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Abstract

Drosophila melanogaster is a unique, powerful genetic model organism for studying a broad range of biological questions.
Human studies that probe the genetic causes of rare and undiagnosed diseases using massive-parallel sequencing often
require complementary gene function studies to determine if and how rare variants affect gene function. These studies also
provide inroads to disease mechanisms and therapeutic targets. In this review we discuss strategies for functional studies of
rare human variants in Drosophila. We focus on our experience in establishing a Drosophila core of the Model Organisms
Screening Center for the Undiagnosed Diseases Network (UDN) and concurrent fly studies with other large genomic rare
disease research efforts such as the Centers for Mendelian Genomics. We outline four major strategies that use the latest
technology in fly genetics to understand the impact of human variants on gene function. We also mention general concepts
in probing disease mechanisms, therapeutics and using rare disease to understand common diseases. Drosophila is and will
continue to be a fundamental genetic model to identify new disease-causing variants, pathogenic mechanisms and drugs
that will impact medicine.

Introduction
The fruit fly, Drosophila melanogaster, has an outstanding track
record as a model organism because it allows studies related
to genetics, development, neural function and maintenance,
physiology, metabolism, wiring of the brain, as well as molecular
and cellular mechanisms (1–3). Flies are easy to grow and have
a short generation time and life span. The ease of manipulating
fly genomes is unrivaled in any model organism, and fly

phenotyping is integral to a vast field of fly studies, making
it a uniquely powerful model (4). These features allow fly
researchers to tackle simple as well as intricate questions rapidly
and at low cost.

An area of research that has developed rapidly in the past
5 years is the use of Drosophila to facilitate the diagnoses of rare
human diseases. Technical advancements in sequencing per-
sonal genomes using whole-exome or whole-genome sequenc-
ing technologies have revolutionized human genetics (5).

https://academic.oup.com/
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According to the Congressional Orphan Drug Act of 1983, a
rare disease is a condition affecting fewer than 200 000 people
and with up to 7000 distinct rare diseases; approximately 30
million people in the US and 400 million worldwide suffer
from a rare disease (https://rarediseases.info.nih.gov). People
with rare disease often undergo a diagnostic odyssey and
remain undiagnosed for many years (6). By sequencing exomes
or genomes of individuals affected by rare disease, human
geneticists have been able to uncover rare variants and
point to candidate loci for novel gene–disease relationships.
However, uncovering rare variants is only a beginning, and
assessing which variant(s) is/are related to disease remains
challenging. This is precisely where genetic model organisms
can contribute, and Drosophila is now playing a more prominent
role in experimentally determining which human variants affect
protein function (7).

The National Institutes of Health (NIH) launched the Undi-
agnosed Diseases Network (UDN) 4 years ago (8,9). The goal of
this project is to diagnose the most difficult medical myster-
ies using cutting-edge medicine, genomics and experimental
strategies. In 2015 we established the UDN Model Organisms
Screening Center and the Drosophila Core of this center. This
center initially included two cores using zebrafish (University
of Oregon) and flies (Baylor College of Medicine) but has now
expanded with a second center that includes a Caenorhabditis
elegans core and another zebrafish core (Washington Univer-
sity at St Louis). In developing Drosophila studies for specific
patients from the UDN we developed a battery of strategies to
study undiagnosed disease. In this review we will provide an
overview of the activity and achievements of this ‘UDN MOSC
Drosophila Core’ at BCM during the past 3 years. In addition,
the Drosophila Core also tackles rare and undiagnosed cases
outside the UDN, in particular, candidate genes identified in the
Centers for Mendelian Genomics (CMG), a large effort to solve
Mendelian single-gene disorders (5). We also use flies to help
in the diagnosis of cases from clinicians and human geneticists
in various institutes in the US who have identified difficult-
to-diagnose cases through clinical sequencing, Finally, through
GeneMatcher, a matchmaking tool developed by the CMG to aid
in matching cases with common candidate genes (10), we often
collaborate with teams around the world. Prior to model organ-
ism experimentation each variant and gene is analyzed using
information from human genetic and model organism databases
through the MARRVEL.org tool (11). This initial analysis is often
critical and lowers or increases the likelihood that pursuing a
candidate gene in a model organism will be productive (12).

We developed or adopted four different conceptually distinct
strategies to assess the functional impact of genes and vari-
ants depending on the conservation, the nature of the allele,
availability of reagents including fly strains and human cDNAs
and the outcome of initial exploratory experiments (Fig. 1) (7,13).
Importantly, in cases where the variant of interest is deleterious,
we are in a position to probe into disease mechanism and
provide insights useful for therapeutics. These efforts have led
to discovery of novel genotype–phenotype links in human and
have provided probing data to begin to understand the molecular
mechanism of diseases (Table 1).

The relationship between human disease phenotypes
and fly phenotypes

The most common question clinical geneticists have about fly
research in human disease studies is whether human disease

phenotypes can be ‘modeled’ in an invertebrate model like flies.
In some cases, human disease phenotypes can be reproduced
in flies. For example, fly mutants for Ankle2 have small brains
and were part of our study establishing human ANKLE2 as a
novel primary microcephaly gene (14). In other cases, the fly
phenotype may have no obvious relationship to human disease
phenotypes. For example, we used visual system abnormalities
in flies to study a cardiovascular and skeletal disease in patients
with TBX2 variants (15). In these scenarios, the fly phenotypes
provide insight into fundamental biology, a ‘read out’ for gene
function, and it often allows us to determine if the human
variant is detrimental to protein function or not in vivo.

Regardless of the genetic strategy used, the first step is to
determine the fly loss-of-function (LOF) phenotype. This pro-
vides the basis for the interpretation of all subsequent observed
phenotypes in variants. Even when the removal of the gene
leads to viable and fertile flies that do not display obvious
morphological defects, assays for behavioral defects such as
locomotion, climbing, flight, seizure-like bang sensitivity, learn-
ing and memory, mating behavior and measurement of neu-
ronal activity via electrophysiology recordings (e.g. electroretino-
grams, neuromuscular junction and giant fiber recordings) often
point to important functions of genes (16–19). Any fly phenotype
observed should be rescued using genomic plasmid or Bacterial
Artificial Chromosome transgenes [e.g. P (acman) clones] (20,21)
that contain the gene of interest to ensure that other mutations
present on the chromosome are not responsible for the phe-
notype. In summary, a comprehensive range of phenotypes are
accessible in flies, and we typically initiate each project with
determining the LOF phenotype to provide a context for the
study of the variants.

Strategy 1: ‘Humanization’ of a fly gene to test variant
function

‘Humanization’ refers to replacement of a fly gene with a human
homolog/ortholog to allow the study of a human protein in vivo
(22). Successful humanization allows one to test the function of
missense alleles in the human protein, and this includes amino
acid variants that are not conserved between flies and human.

Strategy 1A: expression of human cDNAs in the spatial
and temporal expression pattern of the fly ortholog

This approach is based on the introduction of an artificial exon
that has dual functions, one as a gene trap and another as a
gene-specific transgene driver based on the GAL4/UAS system
(Fig. 1B) (23). A Splice Acceptor (SA)-T2A-GAL4-polyA (T2A-GAL4)
construct is introduced into an intron of the fly gene of interest
using MiMIC transposons (24) or CRISPR (25). This produces a
severe LOF mutation as well as the GAL4 protein that allows
expression of an exogenous cDNA cloned downstream of UAS
and a minimal promoter. Since one molecule of GAL4 is pro-
duced when one molecule of the truncated gene product is
produced based on the ribosome skipping T2A sequence, the
human cDNA can be expressed in the same spatial and temporal
expression pattern as the fly gene of interest in a LOF mutant
background (26). If the gene of interest lacks a taggable intron,
one can replace the open reading frame (ORF) of the fly gene
of interest with the GAL4 sequence to generate a GAL4-knock-
in allele using CRISPR (27,28). By crossing these T2A-GAL4/GAL4-
knock-in alleles to UAS-fluorescent proteins, the expression pat-
tern of the gene can be assessed, which often provides valuable
information.

https://rarediseases.info.nih.gov
http://marrvel.org
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Table 1. Examples of novel human disease associated genes or phenotypic expansions studied by the MOSC Drosophila Core

Human gene Disease Key Clinical
collaborators

Fly gene Classification References

ANKLE2 Primary autosomal
recessive
microcephaly 16
(OMIM #616681)

CMG [Baylor College
of Medicine (BCM)]

Ankyrin repeat and
LEM domain containing
2 (Ankle2)

Novel disease gene (14,32)

ARIH1 Thoracic aortic
aneurysms

CMG
(University of
Washington)

ariadne 1 (ari-1) Novel disease gene (31)

ATAD3A Harel-Yoon syndrome
(OMIM #617183)

CMG (BCM) belphegor (bor) Novel disease gene (47)

ATP5F1D Mitochondrial
complex V (ATP
synthase) deficiency
(OMIM #618120)

UDN (Stanford) ATP synthase δ subunit
(ATPsynδ)

Novel disease gene (35)

CACNA1A Early onset
developmental delay,
ataxia

UDN (BCM) cacophony (cac) Phenotypic
expansion

(43)

DNMBP Infantile cataracts GeneMatcher
(Univeristy of
Geneva)

still life (sif) Novel disease gene (49)

DNM1L Encephalopathy,
lethal, due to
defective
mitochondrial
peroxisomal fission 1
(OMIM #614388)

BCM Dynamin related
protein 1 (Drp1)

Phenotypic
expansion

(44)

EBF3 Hypotonia, ataxia and
delayed development

UDN (NIH UDP) and
BCM

knot (kn) Novel gene (29)

IRF2BPL Neurodevelopmental
disorder with
regression, abnormal
movements, loss of
speech and seizures

UDN [(Duke
University, University
of California, Los
Angeles(UCLA)]

Protein interacting with
Ttk69 and Sin3A (Pits)

Novel disease gene (46)

MARK3 Visual impairment
and progressive
phthisis bulbi (OMIM
#618283)

GeneMatcher
(University of
Geneva)

par-1 Phenotypic
expansion

NR5A1 46XY sex reversal 3
(OMIM #612965)

UDN (BCM/UCLA) ftz transcription factor
1 (ftz-f1)

Phenotypic
expansion

(9)

NRDC Severe global
developmental delay
and ataxia

GeneMatcher (UCLA) Nardylisin (Nrd1) Novel disease gene (30)

OGDHL Global developmental
delay with cerebral
and cerebellar
atrophy and corpus
callosum abnormality

CMG (BCM) Neural conserved at
73EF (Nc73EF)

Novel disease gene (30)

TBX2 Vertebral anomalies,
endocrine and T-cell
dysfunction (OMIM
#618223)

UDN
(Duke University,
UCLA)

bifid (bi) Novel disease gene (15)

TM2D3 Late onset
Alzheimer’s disease

CHARGE consortium almondex (amx) Susceptibility variant (36)

WDR37 Epilepsy,
developmental delay,
dysmorphic features
and cataracts

UDN (NIH) CG12333 (wdr37) Novel disease gene (28)
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Figure 1. Four conceptually distinct strategies to study the effect of rare human variants linked to human disease using state-of-the-art technologies in Drosophila.

(A) Rich genetic resources in Drosophila to perform in vivo functional studies. (B) ‘Humanization’ of fly genes to study variants of interest in the context of the human

protein. (C) Introduction of analogous variants into the fly gene of interest. (D) Exogenous over-expression of variant proteins in a wild-type fly. (E) Studying phenotypic

and molecular links between fly and human biology to provide diagnoses, understand disease mechanisms and develop potential treatments

Once a T2A-GAL4 line is established and the gene expression
pattern is documented, the LOF phenotype can be determined.
Next, the corresponding human ORF under the control of the
UAS is generated, and transgenic flies are created to assess
whether a reference (wild-type) human protein can rescue the
fly phenotype in vivo. Full or partial rescue has been observed
50–70% of the time in our hands. Note that in some cases the
human cDNA may rescue one phenotype but not others. To
provide accessibility of human cDNA resources to Drosophila
biologists, we are currently generating an ‘off-the-shelf’ human
cDNA library constructs and transgenic flies. These constructs
are being distributed through Drosophila Genome Resource Cen-
ter (DGRC, https://dgrc.bio.indiana.edu), and transgenic flies are
being deposited into Bloomington Drosophila Stock Center (BDSC,
https://bdsc.indiana.edu/) and Kyoto Stock Center (http://www.
dgrc.kit.ac.jp/).

Finally, once it is established that the reference human cDNA
can rescue the fly T2A-GAL4 or GAL4-knock-in allele, the patient
variants can be assessed. Some examples in which this over-
all strategy has been successful include EBF3 (29) that causes
Hypotonia, Ataxia and Delayed Development Syndrome (OMIM

#617330); OGDHL, a gene linked to a novel slow progressing pedi-
atric neurodegenerative disorder (30); and, WDR37, a gene found
to be mutated in patients with dysmorphism, developmental
delay and neurological issues (28).

Strategy 1B: rescuing existing mutant alleles with
UAS-human cDNA using ubiquitous or tissue specific
GAL4 drivers

For some genes a number of useful reagents such as LOF alleles
have already been previously generated. We take advantage of
these resources and express the human cDNA with ubiqui-
tous or tissue-specific GAL4 drivers in existing strains to assess
rescue. For example, to test the effect of missense variants
in ARIH1 linked to familial aortic aneurysm (31) or in ANLKE2
associated with congenital microcephaly (14,32), we utilized LOF
alleles of the Drosophila orthologs from a large-scale forward
genetic screen (14) and performed rescue experiments using
ubiquitous drivers and corresponding human cDNA transgenes
(31,32).

https://dgrc.bio.indiana.edu
https://bdsc.indiana.edu/
http://www.dgrc.kit.ac.jp/
http://www.dgrc.kit.ac.jp/
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Strategy 1C: rescuing RNAi-mediated knockdowns of
fly genes by expressing UAS-human cDNAs

An alternative but complementary approach is to utilize
GAL4/UAS-based RNA interference (RNAi) (33). Reagents to
perform in vivo knockdown of nearly every fly gene are available
through public stock centers including the BDSC, Vienna
Drosophila Research Center (https://stockcenter.vdrc.at/control/
main) and the Japanese National Institute of Genetics (https://
shigen.nig.ac.jp/fly/nigfly/). RNAi allows the knock down of
genes of interest and can include two or even three genes
simultaneously for situations in which there is redundancy
between homologous genes (34).

Introduction of the UAS-human cDNA transgene allows one
to assess the rescue of the RNAi knockdown phenotype using the
same driver. One caveat of this approach is that the introduction
of the UAS-human cDNA may reduce the efficacy of RNAi by
diluting the GAL4 that activates UAS elements and hence sup-
presses the phenotype by diluting the RNAi efficacy. This can
be overcome by introducing a neutral UAS transgene such as
UAS-β galactosidase. This approach was used to show that two
missense variants in ATP5F1D linked to a novel mitochondrial
disease were partial LOF alleles (35).

Strategy 1D: humanization of fly genomic rescue
constructs

In some cases, expression of the human protein from a trans-
gene can be toxic to the fly. T2A-GAL4/GAL4-knock-in lines allow
expression of human cDNAs in the same spatial and temporal
fashion as the fly gene, but the level of expression is often
higher than the endogenous protein due to GAL4 amplification.
For smaller (<5 kb) single-exon genes, it is relatively easy to
‘humanize’ the fly gene using a genomic rescue construct by
replacing the ORF of the fly gene with the human ORF. Using this
strategy, a rare missense variant associated with increased risk
of late-onset Alzheimer’s disease (AD) in TM2D3 was shown to
be damaging (36). Interestingly, this variant affected an amino
acid that is not conserved between human and other model
organisms, showing the value of this strategy.

Strategy 2: testing conserved variants of a human gene
in the fly ortholog

Humanization experiments can fail for numerous reasons. Even
when the overall homology or domain conservation is high (37),
a human protein expressed in a fly tissue may not properly inter-
act with other fly proteins that form a complex, may be localized
to a different subcellular component, may be unstable, may not
rescue the lack of specific isoforms or may be toxic. If the variant
of interest from the patient affects an evolutionarily conserved
amino acid, one can introduce the analogous variant into the
fly ortholog and test function in the context of a fly protein.
Here we describe three strategies using this approach (Fig. 1C): 1)
CRISPR /Cas9-mediated variant knock-in in the endogenous fly
gene, 2) expression of wild-type and variant fly cDNAs in mutant
backgrounds and 3) genomic rescue experiments on mutant
alleles in which disease associated variants are introduced in a
genomic transgene.

Strategy 2A: knock-in of analogous variants into the
endogenous fly gene using scarless CRISPR editing

Although it is possible to generate knock-in alleles of the anal-
ogous variant in the fly genome, the technology is still labor
intensive, even when using the latest CRISPR/Cas9-mediated
genome-editing technologies. We developed a two-step scarless
gene editing system that allows the study of the variant of
interest in the endogenous genomic context (38). In a first step,
the genomic clone containing the gene of interest is replaced
with a dominant marker flanked by two new PAM sequences.
In a second step, using gRNAs against the newly introduced
PAM sequences, the variant sequences in the genomic context
are introduced by a donor DNA and by screening against the
dominant marker. This leads to the scarless replacement of
the gene. We used this approach to study variants in the fly
Nmnat gene, the fly homolog of the Leber congenital amaurosis
9 gene (NMNAT1, OMIM #608553). This technology also allows
monitoring of the effect of the introduced variants on protein
stability and distribution when the donor DNA is tagged with
Green Fluorescent Protein (GFP) or other tags (38).

Strategy 2B: rescue experiments using fly cDNA
constructs harboring analogous variants

Similar to performing a rescue experiment using UAS-human
cDNAs, we can generate UAS-fly cDNAs with an analogous
mutation to the human variant. Most fly cDNAs have been
shown to rescue the phenotypes seen in LOF alleles (25), and
a large collection of high-quality fly cDNA constructed by
the Berkeley Drosophila Genome Project, known as the Gold
Collection, is available from DGRC (39). A collection of fly
transgenic stocks carrying UAS-fly cDNAs is also available via
FlyORF (40), By expressing reference and variant fly cDNAs in
T2A-GAL4/GAL4-knock-in flies or other mutant animals using
specific GAL4 drivers, one can assess the impact of the disease-
associated variant, as shown for Ankle2 (32).

Strategy 2C: rescue experiments using fly genomic
construct harboring analogous variants

For genes that encode large proteins, a full length cDNA may not
be available, or the number of splice isoforms and their require-
ment in different cells preclude rescue with a single cDNA. Anal-
ogous variant can then be introduced in a fly genomic construct.
For example, some large genes like those that encode ion chan-
nels often have numerous isoforms: Ca2+-channels (cacaphony
has 18 isoforms), K+-channels (shaker has 14) and Na+-channels
(paralytic has 60) (41). Attempts to rescue LOF alleles of these
genes with single fly cDNAs have failed, likely because a single
isoform cannot rescue loss of many isoforms or their expression
levels must be tightly regulated. Genomic rescue constructs can
be modified with various site directed mutagenesis protocols,
gene synthesis or recombineering techniques to generate ref-
erence and variant forms of the construct (21,42). Using this
approach, we characterized a rare missense variant in CACNA1A
that was associated with a unique cerebellar degeneration phe-
notype in a patient with severe early onset developmental delay
and congenital ataxia (43).

https://stockcenter.vdrc.at/control/main
https://stockcenter.vdrc.at/control/main
https://
shigen.nig.ac.jp/fly/nigfly/
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Strategy 3: ectopic expression of human or fly cDNAs
using GAL4 drivers

In some cases expression of cDNAs in a wild-type background
induces phenotypes. These phenotypes can be the basis of a
simple assay to assess the function of rare human variants
(Fig. 1D). For example, if GAL4-driven expression of the reference
human protein causes lethality whereas the variant does not,
the variant is likely to be a LOF function allele. Although this
assay is testing variant function in a non-endogenous context,
it can provide functional information to facilitate diagnosis. We
have used this strategy to determine the functional impact of
disease associated variants in DNM1L (44,45), TBX2 (15), IRF2BPL
(46) and NR5A1 (9) by over-expressing the human variants of
interest and comparing it with reference transgenes. Similarly,
we have also successfully demonstrated the damaging nature of
variants in ATAD3A (47) and MARK3 (48) by testing the variant
in the context of the fly protein through over-expression exper-
iments. If possible, this approach should be complemented with
other experiments, and one should try to obtain phenotypic data
that can be related to the loss or gain of function of the fly gene.

Strategy 4: LOF experiments to identify phenotypic
links between flies and human

When the human variants are typical LOF alleles based on
the nature of the variant (e.g. nonsense, frameshift and gene
deletions), Drosophila LOF alleles can be used to explore potential
pathogenic mechanisms of the disease (Fig. 1E). For example,
LOF mutations in the fly Nardilysin (Nrd1) gene were identified in
a genetic screen (14), and these alleles cause a slow progressive
neurodegenerative phenotype due to mTORC1 activation and
decreased autophagy (30). Subsequently, an individual with a
neurodegenerative disorder and acquired microcephaly with a de
novo nonsense variant in the human ortholog, NRDC, was iden-
tified, indicating that NRDC likely plays a role in neuronal main-
tenance in human as well. In another example, RNAi-mediated
reduction of still life (sif) during the development of cone cells
in flies was shown to affect the development of the lens and
impairs the function of the photoreceptors. Interestingly, iden-
tification of biallelic variants in DNMBP, the human ortholog
of sif, in patients with infantile cataracts indicates that this
gene plays a conserved role in eye development in vertebrates
(49). These and other examples illustrate the value of studying
the LOF phenotype of fly genes in depth to discover conserved
molecular functions of orthologous genes to better understand
disease mechanisms.

Concluding Remarks

While a precise molecular diagnosis provides a degree of
relief and hope to patients who have undergone a diagnostic
odyssey, further functional studies are required to understand
how the variant of interest causes disease. Identification of
the cellular and biochemical pathways that are at the root of
phenotypes is the most straightforward way to identify possible
drug targets. The genetic resources available to fly researchers
allow functional studies of most genes or proteins in a temporal
and spatially precisely controlled manner at an unprecedented
speed (29,47,49–53). Once the molecular players and potential
drug targets are identified FDA (Food and Drug Administration)-
approved drugs can quickly be tested for repurposing. These
studies have already led to altered medical management for
some patients (43,50).

Finally, an important theme that has emerged from func-
tional studies of rare disease is that by studying genes that are
affected in pediatric neurological cases (more than 40% of the
cases in the UDN) we can obtain insight into more common adult
onset neurodegenerative diseases like AD (52,53) and Parkin-
son’s disease (50,51). Hence, rare disease research can facilitate
common disease studies, and Drosophila provides a platform for
development of new drugs and approaches to facilitate the speed
of discovery.
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