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pain genomics efforts

Fruit flies as a powerful model to drive or validate

Chronic pain is a disabling condition that persists even after normal healing processes are complete and
presents considerable physical, psychological and financial burdens for patients globally. However, current
analgesic treatments do not meet clinical needs. Here, we review genomic and pharmacogenomic studies
of pain in humans and nociception in the fruit fly Drosophila melanogaster, and provide evidence supporting
the use of fly genetics to compliment genome-wide and pharmacogenomic studies of human conditions,
such as pain. Combining genomic and pharmacogenomic techniques to study chronic pain in humans with
functional genomic assessment in model organisms may provide molecular rationale for developing more
personalized or improving generalized chronic pain therapies.
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Nociception is a conserved biological process
that is responsible for the detection and trans-
mission of noxious input [1]. In humans, noxious
stimuli can produce pain, defined as ‘an unpleas-
ant sensory and emotional experience associated
with actual or potential tissue damage’, usually
protecting an organism from possible harm [2).
However, maladaptive changes to this nocicep-
tive system can lead to chronic pain, which lin-
gers even after the healing process is complete.
There are many forms of chronic pain, includ-
ing back, cancer and amputation pain, and it
is estimated that 5-10% of the global human
population currently suffer from variations of
this disorder [3]. Instead of playing a protective
role, chronic pain becomes a disease in its own
right (4], promoting patient morbidity without
conferring a protective advantage.

Persistent or chronic pain disorders are clini-
cally characterized by hyperalgesia (increased
sensitivity to noxious stimuli) and allodynia
(sensing innocuous stimuli as noxious) [4].
These conditions can arise from structural or
functional alterations at multiple points of the
nociceptive sensory pathway [s]. Importantly,
population-based studies have established that
an individual’s likelihood of developing chronic
pain after injury is significantly influenced by
their underlying genetics [6].

While major progress has been made in
defining the molecular machinery required for
developing or maintaining chronic pain [s], it
has nevertheless been difficult to develop new
blockbuster analgesics for treating chronic
pain. As Woolf describes, pain disorders are
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multifactorial diseases and current ‘one-size-
fits-all’ treatments may not always be realistic
(7. While opioids and NSAIDs are potent for
treating acute and inflammarcory pain, they are
ineffective in treating long-term neuropathic
pain (8]. The first-line medications for pain relief
in neuropathic pain disorders are repurposed
antiepileptic (gabapentin and pregabalin) or
antidepressant (tricyclic antidepressants [TCAs]
and serotonin-noradrenaline reuptake inhibitors
[SNRIs]) drugs, but these treatments are lim-
ited by side effects [9.10]. In addition, individual
patient responses to these treatments are highly
variable and likely influenced by genetics [11].
The successful design of next-generation ‘preci-
sion” analgesic medicine will therefore require
identification and functional validation of major
patient-specific genomic idiosyncrasies (identi-
fied from human genetic and genomic studies)
in animal models. Since fruit fly models have
been useful in pharmacological discovery for
other human diseases (see below) it is tempt-
ing to speculate that they will have utility for
the development and pharmacogenomic assess-
ment of analgesic drugs with a conserved mode
of action.

Human pain disorders

Before considering the application of fruit flies
in analgesic drug discovery, it is useful to con-
sider what is currently known about the genet-
ics of pain in humans. Many rare monogenic
pain disorders are associated with coding muta-
tions that result in channelopathies, that is, the
dysfunction of ion channels (reviewed in [12)).
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For example, loss-of-function mutations of the
SCN9A gene (Na 1.7 voltage-gated sodium
channel) have been reported in individuals with
the disorder known as congenital indifference to
pain [2.13). Conversely, gain-of-function muta-
tions of SCN9A result in hyperexcitability of
the Na 1.7 channel, and this is associated with
the development of two distinct pain disorders:
primary erythromelalgia [14] and paroxysmal
extreme pain disorder [15]. Linkage analysis has
also shown that a gain-of-function mutation in
TRPAI a nonselective cation channel, causes
familial episodic pain syndrome [16]. Similarly,
susceptibility to familial hemiplegic migraine
subtypes 1, 2 and 3 is associated with muta-
tions in CACNAIA (o -subunit of the Ca 2.1
[P/Q-type] voltage-gated calcium channel) (17,
ATPIA2 (o, subunit of the Na*/K*-ATPase)
ns] and SCNIA (Na 1.1 voltage-gated sodium
channel) (19], respectively.

Complex pain genetics
More common genetic determinants affecting
pain sensitivity involve subtle genetic variants
that may contribute to complex pain pheno-
types. While environmental contexts clearly
play a role in chronic pain, animal [20,21],
population [22,23] and especially twin studies
(24] on the heritability of pain place the genetic
contribution between approximately 20 and
70%, depending on the study and type of pain
assessed. Targeted assessment of pain genetics
has helped to unravel the complex heritability
of various pain diseases in the general popula-
tion (reviewed in [25]). Common pain-relevant
variants that have been identified by a targeted
approach include COMT (reviewed in [26]),
a catechol-O-methyltransferase [21; GCHI
(reviewed in [27]), an upstream enzyme in the
dopamine and serotonin synthesis pathway
(28]; the opioid receptor OPRM]I [29); P2X7R,
an ionotropic ATP-gated receptor [30; SLC6A4,
a serotonin transporter [31); and multiple loci
of HLA [32].

Genome-wide association studies (GWAS)
have revolutionized the study of human diseases,
including pain or pain-related diseases (reviewed
in [¢]). For example, significant progress has
been made by multiple recent studies to identify
genetic determinants associated with migraine,
a chronic neurological disorder that can involve
pain as well as nonpainful visual ‘aura’. These
studies found a strong association at chromo-
some 8q22 [33], in a SNP located between the
genes MTDH (a predicted transmembrane adhe-
sion protein with no reported knockout [KO]
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mice currently, but targeted embryonic stem
[ES] cells are available; see [34])) and PGCP (a
glutamate carboxypeptidase). A similar study
reported variations near TRPMS (sensory ion
channel involved in cold perception [3s]), LRPI
(low-density lipoprotein receptor-related protein
gene also associated with Alzheimer’s disease
(361), and PRDMIG (a transcriptional cofactor
that regulates TGF-f signaling [37]), all of which
showed significant association with migraine
(38]. Another GWAS for migraine [39] found an
additional association with the TGF-f3 receptor
(TGFBR?2), sequences near the muscle transcrip-
tion factor MEF2D [40], as well as the relatively
uncharacterized genes PHACTRI and ASTN2
(no reported KO mice for either; targeted ES
cells available for PHACTRI but not ASTNZ;
see [34]). Finally, a very recent meta-analysis of
29 migraine GWAS identified an additional five
candidate migraine susceptibility loci [41], four
of which have KO mice or ES cells available.
Beyond migraine, a recent meta-analysis for
chronic widespread pain found some associa-
tion at chromosome 5p15.2, a locus upstream
of CCT5 and downstream of FAMI73B [42).
Neither gene appears to be particularly ‘drug-
gable’, and no KO mouse has been published for
either candidate, although targeted ES cells are
available for both genes (again see [34]). Interest-
ingly, CCT5 interacts with PP4c, a phosphatase
involved in central sensitization of pain signaling
(43). While the pain field anxiously awaits the
publication of multiple ongoing nociception/
pain GWAS studies, these reports on migraine
genetics are encouraging. The majority of genes
implicated in these studies are likely to be drug-
gable, and further basic and translational inves-
tigation may lead to novel therapeutic targets
for migraine.

Pain exome sequencing
As technologies have continued to evolve, the
focus has also shifted from population GWAS
aimed at identifying common genetic variation
to exome sequencing targeted at identifying
rare gene variants of high effect. The first of
these exome-sequencing studies has now been
published for subjects that exhibit extreme pain
sensitivity or insensitivity [44]. Although no bona
fide ‘significant’ rare variants were identified, the
darta analysis pipelines for these types of studies
are still in their infancy. This study or similar
studies may represent a rich source of informa-
tion if combined with meta-analysis protocols
that incorporate independent a priori knowl-
edge. For example, one could target collection
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or analyses of sequencing data to focus on con-
served functional pain genes that are also identi-
fied in the fly, or pain GWAS loci as these are
reported. Nevertheless, this study did highlight
granzyme M, an immune protease involved in
immunity against the herpes family cytomega-
lovirus [45]. While the mechanism, or even func-
tional relevance, of this observation has not yet
been confirmed, herpes virus infections are well
known to alter pain perception in some patients
(for example, see [46]).

Pain pharmacogenetics
On the other hand, pharmacogenetic approaches
have helped to identify multiple coding vari-
ants that exert a strong effect on drug efficacy
in humans [47]. One of the best-characterized
analgesic pharmacogenetic genes is CYP2D6.
CYP2D6 is a member of the CYP450 family
of mixed function oxidases. This liver enzyme
acts on multiple drugs and, among other actions,
converts codeine to bioactive morphine. There
are over 80 allelic variants of CYP2D6 (48], and
this polymorphic locus explains a large portion
of individual drug response variance within the
general population. Other genes implicated in
the pharmacogenetics of opioids include the
morphine receptor OPRM] (49.50); COM T, which
controls the breakdown of epinephrine and dopa-
mine [51); the multidrug resistance transporter
ABCBI [50]; and the melanocortin-1 receptor
MCIR [52). While major progress has been made
towards identifying candidate pharmacogenetic
‘diagnostic’ tools to guide patient treatment, in
which we now have over 2000 disease-linked
variants [53], these techniques have not translated
to improvements in the clinic. For example, in a
study commissioned by the CDC examining the
pharmacogenetic ‘gold standard” CYP450 super-
family, it was reported that CYP450 genotyping
did not improve patient outcome [s4], and the
use of testing for this variant was discouraged
until further clinical trials were completed [s3).
Given that individual patients will have hun-
dreds of thousands of variations, strategies must
be developed to prioritize and validate the key
variations, if possible.

Interestingly, the first pain-related GWAS
published was a pharmacogenomic study [s6].
This study addressed the genomics of analgesic
dosing and effect (lidocaine with epinephrine)
following oral surgery in 60 women and 52
men of European descent. Despite being rela-
tively small for a GWAS, a significant signal
was found near an uncharacterized zinc-finger
protein (predicted transcriptional regulator)
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on chromosome 19 (ZNF429). While zfp160,
a mouse ortholog of this gene, is currently
uncharacterized, targeted ES cell lines are
available (see [34]). More recently, a GWAS for
opioid sensitivity was performed on 355 peo-
ple following cosmetic jaw surgery, and this
effort highlighted a strong association at chro-
mosome 2 ~q33.3, involving SNPs between
CREBI and METTL2IA (57). METTLZ2IA is
uncharacterized and while no KO mice have
been reported, ES cells are available (see [34]).
CREBI is a component of the cAMP signal-
ing pathway and has been long associated with
opioid response [58]. These data help support
the concept of pharmacogenomics as applied to
analgesics. The clinical utility of these efforts,
however, are not yet apparent, and in most cases
genotyping provides no major advantages [58];
therefore, personalized opioid responses are
currently titrated empirically based on the
patients’ needs [59]. While progress in identify-
ing the genetics of pain disease and analgesic
action have been promising, these results are
just at the ‘tip of the iceberg’, and continued
and substantial government investment are
required to map the genetics of this complex
process.

Functional validation of genomic &

pharmacogenomic approaches

Despite the explosion of excitement for genomic
mapping of complex traits, including pharma-
cogenomic profiles, these data on pain in humans
will require functional validation before they
can be applied to drug development or emerg-
ing efforts to initiate precision medicine strate-
gies. Depending on the situation, validation of
these data may be achieved through 7z vitro bio-
chemical techniques, cell culture experiments,
or in some cases using ex vivo or in vive ani-
mal models. Given that pain or nociception is
a whole-animal process, meaningful validation
of large-scale GWAS and sequencing data may
require 77 vivo models. Mice are powerful tools
for pain research; however, large-scale systematic
use is limited by ethical, time and cost issues.
The use of the fruit fly to evaluate functionality
in pain genomics and pharmacogenomics is an
alternate option. Approximately 60% of human
disease genes have orthologs in the fly (60,611, and
flies are routinely used to model human diseases
ranging from metabolic disorders, such as dia-
betes [62] or galactosemia [63], to neurological
disorders such as Parkinson’s disease (PD) [64],
amyotrophic lateral sclerosis (65], Alzheimer’s dis-
ease (66], Huntington’s disease (HD) [67], fragile
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X syndrome [68], seizure disorders [69], sleep dis-
orders [70], cognitive dysfunctions such as learn-
ing and memory [71] or aggression [72], and pain
(73-81]. Importantly, human genes and mutation
variants are often functional in the fruit fly (82.83],
highlighting the exquisite conservation of core
physiological and pathophysiological elements.

Fruit flies for pain research

In a ground-breaking study conducted a decade
ago, several fly models of acute nociception (heat
and mechanical) were reported [73]. Currently,
the nociceptive behaviors exhibited by Drosoph-
ila are used to study the genetics of mechanical
(73,77.80], thermal [73,81], chemical [84] and chronic
pain after UV exposure [7478]. Although pain
is an emotional sensation that is unique to
humans, genes that regulate nociception in the
fly have been identified, some of which are con-
served through to humans. For example, TRPAI
[77-79.81,84,85], 00283 [76], Piezo [80,86], and homo-
logs of TNF and TNFR74 [74], among other
genes [76], contribute to abnormal nociception
phenotypes in the fly when mutated, and also
appear to play a role in mammalian or human
pain. The completion of an in vive transgenic fly
RNAI library covering approximately the entire
fly genome has further increased the utility of
the fruit fly model for nociception research [87],
and we have published a full-genome functional
dissection of loss of nociception using this fly
library (76]. As novel candidate pain genes or
mutations are identified by conventional genetic
or GWAS approaches, fly researchers can rapidly
validate these genes as conserved ‘pain’ genes in
the relevant fly nociception paradigm.

Flies for pharmacological research
Sequencing of the human and fly genome has
highlighted the degree of conservation at both
sequence and pathway levels (60,61]. This similar-
ity is reflected by the fact that some bioactive
compounds show activity in flies and humans.
For example, Drosophila and humans respond
similarly to wake-promoting compounds, such
as modafinil [88], caffeine [89,90], crack cocaine
(91] and methamphetamine [92], as well as seda-
tives such as antihistamines [89], antiepileptic
treatments [93,94] and antipsychotic drugs [95].
Moreover, the ability to perform high-through-
put screening in Drosophila via random muta-
genesis or targeted RNAi-mediated knockdown
protocols can further facilitate the identification
of novel drug targets or drugs (Ficure 1) [96]. To
this end, a pilot fly screen evaluating 2000 com-
pounds for novel antitumor drugs demonstrated
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that acivicin, a glutamine analogue that shows
activity against human tumor cells, can also
inhibit tumorigenesis in Drosophila (97). Using
RNAi-mediated knockdown of candidate acivi-
cin target genes, CTP synthase was isolated as
an important component of acivicin-mediated
inhibition of tumor formation [97].

Several studies of PD have also exploited the
utility of fruit flies for drug studies. Studies
on the effects of anti-PD drugs in a-synuclein
transgenic flies demonstrated that DOPA,
pergolide, bromocriptine, 2,3,4,5-tetrahydro-
7,8-dihydroxy-1-phenyl-1H-3-benzazepine and
atropine were effective in restoring normal loco-
motor function in flies suffering from PD-like
disease [64]. In another study, reduced mitochon-
drial activity caused by the pinkl mutation in a
Drosophila PD model was rescued by vitamin
K, 98). Alternatively, screening of approximately
1000 known aminergic drugs for an ability to
suppress a Drosophila model of PD resulted in
the identification of 13 novel potential anti-PD
drugs already used to treat other indications [99).

Similarly, in a fly model of fragile X syndrome
(FmrI mutant flies), a screen of 2000 compounds
identified nine drugs that could block mutation-
associated lethality [68]. Moreover, from a library
of 4000 biologically active compounds, screen-
ing of a Drosophila model of HD identified
five new drugs that block fly HD [67). Of note,
three out of these five drugs are already US FDA
approved, indicating that pharmacological stud-
ies in flies may also lead to the repurposing of
current available drug compounds. In addition,
the Drosophila HD model has been used to con-
firm the effectiveness of C2-8, a potential HD
drug, in reducing neurodegeneration in vivo
(100). While there is a current lack of published
work on testing analgesics in flies, it is tempting
to speculate that Drosophilawill also be valuable
for studying or evaluating candidate analgesics,
especially with regard to mode of action, given
the conserved nature of nociception across phyla.

Fruit fly GWAS

In human populations, GWAS approaches have
proven useful for identifying novel candidate
genetic components of disease or physiological
phenotypes. Similar genotype/phenotype associ-
ation studies can also be performed in flies. The
Drosophila melanogaster Genetic Reference Panel
(DGRPY) is one example of an available resource
to perform Drosophila GWAS, and consists of
192 inbred strains derived from a single natural
population [101]. Since the complete sequences of
each of these strains are available, phenotyping
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Conserved candidate drug targets or

modifiers of drug action for pain
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Nociception
assays
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Figure 1. Human and fly pharmacogenomics can complement each other for the studying
of pain and analgesia. Genomic and pharmacogenomics efforts in human and fly populations can
help us to identify candidate analgesic drug targets or modifiers of analgesic drug action that are
conserved across species. The functions of the identified targets can then be rapidly validated in the
fly by the use of its diverse genetic tools, including examples such as P-element mutagenesis and
enhancer trapping, the UAS—-GAL4 method of tissue-specific RNA interference-mediated knockdown
of target genes, the manipulation of available genome databases such as the DGRP [101], and
enhancer/suppressor screening protocols. Nociception assays such as noxious heat avoidance in adult
flies and larvae can be employed in parallel to validate the functional relevance of identified genes in
nociception behaviors. This will ultimately lead to the preclinical identification and development of
possible new targets or markers for pain that can be further explored in other surrogate models.
DGRP: Drosophila melanogaster Genetic Reference Panel; GWAS: Genome-wide association study.
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these populations can allow for rapid fly GWAS
for inheritable traits. For example, these DGR
lines have been used to perform a fly GWAS
to identify genetic variants that contribute to
differences in resistance to starvation stress,
life span, startle-induced locomotor response,
mating speed and chill-induced coma recovery
times [102].

Pharmacogenomics with fruit flies
This fly GWAS tool can also be used to per-
form pharmacogenomic GWAS on compounds
that are bioactive in both humans and flies.
An example is the investigation of genetic
variants associated with oxidative stress resis-
tance in Drosophila [103). DGRP lines were
used to perform a GWAS for variation asso-
ciated with resistance to two oxidizing agents
(paraquat and menadione sodium bisulfite).
In this case, hundreds of candidate variants
involved in resistance or susceptibility to these
compounds were identified (some coding), and
many of these genes are conserved through to
humans. Another DGRP fly GWAS identified
13 genes associated with variations in sensitiv-
ity to oxidative stress induced by menadione
sodium bisulfite (104]. From a pharmacogenom-
ics perspective, it is relatively easy to screen for
genetic variants that affect any compound that
can exert a clear biological effect on a fruit fly
using this fly GWAS tool, and thus allow rapid
generation of pharmacogenomic profiles in
flies. Moreover, pharmacogenomic prescreen-
ing in the fly may allow for targeted pharma-
cogenomics validation in human populations,
and in this way avoid the stringent statistical
requirements of a GWAS.

Pharmacogenomic studies in humans and
genome scanning in flies have also been per-
formed in parallel to identify genes involved
in the modulation of the action of drug com-
pounds. A recent investigation used a combined
fly/human approach to address genes that may
play a role in the protective role of nicotine in
PD [105]. In this study, the investigators per-
formed an underpowered GWAS for nicotine’s
protective role in human PD, and in concert
performed a microarray for gene expression
in flies treated with paraquat (a toxin used to
model PD) and cotreated with varying doses
of nicotine. Remarkably, both independent
approaches highlighted fly and human versions
of a synaptic vesicle protein, SV2C. Interest-
ingly, the SV2 family of genes has been impli-
cated in the regulation of neurotransmitter
storage and release [106], and is highly expressed
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in dopaminergic neurons in the substantia
nigra [107]. It is currently unclear what impact
a priori should have when analyzing GWAS
results, and these pipelines are developing [108].
Had the researchers investigated fly expression
data first, and then performed targeted ana-
lysis on human PD smokers versus nonsmokers,
the SV2C variant would be considered a bona
fide pharmacogenetic allele for the protective
effects of nicotine on PD. Thus, fruit fly tools
can be used to validate GWAS datasets or,
alternatively, to instruct targeted assessment of
cohorts to empower pharmacogenomics efforts
for various human cohorts.

Conclusion & future perspective
Nociception, pain diseases and patient responses
to various analgesics all have a heritable genetic
component. As population genomics data flows
en masse, strategies are required to assess fac-
tors ranging from function to interindividual
variations, and, in cases such as pain, these
validation strategies will likely require in vivo
animal models. Fruit flies are a powerful tool
for functional genomics research, and are well
positioned to provide validation of GWAS or
sequencing datasets, including pharmacoge-
nomics efforts. This could be through target
validation of new candidate human pain genes,
or through small-molecule pharmacogenomics
mapping using fly GWAS techniques (Ficure 1).
Moreover, in cases where reoccurring coding
variants of known pain genes are observed, these
mutant variants could be ectopically expressed
in various central or peripheral nerves within
the fly pain circuit, and effects on various noci-
ceptive responses evaluated. This strategy could
prove particularly effective for in vivo screening
of small molecules that can alter function of
rare mutant (or common) pain genes. Efforts
to identify and validate genetic variation that
affect pain thresholds or sensitivity to analgesics
at the genome level can therefore help in future
rational drug design and may one day instruct
precision therapies.
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PERSPECTIVE

Executive summary

Pain genetics

= Targeted and genome-wide population studies have established multiple genes that are associated with pain or analgesic response;
however, much more investment into human genome-wide association studies (GWAS) and sequencing efforts is required.

= In parallel, general research must validate the large amount of pain genomic and pharmacogenomic data in cell systems or model
organisms.

Fruit flies for pain research

= Fruit fly nociception models can be used to test conserved functions of candidate pain genetics and analgesics.

= There are multiple fruit fly nociception paradigms available.

Fruit fly GWAS
= It is now possible to perform GWAS and genome-wide RNAi screening in flies.

= Targeted human SNP genotyping or sequencing in combination with fruit fly functional validation may be a powerful genomic or
pharmacogenomic approach.
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