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Abstract. Attention-Deficit/Hyperactivity Disorder (ADHD) is a common neuropsychiatric
condition characterized by symptoms of inattention, hyperactivity, and impulsivity, with a high
prevalence among school-aged children. Substance Use Disorders (SUDs) are often comorbid
with ADHD, yet the genetic linkages between these two disorders are not well understood. This
study aims to fill the research gap by performing a meta-analysis on seven existing Genome-
Wide Association Studies (GWAS) datasets using PLINK 1.9 software to explore the genetic
commonalities between ADHD and SUDs. Prior studies have identified separate genetic markers
for each disorder, but comprehensive research examining the overlap between these two
conditions remains scarce. Our meta-analysis identified multiple significant Single Nucleotide
Polymorphisms (SNPs) and associated genes that are relevant to both ADHD and SUDs. These
genes exhibited significant p-values, underlining their potential role in the comorbid genetic
landscape of these conditions. The findings of this study provide novel insights into the shared
genetic etiology of ADHD and SUDs and suggest promising avenues for future research and
potential therapeutic interventions.
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1. Introduction

Attention deficit hyperactivity disorder (ADHD) is one of the most frequent neuropsychiatric disorders
that is characterized mainly by inattention, hyperactivity, and impulsivity. ADHD has become one of the
most common disorders in school-aged children [1], with ADHD symptoms appearing at the peak in
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childhood. The prevalence of ADHD in childhood and adolescence is about 7.1% [2]. A minority of
patients with ADHD have their symptoms persist into adulthood (even sometimes muted), with a
prevalence of 2.8% in adults [3,4].

ADHD can co-occur with a variety of disorders, such as bipolar disorders, substance use disorders
(SUDs), obsessive—compulsive disorder (OCD), and depression [5]. Children who have ADHD are at
higher risk for a range of unfavorable outcomes [6,7], including the outgrowth of substance use disorders
[8,9]. In general, the risk of developing a substance abuse disorder increases during adolescence and
maximizes in early adulthood. And people with ADHD develop SUDs faster compared to the general
population [10,11]. Discovered predictors of substance abuse in ADHD patients include constant ADHD
[12] and ADHD diagnosed in late adolescence or adulthood [13].

Substance use and substance use disorders are prevalent throughout the world [14]. An important
hallmark of ADHD is impulsivity [15], which refers broadly to deficiencies in inhibition control that
result in behavioral problems that may have long-term negative repercussions in daily living, including
various public health conditions [16]. Impulsivity also plays a major role in other psychiatric disorders
including SUDs [17].

Thus, ADHD has a high relevance with SUDs, such as ADHD-smoking comorbidity [ 18] and alcohol
use disorders (AUDs) [19]. In these studies, they proposed respectively that ADHD-smoking
comorbidity or AUDs involve dysregulation of dopaminergic circuits. For instance, ADHD symptoms
are associated with cognitive control and attentional biases that may lead to greater sensitivity to the
rewarding effects of alcohol and/or other drugs [20,21]. In previous research, many researchers have
reported that the dopamine reward system is associated with addiction and dependence, including
alcohol dependence [22]. They also found some evidence that alcohol may increase striatal dopamine
release [23,24], which provided support for the dopamine theory of addiction.

As previously mentioned, ADHD could combine with co-occurring disorders (depression, anxiety,
etc.), and it would raise the risk of addiction [25,26]. It is universally acknowledged that Alcohol is one
of the most popular used and abused substances, leading to many undesirable outcomes, so there are
many issues that need to be addressed. A study of college students with ADHD reported higher
depression symptoms and frequent alcohol use than non-ADHD students as well as increased substance
use, and college students with ADHD who have most substance use (e.g., alcohol abuse) showed a lower
GPA than non-substance-used students [27]. ADHD students have more risk for developing substance
abuse problems and emotional difficulties, and they have more pressure in their lives. This issue should
be brought to the attention of the general public, as much worse situations might occur for ADHD
students.

People often have an expectation that they will like the things they want [28]. A report suggested that
expectations may be multiply determined by both biological (genotypic) and behavioral factors, such as
the correlation between the 7-repeat (7-R) allele of the DRD4 (dopamine D4 receptor) gene, ADHD,
and expectations about the effects of alcohol on behavior and mood [29]. Other researchers also
suggested that DRD4 genes predicted expectations of being ‘wild and crazy’ after alcohol consumption
[30]. In the previous study, DRD4 genes have been found those related to substance abuse [31].
Meanwhile, DRD4 genes are also related to the onset of ADHD [32].

It is interesting that some treatments for ADHD and SUDs are gene-linked. For example,
Methylphenidate (MPH) primarily acts as a norepinephrine—dopamine reuptake inhibitor (NDRI), which
is an effective drug for most ADHD patients. It has also been found to treat SUDs and it is dependent
on individual’s genotypes, such as DAT1 (dopamine transporter) and DRD4 genes [33].

Furthermore, dopaminergic and glutamatergic neurotransmission are also relative, and some areas of
the brain where glutamate receptors (GluRs) are located are also associated with ADHD, specifically
impulsivity and hyperactivity [34-36]. Some studies have also reported some information on the genetic
linkage of glutamate systems, such as C-kinase-1(PICK1) [37] and N-methyl D-aspartate (NMDA)
receptor subtype 2B (GRIN2B) genes [38]. They also have individual diversities. Therefore, ADHD and
SUDs are highly comorbid and may share a genetic vulnerability. It is easy to deduce that ADHD and
SUDs are associated with a wider range of genotypes.
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As we see that genotype may be a new target for the treatment of ADHD, SUDs and related disorders,
we wondered if there were more physiological systems like the dopamine and glutamate systems that
were related to genotype. In this study, we first searched a series of papers to make references and then
conducted a meta-analysis of ADHD and SUDs genotype data, but the results of the analysis deviated
significantly from our expectations and references. We identified several potential gene loci through
meta-analysis on databases that may have significance worth exploring deeply, and we hope to inspire
further research in this area.

2. Methods and Materials

2.1. Data Acquisition

The primary source of our data was from the NHGRI-EBI GWAS Catalog. The GWAS Catalog is an
open-access database that aggregates and annotates results from published genome-wide association
studies from across the globe [39]. This continually increasing resource provides a robust repository for
researchers, giving us a comprehensive understanding of gene-disease associations. In addition to the
GWAS catalog, we also integrated additional GWAS data from the iPSYCH/Psychiatric Genomics
Consortium (PGC) [40]. Recognized for its rich repository of psychiatric genomic data, the PGC offered
insights into Alcohol Dependence in 2019 [41] and Cannabis Use Disorder (CUD) [42] to enrich our
collection of SUDs data.

By examining the GWAS Catalog, we were able to pinpoint genes that showed overlaps between
ADHD and SUDs. This examination yielded a preliminary list of over 40 studies that explored these
intersecting genes. To ensure the integrity and reproducibility of our findings, all data sourced were
verified against original publications where possible. Each of these studies was subjected to a detailed
review to determine its relevance and reliability. Criteria for evaluation included sample size, methods
of gene identification, validation of findings, and the subject of study.

We have subsequently narrowed down our selection to 5 key GWAS datasets from our initial list
(table 1). These datasets spanned a variety of conditions: 3 datasets were dedicated solely to ADHD,
while 2 others focused explicitly on risky substance use disorders.

We have also extracted 2 datasets from the PGC, in which contains GWAS data relevant to Cannabis
use disorder and Alcohol use disorder. All the data were processed and analyzed using the GRCh37
(hg19) assembly.

Table 1. Data was sourced from GWAS catalog and PGC.

Study Accession  Source  Notes Sample Size

GWAS Attention deficit 4,945 European ancestry female cases, 16,246
GCST012597 L

Catalog hyperactivity disorder European ancestry female controls

GWAS Attention deficit 14,154 European ancestry male cases, 17,948
GCST005362 L

Catalog hyperactivity disorder European ancestry male controls

19,099 European ancestry cases, 72 non-
. - European ancestry cases, 1,012 Han Chinese

GCST007543 GWAS Attentlor) qu'C!t ancestry cases, 34,194 European ancestry

Catalog hyperactivity disorder

controls, 72 non-European ancestry controls,
925 Han Chinese ancestry controls
5,501 Icelandic ancestry cases, 301,041

GCST008414 (PGC |PGC Cannabis use disorder

PMID: 33096046)

Icelandic ancestry controls

GWAS Psychiatric . .
GCST90027271 Catalog symptomatology and 604 Mexican ancestry cases, 1,487 Mexican
: ancestry controls
risky substance use
GCST90027269 GWAS Risky substance use 1,165 Mexican ancestry cases, 1,487 Mexican
Catalog ancestry controls
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Table 1. (continued)

PGC | PMID Alcohol  dependencel4,904 individuals with AD and 37,944 controls

30482948 PGC 2020 from 28 case-control and family-based studies

2.2. Statistical method

We applied meta-analysis on the 7 selected GWAS datasets using PLINK 1.9 (https://www.cog-
genomics.org/plink/). PLINK 1.9 is an open-source whole-genome association analysis toolset designed
for large-scale analyses. The tool offers improved features and speed improvements compared to its
predecessor, making it well-suited for managing and analyzing extensive datasets [43]. Data
management, basic statistical evaluations, and association meta-analyses were conducted using
PLINK’s functionalities. Since the analysis includes multiple studies, we adapt a Random-effect Model
in the analysis to account for the heterogeneity to account for variations across studies.

3. Results

The PLINK meta-analysis generated 1.6GB of analysis results. Includes 11429210 unique SNPs, which
8708996 were overlapped in two or more studies. The program had rejected 249451 SNPs. We used R
[44] to process our data. With the aid of pre-available packages such as dplyr [45] and qgman [46], we
plot the Q-Q plot (Figure 1) to show the distribution of the P-value and Manhattan plot (Figure 2) to
highlight high relevance SNPs.
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Figure 1. Q-Q plot on the random-effect p-value of our meta-analysis.
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Figure 2. Manhattan plot of the SNPs. The y-axis is transformed to the —log10 of random-effect p-value.
The red line indicates a primary threshold for SNPs with P < 1e-3; the blue line shows a more restrictive
cut-off at P < 1e-4.
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In our analysis, we have identified a variety of Single Nucleotide Polymorphisms (SNPs) that hold
significance. Our emphasis was placed on SNPs that showed a recurrent presence, making an appearance
in more than four GWAS studies (N > 4). This threshold was set so that at least one SUDs case was
taken into account for the studies.

To provide a clear and efficient analysis, also considering the distribution of the p-value, we set a
primary p-value cut-off at le-3 (conventionally le-5) to highlight SNPs of relevance (Figure 2). Further
refining our search, we implemented a stricter suggestive threshold set at 1e-4 (conventionally Se-8).
These thresholds were especially useful in isolating SNPs with remarkably strong p-values, and hence
showing a “skyscraper” pattern on the Manhattan plot. Of particular note, SNPs that demonstrated p-
values less than 8e-4 (P < 8e-4) were regarded with moderate significance and were then isolated for a
more detailed examination in the subsequent stages of our research.

Delving deeper into our findings, we have found 45 SNPs that are highly relevant to the disease. The
SNPs were then searched in the SNP database (dbSNP) [47] to extract information about the gene.
Among those SNPs, 12 yielded no results from the dbSNP. While the gene name and other data were
located for the rest of 33 SNPs. Due to some repetitive hits, we were eventually able to identify 21
unique genes that had relevance with ADHD and SUDs.

These genes, listed in order of their located chromosomes, include VCAM1, HSD3B1, CACNALIE,
CRBI1, ZNF589, BFSP2, EXOSC9, CCNA2, BBS7, LINC02268, CWC27, ARFGEF3, ACTR3C,
MLLT3, VAV2, LOC107987137, MKX, ZFHX3, GGA3, DLGAPI1, and MISP. The recurrent
appearance of these genes across multiple GWAS studies and their p-values accentuates their likely
importance in the genomic landscape surrounding ADHD and Substance Use Disorder.

Among the genes identified, ARFGEF4 and BBS7 stand out due to their consistent hits within a small
region. This is visually represented by a distinct “skyscraper” pattern on the Manhattan plot (Figure 2)
for chromosomes 4 and 6, respectively. Within the peak for ARFGEF4 on chromosome 4, the gene
CCNA2 was also detected, forming part of the “skyscraper” formation. Such patterns could suggest
robust associations with the diseases under investigation. Beyond these prominent peaks, another
noticeable elevation was observed on chromosome 14. Although it did not surpass our established
threshold, this elevation directs attention to SNPs associated with the LOC105370504 gene.

4. Discussion

The aim of the present study was to show the relationship between several genes and ADHD, SUDs.
Several investigations found that genes that we found do have some relationship with ADHD and SUDs.
GWAS revealed genetic variants that affect both ADHD and SUDs. We have found several SUDs-
associated genes that contribute to ADHD. There has always been a close association between ADHD
and SUDs, but their genetic associations have not been well documented. GWAS is a powerful tool for
identifying genetic variants for complex traits. It reveals significant variants that contribute to highly
comorbid disease highly effective.

It provides novel genomic findings that prove well-established genetic loci for ADHD have
relationship with SUDs. Several investigations found that individuals with ADHD have a greater
probability to get SUDs, and Adult ADHD may also contribute to the development and maintenance of
substance use disorders [48]. Functional variants, rs16946051 and rs2049161 on DLGAP1 have been
proved that are related with executive function in ADHD children [49]. Recently, A research about
alcohol use disorder reported that DLGAP1 might be a blood-based biomarker of alcohol use disorder
[50]. We discovered that DLGAP1 might make difference in abusing behavior for individuals with
attention deficit hyperactivity disorder.

In addition, ZFHX3 is required for the differentiation of late born D1-type medium spiny neurons
[51]. That reveals that ZFHX3 play an important role in the growth of dopamine system. Inhibition of
the protein that is coded by VCAM1 dopamine neurons protects the dopamine neurons from acute
inflammation [52]. GGA3 interacts with ADRA2B which is a G protein-coupled receptor that plays a
part in the adrenergic system [53]. VAV2 regulates the reward system mesolimbic pathway which shows
there is some associations between VAV2 and substance abuse [54]. In this point of view, the finding
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linked development of catecholamine system to ADHD and SUDs. This might help finding potential
biologically meaningful targets for ADHD and SUDs treatment method.

Interestingly, we found peaks in BBS7, CCNA2, ARFGEF4 and LOC105370504 in our analysis.
ARFGEF4 and BBS7 as “skyscrapers” may show significant impacts on the connection of ADHD and
SUDs. LOC105370504 is a non-coding RNA, which is still controversial for whether it’s functional or
not [55]. The finding reveals that there might be some functions of non-coding transcripts that are still
not discovered. BBS7 is a gene that are associated with the Bardet—Biedl syndrome [56]. There’s no
research that explains the association between BBS7, ADHD and SUDs. Thus, it could be a potential
target to be researched in the future. CCNA2 encodes Cyclin A2 which is a protein associated with cell
cycle progression [57]. It means that there might be some relationship between cell cycle progression
and neurological disorders like ADHD and SUDs to be discovered in the future. Lack of ARFGEF4
enhances spatial and object recognition memory and plays multiple functional roles in neurons [58].
Therefore, it may show some links between cognitive ability, ADHD and SUDs.

There are some limitations in our research. GWAS cannot identify all genetic determinants of
complex traits and it might not pinpoint all causal variants and genes. And GWAS couldn’t reveal some
mutations which are too rare to be identified. But GWAS do play an important role in the development
of genomics today.

In conclusion, we found several genetic loci that are associated with both ADHD and SUDs. The
research revealed some biological targets for further study that may be potential targets for ADHD and
SUDs therapies. Meanwhile, we still have many unresolved questions because of time and resource
constraints. There remains much future work to understand the reasons for the linkages between ADHD
and SUDs.

5. Conclusion

In an effort to explore the genetic interplay between Attention-Deficit/Hyperactivity Disorder (ADHD)
and Substance Use Disorders (SUDs), we examined various genes. While past research has alluded to a
potential link between ADHD and SUDs, the specific genetic foundations had not been fully delineated.
By employing Genome-Wide Association Studies (GWAS), we identified several genetic variants that
seemingly influence both disorders. Notably, the DLGAP1 gene, previously linked with executive
function in ADHD-affected children, appears to also have implications in substance abuse. Similarly,
the ZFHX3 gene, connected with dopamine system development, emerges as a significant player,
considering the known associations of the dopamine system with both ADHD and SUDs. Additionally,
the genes VCAM1 and GGA3, connected to the dopamine and adrenergic systems respectively, also hint
at roles in substance use. Our observations suggest that the evolution of the catecholamine system might
be central in understanding the nuances of ADHD and SUDs. An unexpected finding of our study was
the potential association of genes like BBS7, CCNA2, ARFGEF4, and LOC105370504, which had not
been previously tied to these disorders. While GWAS has been an invaluable tool in this endeavor, it’s
imperative to recognize its limitations, such as not capturing all genetic determinants. In sum, our work
sheds light on numerous genetic intersections between ADHD and SUDs. Still, the intricate nexus
between ADHD and SUDs warrants further exploration.
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