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ABSTRACT

Attention-deficit/hyperactivity disorder (ADHD) is characterized by age-inappropriate
levels of inattention and/or hyperactivity-impulsivity and persists into adulthood in a
substantial proportion of cases. ADHD is heritable and is thought to represent the clini-
cal extreme of a continuous distribution of ADHD symptoms in the general population.
We aimed to detect ADHD risk conferring genes leveraging the power of population
studies of ADHD symptoms in adults. Within the SAGA (Study of ADHD trait Genetics
in Adults) consortium, we estimated the SNP-based heritability of self-reported ADHD
symptoms and carried out a genome-wide association meta-analysis in nine adult
population-based and case-only cohorts of unrelated adults. A total of n = 14,689
individuals were included. We found a significant SNP-based heritability for self-rated
ADHD symptom scores of respectively 15% (n = 3,656) and 30% (n = 1,841) in the two
cohorts. The top-hit of the genome-wide meta-analysis (SNP rs12661753) was present
in the hitherto uncharacterized long non-coding RNA STXBP5-AST gene. This associa-
tion was also observed in a meta-analysis of childhood ADHD symptom scores in eight
population-based pediatric cohorts from the EAGLE ADHD consortium (n = 14,776).
Genome-wide meta-analysis of the SAGA and EAGLE data (n = 29,465) increased the
strength of the association on the STXBP5-AST gene. In human HEK293 cells, expres-
sion of STXBP5-AS1 enhanced the expression of a reporter-construct of STXBP5, a gene
known to be involved in SNARE complex formation. In mouse strains featuring different
levels of impulsivity, Stxbp5-AST transcript levels in the prefrontal cortex strongly cor-
related with motor impulsivity as measured in the 5-choice serial reaction time task (r* =
0.55). Our results implicate the STXBP5-AS1 gene in ADHD symptom scores and point to
vesicle transport as a biological mechanism involved in ADHD-related impulsivity levels.
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental
1,2

disorder affecting 2-5% of children'? and adults.>* ADHD is characterized by age-
inappropriate, sustained symptoms of inattention and/or hyperactivity-impulsivity. In
children® and adults,® ADHD shows substantial heritability. Heritability estimates are
largely independent of the phenotypic measurement scale (i.e., categorical or continu-
ous) in children; in adults, estimates are lower when using self-report rating scales.’ Twin
studies’ suggest that etiological influences on ADHD symptoms are distributed through-
out the population, consistent with a liability model.” Inattention and hyperactivity-
impulsivity symptoms can be reliably assessed in population-based cohorts based on
rating scales,® creating the possibility to collect large samples for gene-finding studies.
The genetic contributions to ADHD in children and adults are complex, with multiple
different genetic variants contributing to the disorder,* both common and rare.’ Re-
cently, 16 genome-wide associations have been established in an ADHD Genome-Wide
Association Studies meta-analysis (GWASMA) of childhood case-control studies from
the Psychiatric Genomics Consortium (PGC) and The Lundbeck Foundation Initiative for
Integrative Psychiatric Research (iPSYCH) and population-based samples from the EArly

Genetics and Lifecourse Epidemiology (EAGLE) consortium.*'

Here, we sought to leverage the power of population studies of ADHD symptoms in
adults to detect disease-relevant genes. Within the SAGA (Study of ADHD trait Genetics
in Adults) consortium, we estimated the SNP-based heritability of self-reported adult
ADHD symptoms and subsequently carried out a GWASMA in nine cohorts of European
Caucasian origin (n = 14,689 individuals, age 18 years or older), in whom adult self-
reported ADHD symptom scores were available. These samples included six population-
based cohorts, two clinical ADHD samples and one clinical cohort ascertained for
depressive and anxiety disorders (to enrich the clinical extreme of the ADHD symptom
continuum). The locus with the strongest statistical association was followed-up in a
replication analysis of quantitative childhood ADHD symptom scores (n = 14,776) from
the EAGLE consortium.’ Genetic correlations were obtained between the PGC and the
iPSYCH sample of children'® and the SAGA sample of adults. Finally, we conducted gene-
based tests for genes with SNPs showing a p-value < 1x10°® in the meta-analysis, making
use of the common SNPs from SAGA and rare variant data from the Erasmus Rucphen
Family (ERF) study (see Table 1), one of the adult cohorts.

Functional follow-up studies downstream of gene-finding in ADHD, e.g. in model sys-

tems, to determine the biological relevance of a genetic finding, are scarce." Core fea-
tures of ADHD, inattention, hyperactivity, and impulsivity are well defined e.g. in mouse
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models."” Here we carried out functional follow-up studies for the hitherto uncharacter-
ized top-gene of the GWASMA in three mouse inbred strains with large differences in
motor impulsivity derived from reaction time tasks, and in a human cell assay.

METHODS

ADHD symptom scores and study populations

ADHD symptom scores were assessed by three instruments (see Table 1) in nine cohorts
(for a complete description of each sample please follow the references in Table 1): the
ADHD-index of the Conners Adult ADHD Rating Scale'® (CAARS ADHD-index; 12 items),
the total scores of the DSM-IV ADHD Rating Scale (ADHD-RS),'* and the Attentional Defi-
cit/Hyperactivity Problems subscale from the Adult Self Report (ASR-ADHD; 13 items)."”
The CAARS (used in NESDA, NTR, ERF) is an extensively tested psychometric instrument
with high internal consistency and reliability. Five cohorts (NeuroIMAGE, BIG, IMpACT-
NL, VHIR, NBS) collected information using the ADHD-RS,'* which has high validity in
population-based and case samples. For IMpACT-NL and VHIR, only affected individuals
were included. One cohort (TRAILS) assessed ADHD problems through the ASR-ADHD

15-17

(http://www.aseba.org/).

Genetic Variant Calling and Quality Control

An overview of genome-wide single nucleotide polymorphism (SNP; for common vari-
ants) genotyping, quality control, and imputation is given in Supplementary Table 1.
Exomes of 1,336 individuals from the ERF population, which is a genetically isolated
population in the Netherlands,'® were sequenced (see Supplementary Methods), and
ADHD index data were available for 587 of these individuals. Detection of rare variants in
the ERF study was done for those genes with SNPs with p-value < 1x10” in the GWASMA
and variants identified in these exomes were used to estimate the contribution of rare
variants in the genes of interest to ADHD behavior (see Supplementary Methods).

GCTA

Genome-wide Complex Trait Analysis (GCTA)'® was used to compute the variance in the
ADHD symptom score explained by common SNPs in the two largest cohorts included in
the meta-analysis, the NTR and NESDA (n > 1,500 unrelated subjects). A genetic relation-
ship matrix (GRM) for all individuals in the dataset was estimated based on SNPs with
high imputation quality (see Supplementary Methods). Bivariate GCTA'® was addition-
ally run on the ADHD-index of the CAARS and ASR-ADHD data also available in the NTR
cohort, to assess the genetic correlation (rg) between the two diagnostic instruments.

Erasmus University Rotterdam Zo\.{uu.g
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Genome-wide association and meta-analysis

GWAS was conducted in each cohort by linear regression under an additive model. Age
was included as a covariate, but not gender, which was not significantly associated with
the ADHD scores in any study. Four principal components were added to account for
possible population stratification effects. Information on software packages is provided
in Supplementary Table 1. In all analyses, the uncertainty of the imputed genotypes
was taken into account. Location of SNPs reported is from the build 37 (hg19) 1000G
data. Meta-analysis was conducted in METAL (www.sph.umich.edu/csg/abecasis/ metal/
index.html) by the p-value-based method, given the intrinsic variability of the quantita-
tive traits used (see Supplementary Methods). The meta-analysis was performed in
the full sample (nine cohorts) and restricted to the population-based samples (seven
cohorts; “restricted sample”).

Replication in the EAGLE consortium

Within EAGLE, association of ADHD-related measures was assessed in nine population-
based childhood cohorts with genotype data imputed against the 1000 Genomes
reference panel.’ Linear regression of the phenotype on sex, age, genotype dose, and
principal components was performed in all cohorts, followed by meta-analysis based on
p-values in METAL. The TRAILS cohort is part of both consortia and was excluded from
the EAGLE consortium for replication analysis, leaving a total of 14,776 children from
eight cohorts.

Look-up of significant GWAS loci

Evidence for an effect of the 12 independent ADHD-associated SNPs from the
PGC+iPSYCH GWASMA on adult ADHD symptoms was studied through a look-up
of results. LD-independent loci with corresponding index-SNPs were obtained from
Table 1 of Demontis et al.'’ If the index variant was not present in the SAGA data set, a
proxy variant was selected using LDlink (https://analysistools.nci.nih.gov/LDlink/). The
Bonferroni-corrected significance level was set at p-value = 0.05/12 = 0.00417.

Linkage disequilibrium score regression (LDSR) analysis

LDSR was used to estimate the genetic correlation between the PGC+iPSYCH sample of
children' and the SAGA sample of adults. Each dataset underwent additional filtering
for markers overlapping with HapMap Project Phase 3 SNPs, INFO score > 0.9 (where
available), and MAF > 1%. Indels and strand-ambiguous SNPs were removed. LDSR
analysis was performed using the LDSR package (https://github.com/bulik/Idsc”, see
Supplementary Methods).
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Gene-wide analysis of common and rare variants

Genes containing SNPs with p-values < 1x10° in the meta-analysis of the nine cohorts
were selected for gene-wide tests using common and rare variants. The common vari-
ant analysis was performed in MAGMA.”' Flanking regions of 25kb for each gene were
included in the analyses. The rare variant analysis was performed with the Sequence
Kernel Association Test (SKAT; only in the ERF study) library of the R-software.?

Functional analyses

Follow-up functional analyses were performed on the locus containing the best associa-
tion p-value. This locus contains STXBP5-AST, representing a putative long noncoding
RNA, predicted to be expressed in several species (Supplementary Methods; Supple-
mentary Table 5 & Supplementary Fig. 2). Human STXBP5-AS1 encodes multiple splice
variants, many of which lack a region that overlaps the STXBP5 gene.To test for regulatory
effects of STXBP5-AS1 on the expression of STXBP5, a fluorescent reporter construct was
designed to contain the region of antisense overlap (see Supplementary Methods).

Mouse models

RNA was derived from prefrontal cortex of adult male mice from the inbred strain C57/
BI6J (n = 7) and recombinant inbred strains BXD29 (n = 8) and BXD68 (n = 7), and gene
expression was quantitated (see Supplementary Methods). Strains were bred in the
facility of the Neuro-Bsik consortium of the VU University (Amsterdam, The Netherlands)

and used for behavioral analysis.'**

RESULTS

Quantitative assessment instruments are listed in Table 1. The quantitative phenotypes
showed a weak, negative correlation with age and no association with gender in any
cohort. Phenotypic and genetic correlations between symptom scores assessed with
the different instruments were substantial: in a clinical sample of 120 adults with ADHD
the phenotypic correlation between the CAARS'® (ADHD-index) and the ADHD-RS*
(total score) was high (r = 0.73; p-value < 0.01).** In 380 parents of children with ADHD,
the correlation was of similar magnitude (r = 0.69; p-value < 0.001).”> We estimated the
phenotypic correlation between the CAARS ADHD-index and the ASR-ADHD'*'¢ in the
NTR (n=15,226; average age 40 years, SD=16.1) to be 0.67 (p-value < 0.0001). In younger
participants in the age range of the TRAILS cohort (18-22 years, n = 2,687), the correla-
tion was similar (0.68, p-value < 0.0001).
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Table 1. Descriptive information for all cohorts and for phenotype assessment in the SAGA consortium.

. Mean
cl::n::t N (% F) Age (SD) Sym?::::sl)lst N r:;oree* Score Ref
9 (SD)*
CAARS ADHD-ind will tal.
NTR 5035 (63%) 43.7(15.2) index o 39 793z  (Wilemseneta
(12) 2010)
CAARS ADHD-index (Boomsma et al.
NESDA 1977 (66%) 46.5 (13. -32 754
D 977 (66%) 46.5 (13.0) 1) 0-3 8.7 (54) 2008)
CAARS ADHD-index (Aulchenko et al.
0 —
ERF 1043 (53%) 45.6 (13.3) e 0-25  7.8(4.4) o0
NeurolMAGE 470 (51%) 423 (5.3) ADHD-RS (23) 0-43  141@9  VOn ZET':) etal.
H tal.
BIG 448 (63%) 223 (3.2) ADHD-RS (23) 0-40 14064 Oogaazje @
(Galesloot et al.
NBS 2925(53%) 57.4(163)  ADHD-RS (23) 0-15  14(2.2) 2017)
Franke and Reif
IMpACT-NL+ 113 (62.8%) 37.7(115)  ADHD-RS (23) 1418 12.04(33) (ranz';?;)d ©
VHIR= 550(32%) 333(10.6)  ADHD-RS (18) 4-54  31.0(97) (Bosch R 2019)
TRAILS  1215(48%) 19.0(0.6)  ASRADHD (13) 0-22  59(44)  (Ormeletal.2014)

Conners’ Adult ADHD Rating Scale (CAARS ADHD-index), DSM-IV ADHD Rating Scale (ADHDRS), and At-
tentional Deficit/Hyperactivity Problems subscale from the ASR (ASR ADHD);

*Untransformed values observed per cohort;

+ only affected individuals included.

A significant SNP-based heritability was estimated for the CAARS ADHD-index in a sub-
sample of each of the two largest cohorts: 30% (SE = 16.7%, p-value = 0.035) in NESDA
(n = 1,841 unrelated subjects) and 15% (SE = 7.8%, p-value = 0.020) in NTR (n = 3,881
unrelated participants). We also estimated the genetic correlation for the CAARS ADHD-
index and the ASR-ADHD using bivariate GCTA. In all individuals from the NTR with
genotype and phenotype data (n = 6,036 related and unrelated subjects), the genetic
correlation was 0.818 (SE = 0.256). When analyzing the bivariate data in 2,921 unrelated
subjects, the point estimate of the genetic correlation was 0.813 (SE = 0.364). The signifi-
cant SNP-based heritability and the considerable phenotypic and genetic correlations
between assessment instruments support the validity of our meta-analysis approach of
GWA results obtained across contributing data sets.

For the nine separate GWAS, the genomic control inflation factors (lambda) ranged
between 0.996 and 1.026 (mean lambda 1.009, Supplementary Table 2). Meta-analysis
(Supplementary Figure 1A) of the full sample revealed the lowest p-value (3.03x107)
for the intronic SNP rs12661753 in STXBP5-AST (Supplementary Figure 3); for the meta-
analysis of the restricted sample, p-value for this SNP was 1.48x10° (Supplementary
Figure 1B). Replication was observed for rs12661753 (p-value = 3.07x107) for childhood
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ADHD symptoms in the EAGLE-ADHD consortium.’ The subsequent GWASMA between
SAGA and EAGLE revealed the best association p-value = 2.05x107 for SNP rs12664716
(n = 29,465; Supplementary Figure 3F) located in the STXBP5-AS1 gene, and in high
LD (D’ = 1.0, r* = 0.98) with rs12661753 (p-value saagacie = 3.55x107; Supplementary
Figure 1C).

A ?TG aa.50
STXBPS exon 1 _
STXBPS-AS1
ATG aa.9
HPRT1 exon 1
o with AS1
°  without AS1 with AS1
——with AS1

[ = without AS1 D

o
@

Cells

Ratio STXBP5-EGFP / HPRT1-mCherry
° o
< &

STXBP5-EGFP fluorescence (AU)

°
N

o

[} 20000 40000 60000 02 o€ a 24 1.8 22 26 3 without AS1 with AS1
Ratio STXBPS / HPRT1
HPRT1-mCherry fluorescence (AU) s 4

Figure 1. STXBP5-AS1 positively regulates the expression of its cognate mRNA. (A) Design of two reporter
constructs. Top: Exon 1 of human STXBP5, containing the natural 5’UTR and encoding the first 50 amino
acids, was fused in-frame to EGFP. The Stxbp5-AST transcript including the region showing perfect (100%)
sequence overlap with the encoded Stxbp5 transcript is depicted schematically in blue. Bottom: To control
for transfection efficiency and differences in cellular metabolic rates, we co-expressed a non-target mRNA
comprised of human HPRTT exon 1 fused to mCherry. (B) Typical examples of HEK293 cells expressing both
constructs with or without STXBP5-AS1. (C) Quantitation of EGFP and mCherry fluorescence in presence or
absence of AS1 (947 and 974 cells respectively). (D-E) The ratio of STXBP5-EGFP and HPRT1-mCherry was
calculated for each cell. Data are presented as a histogram (D) or as mean=SEM (E). ***, p-value = 6x10";
toss = 44412, Student’s t-test.

The index variant rs12661753 was not associated with ADHD risk in the recent case-
control PGC+iPSYCH GWASMA of ADHD in a sample mainly consisting of children (p-
value = 0.6316, n = 55,374). A look-up of genome-wide significant ADHD index SNPs
from this PGC+iPSYCH GWASMA for association in the SAGA consortium also revealed
no significant associations with adult ADHD symptoms (Supplementary Table 6).

We estimated the genetic correlation between PGC+iPSYCH and the complete SAGA
sample to be 0.541 (SE = 0.447, p-value = 2.26x10"; the VHIR cohort present in both
studies). We tested if the two rg values differed significantly from each other, which was
not the case (X*-based test p-value > 0.05) (Supplementary Methods).
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In NTR and NESDA, a subset of participants (n = 6,678) had additional phenotype data
on hyperactivity/impulsivity and inattention symptom subscales of the CAARS available.
These scales of each 9 items are non-overlapping with the 12 ADHD-index items. For
hyperactivity/impulsivity symptoms, the p-value for association with rs12661753 was
1.51x107°, whereas for inattention it was 3.53x107, suggesting a stronger effect of the
variant on hyperactivity/impulsivity.

As shown in Table 2 and Supplementary Table 3, 50 common variants from 8 inde-
pendent (clumped) loci showed p-value < 1x10°®. Of these, four were also amongst the
top-associated loci from the restricted SAGA GWASMA (no patients; Supplementary
Table 4). The genes closest to these SNPs were selected for gene-wide analysis (Table
2). Analysis of common variants in seven genes (plus 25kb flanking regions) in the SAGA
GWASMA showed significant association with ADHD symptoms. Two significant findings
(p-value < 0.003) were for long intergenic non-protein coding RNA genes (LINC01247,
LINC00534), and nominal significant associations (p-value < 0.05 gene-wide) were seen
for STXBP5-AS1, CALB1, GNG12-AS1, STXBP5 (Supplementary Table 5). It is important to
note that STXBP5 and STXBP5-AS1 have no physical separation, thus their 25kb flanking
regions overlap. The rare variant analysis also showed nominal association for STXBP5.
For four genes (GNG12-AS1, LINC01247, STXBP5-AS1, LINC00534), rare variants were not
observed/detected (Supplementary Table 5).

Table 2. Most strongly associated (clumped) SNPs (p-value < 1x10°) coming from the meta-analysis of nine
cohorts from the SAGA consortium in physical position order (hg19).

Tested/ Frequency

SNP name Chr Locus Pos* p-value  Non-Tested Tested Gene(s) in locus
Allele Allele’
rs11209188 1 1p31.3 68455306  7.88x10° A/G 0.534 GNG12-AST
rs1930272 1 1p31.1 83491910  4.75x10° T/C 0.544 LOC107985037
rs1564034 2 2p25.2 6510305  2.15x10° T/G 0.670 LINCO1247
128734069 4 4926 120042409 5.77x10° T/C 0.016 LL?)CC;(;2522737§692
1s12661753 6 6g24.3 147409235 3.02x107 A/G 0.962 STXBP5-AS1
rs13274695 8 8p23.2 3723378  6.00x10° A/G 0.077 CSMD1;LOC105377790
rs2189255 8 8q21.3 91190297 9.61x10° T/C 0.703 CALB1; LINC00534
rs73204517 13 13g21.33 69920315 7.19x10° c/G 0.126 Downstream LINC00383

"bp position based on the GRCh37.p13 build;
*Allele frequency of tested allele based on N = 14,689.

Given that the STXBP5-AST gene, which contains the top-hits, is hitherto uncharacter-
ized, we investigated its function. STXBP5-AST encodes a long noncoding RNA (IncRNA).
Although human STXBP5-AS1 does not have any orthologues listed in the UniGene
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database, it is conserved in primates and shows a modest conservation in rodents
(Supplementary Table 7 and alignment in Supplemental Figure 2). In the hg19
genome release annotation STXBP5-AST is located next to STXBP5 in the opposite
orientation, with antisense sequence overlap in exon 1 of STXBP5 (Figure 1A). It may
be hypothesized that STXBP5-AS1 affects STXBP5 expression. For such natural antisense
RNAs, both repression and positive effects on the expression of cognate genes have
been described.”®” We tested this hypothesis by designing a reporter gene fusing exon
1 of STXBP5 to EGFP, and quantifying its expression in human HEK293 cells. Expression
of the antisense IncRNA variant STXBP5-AS1-003 (containing the overlap with Stxbp5)
caused an increase in the fluorescence ratio between STXBP5-EGFP and the control
(Figure 1B-E).

Given the in vitro effects on STXBP5-EGFP protein expression, we tested the relation-
ship between gene expression of mouse Stxbp5 and/or Stxbp5-AS1 and measures of
behavioral impulsivity. We analyzed gene expression in medial prefrontal cortex of
three mouse inbred strains previously described to have large differences in motor
impulsivity.'? Here, we confirmed the strain difference in motor impulsivity between
the BXD68, BXD29, and C57BL/6J strains (F,, = 6.91, p-value = 0.005), measured as
premature responses in the 5-choice serial reaction time task. In addition, these strains
showed differences in errors of omission (r,,0 = 5.18, p-value = 0.015), but not atten-
tion (F,5 = 0.35, p-value = 0.771) (Figure 2A). In these mice, we detected expression
of a mouse Stxbp5-AST transcript in the prefrontal cortex by real-time quantitative PCR,
which differed across strains (F,9 = 11.73; p-value < 0.001). This transcript showed low-
est expression in the most highly impulsive strain, BXD68 (BXD68: 4.58+0.11, C57BL/6J:
5.25+0.14, BXD29: 5.19+0.07, p-valuegypss vs cs7a1/6) = 0.003, 113 = 3.73; p-value gypss vs Bxp20 <
0.001, t;, = 4.63) (Figure 2B). Expression of Stxbp5 mRNA was not different between the
three strains (BXD68:9.89+0.24; C57BL/6J: 9.834£0.10; BXD29: 9.99+0.23). These results
suggest that the role of STXBP5-AST plays in impulsivity is not due to influencing the
level of the STXBP5 transcript. Examining correlations between Stxbp5-AS1 transcript
level and impulsivity/inattention measures, we found a significant correlation with mo-
tor impulsivity (r* = 0.55; p-value = 8.26x10°, Bonferroni-corrected p-value < 0.0083)
and a nominally significant association with attention, when measured as errors of omis-
sion?® (r* = 0.1765; p-value = 5.16x10), but not when measured as percentage correct
responses (r* = 0.0862; p-value = 1.85x10™"). Expression of Stxbp5 did not correlate with
these parameters (Figure 2C).
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Figure 2. Prefrontal cortex gene expression of putative mouse Stxbp5-AST is correlated with impulsivity. a.
Mouse strains BXD68 (red, n = 7), C57BL/6J (black, n = 8) and BXD29 (blue, n = 8) were selected based on
a difference in premature responses (motor impulsivity; BXD68 vs. BXD29, t;, = 3.71; C57BL/6J vs. BXD29,
t;s = 2.78) and error of omissions (BXD68 vs. BXD29, t,, = 3.54; C57BL/6J vs. BXD29, t,s = 2.52), without
being different on accuracy (Loos et al. 2014). Shown are data (mean+SEM) of the animals used for gene
expression analysis (see b). b. Strain mean+SEM of prefrontal cortex gene expression in BXD68 (red, n=7),
C57 (black, n=7), and BXD29 (blue, n=8) for Stxbp5-AS1 (left) and Stxbp5 (right). Stxbp5-AS1 is differentially
expressed between strains, with lower expression in BXD68. Yet, Stxbp5 shows no differential expression.
No difference in variation was observed. c. Gene expression of Stxbp5-AST (upper panels) in individual mice
for which behavioral data was available (BXD68, n = 6; C57BL/6J, n = 7; BXD29, n = 8) correlated well with
premature responses (motor impulsivity; left), not with accuracy (attention; middle), and showed a trend
towards correlation with errors of omissions (right; p-value = 0.0516). Stxbp5 expression (lower panels) did
not correlate with any of these parameters. Trend lines are given in gray. *p-value < 0.05; **p-value < 0.01;
***p-value < 0.001.

DISCUSSION

We report a genetic variant associated with three different but correlated adult ADHD
symptom lists in a meta-analysis of nine European adult population-based and case-only
cohorts (n=14,689 individuals). The STXBP5-AST gene (best SNP p-value = 3.02x107) was
the most strongly associated locus in a meta-analysis. This association was confirmed in
the EAGLE meta-analysis (p-valuegage = 2.89x107), and the top-hit from the full SAGA-
EAGLE GWASMA was also located in the STXBP5-AS1 gene and in almost perfect LD with
the original finding (SNP rs12664716, p-valuespcacacie = 2.05x107; n = 29,465).

For the adult ADHD-index, an earlier large twin family study estimated total heritability
at 30%, and common SNPs thus contain substantial information concerning its genetic
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variance. SNP-based heritability analyses, which were ran prior to GWASMA, provided
estimates of 15-30% explained variance of adult ADHD symptom scores in the general
population. Such estimates are comparable with the estimates obtained for ADHD and
four additional categorically defined psychiatric disorders,®® providing rationale for a
gene-finding enterprise for adult ADHD symptoms in the general population.

The function of the STXBP5-AST1-encoded IncRNA is currently unknown. STXBP5-AS1
has been proposed as a prognostic biomarker for survival of cancer patients,*® but no
information is available for its role in ADHD, related traits, or other psychiatric diseases.
It overlaps in anti-sense with STXBP5 encoding a protein involved in synaptic function by
regulating neurotransmitter release through stimulating SNARE complex formation.>"*?
This complex plays a major role in intracellular vesicular trafficking in eukaryotic cells
and is involved in the exocytotic release of neurotransmitters during synaptic transmis-
sion.” Genes related to the SNARE complex and its regulators have been investigated in
ADHD,** and current results suggest that this complex may exert distinct roles through-
out development, with age-specific effects of its genetic variants on ADHD behavior.”
Specifically, deletions and mutations of STXBP5 occur in autism®® and epilepsy.”” STXBP5
has a presynaptic role that negatively regulates neurotransmitter release by forming
syntaxin-SNAP25-tomosyn complex.*® However, the postsynaptic role of STXBP5 has not
been well elucidated.

Post-hoc analysis suggested that STXBP5-AST affects hyperactivity-impulsivity more
strongly than inattention. The stronger link with impulsivity was corroborated in
behavioral studies in mice. Our experiments in HEK293 cells showed that the IncRNA
does not cause antisense inhibition of Stxbp5. The increased fluorescence of a reporter
protein containing mouse Stxbp5 exon 1, together with unchanged Stxbp5 mRNA levels
in mouse strains expressing different Stxbp5-AS1 levels, suggest that the IncRNA might
enhance Stxbp5 protein translation or stability. Alternatively, Stxbp5-AST might contrib-
ute to impulsivity by a Stxbp5-unrelated mechanism. In line with this idea, Stxbp5-AST,
expression (but not that of Stxbp5) correlated negatively with motor impulsivity in mice.

Our study should be viewed in the light of some strengths and limitations. A pro was the
sample size that could be achieved for quantitative data available through a population-
based approach. Moreover, the functional analyses provided a very strong candidate
associated with adult and childhood ADHD symptoms. A limitation of our study was the
combination of three different phenotyping instruments, but given the strong pheno-
typic and genetic correlations between the instruments, this might not have reduced
power substantially.
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The genetic correlation of PCG+iPSYCH with SAGA should be interpreted carefully be-
cause the standard error is high. The fact that the PCG+iPSYCH/SAGA rg (0.54), did not
differ from the published rg estimate between the PCG+iPSYCH GWASMA and a GWAS
of the 23andMe sample (0.65, SE = 0.114)'® is encouraging but not unexpected given
the low power to detect a difference. The estimated genetic correlation between the
23andMe and PGC+iPSYCH analyses was significant but lower than the genetic correla-
tion of the EAGLE and PCG+iPSYCH childhood cohorts (rg = 0.943, SE = 0.204, p-value
= 3.65x10°)."° The ADHD diagnosis (yes/no) in 23andMe is based on the self-reported
answer to a single question about presence of a lifetime diagnosis of ADHD'® and we do
not know if the 23andMe participants were diagnosed in childhood or as adults. With
a further increase in GWAS sample size update rg results could suggest that there are
different genetic correlation patterns between the association results estimated from
the GWAS of adult (population-based) ADHD behavior and the GWAS from children, at
this point the lack of power makes these analyses inconclusive.

Our study shows that self-reported adult ADHD symptoms measured in the general
population have a genetic component and that performing population-based GWASMA
of adult ADHD symptoms provides novel insights into the genetic underpinnings of
hyperactivity/impulsivity symptoms that are a hallmark of ADHD. Our findings implicate
synaptic function regulation through STXBP5-AS1 and potentially STXBP5 in ADHD
symptom etiology.
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SUPPLEMETARY METHODS AND TABLES
Supplementary Methods

Supplementary Table 1. Quality control, filtering, pre-imputation, and imputation
algorithms used.

Supplementary Table 2. Number of SNPs tested after imputation and the lambda
values per sample.

Supplementary Table 3. Most strongly associated SNPs (p-value < 1x10°) coming from
the meta-analysis of nine cohorts from the SAGA consortium in physical position order
(hg19).

Supplementary Table 4. Association results for most strongly associated (clumped)
SNPs (p-value < 1x10°®) coming from the meta-analysis of seven cohorts from the SAGA
consortium without including patients in physical position order (hg19).

Supplementary Table 5. Gene-wide association p-values for common and rare variants
present in the top loci from the SAGA meta-analysis of ADHD Symptom Total Score.

Supplementary Table 6. Best associated loci from the PGC+iPSYCH ADHD GWASMA
and their association in the SAGA GWASMA.

Supplementary Table 7. Conservation and mapping of genomic sequences in pri-

mates with similarity to exons encoding human STXBP5-AS1-003 (Ensembl accession#
ENST00000427394).
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Supplementary Figure 1A. Manhattan & QQ plot of the ADHD Symptom Total Score meta-analysis from
the complete SAGA consortium.
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Supplementary Figure 1B. Manhattan & QQ plot of the ADHD Symptom Total Score meta-analysis from

the SAGA consortium without patient cohorts.
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Supplementary Figure 1C. Manhattan & QQ plot of the ADHD Symptom Total Score meta-analysis from

the SAGA & EAGLE consortia.
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STXBP5-AS1: Exon 6

man agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAACAGAAGACTATTATT
chimp agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
gorilla agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
orangutan agATGCCACTGTTGCTGCAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT

rhesus agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
gibbon agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
baboon agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
gr.monkey agATGCCACTGTTGCTGGAGAAATGTCACTGCTAGAGAATAGAAGACTATTATT
mus agATGTTGCTGTTGCTGGAGAAATGTCACTGGGAAAGATAA-AGGACCATTATT
rat agATGTTACTGTTGCTGGAGAAATGTCACTATGAAAGATAA-AGGACCATTATT
man CCAAAGGGTATTTGAGACTGACTGAATCAGGTCTGGAACATTATTGAAATGgtL

chimp CCAAAGGGTATTTGAGACTGACTGAATCAGGTCTGGAACATTATTGAAATGgL

gorilla CCAAAGGGTATTTGAGACTGACTGAATCAGGTTTGGAACATTATTGAAATGgL
orangutan CCAAAAGGTATTTGAGACTGACTGAATCAGGTCTGGAACATTATTGAAATGgt

rhesus CCAAAGGGTATTTGAGACTGACTGAATCAGGTCTGGAATATTATTGAAATGgL
gibbon CCAAAGGGCATTTGAGACTGACTGAATCAGGTCTGGAACATTATTGAAATGgL
baboon CCAAAGGGTATTTGAGACTGACTGAATCAGGTCTGGAATATTATTGAAATGgL
gr.monkey CCAAAGGGTATTTGAGACTGACTGAATCAGGTCTGGAATATTATTGAAATGgtL
mus CTAAAGAGTGTTTCAGGCTGACTGAATCAGGTCTGAAACGTTATTGAAATGYY
rat CTAAAGAGTGTTTCAGGCTGACTGAATCAGGTCTGAAACCTTATTGAAATGgtL

Supplementary Figure 2. ClustalW2 alignment of primate and rodent genomic sequences sharing similar-
ity with human STXBP5-AS1. Splice acceptor and (possible) donor sites are indicated in lowercase font. See
Supplementary Table 5 for exon start/end positions and sequence accession numbers. The locations of
mouse real-time PCR primers, as used in Fig. 3, are indicated in bold.
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Supplementary Figure 3. Locus Zoom plots for SNPs from the SAGA Meta-analysis associated with Total

ADHD Symptom Score
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