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Abstract: Alcohol use disorder (AUD) exacts an immense toll on individuals, families, and society.
Genetic factors determine up to 60% of an individual’s risk of developing problematic alcohol habits.
Effective AUD prevention and treatment requires knowledge of the genes that predispose people to
alcoholism, play a role in alcohol responses, and/or contribute to the development of addiction. As a
highly tractable and translatable genetic and behavioral model organism, Drosophila melanogaster has
proven valuable to uncover important genes and mechanistic pathways that have obvious orthologs
in humans and that help explain the complexities of addiction. Vinegar flies exhibit remarkably
strong face and mechanistic validity as a model for AUDs, permitting many advancements in the
quest to understand human genetic involvement in this disease. These advancements occur via
approaches that essentially fall into one of two categories: (1) discovering candidate genes via human
genome-wide association studies (GWAS), transcriptomics on post-mortem tissue from AUD patients,
or relevant physiological connections, then using reverse genetics in flies to validate candidate genes’
roles and investigate their molecular function in the context of alcohol. (2) Utilizing flies to discover
candidate genes through unbiased screens, GWAS, quantitative trait locus analyses, transcriptomics,
or single-gene studies, then validating their translational role in human genetic surveys. In this review,
we highlight the utility of Drosophila as a model for alcoholism by surveying recent advances in our
understanding of human AUD:s that resulted from these various approaches. We summarize the
genes that are conserved in alcohol-related function between humans and flies. We also provide
insight into some advantages and limitations of these approaches. Overall, this review demonstrates
how Drosophila have and can be used to answer important genetic questions about alcohol addiction.

Keywords: genetics; gene discovery; alcohol behavior; Drosophila; fruit fly; AUD; alcohol abuse;
human; addiction

1. Introduction

Alcohol use disorder (AUD) frequently causes harmful domestic and societal consequences.
Alcohol is the most commonly abused drug, and alcohol misuse and abuse are leading causes of
preventable death [1,2], underlying ~5.9% of global deaths in 2012 [3]. Additionally, alcohol abuse
cost the U.S. ~$249 billion in 2010 [4]. In the U.S. alone, ~18 million people (~7%) have some form
of AUD [1], which is defined by the Diagnostic and Statistical Manual of Mental Disorders (DSM-V)
as problematic alcohol consumption and use involving craving, dependence, tolerance, withdrawal,
relapse, poor decision making, and/or continued consumption despite negative consequences [5].

Genetic factors determine up to 60% of an individual’s risk of developing problematic alcohol
habits [6]. Understanding these genetic determinants of AUD risk and associated alcohol responses
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is critical to predict or alter the propensity for developing AUDs and/or to ameliorate ongoing
addiction. This goal is hampered by numerous obstacles: (1) Unlike many drugs of abuse, alcohol
does not directly act on one single molecule or system [7,8]. Instead, its targets are diverse and poorly
defined. Physiological and behavioral effects of alcohol consumption result from adjustments to
a complex assortment of primary targets and their downstream effectors. (2) Increasing evidence
suggests that alcohol exerts its effects partially via expression changes of coordinated gene networks
rather than of just a few isolated genes [9-12]. In fact, genetic risk for AUDs appears to result from
simultaneous variation of many genes [13-16], leading to recent shifts away from single-gene models
and towards polygenic systems, including complex genetic interactions [17-19]. (3) Addiction is a
combination of the aforementioned distinct but overlapping behavioral changes, which may have
distinct polygenic etiologies. (4) Many influential genes exhibit strong pleiotropy, further complicating
the search for genetic determinants. (5) In human genetic studies, it is often difficult to disentangle the
role of environmental cofactors in determining AUD phenotypes. (6) Most human genetic studies are
correlative by necessity, making it hard to differentiate cause and effects. For example, it is unclear
if phenotypes such as altered gross and cellular structure and gene expression in the brains of AUD
patients contribute to AUDs or are merely a byproduct of their existence [20-23]. (7) Human genomic
analyses often yield candidate gene sets that share remarkably little overlap with similar human
studies [24-26]. Even when unambiguous candidates are established, their biological significance is
often unclear. Overall, this complexity explains why after decades of research, many of the genetic
underpinnings of AUD remain poorly understood.

Model organisms like Drosophila melanogaster effectively combat these issues by permitting
whole-genome observation of gene expression changes in response to alcohol (e.g., transcriptomics)
and, most importantly, by permitting deliberate, reproducible genetic manipulations with minimal
environmental confounds. Thus, it is critical to employ animal AUD models to corroborate gene
importance and uncover relevant mechanisms. These aims are accomplished by various approaches that
generally fall into two categories. The first set starts with gene discovery in humans, usually involving
genome-wide association studies (GWAS) or transcriptomics on post-mortem tissue from AUD patients.
Candidate genes are subsequently tested via genetic manipulation using the extremely versatile toolkit
of Drosophila knockouts and transgenes, which are publicly available or inexpensively generated.
The second set of approaches works in the opposite direction, where initial gene discovery is made
using Drosophila forward or reverse genetic screens, GWAS or quantitative trait locus (QTL) analyses,
or transcriptomics after alcohol exposure. Candidates are then compared to human forward genetics
data or used to guide hypothesis-driven reverse genetics studies, such as candidate gene association
studies (CGAS). These complementary methods contribute substantially to our knowledge of the
genes that predispose individuals to AUDs and/or contribute to AUD development and maintenance.
Together, these approaches create a rich knowledge base upon which further investigations can
be founded.

Here, we summarize key attributes of Drosophila melanogaster that make this model organism
especially useful for AUD research. We then explain approaches used in humans and flies to discover,
validate, and investigate candidate genes, summarize important findings contributed by each approach,
and discuss their strengths and weaknesses.

2. Drosophila Melanogaster Is a Tractable Model for AUD

2.1. Advantages of Using Flies for AUD Research

Approximately one-hundred genes have been implicated in AUDs by correlation in human genetic
studies, while thousands more have emerged from human transcriptomic approaches. Although such
nominal association could prove useful in estimating predisposition to develop AUDs, the magnitude
of these numbers prevents effective hypothesis-driven research into whether or not these genes causally
contribute to AUDs and, if so, the underlying mechanisms. To address this problem, the pool of potential
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AUD genes must be qualitatively filtered. Furthermore, ethical considerations prevent detailed genetic
analyses in humans, so genetically tractable model systems are required. Many attributes of Drosophila
make them an effective model for alcoholism studies (Note: out of all Drosophila species, only Drosophila
melanogaster has been studied extensively in the context of alcoholism. Hereafter, “Drosophila” and
“fly” will refer exclusively to Drosophila melanogaster). Drosophila solves the aforementioned problems
by (1) permitting efficient reverse genetics hypothesis testing of genes linked to AUDs in other model
systems and (2) acting as a tractable platform for discovery of alcohol-related genes and gene networks
that can subsequently be tested in human studies.

Most mammalian genes have orthologs in flies [27], including all major human gene families [28].
More specifically, an estimated 75% of human disease genes have known Drosophila orthologs [29],
providing strong evidence that this system has substantial worth as a platform for discovery of
conserved genes and elucidation of mechanisms relevant to AUDs. (Many genes linked to AUD
phenotypes in both humans and flies are summarized in Table 1, some of which are discussed in
greater detail below). Findings from Drosophila have high translational value. Homologous genes that
affect phenotypes represent valuable targets for further mechanistic studies and potential therapeutic
targets. Furthermore, fly gene families often have fewer members and less redundancy than those of
mammals [27,30,31]. This fact simplifies forward and reverse genetic approaches and makes it more
likely that epistatic experiments can reveal the members and orders of genetic pathways. Flies also
possess a rapid life cycle and high fecundity, which permit economical husbandry, efficient gene
discovery, and mechanistic experiments with high statistical power. Indeed, researchers can perform
high-throughput genomic studies and forward screens in flies at only a fraction of the cost and time
required for equivalent rodent or human experiments.

Table 1. Genes implicated in both human and fly studies.

Function (GGerI;; = Human, White = Fly) Alcohol Phenotype Citations
Receptor tyrosine kinase ALK LR; AD [32,33]
dAlk SS [32]
Cytoskeleton-associatgd ARLGIPS AD [34]
transmembrane protein
Jwa (addicsin) Rapid Tol (MET and Sed Rec) [35]
Helix-loop-helix transcription factor ARNTL AC [36]
ARNTL2 AA [36]
cyc Rapid Tol (SS) [37]
Polyq?mb Repressor Complex 1 AUTS23 AC; Max drinks; AC, post-mortem expression  [38—40]
Modifier
tay SS [40]
Chloride intracellular channel CLIC4 Post-mortem expression [41]
Clic eRING; SS [42,43]
Dopamine beta-hydroxylase DBH AD; AD in women [44,45]
(norepinephrine synthesis)
Tbh Rapid Tol (MET) [46]
SS [47]
Olfactory preference [48]
DOPA (?lecarboxyl‘ase (dopamine and DDC AC; Drug dependence [49,50]
serotonin synthesis)
Ddec MET [51]
Correlation b/n expression and EtOH [52]
preference or intake :
Metabotropic GABA receptor subunit GABBR1 AD; AD [53,54]
GABA-B-R1 Sed Rec, Rapid Tol (Sed Rec) [55]
Glutamate NMDA receptor subunit GRIN1 AD; AD; AW seizure susceptibility [56-58]
Nmdarl Sed Rec [59]
Post—synapti.c adaptor/regulator of HOMER1 AC; AC 160,61]
glutamatergic synapses
HOMER? AC, a.lcohol—related problems; reward-related 160,62]
learning and memory
homer fsélzosure—induced expression, SS, Rapid Tol [63]
Insulin-like growth factor receptor IGFIR LR [64]
InR MET [65]

Ss [66]
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Table 1. Cont.
Function Gene . Alcohol Phenotype Citations
(Gray = Human, White = Fly)
Integrin beta subunit ITGB2 LR [64]
mys SS, Rapid Tol (SS) [67]
Ca®* and voltage-sensitive K* channel =~ KCNMA1 AD; AD, early-onset AD [34,68]
slo Rapid Tol (Sed Rec) [69]
Rapid Tol (SS), exposure-induced expression  [70]
AW seizure susceptibility; AW seizure
e [71,72]
susceptibility
Voltage-gated K* channel KCNQ5 AD [68]
KCNQ SS, Rapid Tol (SS) [73]
MET [51]
LIM-type transcriptional regulator LMO1 Max drinks [39]
dLmo (Bx) SS [74]
MADS-box transcription factor MEF2B SRE [75]
MEF2C AC; AD [76,77]
Mef2 SS [75]
SS, Rapid Tol (SS) [78]
Malic enzyme ME1 Cocktail drinking [79]
Men (and paralogs) Various [11,79-81]
Correlation b/n expression and EtOH [52]
preference or intake :
AC [82]
Micro-RNA miR-92 Post-mortem expression [83]
miR-310 Exposure-induced expression; Sed Rec [84]
Cell adhesion molecule NCAM1 AD; AD [85,86]
Fas2 MET [87]
Neuropeptide Y NPY AD; AD; AD; AD; AD; AW [36,88-92]
NPF ss [93]
Correlation b/n expression and EtOH 152]
preference or intake .
Neuropeptide Y receptor NPY2R gD, AW, comorbid alcohol and cocaine [94]
ependence
NPFR ss [93]
Alcohol preference [95]
Correlation b/n expression and EtOH [52]
preference or intake :
gzﬁzﬂgﬁﬁ;ﬁgpreswr involved in PER2 AC with sleep problems [96]
PER3 AA/AD [97]
per Rapid Tol (Time to Sed) [37]
Circadian modulation of SS [98]
Guanine exchange factor (GEF) PSD3 AD, AC, adolescent binge drinking [99]
Efa6 Alcohol preference, SS, Rapid Tol (SS) [99]
SS [100]
Ras suppressor RSU1 AC [101]
ics Alcohol preference [101]
Ryanodine receptor RYR3 AD, reward anticipation [102]
RyR Rapid Tol (SS) [102]
Vesicular monoamine transporter SLC18A1 AUD, age at first alcohol use; AW [103,104]
SLC18A2 AD; AD [105,106]
Vinat Correlation b/p expression and EtOH 152]
preference or intake
Norepinephrine transporter SLC6A2 AD [107]
DAT Act [108]
Nuclear zinc-finger protein ZNF699 AD, post-mortem expression [109]
hang Rapid Tol (MET) [110]
Rapid Tol (eRING) [42]

Columns show a brief description of the function of the gene product, the human (gray) or fly (white) orthologs,
human or fly alcohol phenotypes associated with the gene variation, expression, or manipulation, with results
from different studies separated by semi-colons and in respective order (Human: AA—alcohol abuse; AC—alcohol
consumption (by volume or frequency); AD—alcohol dependence; AW—alcohol withdrawal; AUD—AIcohol
use disorder diagnosis based on DSM 1V criteria; LR—level of response to alcohol; Max drinks—most drinks
consumed within a specified time period; post-mortem expression—transcript levels quantified from post-mortem
tissue of alcoholics versus non-alcoholics; SRE—Self-Rating of the Effects of alcohol. Fly: Act—locomotor
activity in the presence of alcohol; Alcohol preference—alcohol drinking/eating preference; eRING—ethanol Rapid
Iterative Negative Geotaxis assay, measuring EtOH-induced reduction of negative geotaxis; exposure-induced
expression—transcript levels quantified after exposure to EtOH versus mock exposure; MET—mean elution time
from inebriometer; Olfactory preference—fraction of flies captured in a trap with alcohol odor vapor; Rapid
Tol—rapid tolerance to the behavioral measure indicated in parentheses; Sed Rec—time required for flies to recover
from sedation; SS—sensitivity to alcohol-induced sedation); and relevant citations.
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The well-established Drosophila research community has generated a myriad of easily obtainable
genetic resources, comprising the largest collection of readily available transgenes and other genetic
tools. Including RNAi-lines for gene knockdown, easily obtainable mutant strains exist for the
majority of fly genes, whether created by CRISPR/Cas9, homologous recombination, or more
classic methods [111]. These tools enable efficient hypothesis testing and complex, precise genetic
manipulations that are important for validation and elucidation of genes implicated in unbiased
studies. For example, Morozova et al. selected 37 candidate gene mutations from a transcriptional
comparison of ethanol-sensitive versus -resistant fly strains and showed altered sensitivity to sedation
in 32 of them [80].

Among the most important genetic tools is the Gal4/UAS system, which permits complex,
cell-specific genetic manipulations such as genetic labeling, overexpression, RNAi-mediated transcript
knockdown, gene rescue, and diverse CRISPR/Cas9-mediated gene edition [112] (Figure 1). Each of
these outcomes can be limited to specific developmental time points, cell populations, or both. Moreover,
temperature-sensitive or light-regulated effector genes can silence or activate neurons expressing a
gene of interest in a temporally restricted manner. Massive collaborative projects have resulted in
Gal4/UAS tools becoming available for most known fly genes. RNAI transgenes are available for
almost any gene of interest, and thousands of Gal4 drivers are available that drive expression in distinct
subsets of neurons [113]. Understanding the anatomical specificity of addiction genes is important,
given that the same genetic manipulation can cause differing results depending on the precise locus
of action. For example, global expression of a protein kinase A (PKA) inhibitor causes sensitivity to
alcohol sedation [114], while anatomically limited inhibition causes resistance or sensitivity, depending
on the neuroanatomical locus [65,114]. Many studies demonstrate the utility of these Drosophila genetic
tools to establish causal roles of various genes in alcohol phenotypes, including many linked to
specific cell populations [31,66,101,115-121]. The split-Gal4 system permits even further refinement by
limiting manipulations to subsets defined by two criteria (e.g., GABAergic neurons in the ellipsoid
body) [122], thus allowing investigation into the contribution of neuronal subpopulations or even
individual neurons to the development of alcohol abuse disorders (Figure 1). Using such tools, specific
neuronal populations are easily targeted in flies via straightforward crosses, rather than relatively
difficult virally mediated targeting in mammals. These neuronal subsets may include neurotransmitter
systems, which are highly conserved, and/or specific brain regions, which, while not structurally
homologous between humans and flies, are often analogous in function. The Gal4/UAS system also
allows expression of fluorescent proteins or tagged proteins limited to specific cell types of interest.
This advantage permits cell-type-specific visualization, sorting, and transcript analyses using assays
such as isolation of nuclei tagged in specific cell types (INTACT) [123,124], translating ribosome
affinity purification (TRAP) [125], and chromatin affinity purification (CAST-ChIP) [126] (see also
Reference [127] for review).

Genome-wide transcription analyses (transcriptomics), which are already readily performed in
flies, can become even more refined using these tools. As additional omics methods, assay for
transposase-accessible chromatin-sequencing (ATAC-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) can be performed in flies. These assays represent effective ways to investigate the
genome-wide effects of alcohol exposure on chromatin remodeling and DNA binding of proteins such
as transcription factors and epigenetic enzymes, respectively. Performing these tests with human tissue
is rare and impossible to perform after controlled alcohol exposure or to restrict to specific cell types,
though isolating specific brain regions is feasible. In flies, but not mammals, genes identified from
ATAC-seq or other omics methods can be easily integrated into transgenes and functionally tested [128].
Similarly, important human SNPs or human orthologs of genes of interest can be engineered in flies to
explore their biochemical or behavioral roles [129-131]. Finally, despite their relatively simple nervous
systems, flies retain a fairly complex behavioral repertoire that mirrors many behavioral paradigms
found in vertebrate models, again demonstrating their usefulness in AUD research [111].
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Figure 1. The Gal4-UAS system allows precise control of transgene expression. In this binary system,
the yeast transcription factor Gal4 is placed under the control of a specific gene promoter, which limits
Gal4 expression to select cell types expressing the driver gene. This transgenic construct is combined
with a second transgene that places a desired effector gene downstream of the Gal4-binding upstream
activation sequence (UAS). Thus, the expression of the effector gene is under spatial and temporal
control of a specific gene promoter. The split-Gal4 system uses an intersectional approach to refine Gal4
expression. The Gal4 activation domain (AD) and DNA-binding domain (DBD) are placed downstream
of two different promoters. In cells that express both promoters, the AD and DBD combine to form a
functional Gal4 protein, which then binds the UAS and drives transgene expression in a more spatially
restricted manner. For example, in brain areas where AD (green region) and DBD (purple region)
expression overlap (white neurons), the UAS is expressed.

2.2. Drosophila Alcohol Assays Establish Flies as an Effective AUD Model System

Since addiction is a complex combination of various behaviors, researchers generally break
down AUDs into discrete aspects of addiction represented by specific behavioral responses
(i.e., endophenotypes), such as naive ethanol (EtOH) sensitivity, functional tolerance (brain-mediated
decreases in response resulting from repeated exposures), or alcohol consumption. Many of these
distinct behaviors can act as metrics to indicate human propensity for developing AUDs. Specifically,
AUD risk is augmented in individuals exhibiting reduced alcohol sensitivity, greater tolerance,
increased consumption, greater stress, and greater EtOH dependence [132-136]. Drosophila are useful
for uncovering the genetic underpinnings of these endophenotypes because many of these important
response metrics can be modeled and reproducibly quantitated in fly behavioral assays. In fact,
the validity of this model system has been established in parallel with development of various
innovative assays that permit research into Drosophila EtOH responses and addiction. Partly due to the
substantial similarities between human and fly AUD phenotypes (i.e., strong face validity), it is now
widely accepted that flies are a powerful model for alcohol abuse [99,101,111,137-139].

Like humans, flies become hyperactive and disinhibited upon exposure to low doses of EtOH,
uncoordinated at moderate doses, and sedated at high doses [114,140-142]. The original test to
quantify EtOH sedation was the fly “inebriometer” [143] (Figure 2). More recent assays, such as the
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“Booze-o-mat,” determine flies’ naive sensitivity to alcohol’s effects by providing measurements of
hyperactivity, postural control, sedation, and time to recovery after EtOH cessation [111]. These tests
also show that flies develop rapid tolerance (i.e., they require longer to sedate upon second exposure
after all EtOH from initial exposure has completely metabolized) [46,144]. Rapid tolerance forms
in as little as two hours and can persist for 24 h [46] or for weeks, depending on methodology
and genotype [145]. Importantly, fly tolerance studies consistently find that EtOH absorption and
metabolism do not change between first and subsequent alcohol exposures, nor between treatment
groups with differing sensitivity or tolerance [46,69,144]. Thus, observed differences in sedation upon
repeat exposure result from functional tolerance (mediated by the nervous system), not metabolic
tolerance (mediated by altered activity of enzymes that metabolize EtOH). Given that alcohol addiction
in humans largely depends on the development of functional tolerance, this fact again demonstrates
the usefulness of adult flies to study AUDs.

Inebriometer Booze-o-mat Capillary feeder assay (CAFE)

Sucrose  Ethanol
Ethanol vapor +

sucrose

Fluorometric reading assay of ‘! B
preference primed by ¢_1 I i-’
ethanol (FRAPPE) |

(NAN4]

Sucrose Ethanol ©
+

sucrose

Figure 2. Assays used to test alcohol-related behaviors in Drosophila. The inebriometer measures
sensitivity as a function of loss of postural control by determining the amount of time required for
EtOH-exposed flies to “elute” out of a column with interspaced oblique baffles. The “Booze-o-mat
assay employs video tracking of fly postural control and/or movement during vaporized EtOH exposure

”

to determine flies’ naive alcohol sensitivity. Consumption assays such as the capillary feeder (CAFE) and
the fluorometric reading assay of preference primed by ethanol (FRAPPE) determine flies’ preference
for EtOH-containing food compared to control solutions. Different consumption assays permit different
temporal resolution.

Flies also develop symptoms of alcohol dependence and withdrawal. For instance, similar to
humans, larvae experience neuronal hyperexcitability resulting from EtOH withdrawal, a finding
that holds true for adult flies [70,71,146]. Further, fly larvae exhibit decreased learning ability during
withdrawal compared to unexposed and re-inebriated flies, indicating cognitive dependence [147].

Last, various preference assays have been utilized to discover important similarities between fly and
human EtOH preference responses that help to establish face validity of this model organism. Kaun and
colleagues found robust preference learning by employing an odor-pairing Y-maze, demonstrating that,
as in humans, alcohol acts as a behavioral reinforcer in flies, similar to analogous findings in rodents
using conditioned place preference tests [148]. Consumption studies using assays such as the capillary
feeder (CAFE), the fluorometric reading assay of preference primed by ethanol (FRAPPE), and the
proboscis extension reflex (PER) reveal that, like humans, naive flies are initially indifferent toward or
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avoidant of alcohol, depending on exposure method and parameters [149,150] (Figure 2). However,
after prior alcohol experience, they develop EtOH preference, which increases over time and rebounds
strongly after a period of abstinence [149], reminiscent of increasing intake and relapse in human
AUD patients. In conjunction with aversive stimuli such as quinine (bitter taste) or electrical shock,
these assays also show that flies will overcome negative stimuli in order to self-administer [148,149].
It should be noted that consumption tests often involve prior starvation, which may cause confounding
effects via activation of stress pathways and genetic networks unrelated to alcohol responses [151].
Nonetheless, these and similar assays are frequently used to effectively quantify alcohol preference in
flies. Overall, these various translatable assays enable robust and rapid functional testing of genes
nominally implicated in AUDs.

3. From Mammalian Gene Discovery to Fly Functional Testing

Human and rodent studies have successfully utilized various approaches to identify many
genes associated with AUDs. These approaches are discussed below, including GWAS, post-mortem
transcriptomics, QTL analyses, and investigation of genes with known physiological connections.
Functional testing to verify the roles of these genes is important. Therapeutic targeting of suspected
AUD genes is more likely to be safe and effective if their mechanistic underpinnings are well understood.
Some genes consistently associated with alcoholism in humans have clear mechanisms, such as the EtOH
metabolism gene aldehyde dehydrogenase 2 (ALDH2). ALDH enzymes break down acetaldehyde,
a molecule which causes nausea, facial flushing, and tachycardia. People with less efficient ALDH?2
alleles experience more severe reactions, are more likely to be deterred by this aversive reaction, and are
thus less likely to develop AUDs [152,153]. Contrastingly, some genes such as AUTS2 (discussed in
detail below) are frequently implicated in human studies, yet have poorly understood function and
no established physiological links to AUD phenotypes [38-40]. Thus, functional and mechanistic
studies in model organisms are crucial. Building off of human gene discovery, Drosophila can be used
to reveal the roles of functional protein states such as expression levels, localization, post-translational
modifications, binding to other proteins or nucleic acids, etc. Given the wealth of available tools and
assays, Drosophila represent an efficient and effective way to test roles and mechanisms of potential
genes contributing to AUD risk, formation, and maintenance. The candidate genes that fuel such
functional studies in flies arise from several different approaches. Below, we discuss each approach,
including advantages, limitations, and examples of studies that have applied it to uncover candidate
genes that were later successfully validated in flies.

3.1. Human Genome-Wide Association Studies (GWAS)

GWAS have revealed a substantial number of candidate AUD genes. This approach finds
associations between inherent DNA sequence polymorphisms (or sets of polymorphisms) and AUD
phenotypes measured by alcohol consumption, dependence, maximum drinks over a given time
span, etc. Currently, most individuals at high risk for AUD discover their heightened genetic risk
factors only after they develop a problem, if ever. In contrast, combined with the ever-increasing ease
of full-genome sequencing, genetic players found using GWA analyses can potentially reveal high
inherited susceptibility for AUD before the disease happens. Given that genetic propensity for AUD is
extremely heterogeneous [19], treatment considerations for extant pathologies may also be guided in
the future by understanding individuals’ particular genetic backgrounds.

Many important discoveries have been made using the GWAS approach. One gene implicated
in multiple GWAS is AUTS2, a nuclear protein that interacts with polycomb repressor complexes,
which play a role in gene regulation via chromatin remodeling [154]. Schumann et al. identified this
locus via GWA meta-analyses using alcohol consumption as the dependent variable [40]. They then
found increased AUTS2 expression in the human prefrontal cortex from carriers of a minor AUTS2
allele, as well as altered expression between various high alcohol-preferring and low-alcohol-preferring
mouse lines. The human importance of AUTS?2 is further supported by another GWAS of alcohol
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consumption, a GWA meta-analysis of the maximum number of drinks consumed in 24 h, and a biased
haplotype analysis [38,39,155]. Lastly, Schumann et al. showed that reduced expression of the fly
ortholog tay reduces EtOH sensitivity. tay negatively regulates the epidermal growth factor receptor
(EGFR) pathway [156]. EGFR signaling plays diverse roles in flies [157], especially during development,
is responsive to promising, FDA-approved drugs in humans, and is frequently implicated in fly alcohol
behavior [51,80,82,158-160]. For instance, EGFR suppresses EtOH-induced locomotion [159]. Thus,
tay and AUTS2 may affect alcohol behaviors through this pathway.

As another example of genes elucidated using GWAS, Schmitt and colleagues performed a
meta-analysis of GWAS data on the endophenotype known as SRE (Self-Rating of the Effects of
alcohol), yielding 37 hits, including the transcription factor MEF2B [75]. Follow-up validation of
Drosophila orthologs revealed that loss-of-function mutations of the Mef2 transcription factor decrease
EtOH sedation sensitivity but not rapid tolerance. Another group found that Mef2 reduction in
neurons, or more specifically in mushroom body «/ neurons, reduces tolerance, corroborating
the importance of this gene in alcohol responses [78]. The dissimilar fly tolerance results between
these two groups may be an example of global gene manipulations causing different effects than
manipulations limited to particular neuronal populations. A recent CGAS by Muench et al., and a
human GWAS meta-analysis by Evangelou et al., further corroborate the role of Mef2 by implicating the
human ortholog MEF2C [76,77]. Though the exact mechanisms of action remain unclear, mammalian
Mef2A and Mef2D regulate dendrite differentiation and synapse number [161,162]. Further, signaling
pathways affected by EtOH control Mef2 expression and activity, as do pathways linked to neural
activity (e.g., intracellular calcium) [161,163,164]. Indeed, Sivachenko and colleagues showed a role for
Mef2 in fly neuronal plasticity, including temporal cycling of neuronal cytoskeleton structure, suggesting
intriguing connections to adaptive neuronal processes involved in addiction [165]. Supporting these
hypotheses, other work shows that Mef2 suppresses cocaine-induced increases in dendritic spine
density [166]. Finally, Adkins et al. found that the RYR3 gene, encoding a ryanodine receptor regulating
intracellular calcium levels, has a “suggestive association” with human alcohol dependence [102].
This finding was not significant in replication; however, loss of the fly ortholog RYR notably reduced
rapid tolerance to EtOH-induced sedation, highlighting the importance of functional validation
of findings that may appear inconsistent in human studies due to limited sample sizes and low
statistical power.

A brief discussion of caveats to GWAS studies is warranted. For instance, given that increasing
evidence supports a role of epigenetics in mediating EtOH responses, it is important to note that
there are potential disconnects between the genomic sequences studied in GWAS and the true
transcriptional states that contribute to EtOH phenotypes and AUD susceptibility. Additionally, genes
implicated in GWAS may not in and of themselves produce acute EtOH responses or the adaptations
that lead to addiction. Candidate genes could be upstream regulators of the actual effector genes,
including regulators involved in distinct but relevant processes such as executive function, motivation,
and decision-making. Historically, GWAS can also suffer from selection bias, environmental confounds,
poor reproducibility, and weak statistical power, largely due to vast heterogeneity between subjects and
studies. Although some GWAS studies yield very few or no genetic variants that reach genome-wide
significance, these shortcomings are increasingly ameliorated by increased sample sizes, pooled
meta-analyses, and improved “post-GWAS” methods [24,25]. For instance, Evangelou et al. performed
a meta-analysis of GWAS data of alcohol consumption from almost 500,000 people, which had
enough power to identify 46 putative AUD genes [76]. Indeed, with this success comes the problem
of functionally validating so many potential hits, given that they found no overrepresentation of
cohesive gene families, pathways, or ontologies. This challenge becomes manageable by turning to
high-throughput models like Drosophila for gene validation. Similarly, for gene discovery, many concerns
of human GWAS are diminished in fly GWAS and other fly studies, which are amenable to higher
sample number and greater statistical power (discussed below).
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3.2. Transcriptomics on Post-Mortem Human Tissue

One approach to connect gene expression to psychiatric disease is the application of transcriptomics
to brain tissue from deceased AUD patients versus healthy controls [10,12,20,23]. These approaches
uncover associations between the severity of AUD phenotypes and global or region-specific gene
expression. Moreover, they often use network analyses to distinguish genes that are expressly altered by
AUDs from genes that may be dysregulated merely as part of co-regulated EtOH-responsive networks.
Transcriptome profiling is generally accomplished with microarrays or RNA-sequencing (RNA-seq).
Whole-genome profiling using these methods demonstrates the effects of chronic alcohol use on gene
expression in various brain regions known to play a role in AUDs, including the prefrontal cortex,
nucleus accumbens, and hippocampus [12,20,167-169]. Building upon existing human transcriptome
data from microarrays [41], one group performed gene set overlap analysis between this data,
transcriptomics on mice exposed to EtOH, and transcriptomics comparing isogenic mice bred to be
alcohol-preferring or non-preferring [42]. Using this combined approach, they identified the most
highly ranked hit, a chloride intracellular channel known as Clic4, as a potential AUD gene. Subsequent
validation in flies (mutants), C. elegans (mutants), and mice (virally mediated overexpression) showed
significantly altered alcohol sensitivity. EtOH sensitivity in loss-of-function Drosophila mutants was
consistently decreased across studies, despite dissimilar assay methods [42,43], and also in flies with
neuron-specific RNAi knockdown of Clic4 [43].

One weakness of transcriptomic approaches is that they establish only correlational links
between genetic state and disease phenotypes. Additional weaknesses include the challenges of
RNA degradation, heterogeneity between individuals, environmental confounds, and highly dynamic
transcriptional adaptation in response to unpredictable stimuli. Hence, highly controlled functional
testing in flies is all the more critical.

As a notable alternative to typical transcriptomics, two groups performed ChIP-seq on
post-mortem samples to show that, like gene expression, histone methylation is altered in the
brains of alcoholics [10,169]. These studies supported later fly research that revealed a role of various
histone demethylases in alcohol responses [121]. Given that covalent epigenetic markers are more stable
than mRNA, there is great potential for epigenome studies in this context, though these approaches are
still in their infancy [10]. Nonetheless, these omics methods provide in-depth genetic profiles separable
by brain region and remain as powerful tools to directly study AUDs in humans.

3.3. Rodent GWAS, QTL Analyses, and Transcriptomics

As an alternative to the human approaches already discussed, important gene discovery can also be
accomplished with rodent models. These approaches may include similar post-mortem transcriptomics
and GWAS-style analyses, with the additional possibility of performing QTL analysis on rodent
lines with purposefully limited genetic variation [170]. QTL studies identify genomic regions whose
genetic variation or expression correlate with quantification of phenotypes of interest. Investigation of
rodent gene expression profiles after EtOH exposure can also yield useful information, similar to flies
(see below). Methods to study AUD genetics in rodents have been reviewed extensively and will not
be discussed in-depth here [171,172]. However, one noteworthy example is a study by Mulligan et al.
This group demonstrated the effectiveness of meta-analysis combining rodent genetics (using
congenic strains) and transcriptomics (using microarray after alcohol exposure) [173]. In their results,
they highlighted EGFR signaling and cytoskeleton regulation as some of the most overrepresented
pathways differentially expressed between mice stains exhibiting differential alcohol consumption,
converging with the aforementioned AUTS2/EGFR studies and with findings implicating cytoskeleton
dynamics using forward genetics in flies (see below).

Additionally, the neuropeptide NPY (fly ortholog: NPF) and its receptors are notable examples
of many effective rodent methods, which were subsequently applied to yield corresponding fly and
human discoveries that revealed the mechanistic conservation of this gene in AUDs (for review,
see Reference [174]). NPY/NPF controls both hunger and stress levels. This gene was initially
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implicated by a QTL analysis and comparisons of expression levels between alcohol-preferring
versus non-preferring rats, and by measuring NPY transcript levels in wild-type rats with or without
EtOH exposure [170,175]. Thiele and colleagues also found that NPY deficiency in mice increases
EtOH consumption and resistance, while overexpression reduces these phenotypes [176]. In flies,
NPF modulates reward states [95], confirmed recently in a study that used optogenetics to allow
flies to self-administer by moving to the appropriate area, then tested the flies’ conditioned place
preference [177]. Similar to rodents, reduction of NPF (or its receptor, NPFR) increases EtOH resistance,
while overexpression has the opposite effect [93]. Sekhon et al. also tested inbred fly lines to associate
NPF and NPFR with altered EtOH preference [52]. Completing the picture, NPY and NPY receptors
have been implicated in numerous human studies [36,88-92,94]. Work on NPF/NPY exemplifies a
primary strength of rodent gene discovery: greater cross-species validation strengthens confidence that
the gene is causally involved in AUDs. If a gene discovered in rodents can be successfully validated
and mechanistically explored in flies and demonstrated to associate with AUD in humans, such a
conserved role despite vast evolutionary distances strongly suggests a role for the gene in AUDs and
great promise as a potential therapeutic target.

3.4. Targeting Genes with Established Physiological Relevance

In addition to the approaches discussed so far, researchers also perform functional testing of
genes in flies in response to prior association with relevant gene networks or physiological processes
known to play a role in rodent or human AUDs, independent of any large-scale omics or GWAS
studies. Genes investigated for this reason include various synthesis enzymes, transporters, receptors,
and degradation enzymes for neurotransmitters such as dopamine, serotonin, GABA, glutamate,
and octopamine [6,111,138,148,178]. Octopamine is the functional equivalent of norepinephrine in
Drosophila [179]. Further examples include CREB, CREB binding protein (CBP), and the BK-type
CaZ*-activated K* channel, slo [6,111,138,178,180]. Given the vast collection of literature supporting
roles for these genes in AUD, only one will be discussed here. slo was first investigated in the context
of alcoholism because it undergoes homeostatic regulation after sedation by organic solvents and
plays a role in tolerance to benzyl alcohol [138]. Loss of slo globally or in neurons eliminates EtOH
tolerance [69], while slo induction is sufficient to produce a tolerance-like phenotype [70]. Further,
EtOH sedation increases slo expression in neurons but not in non-neuronal tissue, which is concomitant
with tolerance formation [70]. In flies, neuronal hyperexcitability resulting from EtOH withdrawal is at
least partially dependent on persistent slo upregulation [71,72]. These types of ion channels may play a
role in maladaptive brain plasticity leading to AUDs in humans, supporting the mechanistic validity
of fly models [181]. Finally, two separate GWAS studies associated the human ortholog KCNMA1
(potassium calcium-activated channel subfamily M alpha 1) with alcohol dependence [34,68]. Thus,
established physiological relevance laid the foundation for mechanistic AUD hypotheses and important
discoveries of the role of slo in flies and humans.

3.5. Summary of Human-to-Fly Approaches

Various approaches permit effective gene discovery in mammalian systems. Though easily
translatable, it is often difficult to assess the causative role of candidate genes in observed AUD
phenotypes. The examples cited above demonstrate the usefulness of Drosophila to accomplish this
purpose. Notably, some genes remain implicated in multiple human studies that, to our knowledge,
have not yet been examined in Drosophila. For instance, 3-Klotho (gene name: KLB), a transmembrane
protein that complexes with fibroblast growth factor receptors (FGFR), was implicated in a human
GWAS and a separate GWAS meta-analysis investigating alcohol consumption [38,182]. The latter study
by Schumann et al. also found that KLB knockout mice have increased alcohol preference. Although
King et al. showed that mutations in the fly FGFR gene htl reduce EtOH-induced locomotion [159],
further validation of the role of KLB in AUD phenotypes is still needed, as is greater mechanistic
understanding. Investigation of the mostly uncharacterized fly ortholog, CG9701, have potential to
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address these important gaps. Other interesting examples are various genes involved in serotonergic
neurotransmission, which have been implicated in both biased and unbiased human genetic studies
but have not yet been directly tested in flies [183-185]. Serotonin signaling clearly plays a role
in alcohol responses, but much mechanistic insight could be gained by using flies to determine
the effects of manipulating these various genes in specific neural populations and/or at specific
developmental timepoints.

4. From Fly Gene Discovery to Human Association

Complementing the approaches already discussed, research can proceed in the opposite direction,
wherein AUD gene discovery begins in Drosophila and moves to human validation. This overall approach
is advantageous because, as a more efficient and genetically tractable animal model, gene discovery
occurs faster in flies than in mammals. Human validation takes the form of candidate gene association
studies (CGAS), which use reverse genetics to test associations between phenotypes of interest and
small numbers of genes hypothesized to be important. Compared to GWAS, CGAS represent a more
effective method of investigating specific disease questions. Critically, limiting the pool of candidate
genes also limits the problem of multiple comparisons, creating more power for discovery of relevant
polymorphisms despite low frequencies, subtle effects, or smaller sample sizes. Overall, since gene
discovery in flies is generally accompanied by mechanistic and functional tests, approaching questions
in this way combines the Drosophila strengths of breadth and depth with the mammalian strength of
high translational value.

4.1. Behavioral Screens in Drosophila

Gene discovery in flies often begins with large-scale forward screens which remain practical
due to the ease of generating random or deliberate mutations and the ease of quickly generating and
testing thousands of flies in high-throughput assays. Unbiased forward screens begin with genetic
mutagenesis accomplished with chemical agents, radiation, CRISPR/Cas9 [186,187], or transposable
elements to establish hundreds of different fly strains. These strains are each scored for a given
behavioral readout to detect aberrant phenotypes. Subsequent genetic mapping, DNA-sequencing,
and rescue experiments then confirm the identities and causative roles of disrupted genes so that
researchers can draw conclusions about their involvement in the phenotypes of interest.

Single gene discoveries made in flies using one method easily expand into elucidation of entire
pathways found gene-by-gene using a variety of complementary approaches. Such was the case after
Rothenfluh and colleagues performed a transposable P-element screen of ~1200 fly strains, examining
EtOH-induced phenotypes [188]. They identified mutations in RhoGAP18B, a GTPase-activating protein
(GAP). RhoGAP18B binds and inactivates actin-regulating Rho-family GTPases such as Racl and
Rhol. Accordingly, loss-of-function mutations of RhoGAP18B and hyperactive Racl or Rhol cause
resistance to EtOH sedation [188,189]. Independently, loss-of-function mutations in Rsu1, another Racl
inhibitor, were also found to cause resistance to alcohol sedation [101]. Hypothesis-driven CGAS in the
same study found associations between human RSU1 polymorphisms and alcohol consumption in
two independent cohorts. These initial human findings suggest that this pathway plays a conserved
role in alcohol responses and demonstrate the utility of fly gene discovery followed by human
hypothesis testing.

Reverse genetics testing of related genes has further expanded the pathway to include upstream
and downstream players such as the integrin cell-adhesion molecule and cofilin, an actin-severing
protein, respectively [101,189]. Cofilin modulates actin cytoskeleton dynamics, suggesting a mechanism
through which these genes could affect neuroplasticity and alcoholism [115]. To identify additional
participants in the pathway, a subset of 300 randomly selected mutants was screened for effects on
semi-lethality, a distinct pleiotropic phenotype of the strongest RhoGAP18B allele [100]. EtOH responses
were tested in mutant lines implicated by the first screen. This iterative method identified Efa6, a guanine
exchange factor (GEF) and activator for the small GTPase Arf6 [99]. Further hypothesis testing of Efa6
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by Gonzalez et al. and Peru et al. found that Arf6 and Efa6 mutant flies exhibit increased sedation
sensitivity and decreased tolerance [99,100]. Gonzalez et al. further showed that a SNP in one of four
human Efa6 orthologs, PSD3, and a haplotype containing this SNP were associated with adolescent
binge drinking and frequency of consumption. Moreover, the haplotype was linked to increased
dependence in an independent sample. These human studies revealed that PSD3 expression is mostly
restricted to the brain and is especially high in the prefrontal cortex. Of the four human orthologs,
PSD3 exhibits the most limited expression patterns, suggesting less pleiotropy and higher potential for
drug targeting. Finally, reverse genetics hypothesis testing elucidated the identity and relative order of
various genes connected to Arf6 that form a pathway parallel to that of RhoGAP18B, including insulin
receptor (InR) upstream and mTor and S6 kinase (S6K) downstream [66]. Inhibition of the mammalian
ortholog mTORC1 with the FDA-approved drug rapamycin reduces alcohol seeking and drinking in
mice [190-192]. Overall, this process of gene detection and testing demonstrates how screens and
hypothesis-driven testing in flies and humans can work together to discover novel pathways with
high potential for targeted drug therapy.

Forward screens were also used by Scholz et al. to find decreased tolerance in hangover (hang)
mutant flies, later confirmed in another study examining tolerance to EtOH-induced reduction of
negative geotaxis [67,110]. hang encodes a nuclear zinc-finger protein that plays a role in cellular
stress pathways, supporting the hypothesis that stress contributes to addiction phenotypes. Indeed,
flies exposed to heat shock prior to naive EtOH exposure display resistance to alcohol’s effects,
indicating heat/EtOH cross-tolerance. In hang mutants, however, this cross-tolerance is largely abolished,
suggesting that tolerance is mediated in part by hang-dependent cell stress pathways. Furthermore,
mutation of either hang or dunce (dnc), a cAMP-degrading phosphodiesterase, produces similar
tolerance deficits and reduced cellular stress responses [193]. The same group found that hang binds dnc
mRNA, while dnc regulates hang function during tolerance formation. Thus, the effects of hang on EtOH
tolerance may occur through cAMP-signaling-dependent stress response pathways. Based on initial
findings with hang, Riley and colleagues performed a CGAS that revealed a significant association of
the human ortholog ZNF699 and alcohol dependence [109]. Human relevance was further shown by
the finding of decreased ZNF699 mRNA expression in the dorsolateral prefrontal cortex of postmortem
tissue from individuals with an associated risk haplotype. Related to these pathways, Li et al. first
investigated jwa (also known as addicsin; ARL6IP5 in mammals) because of a similar association with
stress responses [35]. Indeed, RNAi-mediated knockdown and overexpression in flies decreased
and increased rapid EtOH tolerance, respectively. This gene exemplifies how, in contrast to unbiased
screens, suspected AUD genes are often selected for further investigation because of known connections
with previously implicated pathways or physiological processes in a one-gene-at-a-time approach.
These higher-powered experiments increase the chances of finding moderate and small effect sizes,
and their appeal as investigative or therapeutic targets is often bolstered by preexisting mechanistic
hypotheses. Human studies then confirm translatability. In this case, Edenberg and colleagues
independently performed human GWAS that supported an association between ARL6IP5 and alcohol
dependence, though no SNP reached genome-wide significance [34].

Forward screens have also been utilized to demonstrate that genes affecting responses to one
drug of abuse are likely to affect other drug responses. Tsai et al. performed an unbiased screen
for mutations affecting Drosophila cocaine sensitivity, which implicated the transcriptional repressor
dLmo (Bx) [194]. Subsequent functional testing showed that dLmo loss increased EtOH sedation
sensitivity, while overexpression decreased it [74]. Corroborating results from Sekhon and colleagues
using the Drosophila Genetic Reference Panel (DGRP) found an association between dLmo and EtOH
preference [52], and Kapoor et al. implicated the human ortholog LMO1 in a GWAS looking at
maximum drinks ever consumed within 24 h [39]. In mice, loss of orthologs Lmo3 or Lmo4 alters
behavioral responses to cocaine, yet only Lmo3 affects alcohol responses [74,195]. dLmo plays a role
in both drug responses in flies, suggesting that evolutionary divergence has resulted in different
mammalian homologs functioning in different pathways that are still integrated in flies (see also
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Reference [99]). Thus, translation of fly genetic discoveries into mammalian systems could benefit
from accounting for this possibility by examining all mammalian orthologs of implicated fly genes.
As another example of AUD gene discovery through testing of genes connected in pathways, Lasek and
colleagues investigated anaplastic lymphoma kinase (dAlk) after microarray expression analyses
revealed it to be negatively regulated by dLmo in flies [32]. ALK is involved in Erk signaling and
other pathways [196]. Lasek et al. also found that dAlk fly mutants show increased resistance to EtOH
sedation. A follow-up CGAS in the same study identified four human ALK polymorphisms linked to
reduced EtOH responses. This gene was further validated in humans by a GWAS meta-analysis [33].
Overall, the initial screen of cocaine sensitivity by Tsai et al. facilitated discovery of various important
AUD genes and biological principles, showing the promising potential of investigations into genes
implicated in other substance use disorders.

Unbiased screens can become labor-intensive, so an alternative approach is to reduce screens to
particular sets of candidate genes whose network or molecular roles have been previously implicated.
Pinzon et al. used this approach to test effects of global histone demethylase (HDM) knockout on
fly EtOH sedation sensitivity and tolerance [121]. Increasing evidence supports a role in AUDs of
enzymes that modulate histone methylation and chromatin remodeling [180]. Since six out of seven
phylogenetic families of human Jumonji C (JmjC) domain containing HDMs are represented by fly
orthologs, each of the 13 known fly HDMs was knocked out and systematically tested for alcohol
phenotypes. This study revealed effects of KDM3, lid, NO66, and HSPBAPI, the first three of which
have orthologs that are upregulated in whole brains from alcohol-preferring mice [173]. Direct human
evidence is lacking thus far, though the human ortholog of NO66, RIOX1, is downregulated in the
amygdala of alcoholics [12]. The HDM study is exemplary for its success at performing a systematic
screen of all genes within a family, which would be difficult to perform in higher model organisms.
Nonetheless, an even more saturated screen of genes within the same pathways would be helpful for
greater understanding of epistatic interactions [138].

In contrast to the structured gene discovery processes discussed thus far, AUD gene discovery
and testing can also occur after independent convergence of results from multiple model systems.
For instance, forward genetic transposon screens were the first to suggest a role of cCAMP signaling
in EtOH responses: Moore et al. found a sensitive mutant called cheapdate