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Background: Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder
which is consistently associated with lower levels of educational attainment. A recent large
genome-wide association study (GWAS) identified common gene variants associated with ADHD,
but most of the genetic architecture remains unknown.

Methods: We analyzed independent GWAS summary statistics for ADHD (19,099 cases and
34,194 controls), educational attainment (EDU) (n = 842,499) and general intelligence (INT) (n =
269,867) using a conditional/conjunctional false discovery rate (condFDR/conjFDR) statistical
framework that increases power of discovery by conditioning the FDR on overlapping
associations. The genetic variants identified were characterized in terms of function, expression
and biological processes.

Results: We identified 58 LD-independent ADHD-associated loci (condFDR < 0.01), of which
30 are shared between ADHD and EDU or INT (conjFDR < 0.01), and 46 are novel risk loci for
ADHD.

Conclusions: These results expand on previous genetic and epidemiological studies and support
the hypothesis of a shared genetic basis between these phenotypes. Although the clinical utility of
the identified loci remains to be determined, they can be used as resources to guide future studies
aiming to disentangle the complex etiologies of ADHD, educational attainment and general
intelligence.

Keywords
Cogpnition; pleiotropy; genetic overlap; mental health; psychiatric disorder; ADHD

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental psychiatric
disorder that affects approximately 5% of children and 2.5% of adults globally, with an
estimated heritability of 0.7 to 0.8 (1, 2). Epidemiological and clinical studies implicate
genetic and environmental factors in the etiology of the disorder, many of which affect the
structure and functional capacity of brain networks involved in behavior and cognition (1, 2).
As a result, ADHD is consistently associated with lower levels of educational attainment (3,
4) and children with ADHD experience cognitive problems such as increased risk of
learning disabilities and communication disorders (3, 5-7).

Despite the high heritability, significant ADHD-associated risk loci were only recently
identified using the genome-wide association study (GWAS) methodology (8). In addition,
success was also obtained using a conditional/conjunctional false discovery rate (condFDR/
conjFDR) method (9). This method exploits the shared genetic background of phenotypes to
boost association signals in a phenotype of interest by employing genome-wide association
data from one or more secondary phenotypes. By combining an educational attainment
GWAS in more than 300,000 individuals (10) with an initial moderately powered GWAS of
ADHD (11), Shadrin et al. identified five novel loci for ADHD risk and provided evidence
for shared genetic basis between ADHD and educational attainment (9).
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After the publication of that study, two larger GWASs for general intelligence (n=269,867)
(12), and educational attainment (n > 1.1 million) (13) uncovered multiple novel loci
associated with these phenotypes. Furthermore, GWAS summary statistics for a substantially
larger ADHD cohort are now also available (8). Following in the steps of Shadrin et al. (9),
we therefore aimed to apply the condFDR/conjFDR approach to these new GWAS summary
statistics in order to identify additional novel loci associated with ADHD and shared
between ADHD and educational attainment or general intelligence. In addition, we
performed positional and functional annotation of significant ADHD-associated variants to
explore their potential biological context.

Methods and Materials

GWAS Samples

GWAS summary statistics for ADHD were obtained from the Psychiatric Genomics
Consortium (PGC) (8). The summary statistics for general intelligence (INT) were obtained
from the meta-analysis of 14 independent cohorts (12). For our analyses of educational
attainment (EDU) we used summary statistics generated from meta-analysis of data from the
Social Science Genetic Association Consortium (13) and 23andMe (10). The meta-analysis
was performed using an inverse-weighted fixed effects model implemented in the software
METAL (http://csg.sph.umich.edu//abecasis/Metal/) (14). All participants in the GWAS
samples were of European origin. A summary of these GWAS samples is shown in Table 1.
More detailed descriptions are available in the Supplementary Methods and original
publications (8, 12, 13).

Statistical Analyses

To assess cross-phenotype polygenic enrichment we generated conditional QQ-plots,
conditioning ADHD on EDU or INT and vice versa. QQ-plots depict the quantiles of the
observed p-values on the y-axis against the theoretical quantiles under no association on the
x-axis. In the case of no association a QQ-plot follows a straight line, but deflects from this
null line when some form of systematic association is present. Conditional QQ-plots depict
the differential enrichment between pre-specified strata of single nucleotide polymorphisms
(SNPs). Points on the QQ-plot are weighted according to LD structure, using n=200
iterations of random pruning at LD threshold r2=0.1. We focused on the SNP p-values of
trait 1 (ADHD), and defined strata based on trait 2 (EDU or INT). More specifically we
plotted the SNP p-values of trait 1 conditional on different strength of association with trait 2
(i.e. —log10 p-values > 1, 2, or 3). This enables us to determine if conditioning on a
secondary trait leads to stronger association in the primary trait of interest. A stronger
enrichment together with increased evidence for association with the secondary trait can be
an indicator of a shared polygenic architecture between the two traits. To further support
this, we estimated the genetic correlation between ADHD and EDU or INT using LD score
regression (15-17).

To identify shared loci between ADHD and EDU or INT we employed the condFDR/
conjFDR method (18, 19). The condFDR method utilizes genetic association summary
statistics from a trait of interest (ADHD) together with those of a conditional trait (EDU or
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INT) to estimate the posterior probability that a SNP has no association with the primary
trait, given that the p-values for that SNP in both the primary and conditional traits are lower
than the observed p-values. This method increases the power to identify loci associated with
the primary trait by leveraging associations with conditional traits, thereby re-ranking SNPs
compared to the original GWAS p-value ranking. The conjFDR statistic is defined as the
maximum of the two mutual condFDR values and is a conservative estimate of the posterior
probability that a SNP has no association with either trait, given that the p-values for that
SNP in both the primary and conditional traits are lower than the observed p-values. The
conjFDR method thus allows the identification of loci associated with both traits. A
conservative FDR level of 0.01 per pair-wise comparison was set for condFDR/conjFDR,
corresponding to 1 false positive per 100 reported associations. More details can be found in
the original and subsequent publications (9, 18-22), and Supplementary Methods.

Evaluation of Detected Loci in Two Independent ADHD Cohorts

To assess the robustness of the condFDR/conjFDR results we examined the most significant
SNPs in the identified loci in the association summary statistics from a case-control ADHD
cohort from deCODE Genetics and the GWAS on ADHD symptoms conducted by the
EAGLE consortium (23) (Table 1). Additional details are provided in the Supplementary
Methods. Sign concordance tests were performed to compare the effect directions for the
identified SNPs between the PGC-GWAS (8) and the deCODE and EAGLE samples,
respectively. Fisher’s exact tests were used to determine if the number of concordant SNPs
was significantly greater (p < 0.025 = 0.05/2 cohorts) than expected by chance in each
comparison.

In Silico Analyses of Significant Variants

Results

Positional and functional annotation of significantly associated SNPs was performed using
ANNOVAR (24), implemented in FUMA (25). To evaluate the potential biological context
of significantly associated genetic variants identified through condFDR/conjFDR analyses
we queried for known expression quantitative trait loci (eQTLS) in brain tissue using the
GTEX portal (http://gtexportal.org), the Braineac database (http://www.braineac.org) and the
CommonMind Consortium knowledge portal (https://www.synapse.org/#!
Svnapse:syn2759792). In addition, we checked age-dependent variations of expression for
the genes associated with identified eQTL SNPs using the Human Brain Transcriptome
database (http://hbatlas.org) (26).

Genetic Overlap and Correlation

The conditional QQ-plots show strong enrichment for ADHD given EDU or INT (Figure 1).
The blue lines are drawn using the genome-wide summary statistics for ADHD, including
all SNIPs regardless of their association with EDU or INT. An increasingly leftward
deflection from the dashed line of no association is observed with stronger associations with
EDU or INT. Furthermore, we note the symmetry of the observed enrichment and show the
conditional QQ-plots for EDU or INT given ADHD in Figure S1.
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We used partitioned LD score regression to assess the statistical significance of enrichment
for each QQ-plot stratum (15). After adjusting for multiple testing (two conditional traits
and three strata) we identified significant enrichment for ADHD given EDU or INT for all
three strata (Table S1). For ADHD given EDU, the enrichment parameters ranged from
2.877 (-log10pval >1) to 4.916 (—log10pval >2) and 8.093 (-log10pval >3), while for
ADHD given INT the enrichment parameters ranged from 2.586 (—log10pval >1) to 5.046 (-
log10pval >2) and 6.866 (—log10pval >3). Significant enrichment parameters for EDU or
INT given ADHD for all three strata were also identified (Table S1). Moreover, LD score
regression analyses also showed significant negative genetic correlation between ADHD and
EDU (rg —0.520, SE 0.025, p = 1.333 x 10793) and between ADHD and INT (rg —0.366, SE
0.030, p = 1.023 x 10734), respectively.

ADHD-Associated Loci and Related Genes

Using condFDR we identified 48 (Table S2) and 31 (Table S3) LD-independent loci to be
significantly (condFDR < 0.01) associated with ADHD after conditioning on association
with EDU and INT, respectively. To provide a map of shared loci between ADHD and EDU
and INT we performed conjFDR analyses. We thereby identified 24 shared loci between
ADHD and EDU (conjFDR < 0.01), of which seven are novel to both ADHD and EDU
(Table S4). Similarly, we identified 15 loci shared by ADHD and INT (conjFDR < 0.01), of
which four are novel to both phenotypes (Table S5). Manhattan plots from condFDR and
conjFDR analyses are presented in Figures 2 and 3, respectively.

Combining the results of the aforementioned analyses yields a list of 58 LD-independent
loci associated with ADHD (Table 2, Table S6), by condFDR and conjFDR analyses with
EDU or INT. Thirty of these loci are shared between ADHD and EDU or INT. The majority
of the 58 loci showed discordant direction of effect between ADHD and EDU (52 loci, 23
shared loci (ADHD&EDU conjFDR < 0.01)), and ADHD and INT (51 loci, 15 shared loci
(ADHD&INT conjFDR < 0.01)), respectively. Nine loci showed concordant direction of
effect between ADHD and EDU or ADHD and INT (3 shared loci (ADHD&EDU or
ADHD&INT conjFDR < 0.01)), of which three loci were concordant between all three
phenotypes. Twelve of these loci were significantly associated with ADHD in the previous
GWAS (8) (Table S6), and three loci were previously reported for ADHD by leveraging
polygenic overlap with educational attainment (9) (Table S6). All SNPs with conjFDR < 0.1
(ADHD&EDU and ADHD&INT) and r2 2 0.6 with a representative SNP are shown in Table
S7. Gene-set analysis of the genes implicated by the SNPs within the 58 loci (Table 2, Table
S6 and Table S7) revealed no significantly enriched biological processes, cellular
components or molecular functions.

Four LD-independent loci are shared between ADHD, EDU and INT (conjFDR < 0.01), and
are represented by SNPs rs112984125, rs28535523, rs4839923, rs1978102 (Table 2, Table
S6). The intronic ST3GAL3rs112984125 was previously associated with ADHD risk (8, 9),
and showed the most significant association with ADHD (ADHD|INT condFDR = 3.999 x
1078) in this study. The remaining three loci are novel for ADHD, however they were all
previously significantly associated with EDU (13), and rs1978102 and rs4839923 were also
previously significantly associated with INT (12). Both rs28535523 and rs1978102 are
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intronic variants within the UBA7gene on chromosome 3p21.31 (Figure 4A) and CALN1
gene on chromosome 7q11.22 (Figure 4B), respectively. No protein-coding genes were
identified to be in the region represented by intergenic SNP rs4839923 on chromosome
6016.1 (Figure 4C).

Evaluation of Detected Loci in Two Independent ADHD Cohorts

Of the 58 LD-independent loci identified through condFDR/conjFDR analyses, the lead
SNPs within 44 loci showed the same direction of effect in the PGC (8) and EAGLE (23)
GWASs (significantly more than expected by chance, p = 0.007) (Table S6). This was
consistent for the previously identified loci (10/12; p = 0.193) (8), novel loci identified in
this study (34/46; p = 0.031) and when only considering shared (conjFDR < 0.01) loci
(22/30; p = 0.063) (Table S6). When comparing the effect direction for lead SNPs within the
58 loci between the PGC and deCODE ADHD cohorts, 29 showed the same effect direction
(p = 1.000) (Table S6). Similar results were observed when considering lead SNPs in
previously identified loci (4/12; n.s.) (8) and novel loci identified in this study (24/46; n.s.)
(Table S6). A slightly improved concordance rate was observed for shared (conjFDr < 0.05)
loci (18/30; n.s.).

In Silico ldentification of Variant Effects on Transcription

In order to determine if the SNPs identified by condFDR/conjFDR are associated with gene
expression in brain tissues we evaluated the brain regions within the GTEx database with all
58 representative SNPs from Table S6. Nineteen SNPs were identified as potential eQTLs,
predicted to alter the expression of 22 genes, in GTEX brain regions (Table S8). In order to
validate these findings we further evaluated these 19 eQTL SNPs in the Braineac database
and CMC knowledge portal. Five of these 19 SNPs were also identified as eQTLs for 10
genes in brain regions in the Braineac database (Table S9), while 10 of the 19 SNPs were
identified as eQTLs for 23 genes in the dorsolateral prefrontal cortex in the CMC knowledge
portal (Table S10). The most significant eQTLs were observed between rs28633403 and
PIDDI in the cerebellum in the GTEx database (p = 2.63 x 10717) and between rs28633403
and A/S3BPin the thalamus in the Braineac database (p = 4.00 x 1079). The rs28633403
SNP was also observed as an eQTL for PNPLAZin the frontal cortex in the GTEx (p = 4.55
x 107%) and Braineac databases (p = 1.20 x 1074) and in the dorsolateral prefrontal cortex in
the CMC knowledge portal (FDR < 0.01). According to Human Brain Transcriptome data
(26), 19 genes identified from evaluation of the GTEX, Braineac and CMC databases (Tables
S8 - S10) have apparent expression in different brain regions during development and
adulthood (Figure S2).

Discussion

This study identified 58 ADHD-associated loci by leveraging genetic overlap between
ADHD, EDU and INT, of which 30 are shared between ADHD, EDU and INT (Table 2,
Table S6). Of these loci, 46 are novel risk loci for ADHD (Table 2, Table S6). These results
suggest shared polygenic architecture between educational attainment, general intelligence
and ADHD, which may further our understanding of the relationship between these
phenotypes observed in epidemiological studies (1, 2).

Biol Psychiatry. Author manuscript; available in PMC 2021 June 15.
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We identified polygenic overlap between ADHD and both EDU and INT, as illustrated by
the increasingly significant enrichment in ADHD when conditioning on EDU or INT (Figure
1, Table S1). The majority of the identified shared loci show discordant effects on ADHD
and EDU or INT (Table S6). These findings are consistent with the phenotypic relationship
whereby risk alleles for ADHD are associated with lower educational attainment and
reduced general intelligence scores, and the significant negative genetic correlations between
both ADHD and EDU (rg —0.520, SE 0.025, p = 1.333 x 10-93), as well as ADHD and INT
(rg —0.366, SE 0.030, p = 1.023 x 10-34). An advantage of the condFDR/conjFDR method
is to discover loci with both similar and opposite effects. Interestingly, nine loci show
concordant effect directions for ADHD and EDU or INT (Table S6), three of which show
concordant effect directions between all three phenotypes. The majority of these concordant
loci are represented by intergenic SNPs, however, for two of the loci the nearest genes
include PCDH7 and CADPSZ (Table S6). The PCDH7and CADPSZ2 genes are implicated in
epilepsy (27), autism spectrum disorder and learning disability (28), respectively. The
PCDHY7 protein is also known to bind to phosphatase 1a within dendritic spines where it
may play a role in learning and memory (29). Further investigation of these concordant loci
is warranted since this may help to explain some of the heterogeneity seen among patients
with ADHD. These results add further support to the hypothesis of a shared complex genetic
basis underlying ADHD, educational attainment and general intelligence.

Only four of the significant ADHD-associated risk loci identified in this study were
implicated by the conjFDR analysis with both EDU and INT (Table 2, Table S6). The most
significant SNPs for these regions are rs112984125, rs28535523, rs4839923 and rs1978102.
Three of these loci (lead SNPs: rs28535523, rs4839923 and rs1978102) are novel for ADHD
risk, although they were previously implicated in EDU (13) and INT (12), and may therefore
provide new insights into the underlying mechanisms of the disorder. The intronic
ST3GAL 315112984125 showed the most significant association with ADHD (ADHDIINT
condFDR = 3.999 x 10-8) in this study, and was previously implicated through the most
recent ADHD GWAS (8) and the condFDR/conjFDR method employed in this study (9).

The rs28535523 SNP is located on chromosome 3p21.31 and is intronic to the UBA7 gene
(Figure 4A). A nonsense mutation located at chr3:49848458, 44 bp away from rs28535523
and within this risk locus (Table S6), was previously associated with mild cognitive
disability (30). Furthermore, rs28535523 was identified as an eQTL for the AMT gene in
both the GTEx and Braineac databases (Tables S8 and S9). The AMT gene has previously
been implicated in autism spectrum disorder (31)

The intronic CALN1rs1978102 SNP is located on chromosome 7q11.22 (Figure 4B).
Although there is no evidence previously implicating this gene in ADHD etiology, deletions
in a region containing the AUTSZ, WBSCR17and CALNI genes were associated with a
syndromic form of intellectual disability (32). Furthermore, this locus was also identified as
a risk locus for schizophrenia after conditioning on educational attainment using the same
method described in this study (33).

The fourth shared ADHD-risk locus identified is rs4839923 on chromosome 6q16.1 (Figure
4C). No protein-coding genes were identified in this region; however, this SNP is intronic to
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a long non-coding RNA (IncRNA) RP11-436D23.1. IncRNAs have been implicated in a
number of neurological and psychiatric disorders (34), including fragile X mental
retardation (35), schizophrenia (36, 37) and autism spectrum disorder (38), highlighting the
need to better characterize their role in other brain-related phenotypes such as ADHD.

Although only identified by condFDR, as a novel risk locus for ADHD, rs28633403 was the
most significant eQTL identified in the GTEXx database with A/DD1 (Table S8) and in the
Braineac database with AV\S3BP (Table S9), respectively. This SNP was also the only SNP
identified as an eQTL for the same gene (PNPLAZ) within the same brain tissue (frontal
cortex) in all databases (Table S8-10). The P/DD1 gene was previously associated with
ADHD risk by gene-wise association (8), and the PNMPLAZ gene was implicated in ADHD
risk after being identified within a gene set significantly enriched in ADHD copy number
variations (39). These results highlight potential mechanisms through which this locus may
influence ADHD risk.

In addition to the loci mentioned above, all 12 ADHD-risk loci identified in the most recent
GWAS were maintained (8), and three of the five ADHD-risk loci previously identified
using this condFDR/conjFDR methodology were replicated (9). The two non-replicated loci,
on chromosome 1p36.12 and 2p24, were also not identified in the most recent GWAS (8).
Furthermore, the 1p36.12 locus was represented by only a single SNP (rs17414302) with no
LD-linked SNPs in the direct vicinity highlighting the potential of a false positive (9). These
results demonstrate the sensitivity of the condFDR/conjFDR methodology to the quality and
power of the GWASs employed for these analyses. As such, the condFDR/conjFDR method
shares some of the limitations and strengths of GWASs in that sample size limits the power
to detect associations and that identified associations require replication. As the sample sizes
and ensuing power of GWASs increase so too does the power of this method to identify
cross-phenotype polygenic enrichment.

The most significant SNPs identified by condFDR/conjFDR analyses were evaluated in two
independent ADHD cohorts, a case-control cohort (deCODE) and a GWAS on ADHD
symptoms (EAGLE) (23). Lead SNPs within 44 of 58 loci identified in our study showed
consistent direction of effect between the PGC-GWAS (8) and the EAGLE GWAS (23)
(Table S6). This concordance rate is similar to that reported for the genome-wide significant
loci in the PGC-GWAS (10/12 sign concordance) (8) a and when considering the novel loci
identified in this study (34/46 sign concordance). ADHD diagnosis and continuous measures
of ADHD, including symptom scores, have been shown to share substantial genetic
background (x 90%) (8). Furthermore, polygenic risk scores calculated from associations
with ADHD diagnosis have also been shown to predict variability in ADHD symptoms (40).
The consistent direction of effects found here may therefore be considered as a validation of
our findings. Lead SNPs for 29/58 loci were concordant between the PGC-GWAS (8) and
deCODE case-control cohort. A similar difference in effect concordance, between these two
cohorts, has been previously reported (8). These differences may be due to the difference in
ascertainment of ADHD affected individuals in the deCODE cohort compared to the PGC
and EAGLE cohorts (Table 1). These results highlight the need for large well-powered
independent cohorts to replicate identified genetic loci.
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Despite the focus on representative (most significant) SNPs within the identified loci, as
always with GWAS, it must be considered that these SNPs may be in LD with other causal
SNPs. Further studies are required to identify truly causal variants with biological relevance
that may explain the cross-phenotype polygenic enrichment observed between ADHD,
educational attainment and general intelligence. Furthermore, we do not know in what way
the alleles identified here confer risk to ADHD and influence cognitive performance. Some
of the overlapping gene loci may be driven by the natural occurrence of ADHD in the
general population from which the EDU and INT samples were recruited. Although this is
likely a small fraction (~ 2%) (1, 2), some of the identified shared genetic architecture could
be driven by this effect. It is also possible that the identified shared loci might influence a
common cognitive sub-phenotypic trait affecting both ADHD risk and cognitive
performance such as attention, or that the loci might affect more basic neurobiological
mechanisms that contribute to both higher-level phenotypes. Although no significantly
enriched biological processes, cellular components or molecular functions were identified in
this study, a number of the identified genes were previously implicated in the genetic overlap
between schizophrenia and intelligence (FOXP1, CALN1, SORCS3and AKAPE) (20, 21),
and bipolar disorder and intelligence (CDH8and RP11-436D23.1) (21). These findings are
suggestive of a common genetic architecture underlying the relationship between psychiatric
disorders and cognitive performance, in line with identified common-variant correlations
(41). Similar biological processes to those identified for the shared loci between
schizophrenia and intelligence, related to neurodevelopment, synaptic integrity, and
neurotransmission (21), may therefore also play a role in the shared genetic component of
ADHD and intelligence. Discovery of additional ADHD-risk loci is required to increase the
statistical power of gene-set analysis to better understand the underlying neurobiological
mechanisms.

ADHD medications are effective at reducing core ADHD symptoms (42, 43), however they
are also known to improve academic performance (44, 45). This provides further evidence
suggestive of overlapping biological mechanisms between cognitive performance and
ADHD, in line with the current findings of shared polygenic architecture. However, despite
the discovery of several novel ADHD-risk loci, and the implication of a number of novel
genes, these results are not yet of clinical relevance for treatment of individual patients.
Future studies are required to unravel and understand the complex underlying genetic
architecture of ADHD, and how it overlaps with cognitive phenotypes, to reach the level of
clinical utility.

Previous analysis of the PGC ADHD and EDU datasets using the condFDR/conjFDR
method highlighted the sample overlap (WTCCC58C cohort) (46) between these datasets,
which may potentially inflate the condFDR/conjFDR results. This overlap, however, is very
limited, and amounts to approximately 2800 ADHD control samples (8) that were also
included in the EDU GWAS (13). To the best of our knowledge no ADHD cases were shared
between any of the datasets used in these analyses.

Since all of the GWAS summary statistics analyzed in this study were generated from
cohorts of European ancestry, as was the case for the original GWAS, the results may not be
generalizable to non-European populations. In addition, the difference in prevalence of
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ADHD in children and adults (1, 2) suggests that age specific factors may interact with
genetic risk factors. However, currently available GWAS data does not allow for analyses of
potential age-genotype interactions.

In conclusion, we have demonstrated shared polygenic architecture between ADHD and
both EDU and INT. We leveraged this genetic overlap to identify 46 novel risk loci for
ADHD, four of which are associated with ADHD risk, educational attainment and general
intelligence. Interestingly, using the condFDR/conjFDR method we identified nine loci with
concordant effects on ADHD and EDU or INT, contrasting the genome-wide genetic
correlation findings between these phenotypes. These results expand on previous genetic and
epidemiological studies to further support the hypothesis of a shared genetic basis between
these phenotypes. Although the clinical utility of the identified risk loci remains to be
determined, they can be used as resources to guide future studies aiming to disentangle the
complex etiologies of ADHD, educational attainment and general intelligence.

Supplementary Material
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Figure 2.
Conditional False Discovery Rate (condFDR) Manhattan Plot of Conditional —log,¢(FDR)

Values. ADHD conditioned on educational attainment (EDU) (ADHD|EDU) is shown in
blue and ADHD conditioned on general intelligence (ADHDIINT) is shown in orange.
Linkage disequilibrium (LD) independent single nucleotide polymorphisms (SNPs) with
conditional —log19(FDR) higher than 2.0 (horizontal dotted line) (ie, condFDR < 0.01) are
shown with large points. A black line around the large points indicates the most significant
SNP in a locus.
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Figure 3.
Conjunctional False Discovery Rate (conjFDR) Manhattan Plot of Conjunctional —

log1o(FDR) Values. ADHD and Educational Attainment (EDU) (ADHD & EDU) is shown
in blue, and ADHD and General Cognitive Ability (ADHD & INT) is shown in orange.
Linkage disequilibrium (LD) independent single nucleotide polymorphisms (SNPs) with
conjunctional —log1o(FDR) higher than 2.0 (horizontal dotted line) (ie, conjFDR < 0.01) are
shown with large points. A black line around the large points indicates the most significant
SNP in a locus.
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Figure 4.

Genetic context for three novel loci associated with ADHD, and shared between ADHD,
educational attainment (EDU) and general intelligence (INT) in conjunctional false
discovery rate (conjFDR). The SNPs —logyg(conjFDR) values are shown on the left y-axes.
In each sub-plot the representative SNP for the locus (strongest association with ADHD) is
shown in the purple square. The color of the remaining markers reflects the degree of
linkage disequilibrium (LD) with the representative SNP measured as r? coefficient. The
recombination rate is plotted in blue and it’s value is indicated on the right y-axes. The red
line indicates the FDR threshold (conjFDR < 0.01). Surrounding of the strongest association
in conjFDR analysis: (A) rs28535523 (conjFDR = 4.376 x 1073), (B) rs1978102 (conjFDR
=5.789 x 1073) and (C) rs4839923 (conjFDR = 1.479 x 1073). Figures are generated with
LocusZoom (47).
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Table 1.
GWAS summary statistics characteristics
Sample Sample Size (N)* Sample Size inlcuded (N)** Age Group Ref
12 53293 _
PGC (19 099 ADHD, 34 194 CON) 53293 Adult and Children ~ (8)
INT 269 867 269 867 Adult and Children ~ (12)
epu? 1131881 842 499 Adult 13)
2 i 348 561 . )
deCODE (10 217 ADHD, 338 344 cON)  Adultand Children
EAGLEZ 17 666 17 666 Children (23)

*
Sample size of the cohort in the referenced study

*Kk
Sample size of the cohort included and analyzed in this study.

JGWAS summary statistics used for condFDR/conjFDR analyses.

2 - . .
GWAS summary statistics used for sign concordance evaluation.

INT, general intelligence. EDU, educational attainment. ADHD, cases. CON, controls.
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Resource Type

Specific Reagent or Resource

Source or Reference

Identifiers

Additional
Information

Add additional rows as
needed for each
resource type

Include species and sex when
applicable.

Include name of
manufacturer, company,
repository, individual, or
research lab. Include PMID
or DOI for references; use
“this paper” if new.

Include catalog numbers,
stock numbers, database
IDs or accession
numbers, and/or RRIDs.
RRIDs are highly
encouraged; search for
RRIDs at https://
scicrunch.org/resources.

Include any
additional
information or
notes if
necessary.

Deposited Data; Public
Database

PGC-ADHD GWAS summary
statistics

30478444,

Deposited Data; Public
Database

Intelligence GWAS summary
statistics

PMID: 29942086

Deposited Data; Public
Database

Educational attainment GWAS
summsary statis

PMID: 30038396

Deposited Data; Public
Database

ADHD symptoms GWAS
summsary statistics

PMID: 27663945

Software; Algorithm

Conditional/ConjunctionalFDR
scripts

https://github.com/precimed/
pleiofdr
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