E-03 FAMI77A1,
LOCI01927178,
PPP2R3C,
KIAA0391
chr14:71361413-71605267 244 rs17108804 3.95E-05 3.69E-03 n.s. PCNX
chr15:83254707-83254707 0 rs783540 1.63E-05 9.77E-03 n.s.
chr16:63697133-63712718 16 rs2018916 6.11E-06 4.44E-03 4.83E-03
chr18:77566534-77579811 13 rs11663602 5.03E-05 3.15E-03 4.00E-03 CPEBI

Note: SCZ, Schizophrenia; College, college completion; EduYears, years of education; SNP, single-nucleotide polymorphisms;
condFDR, conditional false discovery rate; HGNC, HUGO Gene Nomenclature Committee. More details about the genomic loci can be

found in supplementary tables 2 and 4.

“Locus position from hg 19 (chr:lower_boundary-upper_boundary).

"Locus size (kb)
rsID of the SNP with the lowest condFDR value.
dP-value in SCZ of this SNP.

ccondFDR value of this SNP in SCZ|College (if <0.01). n.s., not significant.
fcondFDR value of this SNP in SCZ|EduYears (if <0.01). n.s., not significant.
¢tHGNC IDs of genes located in the interval. If no genes were located in the interval, the closest gene (within 100kb, if any) is indicated by *.

ZEB27’" FOXP1,*® FOX03,” SRPK2,* KLF6*) or his-
tone modifications (KM T2E, KDM4C). We screened all
the genomic loci identified under condFDR for annota-
tion in the GWAS catalogue. The region chr3:71543757-
71579021 is also associated with ADHD.* The locus
chr7:86403262-86459346 was associated with SCZ in the
previous PGC-SCZ GWAS but did not reach genome-
wide significance in the latest PGC-SCZ GWAS.*#

Genomic loci containing multiple genes cannot be
studied at the pathway or gene set level by performing
threshold-based pathway analysis. Therefore, we used
DAPPLE® to identify networks of interaction between
the proteins encoded by the genes located in the genomic
loci, after excluding the MHC (supplementary figure 7).
DAPPLE analysis prioritized the following genes for
follow-up studies: HSPAS, SFMBTI, ATXN7, FOXO3,
GATAD2A, MYLPF, TSSK6, and KDM4A.

Discussion

We used a conditional FDR method to demonstrate poly-
genic overlap between SCZ and educational attainment (col-
lege completion and years of education), indicating shared
polygenetic factors between SCZ and phenotypes that are
influenced by cognitive abilities. Conditioning of the SCZ
SNPs on College or EduYears allowed us to detect 23 SCZ-
associated loci that were not identified earlier. Conjunctional
FDR revealed 29 loci with bi-directional effects, ie, that are
significantly associated with both SCZ and educational
attainment (College or EduYears). Some loci had the same
direction of effect in each pair of phenotypes while others
had opposite effects, suggesting a bi-directional relationship
between SCZ and educational attainment.

The present findings of 29 gene loci associated with
both SCZ and College/EduYears are novel, as we are
the first to apply the conjunctional FDR method to this
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topic. This methodology enables identification of the
specific loci that are shared between 2 phenotypes, by
leveraging the polygenic overlap.”” The loci identified in
SCZ|College and SCZ|EduYears overlap extensively. This
is mostly explained by the complete genetic correlation of
the 2 phenotypes.* The observed differences are probably
due to the difference in power between the 2 phenotypes,
since years of education is quantitative while college
completion is binary. Within the genomic loci associated
with SCZ conditioned on college attainment, we found
additional genes implicated in synaptic plasticity or in
neuronal plasticity, ie, axon guidance and neurite devel-
opment and in histone modifications observed in the
brain. Protein network analysis highlighted another gene
involved in brain histone modification (KD M4A4%), and 2
other genes implicated in brain development (4TXN74,
FOX03%#7). The discovery of genes involved in histone
modification and synaptic plasticity is in agreement with
a report implicating these pathways across psychiatric
disorders.*®

Educational attainment seems to be a reasonably good
proxy for general cognition.”® Our results are in agreement
with 2 other studies indicating genetic overlap between
SCZ and general cognition using polygenic risk scores for
SCZ.'>!* Both studies identified polygenic effects in the
opposite direction (ie, SCZ risk was associated with low
cognition and vice versa) while we identified effects in both
directions. In addition, several recent studies have used
polygenic scores to look at the genetic overlap between
educational attainment and SCZ, and the polygenic scores
have often been derived from the same datasets that we
used here.**- Most of these studies have shown a small
genetic overlap, if any, between educational attainment
and SCZ. In contrast, we show a clear enrichment. The
main difference between these polygenic studies and ours
is that they are limited to testing one direction of effect,
while our method can identify shared genetic variants
with effects in both directions.?? Successful completion of
college education, or a greater number of years of educa-
tion, is highly correlated with cognitive abilities but is also
influenced by many other factors, like personality traits.”
A recent study showed that people with creative profes-
sions had an increased SCZ polygenic score,'* suggest-
ing that polygenic variants associated with a higher risk
of developing SCZ are also associated with higher scores
on creativity scales. Interestingly, in their study on poly-
genic overlaps between cognitive traits, education attain-
ment, and psychiatric disorders, Hill et al®! show that the
polygenic correlation was negative between cognition and
SCZ, while the correlation with educational attainment,
while not significant, was positive. Their results support
the bi-directionality that we observe in our study. This bi-
directionality may reflect more complexity in the genetic
overlap between SCZ and educational attainment than
simply a potential detrimental effect of the genes associ-
ated with SCZ and cognitive abilities. This emphasizes the
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need to test for bi-directional effects between SCZ and
cognition or educational attainment. As GWAS samples
become more powerful (with greater numbers of partici-
pants phenotyped for more traits such as cognition, educa-
tion, personality, etc.), it will be interesting to deconstruct
the influence of different traits on SCZ, using polygenic
tools that can identify genetic variants with bi-directional,
as well as uni-directional effects.

We provide evidence for polygenic overlap between SCZ
and educational attainment, and identify novel SCZ risk loci
as well as overlapping loci associated with both SCZ and
educational attainment. This suggests that polygenic factors
may underlie some of the phenotypic overlap between SCZ
and cognitive function, as well as other traits such as person-
ality or creativity. Our results provide novel insight into the
underlying pathophysiological mechanisms of SCZ.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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