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Abstract

The exponential accumulation of DNA sequencing data has opened new avenues for discovering the causative roles of single-
nucleotide polymorphisms (SNPs) in neurological diseases. The opportunities emerging from this are staggering, yet only as good as
our abilities to glean insights from this surplus of information. Whereas computational biology continues to improve with respect
to predictions and molecular modeling, the differences between in silico and in vivo analysis remain substantial. Invertebrate in vivo
model systems represent technically advanced, experimentally mature, high-throughput, efficient and cost-effective resources for
investigating a disease. With a decades-long track record of enabling investigators to discern function from DNA, fly (Drosophila) and
worm (Caenorhabditis elegans) models have never been better poised to serve as living engines of discovery. Both of these animals have
already proven useful in the classification of genetic variants as either pathogenic or benign across a range of neurodevelopmental
and neurodegenerative disorders—including autism spectrum disorders, ciliopathies, amyotrophic lateral sclerosis, Alzheimer’s and
Parkinson’s disease. Pathogenic SNPs typically display distinctive phenotypes in functional assays when compared with null alleles and
frequently lead to protein products with gain-of-function or partial loss-of-function properties that contribute to neurological disease
pathogenesis. The utility of invertebrates is logically limited by overt differences in anatomical and physiological characteristics, and
also the evolutionary distance in genome structure. Nevertheless, functional annotation of disease-SNPs using invertebrate models can
expedite the process of assigning cellular and organismal consequences to mutations, ascertain insights into mechanisms of action,

and accelerate therapeutic target discovery and drug development for neurological conditions.

Introduction

The genome of every individual contains around four million
single-nucleotide polymorphisms (SNPs), about 10000 of which
may alter the amino acid sequence and resulting structure of
a protein (1). Deciphering how these mutations contribute to
genetic conditions is a challenge with wide-ranging implications
for diagnosing, prognosing and developing treatments for disease.
An expanding plethora of genetic associations to disease litter
the biomedical research landscape. Diseases of the brain and
nervous system in particular represent an exponentially increas-
ing challenge; a near-complete lack of disease-modifying treat-
ments for these disorders highlights the unmet need and urgency
required for more rapid discovery and advancement. This calls for
a combination of traditional approaches and innovative strategies
that take full advantage of the available experimental options for
discovery. Closing the gap between genomic linkage and causality
is an unequivocally daunting proposition, and nothing less than a
comprehensive assault will suffice to meet this societal burden.
The vast majority of human SNPs are currently classified
as Variants of Unknown Significance (VUS), meaning they are
potentially deleterious, but insufficient data exist to establish

pathogenicity or benignity (2). Whereas a variety of in silico algo-
rithms have been developed to predict the most likely effects
of exonic SNPs, these programs largely base their results on
sequence homology, evolutionary conservation of affected amino
acids and, in the case of missense mutations, the biochemical
properties of the wild type (WT) versus resulting residue (3).
Investigations of the accuracy of bioinformatic algorithms for
breast cancer-associated mutations show that they are not reli-
able enough to be clinically actionable, as they generate unac-
ceptable rates of false-positive predictions of pathogenicity (4,5).
On the other hand, compensated pathogenic deviations represent
atleast 4% of missense mutations involved in genetic disease and,
by nature, frequently receive false-negative predictions from in
silico programs (6). Furthermore, the accuracy of in silico prediction
algorithms varies across races. African genomes, for example, are
genetically diverse but underrepresented in genomics datasets,
leading to a substantial bias in predictive software (7).
Evaluating the contributions of SNPs to health and disease is
more urgent now than ever given the explosion of DNA sequenc-
ing data in recent years. The current cost of sequencing a human
genome is around $1000 (8), and databases such as the Genome
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Aggregation Database and UK Biobank now feature the sequences
of hundreds of thousands of exomes, as well as tens to hundreds
of thousands of genomes (9,10). Additionally, DNA sequencing for
newborns may soon be the standard of care, given the potential
for early identification of disease risk and subsequent interven-
tion (11). Predicting disease-risk based on genetic information
requires an accurate assessment of genetic mutations. Owing
to the inconsistency and inaccuracy of current bioinformatic
algorithms, studies in living systems are a necessary step towards
evaluating the consequences of specific SNPs. Functional studies
in well-established disease models that demonstrate deleterious-
ness, or a lack thereof, represent a powerful means for classifying
VUS as either benign or pathogenic (12).

Invertebrate model systems have a substantial and largely
unexploited potential to generate actionable data on genetic
mutations in a rapid, high-throughput and cost-effective manner.
Mammalian studies typically take many years, and these
animal populations are expensive to maintain. In addition,
mammalian models are more likely to possess paralogs that are
functionally redundant and compensate for a deficit associated
with a single mutated gene. Therefore, insights at the level of
fundamental cellular and genetic processes are more readily
parsed in invertebrate systems. Most disease research to date
has focused on models with a null allele, gene knockdown or
complementation-based strategies, which while important for
uncovering disease etiology, fail to identify the contribution of
specific genetic variants to pathology. Efforts to understand the
functional impact of individual SNPs within human populations
are expanding, and both fly (Drosophila) and nematode (C.
elegans) models have already been employed in the successful
characterization of specific disease-associated SNPs sourced
from sequence analyses of patient DNA samples. Of course,
challenges and limitations to the applicability of invertebrates
for functional annotation of human variation exist (i.e. limited
sequence conservation in non-coding DNA regions). Nevertheless,
a variety of experimental strategies and technical approaches
have been successfully applied towards this end for several
disorders of the brain and nervous system, and this trend is likely
to continue (Fig. 1).

Functional Annotation of Neurological
Disease-Associated SNPs
Autism spectrum disorders

Autism spectrum disorders (ASD) are a set of complex neurode-
velopmental disorders characterized by challenges in commu-
nication, social interaction and/or repetitive behavior (13). Twin
studies indicate that genetics play a significant role in developing
ASD, as monozygotic twin studies report concordance rates of 36—
90% (14). Aside from rare cases of familial mutations strongly
associated with ASD, the genetic underpinnings of ASD are largely
unknown. Many genes and mutations have been associated with
ASD through genome-wide association studies (GWAS), which
identify genes associated with disease in a hypothesis-free man-
ner by comparing genetic information in affected versus unaf-
fected groups. Validation of the functional involvement of these
genes using in vivo models can then firmly establish and elucidate
the genetic foundations of disease. One key finding of ASD genet-
ics research has been that affected individuals tend to harbor a
greater-than-expected number of de novo mutations (DNMs) in
certain genes (15-17), and this is thought to constitute about 30%
of ASD causation (17-20).

Marcogliese et al. (21) used Drosophila to explore the genetic
foundations of ASD by generating a total of 79 ASD-associated
DNMs across 74 genes in human cDNAs. These mutant cDNAs
were expressed in flies via the GAL4-UAS system, a method that
allows for the expression of any gene of interest (including fly,
human, etc.) in the exact spatiotemporal pattern of an endoge-
nous Drosophila gene. The models used in this research expressed
WT or mutated human genes under the orthologous promoters
of fly genes in a loss-of-function (LoF) background. This allowed
for the functional evaluation of human genes in a Drosophila
model without interference from the endogenous fly ortholog.
The study design used an unbiased strategy, as variants were not
pre-screened with in silico programs. Mutations of interest were
only eliminated from the study if the necessary fly lines could
not be generated. This screen identified a total of 30 mutations
that altered protein function as compared with controls. These
mutants displayed a range of developmental and behavioral phe-
notypes, thereby correlating human DNMs associated with ASD
to dysfunctional protein activity in vivo. Interestingly, there was
no relationship between in silico pathogenicity predictions (com-
pleted after the functional assays) and the likelihood that a given
variant would affect the protein function.

As a further step towards functional annotation of disease-
associated SNPs, Marcogliese et al. (21) identified a cohort of indi-
viduals, some with and some without ASD, who have an unchar-
acterized neurodevelopmental disorder and harbor mutations in
GLRA2, an X-linked gene encoding a glycine receptor subunit.
Two additional rare missense variants in the GLRA2 gene were
generated in flies; one increased the function of this protein,
whereas the other behaved as an LoF allele. Thus, Marcogliese et al.
(21) functionally tied rare SNPs to ASD and used their humanized
Drosophila model to link GLRA2 mutations to a neurodevelopmen-
tal disorder.

Caenorhabditis elegans models have also been used to investigate
ASD-associated missense mutations. Wong et al. (22) examined a
list of nearly 2000 mutations across hundreds of human genes
associated with ASD and prioritized targets for experimental eval-
uation that either contained multiple variants or functioned in
more than one set of cellular processes. They ultimately modeled
20 missense mutations identified within 11 genes involved in
pathways such as synaptic function, gene regulation, neuronal
signaling and cytoskeleton function. Mutations were knocked-
in to corresponding C. elegans orthologs using CRISPR/Cas9 gene
editing. To evaluate the effects of these SNPs, phenotypic changes
in morphology, locomotion and fecundity were examined. Ulti-
mately, this study established that 14 out of 20 (70%) of the
modelled mutations affected the protein function, and ~30%
of the predicted-pathogenic mutations were most likely benign.
Compared with null alleles, most of the missense mutations
produced less severe phenotypes, underscoring the strength of
this experimental strategy to enable a more refined analysis of
the effects of mutation on the protein function.

Through large-scale phenomics, McDiarmid et al. (23) screened
~100 orthologs of ASD-associated genes in C. elegans for learning,
tactile sensitivity and locomotor phenotypes using an automated
worm-tracking program that monitored 26 independent pheno-
types simultaneously. For genes whose null mutations generated
measurable phenotypes, CRISPR/Cas9 was used to introduce rare
mutations found in ASD patients at the conserved orthologous
position in the C. elegans genome. This deep phenotypic investi-
gation found that each mutation affected one or more phenotype
to a significant but lesser degree than in the null mutant. Most
mutations led to developmental, learning or growth defects. The
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Figure 1. Scheme for the functional assessment of human disease SNPs within invertebrate models. GWAS use population-based metrics to discover
disease-associated SNPs. Moreover, genome or exome sequencing data from individual patients can also be analyzed to identify putative disease-causing
mutations. Following identification of SNP candidates from humans, in silico algorithms can optionally be used to screen for pathogenic mutations (with
accuracy rates of ~70%); see Table 1 for example programs. SNPs of interest are then modelled in flies or worms using transgenic expression of human
genes (which permits the investigation of any human mutation). Alternately, an SNP can be introduced using CRISPR editing at the conserved position
of the orthologous gene (which facilitates the investigation of human mutations occurring at evolutionarily conserved sites). In this manner, human
mutations can be functionally annotated via cellular, molecular and behavioral assays using gene-edited invertebrate strains. Examples displayed here
represent ocular degeneration in Drosophila and dopaminergic neurodegeneration in C. elegans.

phenomics analyses performed in this study detailed the func-
tional roles of previously uncharacterized genes and identified an
overlooked avenue of potential treatment for long-term learning
deficits in ASD individuals. Augmenting neuroligin expression
in adult worms was found to rescue impaired habituation phe-
notypes, indicating that learning challenges may be treatable
even once neurodevelopment is complete. Overall, this research
established an experimental paradigm through which an array
of phenotypic assays served to characterize individual SNPs and
reveal the processes impacted by genomic variants.

Ciliopathies

Rare diseases (classified in the USA as those that affect fewer
than 200000 individuals) often receive much less funding and
resources than common ones, leaving patients diagnosed with
these disorders waiting for discoveries that could greatly improve
their lives—including ones that we already have the tools to
achieve (24). Given their cost-effectiveness and efficiency, inver-
tebrate models represent attractive preclinical opportunities for
investigating the genetic causes and possible treatment options
for rare conditions such as ciliopathies. About 35 ciliopathies have
been identified, and they collectively affect ~1in 2000 individuals.
These conditions arise from defects in cilia formation and typi-
cally affect neurological development and function, in addition to
renal, hepatic and other processes (25). Caenorhabditis elegans have
successfully been used to functionally annotate missense muta-
tions implicated as the potential cause of ciliopathies. The mksr-
2 gene is named for Meckel syndrome—a devastating primary
ciliopathy characterized by renal cysts and occipital encephalo-
cele—but is also associated with Joubert syndrome (JBTS), which
similarly presents with significant brain malformation (26). In
2021, Lange et al. (27) researched two missense variants in human
BID2 (the mksr-2 homolog) revealed by DNA sequencing of a JBTS

patient. These mutations were generated at the homologous posi-
tions in worms using CRISPR/Cas9, and the resulting strains were
crossed to obtain compound heterozygous worms that reflected
the biallelic genotype of the specific JBTS patient. Assays were
performed on these genome-edited worms to assess differences
in the localization of MKSR-2, as well as cilia structure, positioning
and function. Both modelled mutations recapitulated features of
ciliopathies, functioning as hypomorphic alleles when homozy-
gous. In addition, compound heterozygous worms displayed a
reduced ability to uptake a lipophilic dye and limited avoidance
of an osmotic gradient—two behaviors that rely on proper ciliary
function. Ultimately, the two VUS found in a JBTS patient were
determined to be pathogenic, demonstrating the utility of C.
elegans models to provide direct functional annotation of SNPs
found in patients.

In a later study, Lange et al. (28) explored the effects of various
VUS in TMEM67, a ciliopathy-associated gene encoding a protein
involved in cilia formation. CRISPR/Cas 9 was again used to intro-
duce homozygous missense mutations in the mks-3 gene, the C.
elegans ortholog of TMEM67, and phenotypic characterization was
performed as described above for mksr-2. These assays revealed
that, out of eight predicted-pathogenic VUS examined, three were
benign and five likely contributed to disease. This research illus-
trates the precise and efficient application of genome editing in
C. elegans to rapidly ascribe functional significance to VUS in
patients. It also exemplifies the importance of functional annota-
tion to screen for pathogenic mutations, as algorithmic programs
remain imperfect predictors of variant impact in vivo.

Morbidoni et al. (29) sought to further extend the degree to
which individuals with a ciliopathy can attain a molecular diag-
nosis for their disease by characterizing the functional conse-
quences of two missense mutations in the TOGRAM1 gene that
were hypothesized to cause a primary ciliopathy when inher-
ited in a compound heterozygous manner. The mutations were
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generated in che-12, the C. elegans ortholog of TOGRAMI, using
CRISPR/Cas9. While the resulting worms performed similarly to
WT animals in an NaCl-gradient chemotaxis assay, they were less
able to uptake a lipophilic dye, and their sensory neurons featured
shorter and phenotypically abnormal cilia. The results of this
study identified the causative role of missense TOGRAM1I variants
in a primary ciliopathy, providing closure to the affected family
whose genetics were investigated in this study and establishing
two formerly VUS as pathogenic.

Other neurodevelopmental disorders

Similar to ciliopathies, mutations in key mitochondrial genes may
produce pleiotropic effects, potentially causing the simultaneous
onset of multiple neurological complications. Amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) present
concurrently in some cases, with mutations in the inner-
mitochondrial membrane component gene CHCHD10 being
implicated in this phenomenon. Baek et al. (30) generated
disease-associated SNPs in both codon-optimized human and
Drosophila orthologs of the CHCHD10 gene. They then used an eye
development-specific promoter to drive overexpression of each
CHCHD10 version and compared the resulting phenotypes associ-
ated with mutated versus WT genes. The overexpression of either
mutated form of CHCHD10 induced a dominant pattern of cellular
degeneration in fly eyes, though the endogenous Drosophila form
was more toxic. A deeper investigation revealed that the missense
mutation in CHCHD10 contributes to mitochondrial dysfunction
via the aberrant translocation of TDP-43—a feature shared with
other subtypes of ALS-FTD—and that this is mediated by the
mitophagy regulatory gene product, PINK1. This suggests that
PINK1 may be a putative drug target for treatment of ALS-FTD. In
vivo assays alsorevealed that having a single copy of WT CHCHD10
may protect against disease, thereby indicating that an increase
in the WT CHCHD10 activity may represent a viable treatment
strategy for ALS-FTD. Overall, this research uses a Drosophila
model to provide a clear illustration of disease mechanisms
associated with mutated CHCHD10 and ALS-FTD, which informs
individuals of the risk of developing and potentially passing on
this disease and illuminates a path for drug development.

The GNAO1 gene encodes a component of a G-protein signal-
transducing protein complex, and reduced function of this pro-
tein is associated with primary neurological disorders such as
encephalopathy and dyskinesia. Di Rocco et al. (31) functionally
annotated two human GNAO1 variants in C. elegans by mutating
its worm ortholog, goa-1, via CRISPR/Cas9. These variants gener-
ated hypomorphic alleles, and worms containing them displayed
hyperactivity and uncoordinated movement. Aldicarb-induced
paralysis assays found that this was likely mediated by excess
acetylcholine released by ventral cord motor neurons. Mutated
worms were then used to identify possible treatments for GNAO1-
associated dyskinesia, and caffeine was found to improve motor
impairments by inhibiting a putative adenosine receptor. This
work exemplifies how the evaluation of disease-associated mis-
sense SNPs in C. elegans can rapidly inform subsequent drug
discovery. Wang et al. (32) also examined the effects of three
additional GNAO1 variants (G42R, G203R and R209C) in C. elegans
by mutating goa-1 using CRISPR/Cas9. Locomotor assays revealed
that these mutated worms exhibited hyperactivity, indicating lim-
ited functionality of the mutated proteins, and effectively classi-
tying each variant studied as pathogenic. Importantly, this in vivo
functional strategy using C. elegans revealed that these mutations
result in a dominant negative LoF effect for GOA-1, a result that

was corroborated for GNAO1 by parallel experimental confirma-
tion in mice (for G42R), resolving a controversy that had arisen
from differential outcomes obtained from in vitro assays (32).

Neurodegenerative disorders

A significant challenge facing the biomedical research commu-
nity is how to evaluate and treat neurodegenerative disorders.
GWAS have already identified many key genetic drivers of
neurodegenerative diseases such as Parkinson’s disease (PD)
(33) and Alzheimer’s disease (AD) (34). Nevertheless, heritable
contributors to PD and AD etiology remain unresolved, both in
their extent of impact and function. Whereas characterization of
disease-associated SNPs represents an end goal of functional
annotation, invertebrate systems also enable prescreening of
larger disease-associated gene sets for LoF or null phenotypes
using RNA interference (RNAi). This approach can narrow down
and prioritize putative targets of interest based on the phenotype,
which reduces the time to discovery.

Shulman et al. (35) used RNAI to screen 84 fly orthologs of
67 genes associated with AD through GWAS. By knocking down
expression of these genes in conjunction with overexpression
of mutated human tau in the developing eye, they identified
nine genes that can modify tau pathology. WT flies experienced
normal eye development, whereas those expressing mutant tau
showed evidence of ocular degeneration. Knockdown of these
nine targets reduced the degenerative effects of tau expression,
indicating that each of these genes helps mediate the neuro-
toxicity of tau. Subsequent investigations have further validated
several of these genes as contributive to AD pathology. A Drosophila
gene, cindr, encodes a homolog of the human scaffolding protein,
CD2-Associated Protein (CD2AP), which is found to colocalize with
tau protein in neuronal inclusions of AD patient brain samples
(36). Cindr is required for synaptic vesicle release and recycling
and regulates the proteasome and neuronal calcium levels (37).
FERMT? has been shown to be downregulated in AD patients and
plays a role in axon guidance, synaptic connections and long-
term signal potentiation, in addition to regulating the metabolism
of amyloid-precursor protein (38). A SNP in the PTPRD gene is
significantly associated with the accumulation of neurofibril-
lary tangles in older individuals with AD (39). Additionally, the
Ser/Thr kinase MAST4 participates in a cascade to promote cell
survival following exposure to an oxidized cholesterol product
but is downregulated in brain samples from AD patients (40).
Overall, ocular neurodegeneration assays in Drosophila represent
a widely applicable strategy for identifying disease-relevant genes
and exploring how pathogenic mutations in one protein interact
with others to cause disease (Fig. 1).

Another significant contributor to AD risk is the APOE gene, for
which there are three alleles in the human population encoding
slight variants of Apolipoprotein E, a cholesterol transport protein.
The APOEe2 allele is somewhat protective against AD, whereas
APOEe3 is neutral, and individuals with one or two APOEe4 alle-
les have an increased risk of developing AD. Griffin et al. (41)
generated a suite of transgenic C. elegans strains expressing the
neurotoxic human amyloid-beta peptide [AB (1-42)] in combi-
nation with each of the different APOE alleles in glutamatergic
neurons, a primary cell type affected in AD. These worm models
were used to decipher potential molecular mechanisms of APOE
contribution or protection from AD pathology. When AB peptide
was co-expressed with distinct human APOE variants, the ¢2 allele
resulted in the least glutamatergic neurodegeneration, followed
by €3 and then e4—recapitulating the overall trend of impact
observed clinically in AD. Treatment with a drug to increase

220z 1equieydas Gz uo 1sanb Aq Z1.2€299/€029BPP/BWY/EE0 L 0 1L/10P/9[oIE-90UBADPE/BLY/LIO0D dNO DILSPEDE//:SANY WO} POPEOJUMOQ



cytosolic calcium ion levels reduced neurodegeneration in ani-
mals expressing A and APOEe4, but not ¢2 or 3, indicating
that APOE alleles differentially affect intracellular calcium lev-
els to modulate neuropathology. This research used C. elegans
to distinguish between functional consequences associated with
different APOE alleles on neurodegeneration (41) via directed
expression of two major drivers of AD, AB and APOE—neither of
which have a strict homolog in the worm genome. Notably, these
same transgenic strains were utilized in a drug discovery effort
where small molecule inducers of mitophagy were identified from
a library of naturally occurring compounds using a workflow
involving machine learning (42). Two molecules, kaempferol and
rhapontigenin, were both found to prevent glutamatergic neuron
loss in transgenic AB/APOE4 worms, and also ameliorated Ag- and
tau-induced toxicity in a series of other cellular and animal AD
models. Additionally, the induction of mitophagy also attenuated
memory loss in behavioral assays using C. elegans, as well as in the
widely used 3xTg AD mouse model that expresses mutant forms
of the Ag-precursor protein, tau and presenilin (42).

Whereas GWAS offer a valuable, hypothesis-free approach to
identifying genetic contributors to disease, limitations of sample
size can preclude the discovery of potential disease-associated
genes and/or SNPs owing to underpowered statistical analyses.
Therefore, introducing hypothesis-based analysis by focusing sta-
tistical tests on specific pathways or genetic networks has the
potential to increase the power of GWAS data analysis and fur-
ther identify meaningful genetic relationships to disease. BridGE
(Bridging Gene sets with Epistasis) is a GWAS analysis method to
evaluate statistically significant enrichment in the concordance
of hits among a specified set of related genes (43,44). This method
was used by Hallacli et al. (45) to evaluate the relevance of SNPs in
the human alpha-synuclein locus, SNCA, and a defined set of RNA
processing-body (P body) genes. They identified 76 significant sig-
nals specifically associated with the PD cohort and validated them
via RNAi knockdown experiments in Drosophila. The outcomes of
this applied, hypothesis-based strategy enabled the discovery of
correlations between target genes and locomotor deficits in an
established PD gene (SNCA), in addition to the identification of
unexpected genetic modifiers (P body genes), thereby broadening
understanding of potential therapeutic targets for treating PD.
The implication of P body components as disease effectors of
PD highlights the likelihood of similar RNA-associated factors
influencing other neurodegenerative diseases.

Transcriptional profiling via RNA sequencing (RNA-seq) has
become a canonical strategy for evaluating differential gene
expression as a principal readout for functional correlations
to SNPs. Splice site mutations represent a significant source
of phenotypic variation but have been largely excluded from
functional characterization owing to the complex calculations
required for their analysis. A new strategy accounts for the
functional impact of splicing events as key modifiers of disease
through a combined analysis of splicing and expression data.
Recently, this approach was used to implicate genetic factors
in AD and schizophrenia that would have been missed through
RNA-seq or traditional GWAS alone (46).

Recent research has also identified disease-modifying func-
tions of human genetic variants using C. elegans models of neu-
rodegeneration. VPS41 encodes a conserved protein necessary for
lysosomal fusion events and regulated secretion of neuropeptides
(47). VPS41 was initially identified as exhibiting neuroprotective
activity using C. elegans, where it was determined to attenuate two
major pathological hallmarks of PD: alpha-synuclein aggregation
and dopamine neuron degeneration (48). After 12 years, as human
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genomic data acquisition matured, van der Welle et al. (49)
reported a correlation between VPS41 mutations identified across
three patients with a neurodegenerative disorder inclusive of
ataxia and dystonia symptoms. Accompanying functional studies
on patient-derived SNPs in C. elegans demonstrated that the
expression of at least one copy of normal VPS41 retained neuro-
protective activity, whereas transgenic co-expression of mutated
human VPS41 alleles designed to recapitulate a compound
heterozygous state eliminated neuroprotection and increased
dopaminergic neurodegeneration in older worms (Fig. 2). These
results demonstrate the power of a strategy whereby combined
use of invertebrate and human genetic investigation defined a
new class of movement disorder (50). Moreover, this approach
illustrates the utility of C. elegans both as a primary vehicle for
disease gene discovery as well as for the functional analysis of
genetic information gleaned directly from patients. Subsequent
efforts using cell cultures and/or mammalian models are now
informed with respect to underlying mechanistic aspects of
disease etiology that can accelerate targeted drug discovery.

Challenges and Limitations

Although the numerous strengths and advantages of invertebrate
genetic models are well established, the limitations of these
systems are not insignificant. Aside from differences in nervous
system complexity, anatomy and physiology, one drawback to
invertebrate model systems is that many genes and amino
acids residues in orthologous proteins are not strictly conserved
between humans and flies or worms. Although homology
between species is typically higher with respect to genes having
functional significance to processes involved in disease (given
their essentiality for the survival of living organisms), there are
far more disease-contributing SNPs than can be modeled in
orthologous genes of invertebrate animals. Using humanized,
codon-optimized models that express human orthologs in
endogenous LoF backgrounds can sometimes overcome this
limitation. When possible, however, investigating conserved SNPs
in endogenous proteins is beneficial because it avoids introducing
intron disruption or isoform imbalance as confounding factors
(51,52).

Another limitation, not unique to invertebrate disease model-
ing, is that use of GWAS datasets as a source of gene candidates
for functional studies can introduce biases because of small
differencesin collection and processing of samples (53). Therefore,
judicious analysis of GWAS results is a critical prerequisite to
functional studies. Additionally, variant selection schemes and
computational processes for in vivo studies can pose a challenge
to the thorough evaluation of SNPs found in disease-associated
genes. The selection of variants that are predicted to be delete-
rious by in silico algorithms may lead to disease-relevant SNPs
being overlooked for functional annotation. In the prior ciliopathy
example, Lange et al. (28) found that two mutations predicted to
be benign by computational methods actually impacted protein
function in vivo. In such cases, experimentally repeating or revis-
iting variant investigation using worms or flies can be far less
financially burdensome, and more forgiving, when mistakes are
inevitably made.

Conclusions and Future Directions

The advantages of using invertebrate model systems to investi-
gate the contribution of individual SNPs to disease pathogenesis
warrant serious consideration in preclinical application. We now
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Figure 2. Neurodegeneration caused by transgenic expression of human SNPs in C. elegans. SNPs in the human VPS41 gene, encoding a conserved
endolysosomal fusion and trafficking protein (hVPS41), cause a newly defined class of movement disorder that includes symptoms of neurodegeneration,
a phenotype revealed initially through functional analysis using transgenic C. elegans strains (49). The genetic lesions in patients occur in a compound
heterozygous orientation and include the two exemplar mutations depicted in the line diagram (A). To examine the impact of VPS41 patient-derived
SNPs on neurodegeneration, transgenic worms expressing human VPS41 variants exclusively in the C. elegans dopamine neurons were crossed to animals
overexpressing human alpha-synuclein in the same cells. The resulting strains, which also express GFP to illuminate the dopamine neurons, were
scored for the evidence of neurodegeneration (B, C). Approximately 35% of transgenic worms overexpressing alpha-synuclein alone display the normal
complement of six anterior dopamine neurons (the remaining 65% exhibit a loss of neuronal processes and cell bodies). At the same point in lifespan,
co-expression of WT hVPS41 did not significantly alter the amount of alpha-synuclein-dependent neurodegeneration (not shown). Similarly, if either
one of the two VPS41 SNPs was co-expressed with WT VPS41 in the dopamine neurons (i.e. WT + S285P or WT + R662*—stop codon), no significant
change in alpha-synuclein-induced neurodegeneration was observed. Only co-expression of both human VPS41 SNPs (S285P and R662*) resulted in
more significant dopaminergic neurodegeneration. One-way analysis of variance with Tukey post-hoc test; day 10, post-hatching analysis. Arrowheads
indicate intact dopamine neurons; arrows signify a degenerating neuron. Scale bar =20 um.
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Table 1. Resources available for functional annotation research with fly and worm models

Program/site Purpose

Description

WormAtlas
https://www.wormatlas.org/

Wormbase
https://wormbase.org/ and other nematodes
CeNGEN (C. elegans Neuronal Gene Expression
Map & Network)

https://www.cengen.org/

Flybase

https://flybase.org/

expression data

Fruit Fly Brain Observatory
https://www.fruitflybrain.org/#/

Genome Aggregation Database (gnomAD)
https://gnomad.broadinstitute.org/
PolyPhen-2
http://genetics.bwh.harvard.edu/pph2/
SIFT (Sorting Intolerant From Tolerant)
https://sift.bii.a-staredu.sg/
MutationTaster
https://www.mutationtaster.org/

information

Mutation Assessor
http://mutationassessor.org/r3/

FATHMM (Functional Analysis Through Hidden
Markov Models)

http://fathmm biocompute.org.uk/

dbNSFP (Database for Nonsynonymous SNPs
Functional Predictions)

http://database liulab.science/dbNSFP

CADD

(Combined Annotation Dependent Depletion)
https://cadd.gs.washington.edu/

REVEL (Rare Exome Variant Ensemble Learner)
https://sites.google.com/site/revelgenomics/

single score

into a single score

Behavioral and anatomical database for
nematodes (including C. elegans)

Genetics and anatomy database for C. elegans

Resource for C. elegans nervous system gene

Drosophila genetics and biology database

Resource for Drosophila nervous system
Genome/exome sequence database

In silico prediction algorithm

In silico prediction algorithm

In silico prediction algorithm

In silico prediction algorithm

In silico prediction algorithm

Combines the prediction scores of

abovementioned in silico algorithms into a

In silico prediction algorithm

Combines prediction scores of 13 algorithms

Provides images, descriptions and links to
external resources for nematode anatomy and
behavior

Provides detailed information about C. elegans
genetics, strains, phenotypes and biology, as
well as links to additional resources

Provides gene expression data for the complete
nervous system of C. elegans

Provides detailed information about Drosophila
genetics and biology, as well as links to
additional resources

Integrated resource for Drosophila neurobiology
research and information

Provides summary data from WGS and WES
projects

Predicts SNP conservation and pathogenicity

Predicts SNP pathogenicity based on residue
conservation and biochemistry

Predicts SNP pathogenicity based on
conservation, biochemistry, protein length and
potential effects on splicing and non-coding
regions, etc.

Predicts SNP pathogenicity based on amino
acid conservation, biochemistry and 3D
structure

Predict SNPs pathogenicity using conservation,
biochemistry and Markov models

Provides a single pathogenicity score from
multiple in silico programs; also considers the
likelihood ratio test

Predicts SNP pathogenicity using machine
learning, conservation, epigenetics and
predictions

One pathogenicity score from multiple
programs

have the tools to fully detail the exome and even genome of any
individual for a reasonable price and within a rapid timeframe.
The primary impediment to elucidating disease mechanisms
associated with specific mutations is the investigation of such
changes in living model systems, which itself poses a frequently
time-consuming and expensive task. These challenges can be
mitigated with the use of Drosophila and C. elegans as bio-
processors of genetic information into translational outputs
through which bona fide functional outcomes enable conse-
quence to be discerned from otherwise superficial associations.
The wide array of anatomical maps, genomic information, mature
database resources and molecular genetic tools available for
these organisms, taken with inherently quick generation times,
manageable lifespans and affordable maintenance render them
ideal candidates for high throughput and detailed assays of
putative disease-causing mutations (Table 1). Leveraging these
models allows us to gain valuable insights into how certain SNPs
participate in disease pathology. Across different models, mis-
sense mutations tend to cause milder and/or fewer phenotypes
compared with null mutants (22). Therefore, missense mutations
possess functional distinctions that might be missed through

common means of investigation but can be parsed using in vivo
invertebrate models.

Functional annotation of disease SNPs using in vivo models
is a necessity, as in silico analyses will require validation for
the foreseeable future. Notably, invertebrate models have the
added bioethical advantages that the research community seeks
to instill under the banner of the 3Rs (Replace, Reduce, Refine) that
advocates a responsible use of rodent and primate models, as
well as a concerted shift towards less sentient organisms (54).
Microscopic worms with a complete nervous system comprised
of ~300 neurons fulfill any such aspirational criteria, especially
since C. elegans research in areas like neurodegeneration has
already proven to reproducibly yield results with translational
value (55). Similarly, experiments with Drosophila will unequivo-
cally continue to elucidate complex genetic, epigenetic and gene-
by-environment interactions that contribute to disease. Having
already enabled a century of countless pioneering discoveries,
fruit flies will likely continue to lead the way as a primary alter-
native to mammals for generating in vivo personalized models,
including those that facilitate combinational analysis of genetic
factors and environmental exposures (56).
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As invertebrate SNP modeling becomes more mainstream, the
genetic resources and phenotypic information accrued will has-
ten functional evaluation of SNP combinations that more accu-
rately reflect the genetic context of patients, and more fully eluci-
date how SNPs affect mechanisms of disease. For example, using
C. elegans, Jean et al. (57) explored how second-site variants may
further modify disease susceptibility, specifically examining SNPs
in zyg-1/PLK4, a gene linked to microcephaly, primordial dwarfism
and chorioretinopathy. Whole-genome sequencing of each muta-
genized strain generated throughout the study revealed that the
effects of deleterious mutations may be mitigated by other vari-
ants within the same gene, and that the broader genomic context
is also important for determining phenotypic outcomes. This
research encourages a paradigm-shift towards the investigation of
any given mutation across varying genetic backgrounds to more
accurately reflect the complex biological interactions that occur
in different individuals, bolstering the prospect of using inver-
tebrates to investigate combinatorial consequences of distinct
mutations within a single disease-linked gene. Once mutations
are moved from the status of VUS to the status of pathogenic, they
become legitimate targets for the development of drugs and treat-
ments. Additionally, the models used to establish pathogenicity of
SNPs can also be employed for drug screens to potentially treat
the diseases caused by them.

The examples covered in this review share an approach
to understanding disease that embraces the complexity and
diversity of mechanisms of neuropathogenesis. It should be
noted, however, that we highlight examples of disease-SNPs in
exonic regions, whereas the overwhelming majority of human
genomic variation lies within regulatory sequences and other
non-coding regions of the genome. SNPs in non-coding DNA
also represent the main class of mutations typically identified
in GWAS and can both contribute to, or cause, disease (58). Since
genomic variation in non-coding regions is primarily associated
with changes in gene expression, the collective outcomes of
the ENCODE and ModENCODE consortia to map transcriptional
regulatory sequences in mammals and invertebrates, respectively,
provide an extensive resource for hypothesis building and
experimentation (59). Importantly, the evolutionary distance and
divergence between invertebrate and human non-coding DNA is
not absolute. This is exemplified by sequences termed conserved
non-coding elements (CNEs) that are retained universally
among distant taxa metazoans and can even exhibit stronger
sequence similarity than some coding sequences across different
species (60). CNEs have thus far been demonstrated to have
developmental roles and are implicated in epigenetic regulation,
including chromatin remodeling and RNA editing. Significantly,
polymorphisms in these highly conserved elements have also
been linked to neurodevelopmental disorders and cancers (61).
Bioinformatic resources, such as Functional Identification of
Non-coding Sequences Using Random Forests (FINSURF), have
recently been developed to facilitate identification of likely
pathogenic mutations located outside of protein-coding regions
of the human genome (62). CNEs across species share common
genomic structural arrangements in syntenic blocks, indicating a
tightly constrained evolution of their putative cis-regulatory role
in transcription (63). Although significant distinctions between
invertebrate and vertebrate CNEs still exist, the annotation of
variation in conserved regions of human non-coding DNA will
benefit from the numerous tools and depth of understanding
that both C. elegans and Drosophila provide as preeminent
models for investigating developmental biology and epigenetic
phenomena.

Predictions of disease risk along the continuum of penetrance
that exists for most neurologic disorders are confounded by the
unpredictable factors of epigenetics and, of course, age (64); the
tragic prevalence of neurodegenerative diseases negates the lux-
ury of time for advancing understanding and implementing ther-
apeutic innovations. Technical advances notwithstanding, the
ability to provide a correct diagnosis for patients, with precision
and consistency, is the ultimate goal of personalized medicine.
This idyllic standard will only be achieved through the systematic
investigation of the functional consequences that result from
thousands of genomic variants. Although this unequivocally rep-
resents a formidable challenge for human geneticists, experimen-
tal researchers, clinicians and bioinformaticians, itis an undertak-
ing that will come closer to fruition—one worm or fly at a time.
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