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Abstract

Substance use disorder (SUD) arises from initiation to subsequent regular, irregular and harmful
use of substances such as alcohol, tobacco/nicotine, and cannabis. While thousands of genetic
variants have been identified from recent large-scale genome-wide association studies (GWAS),
understanding their functions in substance involvement and investigating the mechanisms by
which they act in the addiction circuits remains challenging. In this study, we re-analyzed the brain
regional transcriptome data from the most comprehensive postmortem transcriptomic study, with

a focus on up- or down-regulation of substance-associated protein-coding genes in the addiction
circuit-related brain regions (AddictRegions) including six cortical and 11 subcortical regions. We
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found that substance-associated genes were overrepresented in AddictRegions. Interestingly, we
observed a greater degree of genetic overlap between initiation and use, and between use and
SUD, than between initiation and SUD. Moreover, substance initiation, use, and SUD-associated
genes tend to shift their enriched AddictRegions from the cortical for initiation and to a less extent
for substance use to subcortical regions for SUD (e.g., thalamus, substantia nigra, and ventral
tegmental area). We also uncovered a pattern of coordinated cortical up-regulation and subcortical
down-regulation for the genes associated with tobacco initiation and alcohol use. Moreover, the
Gene Ontology terms of glutamate receptor activity and neurotransmitter binding were most
significantly overrepresented in AddictRegion-upregulated, substance-associated genes, with the
strongest enrichment for those involved in common substance use behaviors. Overall, our analysis
provides a resource of AddictRegion-related transcriptomes for studying substance-associated
genes and generates intriguing insights into genetic control of substance initiation, use, and SUD.

Keywords
Substance addiction; brain region; genome-wide association study

1 INTRODUCTION

Substance use disorder (SUD) is a mental health condition in which individuals lose the
full control of using addictive substances including alcohol, cannabis, and tobacco/nicotine.
Understanding the pathogenic process and neurobiological mechanisms of SUD is critical
for preventing its occurrence and mitigating its consequences. SUD typically begins with
initiation (i.e. the first or experimental use of substances), which triggers increasing use
that can progress to harmful levels and ultimately dependence.1~3 Substance initiation,
particularly during adolescence, is strongly linked to the subsequent development of
problematic substance use or SUD.#~7 While substance use and SUD have been extensively
studied, initiation has recently received increasing attention.

Classical genetic studies have shown that substance initiation, use, and SUD are all
heritable, with substance use (i.e. use frequency or quantity) and SUD having higher
heritability than initiation.3:58-10 For example, timing of first alcohol use had heritability of
36%, while heritability of alcohol dependence was 53%.° Although high genetic correlations
were observed between early initiation or age at onset, use frequency or quantity, and

SUD (e.g.>11), genome-wide association studies (GWAS) seem to suggest a limited genetic
overlap between initiation, use, and SUD (e.g. cannabis!?). As summarized in a recent
review on largest GWAS of substance involvement,3 more than 150 GWAS loci reached

the genome-wide significance level for alcohol use and/or alcohol use disorder (AUD),
approximately 500 GWAS loci for tobacco initiation, use, or tobacco use disorder (TUD),
and up to 15 for cannabis initiation, use, or cannabis use disorder (CUD). There seem

to be some shared genetic factors between substance use and SUD, but the degree of
genetic overlap depends on the substance type. In general, substance use is genetically
distinct from dependence, except for nicotine use vs. dependence, possibly due to the
highly addictive nature of tobacco.313 Therefore, identifying genetic variants contributing
to individual substances or specific categories of substance use behaviors, as well as those
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that are common to multiple substances (i.e., polysubstance) or categories of substance
use behaviors will provide insights into molecular mechanisms underlying substance
involvement.

To understand the molecular/neurochemical changes that are associated with the addiction
circuits during the drug-taking to drug addiction transition, it is essential to parse genes
into addiction domains.2:® Koob and Volkow? proposed 18 addiction circuits, involving
cortical (e.g. the prefrontal cortex/PFC) and subcortical (e.g. nucleus accumbens) regions.
Recently, a medial PFC-brain stem circuit was shown to be critical for compulsive

alcohol drinking in mouse model,1# and our human brain imaging analysis indicated the
importance of a thalamus-PFC-brainstem circuit in alcohol initiation.1> On the other hand,
several hypotheses, such as maturational imbalance theory and dual-system model,16:17
were proposed to explain adolescents’ risk-taking behaviors. These models posit that the
subcortical region involved in emotion regulation and reward system mature earlier than
the PFC, which is critical for executive functions and continues to develop throughout
adolescence. Imbalanced development of these two types of brain systems can decrease the
ability of adolescents to inhibit impulses. Therefore, identifying the addiction-related brain
regions that are affected by substance-associated genes will provide valuable insights into
neurobiological mechanisms of drug addiction.

As a first step towards parsing substance-associated genes into the addiction circuit-related
brain regions (designated “AddictRegions”), we re-analyzed the human brain transcriptome
data, with a particular focus on protein-coding genes that were differentially regulated in at
least one of 17 designated AddictRegions. While several brain transcriptomic studies have
targeted only one or a few brain regions,18-20 our study aimed to gain a complete profile of
AddictRegions transcriptome. To achieve this, we used the most comprehensive postmortem
brain transcriptome data,2 which analyzed the expression profiles of approximately 900
anatomically defined brain structures across the whole brain. We also collected the
substance-associated single nucleotide polymorphisms (SNPs) obtained from the largest-
scale GWAS studies, including 10 publications on alcohol, cannabis, and tobaccol2:13:22-29
as summarized by Gelernter and Polimanti,® as well as five additional publications,30-34
Notably, the most recent publication34 represents the largest-scale GWAS to date, with

3.4 million individuals, leading to identification of nearly 4,000 SNPs associated with
alcohol and tobacco use behaviors, including more than 1,900 novel SNPs. Analysis of
these substance-associated SNPs will provide a comprehensive view of substance-associated
genes. Our goals were to 1) determine patterns of gene expression across AddictRegions,

2) provide an update on the substance-associated genes regarding the overlapping and/or
distinct sets of genes based on types of substance and categories of substance use

behavior, and 3) assess the relationship between substance-associated genes and up- or
down-regulation in AddictRegions.

2 METHODS

2.1 Brain transcriptome data

Normalized expression data from Allen Human Brain Atlas (AHBA) were analyzed.?!
The AHBA included DNA microarray data from spatially distinct regions (414 Structure
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IDs) across cortical, subcortical, and cerebellar regions from six adult postmortem brains.?!
Data preprocessing and normalization were performed by the Allen Brain Institute (http://
help.brain-map.org/display/humanbrain/Documentation). Additionally, we excluded probes
with nondetectable expression levels in at least three out of six brains. Mean expression
levels were obtained for each combination of probe and Structure 1Ds within each brain.
Our analyses were restricted to protein-coding genes, using the updated probe-to-gene
annotation.35

Identification of up- or down-regulated genes in AddictRegions

Determination of AddictRegions: Out of 414 unique Structure 1Ds, we manually
mapped 118 structure I1Ds into 17 AddictRegions (Table S1), based on the addiction circuits
summarized by Koob and colleagues’® and the recently reported PFC-brainstem circuit

for alcohol.1415 These AddictRegions include six cortical and 11 subcortical regions: SFG
(superior frontal gyrus), MFG (middle frontal gyrus), IFG (inferior frontal gyrus), OFC
(orbitofrontal cortex), CgG (cingulate gyrus), Ins (insular gyrus), DS (dorsal striatum),
NAc (nucleus accumbens), GP (globus pallidus), Amg (amygdala), Hpc (hippocampus),
Tha (Thalamus), Hb (habenula), Hyp (Hypothalamus), SN (substantia nigra), VTA (ventral
tegmental area), and PAG (periaqueductal gray, a critical region in brainstem). The control
region cohort included 296 Structure IDs not belonging to any AddictRegions. We note that
differential analysis between Hb and the control region cohort was not performed, as no
expression data was available for the habenula after quality controls.

Determination of up- or down-regulated genes in at least one of 16
AddictRegions: Gene expression was analyzed at the probe level. For each participant,
the probe value from each structure 1D within each individual AddictRegion or the control
region cohort was regarded as a repeated measure of the gene expression level. Differential
expression analyses were performed using the limma package in R (version 4.1.2) to
compare the gene expression between each individual AddictRegion and the control region
cohort. The duplicateCorrelation approach, a built-in method in limma for analyzing
repeated measures data, was used to account for potential correlations in expression level
among different structure IDs within the same AddictRegion or the control region cohort.
In case two or more probes of a gene were significant, the gene was called differentially
expressed only if these probes all showed associations in the same direction. Multiple
comparison problems were adjusted by controlling the false discovery rate (FDR) at 0.05
level.

2.3 Retrieval of substance-associated GWAS data and analysis of genes in relation to
substance involvement

Substance-associated SNPs were retrieved from GWAS Catalog (https://www.ebi.ac.uk/
gwas/) in which only large-scale alcohol, cannabis and tobacco initiation, use and SUD-
related studies were included (Table S2). These consisted of 10 publications!2:13.22-29
summarized in the recent comprehensive review? and five additional publications30-34
retrieved from PubMed or GWAS Catalog. Protein-coding genes were identified by those
directly hit by substance-associated SNPs or those nearest to the SNPs and downloaded
from GWAS Catalog, except for the most recent study34 in which SNPnexus38 was used
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for annotation. A total of 1475 protein-coding genes represented by the substance-associated
SNPs matched both the HUGO Gene Nomenclature Committee list of protein-coding genes
and the protein-coding genes annotated for Probe IDs in the brain transcriptome data.3® For
determination of genes overrepresented in each of AddictRegions, Fisher’s Exact test was
performed with multiple comparison adjustment controlled at false discovery rate (FDR) of
0.05. Gene Ontology (GO) overrepresentation analysis was performed using the platform
PANTHER (http://pantherdb.org)37 with Bonferroni correction.

3 Results

3.1

Identification of differentially regulated genes in AddictRegions

Of the 16,562 protein-coding genes (represented by 37,457 probes) studied, 4,807 were
up-regulated (Table S3) and 3,457 down-regulated (Table S4) in at least one of 16
AddictRegions with 2-fold or more expression difference compared to that from the control
region cohort. Overall, there were 6,672 differentially expressed genes, indicating that a
substantial proportion (40%) of genes were transcriptionally regulated in AddictRegions.
Among these genes, 1592 were up-regulated in some AddictRegions but down-regulated in
others. Notably, only 1-5% of these up- or down-regulated genes were present in each of 16
AddictRegions. The GP and SN regions had the largest proportions of up-regulated genes
(12.7% and 9.5%, respectively), while the Hpc, DS, and GP had the largest proportions of
down-regulated genes (7.9%, 6.7% and 5.5%, respectively) (Tables S3 and S4). The majority
of these genes (>79%) were up- or down-regulated in one to three AddictRegions, with
approximately 50% of them in only one AddictRegion. Only 42 genes were up-regulated

in 9-11 AddictRegions and 45 down-regulated in 9-12 AddictRegions, with ANKI, DAO,
RELN, and SLC17A6 down-regulated in a total of 12 AddictRegions.

3.2 Genes represented by substance initiation, use, and SUD-associated SNPs

A total of 1475 protein-coding genes were identified mapping in or nearest the SNPs that
were associated with substance initiation, use, and/or SUD in the largest-scale GWAS of
alcohol, cannabis, and tobacco (Table S5). Of these genes, 461 were associated with alcohol,
9 with cannabis, and 1157 with tobacco (Figure 1A). For different categories of substance
use behaviors, 1,060 genes were associated with initiation, 580 with use, and 29 with

SUD (Figure 1B). However, there was very little overlap among the genes associated with
the three substances or the three categories of substance use behaviors. Only two genes
(CADMZ2 and NCAMI) were common to all three substances. In addition, 145 additional
genes were common to alcohol and tobacco, three genes (FOXPZ, SDK1, and SMG6) were
common to cannabis and tobacco, and no additional gene common to alcohol and cannabis.
The same pattern was observed for the different categories of substance use behaviors.

Six genes (CHRNA4, FAM163B, FTO, PDE4B, SEMAG6D, and SPI1) were common to

all three use behaviors. A slightly larger number of genes were common to two categories
of substance use behaviors; for instance, additional 166 genes were common to initiation
and use, and additional 14 genes were common in use and SUD, and two (CNTLN, and
FOXP2) were common to initiation and SUD. Surprisingly, although there were more
initiation-associated genes than use-associated genes, less SUD-associated genes overlapped
with initiation than with use. The comparison of genes associated with initiation, use, and
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SUD within a given substance revealed a similar pattern, such as between AUD-associated
and alcohol use-associated genes (Figure 1C) and between TUD-associated and tobacco
use-associated genes (Figure 1D). Likewise, there were only two genes (CHRNA4 and
FAM163B) common to tobacco initiation, use, and TUD (Figure 1D).

GO overrepresentation analysis showed that nine GO-Slim terms of biological processes
were enriched by 1.5 to 6.8-fold, with a Bonferroni-corrected p-value of <0.05 (Table S6).
These include adherens junction organization (6.8-fold), synaptic transmission-glutamatergic
(4.9-fold), cell morphogenesis (2.5-fold), neuron projection development (2.3-fold), ion
transmembrane transport (2.0-fold), and regulation of transcription by RNA polymerase

Il (1.5-fold). A total of 154 genes belong to the GO term of regulation of transcription

by RNA polymerase 11, indicating the potential importance of transcriptional activation
for substance involvement. In addition, six GO-Slim terms of molecular function were
significantly enriched, including GIuR activity (6.5-fold), cell-cell adhesion mediator
activity (6.1-fold), voltage-gated calcium channel activity (4.4-fold), cadherin binding
(4.3-fold), neurotransmitter binding (4.1-fold), and postsynaptic neurotransmitter receptor
activity (4.0-fold).

3.3 Substance-associated genes are differentially up-regulated in AddictRegions

Among 1475 substance-associated genes, 1389 were present in the brain transcriptome data
and analyzed further. Of those, 529 were up-regulated in at least one of AddictRegions
with a twofold expression difference cutoff (Table S7). This represents a significant
overrepresentation (p-value of 2.68E-11) compared to the whole genome, with 38% of

the analyzed genes being up-regulated in AddictRegions, versus 29% of the whole genome
(4,807 out of 16,562) (Figure 2A). To better understand the functional significance of

those AddictRegion-upregulated genes, GO overrepresentation analysis of those 529 genes
was performed. We found that 10 GO-Slim terms related to biological processes were
overrepresented (Table S8), including regulation of synaptic transmission-glutamatergic
(13.3-fold), adherens junction organization (10.2-fold), synaptic transmission-glutamatergic
(8.6-fold), axon guidance (5.5-fold), nervous system process (3.8-fold), ion transmembrane
transport (2.8-fold), and intracellular signal transduction (2.0-fold). In addition, six GO-
Slim terms of molecular function were significantly overrepresented, including glutamate
(Glu) receptor (GIuR) activity (10.6-fold), neurotransmitter binding (8.5-fold), postsynaptic
neurotransmitter receptor activity (7.0-fold), cadherin binding (6.7-fold), and metal ion
transmembrane transporter activity (2.6-fold). We also found that several GO-Slim terms

in 529 AddictRegion-regulated, substance-associated genes were further enriched compared
to that in 1,475 substance-associated genes. These include adherens junction organization,
synaptic transmission-glutamatergic, Glu receptor (GIuR) activity, and neurotransmitter
binding, suggesting the importance of activation of the genes involved in neurotransmission
and cell-cell junction in substance involvement. Of note, 22 out of 28 substance-associated
transmitter binding genes (i.e., 78.6%) were significantly up-regulated in at least one of 16
AddictRegions (Table 1). This proportion is twice that of the substance-associated genes
(38.1%). Most of these genes were associated with alcohol use, tobacco initiation, and
tobacco use, indicating a potentially important role of neurotransmitter gene activation in
this type of substance use behaviors.
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When each of 16 AddictRegions was evaluated, all six cortical regions exhibited a 2—3-fold
enrichment (3.7-5.8% vs. 1.3-1.9% of the whole genome). However, most subcortical
regions did not exhibit any enrichment except for a few regions with relatively mild
overrepresentation, such as Hpc (2.2-fold), and Amg, DS and NAc (1.6-1.8 folds) (Figure
2A). A total of 95 genes were up-regulated in at least one of the cortical AddictRegions
(Table S9), with 58 of them up-regulated in at least four cortical AddictRegions.
Interestingly, we also found that 50 of these genes were up-regulated in Hpc (52 genes),
and 28 and 27 genes up-regulated in Amg and DS, respectively. Additionally, we identified
76 genes associated with tobacco initiation and 24 associated with alcohol use, indicating
the importance of co-up-regulation of substance-associated genes in cortical regions and
Hpc (and to a less extent Amg and DS) for tobacco initiation and alcohol use.

The analysis based on types of substance and categories of substance use behavior revealed
interesting findings. Cannabis-associated genes (4 out of 9 genes, i.e., 44.4%) were not
significantly overrepresented in any of AddictRegions, while enrichment of alcohol- and
tobacco-associated genes was significant (alcohol: 159 out of 443 genes, i.e., 35.9%);
tobacco: 433 out of 1087 genes, i.e., 39.8%) (Figure 2B). Tobacco-associated genes were
overrepresented in all six cortical regions, with 3.2-3.7-fold enrichment compared to the
whole genome, and in four out of 10 subcortical AddictRegions (Hpc: 2.3-fold; Amg:
1.9-fold; DS: 1.7-fold; NAc: 1.6-fold). Alcohol-associated genes were overrepresented in
fewer AddictRegions, with 2-2.6-fold enrichment in four cortical regions (OFG, IFG, CgG,
Ins) and three subcortical AddictRegions (Hpc, DS, and Nac). Significant enrichment in
MFG, SFG, and Amg disappeared after Bonferroni correction for multiple testing (Figure
2B). Regarding substance use behavior, both initiation and use were overrepresented in up-
regulated AddictRegions (Figure 2C). With respect to individual AddictRegions, initiation-
associated genes were 3.2-3.7-fold enriched in all six cortical regions and four subcortical
regions (Hpc, Amg, DS, and Nac, with 1.6-2.4 folds). For use-associated genes, four
cortical AddictRegions (OFG, IFG, CgG, and Ins) and three subcortical (Hpc, DS, and
Nac) were overrepresented with 1.8-2.5 folds. Although SUD-associated genes (12 out

of 27 genes, i.e. 44.4%) were not significantly enriched in AddictRegions, there was 2.3
3.0-fold overrepresentation in three subcortical AddictRegions (Tha, SN, and VTA) which
did not pass the significance level after multiple comparison adjustment (Fig. 2C). The
lack of significant enrichment after multiple comparison adjustment might be due to small
sample size for SUD. Surprisingly, none of eight SUD-associated genes (AUD-associated:
DRD2, KLB, PDE4B, SEMA6D, MTTP, CUD-associated: FOXPZ, and TUD-associated:
CHRNA4 and CHRNBS3) that were significantly overrepresented in Tha, SN, and VTA was
up-regulated in any of cortical AddictRegions (Table S10).

3.4 AddictRegions-downregulated, substance-associated genes exhibited an opposite

pattern.

A total of 438 substance-associated genes were found to be down-regulated in AddictRegion
using a twofold cutoff (Table S11). They exhibited similar overrepresentation of GO-

Slim terms as those up-regulated genes, such as synaptic transmission-glutamatergic,
neurotransmitter binding, GIUR activity (Table S8). However, the distribution of
overrepresented AddictRegions (Fig. 3) was opposite to that of up-regulated genes (Fig.
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2). Specifically, down-regulated genes were only slightly overrepresented in five cortical
regions (1.8-2.1 folds) but more strongly in several subcortical regions (e.g., GP, Hyp,
Tha, SN, and VTA with 2.2-2.8 folds) for substance involvement (Fig. 3A), two types

of substance (Fig. 3B; except cannabis where no gene was down-regulated), or all
categories of behavior (Fig. 3C). In addition, while these down-regulated genes had a

mild overrepresentation in Hpc and Amg for initiation or tobacco (1.3-1.6 folds), Alc- or
use-associated genes had an approximately 2-fold overrepresentation in PAG, although this
significance disappeared after multiple comparison adjustment.

3.5 A subset of substance-associated genes exhibited a pattern of coordinated cortical
up-regulation and subcortical down-regulation.

There were 237 substance-associated genes present in both up-regulated and down-regulated
gene sets (Table S12), and they were further divided into three clusters (Fig. 4A). Cluster

1 contained 65 genes, indicating that the majority of 95 cortically up-regulated substance-
associated genes (Table S9) were up-regulated in cortical AddictRegions (and Hpc or Amg)
but down-regulated in other eight subcortical regions. GO-Slim enrichment analysis revealed
a significant overrepresentation of transmitter binding and GIuR activity compared to the
whole genome (13.4 and 30.6-fold, respectively) or all substance-associated genes (3.8 and
5.8-fold, respectively). In addition, this cluster could be split into two groups based on their
expression patterns in those eight subcortical regions: one group had 26 genes (with NRGN
showing the largest fold change) up-regulated in at least one of eight subcortical regions
(Fig. 4B), while the other had 39 genes (with SLC30A3and NPT.X1 exhibiting the largest
fold change) not up-regulated in any other subcortical regions (Fig. 4C). The majority of

the 39 genes (87%) was associated with tobacco initiation, and eight genes (21%) were
associated with alcohol use (Table S12).

3.6 Genes involved in neurotransmitter binding and Glu receptor activity were further
enriched for common use behaviors.

Out of 183 genes common to initiation, use, and/or SUD (Table S13) and 148
polysubstance-associated genes (Table S14), 61.3% (n=112) and 63.5% (n=94), respectively,
were found to be up- or down-regulated in at least one of 16 AddictRegions. These
proportions were significantly higher than that for 1,389 substance-associated genes
(p=0.021 and 0.018, respectively). Although, GO-Slim terms of neurotransmitter binding
and GIuR activity were not significantly enriched for AddictRegions-downregulated genes,
they were enriched in the AddictRegion-upregulated genes common to initiation, use,
and/or SUD. Compared to 22 neurotransmitter binding genes out of 529 AddictRegions-
upregulated, substance-associated genes (Table 1), eight neurotransmitter binding genes
(CHRNA4, CHRNB3, DRD2, GABRG1, GLRA3 GRIDI1, GRINZB, and GRM5) were
present in 75 AddictRegions-upregulated genes that were common to initiation, use, and/or
SUD, representing a 2.6-fold enrichment (p=0.046 after multiple comparison adjustment).
Five GIuR genes (GRID1, GRINZB, GRM3, GRMS5, and GRM?7) were AddictRegions-
upregulated and common to initiation, use, and/or SUD, although this 3.5-fold enrichment
(p=0.0285) was not significant after multiple comparison adjustment (p=0.057).
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4 Discussion

Gene expression regulation in the brain plays a critical role in substance addiction.
However, studying the living human brain is limited by sample access. To overcome this
limitation, postmortem brain tissues have been used as a substitute. Although several
studies on postmortem brain transcriptomes of substance-related subjects have been
published,33:38-41 they have been limited to only one or a few brain tissues. To provide

a broader perspective, we have re-analyzed the most comprehensive brain transcriptome
data so far,2! focusing on the 16 AddictRegions, the well-studied brain regions involved in
addiction circuits in literature.1:914.15 Our results show that 40% of human protein-coding
genes are significantly up- or down-regulated in at least one of the 16 AddictRegions,
compared to other brain regions. We also observed a slight yet significant enrichment

of up- or down-regulation in AddictRegions for the substance-associated genes identified
from largest-scale GWAS, suggesting the relevance of altered expression of genes in
AddictRegions to substance initiation, use, or SUD. Moreover, we found a regionally
preferential transcriptional activation pattern for substance initiation, use, and SUD. It

is not clear whether transcriptional regulation in AddictRegions is linked to differential
regulation in substance-involved subjects. By comparing genes up- or down-regulated in
AddictRegions with those differentially expressed in AUD subjects compared to healthy
control,38-43 we found large variations in overlap depending on AddictRegions, with up
to 37% of 27 alcohol-associated, thalamus up-regulated genes being also up-regulated in
thalamus of AUD subjects and smaller proportions in other Addiction regions (Table S15).
Notably, two neurotransmitter binding genes, GRIN2B and DRDZ, which were 2.6- and
4.9-fold up-regulated in thalamus (Table 1), had higher expression (21.8- and 5.5-fold,
respectively) in thalamus of AUD subjects.*! Similarly, CPNE7, which was associated
with tobacco use3! and up-regulated in hippocampus, amygdala, and thalamus, had higher
expression in these three regions of AUD subjects.3941.42 Taken together, our work provides
a useful resource for addiction research by revealing the AddictRegion-related transcriptome
features. Integrating these transcriptome features into future studies on substance GWAS
or functional validation of those candidate genes will help elucidate the neurobiological
mechanisms of addiction.

In the search for genetic variants involved in substance involvement, understanding the
degree of genetic overlap among different substances or different use behaviors is crucial.
Our findings suggest limited genetic overlap across all three substances and behaviors,
with only eight out of 1,475 substance-associated genes commonly associated with all
three substances or behaviors. For tobacco, which has been studied most intensively with
the largest number (1,157) of tobacco-associated genes identified, only two genes were
common to tobacco initiation, use, and TUD. While our findings suggest that genetic
control of substance involvement differs significantly, overlap increases when only two
use behavior were examined. However, this kind of genetic overlap seems to change with
the shift from initiation to use and to SUD. It is noteworthy that although tobacco use
and nicotine dependence have been reported to share more genetic factors than that in
alcohol or cannabis,313 our comparison based on the proportion of overlapping genes
between alcohol use and AUD, or between tobacco use and TUD, does not seem to support
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such substance-type differences. More importantly, our result indicates that when substance
involvement shifts from initiation to use and to SUD, the common genetic components also
shift during the substance addiction process, resulting in fewer genes overlapped between
initiation and SUD than between initiation and use or between use and SUD. This implies
that genetic factors underlying each stage of the disease progression are both distinct

and partially overlapped. Interestingly, although there are genes associated with initiation,
use, and SUD that are up-regulated in both cortical and subcortical AddictRegions, our
results from overrepresentation analysis of substance-associated genes up-regulated in
each AddictRegions suggest that the stronger enrichment in cortical up-regulation of
initiation-associated genes shifts to weaker enrichment for use-associated genes and that
the enrichment tends to shift further to subcortical up-regulation of SUD-associated genes.

The analysis of substance-associated genes up-regulated in AddictRegions has provided
additional insights. First, our results highlight the importance of co-activation of genes in
cortical AddictRegions and hippocampus and down-regulation in subcortical AddictRegions
for initiation. While only one large-scale GWAS on cannabis initiation and none for alcohol
initiation have been published, the analysis of tobacco initiation may provide clues to
genetic control of substance initiation. We found that 47 tobacco initiation-associated genes
were up-regulated in at least four of six cortical AddictRegions and that half of those

genes were frequently up-regulated in hippocampus (Table S9). We also identified a subset
of 39 genes that exhibited a pattern of coordinated cortical up-regulation and subcortical
down-regulation, particularly for genes associated with tobacco initiation (Table S12; Fig.
4C). One possible explanation for the stronger transcriptional activation in the cortical
AddictRegions (and to a less extent hippocampus) and inhibition in other subcortical regions
could be related to the alteration in the PFC-controlled executive functions and subcortical
AddcitRegions-controlled novelty seeking and/or emotion processing. According to the dual
systems or maturational imbalance models,16:17 the PFC during early- and mid-adolescence
is not developed fully, compared to early maturing subcortical regions, and adolescents

lack normal inhibitory control, leading to a risky decision-making including the tendency

to experiment or initiate substance use. It would be interesting to investigate whether the
substance initiation risk alleles are linked to up- or down-regulation of those genes mapped
in or nearest to these SNPs and whether such mis-regulated expression is causally linked to
initiation.

Second, we found that GO terms of neurotransmitter binding and GIuR activity are
overrepresented in substance-associated and/or AddictRegion-upregulated genes. This
enrichment is even stronger for common substance use behavior and to a less extent

for polysubstance. These findings are consistent with the known importance of synaptic
transmission in addiction.#4=48 There are at least four types of neurotransmitters, each

of which binds to distinct receptors, that exert excitatory, inhibitory or modulatory effect
on the target cells responsible for various addictive behaviors: Glu, acetylcholine (ACh),
gamma-aminobutyric acid (GABA), and dopamine. GIuR activity is critical for mediating
fast excitation and synaptic plasticity modulation in mesocorticolimbic pathways including
VTA and NAc.*8 Emerging evidence suggests a role for GIuRs in Amg, a key brain

region for emotional and appetitive memories; however, their role in other key addiction
behavior-related brain regions remains largely unknown.*8 Our result indicates that certain
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GIuR genes, which are associated with substance use behaviors (especially polysubstance
or common use), are also up-regulated in cortical regions (e.g. GRIN2B and GRM5) and
Hpc (GRINZB, GRM5, and GRM?). Future studies are needed to determine how these GIuR
genes contribute to substance involvement. It is encouraging that a GRM5/mGIuR5-specific
negative allosteric modulator HTL0014242 (now called TMP-301) has been approved to
enter Phase | clinical trial for treatment of alcohol and other substance disorders.*? Ach
receptors, which may excite or inhibit target cells, can be either nicotinic or muscarinic
receptors. Subunits (alpha, beta, gamma, delta, and epsilon) of the nicotinic ACh receptors
(nAChRs) are encoded by 17 CHOLINERGIC RECEPTOR NICOTINIC (CHRN) genes
CHRNA1to CHRNA10, CHRNBI1to CHRNB4, CHRND, CHRNE, and CHRNG. The
importance of alpha and beta subunits of nAChRs in substance can be reflected by the
identification of nine substance-associated CHRN genes (CHRNAZ2-A7, and CHRNB2-B4).
The CHRNA3ZA5 B4 gene cluster located on chromosome 15 (15¢25.1) represents the
best-studied NAChRs in nicotine addiction.#64” They were all associated with tobacco use
only, as reported by at least two large-scale GWAS studies (Table S4). In addition, the most
recent and largest GWAS34 not only replicated several CHRN-substance associations, but
also reported novel associations (CHRNAG-tobacco use, and CHRNA 7-alcohol use). Except
CHRNB4, which was excluded in the brain transcriptome analysis due to an undetectable
expression level in postmortem tissues, eight substance-associated CHRNA and CHRNB
genes analyzed here all exhibited significant up-regulation in AddictRegions. Surprisingly,
they were only up-regulated in subcortical AddctRegions, with a strong preference in Tha,
SN, and VTA, supporting a critical role for reward cognition and information relay impacted
by activation of these nAChRs genes in these regions. The third type of neurotransmitter
binding proteins is GABA type A and type B receptors which exert fast inhibitory

effects in many parts of the brain and play important role in addiction.** Among six
substance-associated, GABA receptor subunit-encoding genes, three (GABRA4, GABRBI,
and GABRGI) were up-regulated in AddictRegions. Their association with alcohol use or
tobacco initiation was only reported in the most recent and largest GWAS.34 GABRA4

has the largest number of up-regulated AddictRegions among all 4823 genes, including

all six cortical and six subcortical AddictRegions, indicating its global involvement in the
brain for alcohol use. In contrast, GABRBI1 and GABRGI are up-regulated in subcortical
AddictRegions in particular Amg, NAc, and Hyp, suggesting the possible involvement of
emotion regulation and reward cognition mediated by these GABA receptors in alcohol

use or tobacco initiation. The last type of neurotransmitter binding protein discussed here

is dopamine receptor. Out of five dopamine receptor genes, only DRD2was repeatedly
reported in largest-scale GWAS to associate with AUD,26:28 alcohol use,27:28:31.34 gnd
tobacco use.2>:34 However, it’s important to note that the DRD2-AUD association may need
to be re-assessed due to spurious low allele frequencies for a SNP in controls, according

to a meta-analysis.50 Despite this, the association of DRD2with alcohol use and tobacco
use have been replicated in the largest GWAS.34 Interestingly, DRD2was up-regulated in
almost all 10 subcortical AddictRegions (except Hpc and PAG) but not in any of six cortical
AddictRegions. This up-regulation in NAc, Amg, VTA and other subcortical AddictRegions
is consistent with the important role of dopamine in the reward system, emotional arousal,
and regulation of motor behavioral and pleasures related to motivation.#® It’s possible that
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DRD?Z, in mediating these brain functions, is critical for substance use only rather than
initiation and SUD.

Although our analyses have yielded intriguing insights, there are limitations to this
approach. First, the definition of AddictRegions and the control region cohort is based

on current literature, which may not fully capture the complexity of addiction-related
circuitry in the brain. Second, discrete subregions within individual AddictRegions may
have distinct functions in addiction and other psychiatric disorders. Thus, while summary
measures of gene expression changes in those AddictRegions allow to align with the
findings of the prior addiction imaging studies that target AddictRegions, future research

is needed to closely examine gene expression in discrete subregions or even individual cells
within each AddictRegion. Third, we performed a replication analysis using data from a
smaller-scale brain transcriptomic study? that sampled only 16 brain regions, with eight

of them treated as the control region cohort. We found that a considerable proportion of

the genes identified in our study were replicated in subcortical regions (see Table S16).
However, replication in cortical regions was poot, possibly due to various factors, including
the use of a different control region cohort and different platforms for gene analysis

(DNA microarray vs. RNA-sequencing). Fourth, given the prevalence of smoking in the
AUD subjects, AUD-associated genes from existing literature might need to be cautiously
interpreted if the smoking status of AUD subjects was not included as a confounder in

prior studies. Finally, while our analysis provides valuable insights into the overall gene
expression differences between AddictRegions and the control region cohort, future research
could consider incorporating intra-AddictRegion comparison, as it has the potential to unveil
region-preferential expression profiles that may contribute to a unique or predominant role
of a specific AddictRegion.

CONCLUSIONS

Our work provides a valuable resource of transcriptome features related to addiction,
which can be useful in future investigations into substance-associated genes. Moreover,
our findings provide intriguing insights into the genetic mechanisms underlying substance
involvement, such as the genetic overlap between categories of use behaviors, shift of
cortical to subcortical up-regulation from initiation to SUD, and a critical role for synaptic
transmission in substance initiation, use, and SUD.
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FIGURE 1.
Venn diagrams showing distinct and overlapping number of substance-associated genes. (A)

Types of substance. (B) Categories of substance use behaviors. (C) Alcohol use and AUD.
(D) Categories of tobacco initiation, use, and TUD.
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FIGURE 2.

AddictRegion overrepresentation analysis of up-regulated genes. (A) Proportion of all
categories of substance-associated genes in each AddictRegion. (B) Proportion of genes

in each AddictRegion based on types of substance. (C) Proportion of genes in each
AddictRegion based on categories of substance use behavior. All, any of the AddictRegions;
*, p<0.05; **, p<0.01; ***, p<0.001 after Bonferroni correction; # indicating p-value <0.05
without Bonferroni correction.
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AddictRegion overrepresentation analysis of down-regulated genes. (A) Proportion of all
categories of substance-associated genes in each AddictRegion. (B) Proportion of genes

in each AddictRegion based on types of substance. (C) Proportion of genes in each
AddictRegion based on categories of substance use behavior. All, any of the AddictRegions;
*, p<0.05; **, p<0.01; ***, p<0.001 after Bonferroni correction; # indicating p-value <0.05
without Bonferroni correction.
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FIGURE 4.

Expression patterns of 231 substance-associated, AddictRegions up- and down-regulated
genes. (A) Cluster analysis result. (B and C) Fold changes for genes in two groups of Cluster
1 genes. Genes with the largest fold changes (expressed as log2-transformed values) were
indicated.
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